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Summary

Savannas constitute the largest biome on the African continent. Savanna systems are characterised
by the coexistence of C4 grasses in the understorey and trees or shrubs in the overstorey. This balance
is maintained by gradients of rainfall, fire and herbivory, which influence woody cover by limiting tree
recruitment and persistence. Therefore, in order to persist in savannas, trees must possess adaptations
to withstand these limiting factors. The aim of this thesis was to investigate the trait biogeography of
African savanna trees of the Mimosoid clade, which is one of three taxa dominating the woody
component of African savannas. More specifically, I assessed whether trait trade-offs exist, if fire,
herbivory and precipitation drive species trait variation, and whether trait syndromes associated with
fire, herbivory and precipitation exist, for a) southern African mimosoid seedlings and for b) African
acacias (Vachellia and Senegalia). To measure seedling traits, twelve mimosoid species were grown in
an experimental setup and several above- and belowground traits were recorded at an age of 60 days.
To measure adult traits, a trait database was compiled using species descriptions of acacias from
literature. Estimates of water stress, fire regime and browser biomass experienced across the distribution
range of each species were extracted from macroecological maps. Linear models detected trade-offs
between traits of adult Senegalia species only and revealed trait responses to aridity, fire and browser
predictors for both seedlings and adults. Hierarchical clustering, t-tests and an NMDS ordination
analysis were used to show drought severity was the only predictor that differed between the two trait
clusters and formed a syndrome at the seedling stage. Adult syndromes were identified using
hierarchical clustering, principal component analysis and canonical discriminant analysis; both
Vachellia and Senegalia had four species clusters linked to different combinations of aridity, fire and
browser gradients. The provenance of savanna species influenced the traits of woody species at both
the seedling and adult stages. At the seedling stage, traits reflected strategies to secure a water supply
and develop large resilient seedlings to avoid desiccation for species from arid areas. Certain adaptations
seem to remain from seedling to adult stages, such as reduced leaf area in arid-adapted species or shorter
architectures in species from highly browsed areas. In contrast, some strategies show the opposite trend
in seedlings versus adults. Recovery strategies were prioritised in seedling species that originated from
areas subjected to intense fire or browsing. In contrast, resistance strategies were prioritised in the adult
stage and some strategies indicate a broad adaptation to more than one savanna driver. These findings
have important ecological implications as they indicate how traits at both the seedling and the adult
stage may offer resistance or tolerance to environmental pressures that would control woody

densification and bush encroachment.
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Chapter 1

General introduction

What is a savanna at a global scale?

Savannas are widespread and contribute approximately 20% of the terrestrial biosphere globally
(Solbrig 1991, Grace et al. 2006, Archibald et al. 2020). Originally, savannas were described as any
habitat containing a herbaceous understorey with scattered woody species of variable height and
density, where growth patterns were driven by alternating wet and dry seasons (Bourliere and Hadley
1983, Furley 2016). White (1983) based system classifications on the physiognomy of the vegetation,
for example, ‘wooded grassland’ or ‘bushland’. More recent descriptions specify that the understorey
must contain C4 grasses and the overstorey has a discontinuous layer of woody species (Sankaran et al.
2004, Lehmann et al. 2011, Archibald et al. 2020). Maintaining the balance between these two growth
forms is vital to sustaining savannas (Coetsee et al. 2010, Higgins et al. 2015). Grasses compete with
woody plants for resources, provide flammable fuels and support greater herbivore density (Bond 2008)

reducing juvenile growth rates and recruitment to the adult stage (Higgins et al. 2000).

Climatic drivers of global savanna distribution

Rainfall, fire and herbivory interact to maintain savannas and other grassy systems (Lehmann et al.
2011, Archibald and Hempson 2016, Hempson et al. 2020, Hamilton et al. 2022). Lehmann et al. (2011)
identified water availability and rain seasonality as the main drivers of savanna distributions. Savannas
show highly seasonal rainfall with wet summers and dry winters (Nix 1983), where the dry season can
last for three to nine months (Solbrig et al. 1996). Rain seasonality and drought severity are important
drivers of savanna stability (Strickland et al. 2016) because long dry periods diminish soil water (Bucci
et al. 2005) and reduce nutrient availability for plant root systems (Barber 1962). Periodic dry seasons
slow the rates of woody canopy closure (Sarmiento 1984) and cure fuel matter to facilitate the
occurrence of frequent fires (Archibald et al. 2009, Bradstock 2010, Archibald et al. 2013). At high
rainfall, grass growth is promoted and reduces the water accessible to trees resulting in the exertion of
a higher competitive pressure on woody juveniles (February et al. 2013). During high rainfall years,
increased grass biomass not only slows woody growth rates through competition (February et al. 2013),

it also increases fire intensity which causes a decline in woody cover (Higgins et al. 2000).

Disturbance as drives of global savanna distribution

Disturbances, specifically fire and herbivory are also important drivers of savanna systems (Bond
2005). Fire occurrences have strong ties to savanna distributions (Lehmann et al. 2011). The effects of
fire on vegetation depend on the fire size, intensity, season length, return interval and the type of
combustion (Martin and Sapsis 1992, Archibald et al. 2013). Although fire and herbivory are both
considered to be disturbances that shape the vertical structure of savannas (Higgins et al. 2007, Midgley

et al. 2011, Levick et al. 2012), they differ in consumption patterns. Fire is a non-selective consumer of
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living or dead plant material, and low-quality forage burns easily (Bond and Keeley 2005). In contrast,
herbivores have various dietary adaptations, body size and gut types that determine which plant matter
will be consumed (Hempson et al. 2015, Wigley et al. 2020). These two disturbances also elicit different
responses such as increased thorn production and thorn length after herbivory but reduced thorn

investment after burning (Hean and Ward 2012).

The definition of African savannas

Savannas form the most widespread biome across Africa (Rutherford et al. 2006), occupying as
much as 50% of the African continent’s terrestrial biosphere (Scholes and Archer 1997). Huntley (1982)
categorised savannas into arid savannas and moist (mesic). Arid savannas are classified as savannas
that received <650mm of precipitation annually. In these systems, rainfall limitation constrains woody
canopy cover (Sankaran et al. 2005). It has been suggested that arid savannas are associated with
eutrophic soils, because low rainfall limits the leaching of soil nutrients, and that they support mostly
fine-leaved savannas (Huntley 1982) that consist of fine-grained sediments and younger surfaces
(Scholes and Scholes 1997). Limited water availability lowers productivity levels resulting in lower
accumulation of grassy fuels for fires compared to mesic savannas (Archibald et al. 2009, Archibald et
al. 2010, Lehmann et al. 2014). Dry savannas generally burn throughout the longer dry seasons but
occur far less frequently (3 or more years apart) (Scholes 1997, Wigley et al. 2020). As a result, woody
species in arid savannas that survive dry periods have a greater chance of escaping the fire trap
(Sankaran 2019). Eutrophic soils, which are more fertile soils (Huntley 1982), produce greater forage
quality which supports a higher herbivore abundance (Hempson et al. 2015, Archibald and Hempson
2016, Hempson et al. 2020). Increased grazer density also limits the accumulation of grassy fuels for
fires (Archibald and Hempson 2016). Large herbivores, and water stress, keep the canopy structure

open in arid savannas (Staver et al. 2009, Stevens et al. 2016).

Mesic savannas generally occur on nutrient-poor, leached (dystrophic) soils that arise from acid
crystalline rocks or old erosion surfaces (Scholes and Scholes 1997, Lehmann et al. 2011). In mesic
savannas, higher rainfall (>650mm per annum) supports high productivity levels and greater fuel
accumulation for more frequent fires (annually or every two years) (Bond 2008, Staver et al. 201 1a,
Hempson et al. 2020). In Africa, it has been proposed that mesic savannas support so-called ‘broad-
leaved savannas’(Huntley 1982). Hoffmann et al. (2012) propose that savannas receiving high amounts
of annual rainfall, with a long wet season and sufficient nutrient availability, will support the
development of a closed woody canopy that will exclude the grass in the understorey and thereby
eliminate fuels for surface fires. In addition, nutrient-poor soils result in the production of large
quantities of low-quality forage which is consumed by ruminants (Illius and Gordon 1992) and large-
bodied bulk feeders (Hempson et al. 2015). While it has long been presumed that the distribution of

fine- and broad-leaved savannas is dependent on soil nutrient status, Wigley et al. (2018) did not find



clear patterns of broad-leaved dominance on nutrient-poor soils and fine-leaved dominance on nutrient-

rich soils.

Vegetation composition

African savannas are dominated by Mimosoideae, Combretaceae and Caesalpinioideae (Lehmann
et al. 2014). Mimosoideae is a monophyletic group that diverged from within Caesalpinioideae (Elias
1981, Clarke et al. 2000, Bouchenak-Khelladi et al. 2010). Scholes et al. (2002) found that African
acacias (Vachellia and Senegalia, belonging to the Mimosoideae subfamily) dominated the woody
component of drier (‘fine-leaved’) savannas, whilst Combretaceae became more dominant at
intermediate rain and Caesalpinioideae became dominant in moist (‘broad-leaved’) savannas, although
acacias still occur in these systems (Timberlake 1980). Mimosoideae, the focus of this thesis, was
revised after Acacia sensu lato (Acacia s.l.) was retypified using the Australian type Acacia sensu stricto
(Acacia s.s.) based on molecular phylogenetic analysis (Luckow et al. 2003, Bouchenak-Khelladi et al.
2010). Five genera are now recognised within Mimosoideae, including Acacia s.s (formerly Acacia
subgenus Phyllodineae), Acaciella (formerly Acacia subgenus Aculeifeiferum section Filicinae),
Mariosousa (species belonging to the Acacia coulteri group, Vachellia (formerly Acacia subgenus
Acacia) and Senegalia (Acacia subgenus Aculeiferum section Aculeiferum) (Murphy 2008, Thiele et al.
2011, Kyalangalilwa et al. 2013). The phylogenetic working group has since recircumscribed the
Caesalpinioideae subfamily to include Mimosoideae as the Mimosoid clade (Group 2017). Vachellia
and Senegalia are indigenous to Africa and contain approximately 69 and 73 species respectively

(Lewis 2005).

Importance of acacias

African acacias (i.e. Senegalia and Vachellia) are one of the most widespread taxonomic groups in
Africa (Dharani 2006, Bouchenak-Khelladi et al. 2010), and are important ecological indicators of
various environmental conditions, including bush encroachment. Shifts in environmental regimes are
causal agents of bush encroachment (O'Connor et al. 2014). The adaptive responses of woody species
to different environmental regimes, and how traits drive these responses, will improve the
understanding of the encroachment process. For example, in otherwise nutrient-poor savannas, the
presence of Vachellia tortilis can suggest human or livestock disturbance may have occurred; Vachellia
erioloba is indicative of deep sandy soils, and Vachellia hebeclada is an indicator of calcium-rich sands
(Timberlake 1980). Acacias also provide ecosystem services. Some acacias retain green leaves during
the dry season or produce new leaves towards the end of the dry season (Timberlake 1980). These
leaves, along with fruit pods, provide fodder to support indigenous browsers or cattle in African
communities (Timberlake 1980, Hassan and Styles 1990, Venter and Venter 1996). Acacias also
provide a source of charcoal, firewood and construction materials (Hassan and Styles 1990). Therefore,

African acacias and their distributions have important ecological and economic implications.



Linking traits to savannas

Savanna species are expected to show trait investment strategies to survive savanna drivers because
biome transitions are determined by the different responses of grasses and woody species to
environmental factors (Lehmann et al. 2011, Ratnam et al. 2011). Environmental conditions change
throughout the life of a tree. Tree growth patterns, physiological shifts from juveniles to reproductive
and mature stages, and plastic or predetermined responses are expressed accordingly. For example,
the recruitment of seedlings to the adult stage in more mesic savannas is most likely to occur in
drought years when grass competition is low and less grassy fuel accumulates (February et al. 2013).
Seedling establishment is primarily limited by water availability whilst the transition from saplings to
adults is constrained by frequent or intense fires (Higgins et al. 2000, O'Connor et al. 2014). Adult
savanna trees rarely die as a result of drought or disturbances (Hoffmann et al. 2009, Zeppel et al.
2015); however, they can suffer tissue damage and lowered reproductive output (Lens et al. 2013,
Hempson et al. 2019). Seedlings are therefore expected to show adaptations to maximise resource

accumulation linked to recovery whilst adult traits describe various resistance syndromes.

The dominance of acacias in arid savannas may be attributed to lower specific leaf area and the
presence of compound leaves which facilitate desiccation avoidance (Poorter and Markesteijn 2008).
In addition, woody plants in mesic savannas can absorb nitrogen despite low soil concentrations (Song
et al. 2020) because rain mineralises nitrogen thereby increasing nitrogen availability to plants (Scholes
and Whittaker 1993). In contrast, nitrogen-fixing species (including acacias) are more abundant in arid
systems (Pellegrini et al. 2015, Pellegrini et al. 2016), because plants are not dependent on rain for
nitrogen mineralisation and because nitrogen-fixers tend to use water more efficiently (Song et al.
2015). Nitrogen-fixing may also contribute to greater belowground biomass (Varma et al. 2018);
increased nodule investment improves plant nitrogen-fixation facilitating seedling growth (Mengel
1994, Voisin et al. 2003, Voisin et al. 2010). Nitrogen-fixing plants are thus increasingly abundant in
arid areas (Pellegrini et al. 2016, Gei et al. 2018).

Another example is the investment of vegetation from mesic savannas in chemical defences against
herbivores whereas the vegetation from arid savannas invest more in structural defences at the landscape
scale (Scholes et al. 2002, Venter et al. 2003, Scholes and Walker 2004, Wigley et al. 2018). However,
no evidence has been found to date to suggest species invest exclusively in chemical or structural
defences (Moles et al. 2013, Wigley et al. 2018). Increased spinescence has been observed as an
immediate but temporary response of trees to browsing (Within three years spines for the current growth
season resembled the season’s spine length after ten years of herbivore exposure) (Wigley et al. 2022).

Traits and survival strategies

Wigley et al. (2020) proposed a framework where species in disturbance-prone systems invest in

four broad strategies for survival. These are to escape, resist, tolerate or promote the effects of the



disturbance. Our research focuses on the first three and also applies this framework to both aridity- and
disturbance-driven strategies.
1. Escape strategies

The first general strategy is to escape the effects of savanna drivers. For example, arid-adapted
species invest in longer taproots to facilitate water absorption from deeper soil layers (Anderegg 2012,
Choat et al. 2018, Holdo et al. 2018), thereby securing a stable water supply in unpredictable and water-
limited environments (Rossatto et al. 2012, February et al. 2020) because plants with shallow rooting
depths have higher drought-induced mortality rates (Johnson et al. 2018). Another example is an ‘escape
height’. Rapid height gain is prioritised to position the canopy above the consumptive zone created by
fires resulting in a ‘lanky’ architecture (Dantas and Pausas 2013, Hempson et al. 2020).
2. Resistance strategies

The second strategy is to resist the effects of savanna drivers by reducing the damage sustained to
exposed plant material (Wigley et al. 2020). For example, wood density indicates resource allocation
to plant hydraulic systems (Bucci et al. 2004, Hao et al. 2008, Choat et al. 2018). Narrow xylem vessels,
linked to high wood density, have low hydraulic conductance and transportation rates (Hacke et al.
2001, Wright et al. 2006, Poorter and Markesteijn 2008, Lens et al. 2013). This increases cavitation
resistance (Hacke et al. 2001, Lens et al. 2013, Gleason et al. 2016), but results in a slower plant growth
rate (Wright et al. 2010). Wood density also shows a positive correlation with the thickness of xylem
vessel walls resulting in greater stem mechanical strength, linked to reduced stem breakage which may
improve seedling establishment under high browser pressure (Pratt et al. 2007, Chave et al. 2009,
Lagendijk et al. 2011). Resistance to embolism and mechanical damage are positively correlated (Baas
et al. 2004); narrow xylem vessels may therefore reflect an exaptation to aridity or browser damage.
Conversely, low wood density supports greater productivity to facilitate recovery after a disturbance
(Bellingham and Sparrow 2000, Clarke et al. 2005, Clarke and Knox 2009, Lagendijk et al. 2011, Clarke
et al. 2013). Stem diameter and bark thickness indicate investment in the insulation of internal stem
tissues from external damage (Balfour and Midgley 2006, Brando et al. 2012, Pérez-Harguindeguy et
al. 2013). Stem insulation is an adaptation to fire as it reduces heat transfer from fires that would
otherwise cause loss of hydraulic conductivity and stem death (Midgley et al. 2011, Lawes et al. 2013,
Schafer et al. 2015). However, allocation to bark production reduces resource investment to embolism
resistance (Rueda et al. 2016, Karavani et al. 2018, Resco de Dios et al. 2018). Water-limitation is
therefore expected to correlate with investment in robust hydraulic structures whereas insulation of stem
tissues will be prioritised in response to fire (Hengst and Dawson 1994, Hoffmann and Solbrig 2003,
Hoffmann et al. 2003, Balfour and Midgley 2006). However, inner bark may provide nutrient reserves
in harsh conditions whereas outer bark is primarily associated with stem protection (Rosell et al. 2014,
Rosell and Olson 2014). Strategies linked to greater inner bark storage may thereby facilitate

desiccation avoidance in arid systems. Browsing is expected to exert little pressure on bark thickness



but continual biomass removal results in lower xylem vessel density and thicker stems (Pittermann et
al. 2014).
3. Recovery (tolerance) strategies

The third strategy is to replace the lost plant material. Resprouting is a good example; it is a key
strategy for plant survival in savanna systems. Frequently burnt trees can develop a thick root that
functions as a starch storage organ (Boonman et al. 2020). Starch reserves support new stem production
after stem death (Higgins et al. 2000, Bond and Midgley 2001, Hoffmann and Solbrig 2003). Although
browsing occurs towards the drier end of the mesic savanna rainfall spectrum, the main limiting effect
is biomass consumption. Woody plants, therefore, invest in recovery strategies such as belowground

biomass reserves (Archibald and Hempson 2016).

Trade-offs between traits and survival strategies

Adaptations within each of the three mentioned strategies often come at a cost to the plant. Trade-
offs arise when the prioritised investment in one trait or survival strategy reduces the development of
another trait or strategy (Brouwer 1963). For example, savanna woody species characteristically invest
in higher root biomass, at a cost to shoot biomass (Diémé et al. 2019). In addition, larger xylem conduits,
linked to lower wood density, increase water transportation for optimal photosynthetic rates (Anfodillo
et al. 2013, Rosell et al. 2017, Olson et al. 2018). Therefore, a positive relationship between xylem
conduit diameter and stem length was expected. In contrast, high wood density (linked to narrow xylem
vessels) facilitates maintenance of hydraulic function under stress such as limited water availability
(Hacke et al. 2001, Martinez-Cabrera et al. 2009, Lens et al. 2013), but this is also associated with

reduced height gain, increasing the vulnerability to other pressures such as herbivory.

Aims and objectives

Traits are defined as any heritable characteristic (including morphological or physiological) which
can be measured at the scale of an individual (Garnier et al. 2015). Plant functional traits reflect
ecological strategies in response to environmental factors and contribute to ecosystem properties (Pérez-
Harguindeguy et al. 2013). Community ecology and functional ecology aims to understand how
functional traits determine species distributions, and the co-occurrence of species (Whittaker 1975,
Westoby and Wright 2006). Understanding ecological patterns improve the prediction of species
responses to changing environmental conditions (Corréa Scalon et al. 2020). Therefore, this thesis sets
out to investigate how the traits of savanna woody seedlings and adults vary along a gradient of aridity,
fire and herbivory. In Chapter 2 I assessed how seedling traits are affected by provenance. Twelve
Mimosoid species were grown in a greenhouse experiment and several above- and belowground traits
were recorded at the age of 60 days. Variables representing aridity, fire and browsing were extracted
across the species ranges for southern Africa. Linear models were used to investigate trait trade-offs,
and to assess how the savanna drivers affect individual traits. Hierarchical clustering, t-tests and an

NMDS analysis was used to identify trait syndromes. In Chapter 3 I investigated traits of adult Vachellia
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and Senegalia species across their native ranges in Africa. Linear models were used to explore the
influence of savanna drivers on individual traits and to investigate trait trade-offs. Hierarchical
clustering, principal component analysis and canonical discriminant analysis was used to describe
syndromes from savanna systems. Seedling and adult stages were included to compare the survival
strategies for establishment. As woody species mature, their investment strategies change as they

overcome different pressures.
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Chapter Two

Traits and trait syndromes of savanna seedlings linked to a gradient of

aridity, fire and herbivory in southern African savannas

Introduction

African savannas can broadly be divided into mesic and arid savanna. At large geographic scales,
these systems are differentiated by their mean annual precipitation (MAP) (Sankaran et al. 2005). In
arid savannas (MAP < 650 mm), woody cover and species composition are at least partially climate-
driven (Scholes and Archer 1997, Bond et al. 2003): limited water availability reduces tree recruitment,
thereby regulating maximum woody cover (Higgins et al. 2000, Sankaran et al. 2004). In contrast, mesic
savannas (MAP > 650 mm) (Sankaran et al. 2005) have suitable climates for both savanna and forest;
in these systems, disturbances drive savanna-forest transition shifts (Staver et al. 2011b, Dantas et al.
2016). Fires are an important disturbance in the maintenance of open canopy structures, especially in
mesic savannas (Bond 2008, Lehmann et al. 2011, Ratnam et al. 2011). In arid savannas, fire can reduce
canopy density, but in mesic savannas, fires (often more frequent due to higher grass biomass) (Higgins
et al. 2000, Beckage et al. 2009) are essential in maintaining an open vegetation canopy and thus drive
the savanna-forest transition (Bond et al. 2003, Charles-Dominique et al. 2015b). Long dry seasons in
mesic savannas increase the probability of fire occurrence (Spessa et al. 2005, Archibald et al. 2010).
Savanna tree cover is also limited by browsing at local and continental scales (Prins and van der Jeugd
1993, Staver et al. 2009, Staver et al. 2011b). Herbivore biomass is greatest at intermediate levels of
rainfall (Hempson et al. 2015). Therefore, the environmental drivers that affect savanna structure may

fundamentally differ between arid and mesic savannas.

In savannas, seedling recruitment to the sapling stage is a major bottleneck in the establishment of
woody species and is thus thought to be important in driving the structure of savannas (Bond and
Midgley 2001, Gignoux et al. 2009, Williams et al. 2009). Aridity and disturbances (such as fire and
herbivory) are major factors limiting woody seedling recruitment in African savannas (Midgley et al.
2010, Werner and Prior 2013). As a result, savanna trees must possess a range of traits that allow
recruitment under the conditions that exist in savannas (Scholes and Archer 1997, Pausas et al. 2004,
Bond and Keeley 2005). The suite of traits an organism possesses can be influenced by a number of
factors. According to the functional equilibrium hypothesis, plants redirect resource allocation in
response to the strongest limiting factor (Brouwer 1963). Consequently, increased investment to survive
one stressor may reduce the development of functional traits linked to another stressor (Bucci et al.
2004, Resco de Dios et al. 2018). However, exaptation may also arise where preadaptation to one
pressure provides an advantage to another pressure (Gould and Vrba 1982, Keeley et al. 2011). Whether
adaptations of savanna trees to fire, herbivory and drought are similar or trade-off against one another

remains to be determined (Archibald et al. 2018).
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In savannas, periods of insufficient water availability constrain seedling establishment (Ward 2005,
Joubert et al. 2008); extended periods of water deficit combined with high temperatures in savannas
have been linked to woody vegetation mortality caused by the high evaporative demand (Fensham et
al. 2009, Fensham et al. 2019, Sankaran 2019). Droughts are defined as periods where plant water
availability levels during the growth season are significantly lower than the average annual conditions
due to reduced rainfall (Sankaran 2019). Droughts are an existing phenomenon in many savannas, and
they are predicted to increase in occurrences and severity, especially in Africa, under several climate
change models (Dai 2013, Trenberth et al. 2014). Predicted increases in drought events and duration
are expected to cause compositional shifts in savannas (Case et al. 2019, Sankaran 2019); because
species differ in drought tolerance and recovery abilities (Breshears et al. 2009, Fensham et al. 2015).
Seedling survival is strongly constrained by adaptations to drought as a prolonged stressor (Case 2019)
such as the investment in deep roots to access groundwater (Markesteijn and Poorter 2009, Diémé et al.

2019, Boonman et al. 2020).

In contrast, both fire and herbivory limit seedling recruitment by causing damage to and the loss of
aboveground materials (Higgins et al. 2007, Hoffmann et al. 2009). Fires typically occur as discrete
annual events in mesic savannas, or biannual fires in highly productive savannas near the equator,
resulting in a fire-induced recruitment bottleneck at the sapling stage (Archibald and Bond 2003,
Hempson et al. 2020). In contrast, browsing may occur at any time, and in both wet and dry seasons
(Hempson et al. 2020). Fire and herbivory limit the transition of seedlings to the adult stage, thereby

affecting population structure more than population size (Midgley et al. 2010).

Water stress, fire and herbivory have different impacts on seedlings. Water deficit can result in
hydraulic failure caused by the formation of gas emboli in xylem vessels (Kursar et al. 2009, Choat et
al. 2012). Gas emboli reduce water transportation to photosynthetic plant organs required for gas
exchange, resulting in desiccation and plant mortality (McDowell et al. 2008, Kursar et al. 2009). In
comparison, fire either consumes the aboveground biomass of seedlings or the associated heat causes
stem death (Bond and van Wilgen 1996, Balfour and Midgley 2006). More specifically, heat from
surface fires damage cambium and xylem tissues within woody stems, causing a loss of hydraulic
function (Trollope 1984, Bond and van Wilgen 1996, Balfour and Midgley 2006). Frequent fires and
low water availability may therefore exert similar pressure on savanna seedlings resulting in stem death.
In contrast, defoliation and twig browsing reduces aboveground biomass, similar to fire, but may not
cause stem death (Wigley et al. 2018). Browsing may therefore select for traits to minimise biomass

loss whereas aridity and fire may select for traits to avoid stem death or linked to regeneration.

Woody plants differ in their ability to persist or recover from an environmental filter (Fensham et
al. 2015, Greenwood et al. 2017, Fairman et al. 2019); these pressures select for species with similar

trait responses in areas experiencing similar environmental filters (Fukami et al. 2005, Rossatto and
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Franco 2017). Different survival strategies are therefore characterised by suites of co-varying traits
(Agrawal and Fishbein 2006). However, trade-offs between trait investment patterns also contribute to
the formation of trait groups (Resco de Dios et al. 2018, Boonman et al. 2020). “Syndromes” refer to
groups of plant traits that illustrate avoidance and tolerance strategies in response to certain

environmental conditions (Sankaran 2019).

A suite of unique trait combinations, called complexes or trait syndromes, are expected to arise in
response to the different environmental drivers. Arid-adapted species are expected to invest in strategies
to facilitate desiccation avoidance. Species are more likely to invest in larger seeds to provide nutrients
for the development of a bigger and more robust seedling in response to prolonged stress (Moles and
Westoby 2004, dos Santos Costa et al. 2020). Reduced specific leaf area (SLA) and leaf-shoot ratios
will facilitate desiccation avoidance by lowering the rates of leaf transpiration, stomatal conductance
and leaf temperature linked to plant water loss (Poorter and Markesteijn 2008, Gotsch et al. 2010).
Narrow xylem vessels show decreased embolism events (linked to desiccation) but this may reduce
bark thickness (Resco de Dios et al. 2018); I expect arid-adapted species to prioritise investment in
wood density (reflected by narrow xylem vessels) to provide embolism resistance. However, inner bark
may provide nutrient stores to benefit species in water-limited systems (Rosell et al. 2014). Arid-
adapted seedlings are expected to prioritise biomass allocation to rooting depth and the depth of root
expansion resulting in higher seedling root-shoot ratios (Diémé et al. 2019, Boonman et al. 2020). Root
nodules, which sustain nitrogen-fixing bacteria, support increased foliar nitrogen concentrations to
facilitate efficient water use in arid systems (Adams et al. 2016, Pellegrini et al. 2016). However, nodule
investment requires nutrient allocation to support the nitrogen-fixing bacteria (Voisin et al. 2010); in

arid conditions, seedlings are expected to invest in fewer nodules, due to the high carbon cost.

Fire-adapted species are expected to reduce heat damage (small seeds, increased relative bark
thickness and thicker stems) and possess adaptations to facilitate resprouting after stem death (increased
SLA, high leaf-shoot ratios, thicker roots and numerous nodules). Small seeds are more resistant to fire-
related heat (Liyanage and Ooi 2018) and species are able to produce a large number of small seeds
(Henery and Westoby 2001). A greater proportion of outer bark and thick stems will better protect stems
from heat damage (Balfour and Midgley 2006, Schafer et al. 2015). High SLA and increased leaf-shoot
ratios will provide greater photosynthetic rates to support rapid biomass accumulation in response to
disturbance (Poorter et al. 2009, Diémé et al. 2019). To resprout in fire-limited systems, species are
expected to invest in a high root-shoot ratio, due to greater root thickness, with a lower rooting depth
and increased lateral roots close to the soil surface (Archibald and Hempson 2016, Boonman et al.

2020).

Intense herbivory will select traits that reduce seedling biomass loss (reduced SLA, lower leaf-shoot

ratios and narrow xylem vessels) and facilitate recovery after frequent biomass removal (thick roots and
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numerous nodules). Reduced SLA and leaf-shoot ratios minimise leaf palatability and reduce biomass
removal (Poorter et al. 2009) whilst dense stems reduce breakage (Chave et al. 2009). Thick roots may
reflect belowground storage to facilitate resprouting after defoliation (Archibald and Hempson 2016).
Increased nodule count may reflect strategies to facilitate rapid recovery after disturbance (Voisin et al.

2010).

Fires are more frequent in mesic savannas than in arid savannas (Higgins et al. 2000) and browsing
is more intense in savannas with intermediate rainfall (Hempson et al. 2015). As a result, I expect unique
physiognomies for arid-adapted, fire-adapted and browser-adapted savanna woody species due to

different drivers of trait selection

This study aims to investigate how traits and trait syndromes vary along environmental gradients of

aridity, fire and browsers.

The main objectives of this study are: to investigate potential trait interactions and trait investment
trade-offs due to different survival strategies, and to identify unique trait complexes linked to aridity,

fire or herbivory.
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Methods
Species selection

Large swathes of African savannas are dominated in the tree layer by members of the Mimosoid
clade, within the Fabaceae (Huntley 1982). Twelve species belonging to the Mimosoid clade sensu
(Group 2017) were selected to investigate traits of legume seeds and seedlings driving species
recruitment (Table 1). Species that are indigenous to southern Africa and that occur across different

environmental gradients were selected.

Table 1: List of savanna woody species belonging to the Fabaceae family, Mimosoid clade, used in this
experiment. The method of seed scarification selected for each species is shown. # Locality records=

final number of final locality records from which the environmental data were extracted

Species Scarification #Locality records
Albizia forbesii Benth. Mechanical 16
Dichrostachys cinerea (L.) Wight & Arn. Mechanical 46
Senegalia galpinii (Burtt Davy) Seigler & Ebinger Mechanical 22
Senegalia senegal var. rostrata (Brenan) Kyal. & Boatwr. Boiled 28
Vachellia erioloba (E.Mey.) Seigler & Ebinger Mechanical 40
Vachellia exuvialis (I.Verd.) Kyal. & Boatwr. Mechanical 27
Vachellia karroo (Hayne) Banfi & Galasso Mechanical 62
Vachellia nilotica (L.) P.J.H.Hurter & Mabb. Mechanical 45
Vachellia rehmanniana (Schinz) Kyal. & Boatwr. Mechanical 15
Vachellia robusta (Burch.) Kyal. & Boatwr. Mechanical 45
Vachellia sieberiana (DC.) Kyal. & Boatwr. Boiled 44
Vachellia swazica (Burtt Davy) Kyal. & Boatwr. Mechanical 30

Experimental set-up

Seeds were sourced from the Silverhill Seed Company. The efficacy of different scarification
techniques on the species germination was investigated using 60 seeds per species (Appendix Methods
Al). Seeds were scarified using the most effective technique (Table 1 and Appendix Table Al). Two
scarified seeds of the same species were planted in 3.5-litre soil bags filled with a 1:1:1 ratio of river
sand, compost and topsoil to produce ten replicates per species. Soil bags were placed in one of four
greenhouses situated on Innovation Africa @ UP of the University of Pretoria. Species were assigned
to soil bags using a randomisation approach. Greenhouses were covered with 40% white shade cloth
netting, with an average photosynthetically active radiation of 1296 pmols/m’s (Appendix Table A2).
Seedlings received 0.333 litres of water every Monday, Wednesday and Friday. The date of germination

was recorded every second day.

Species traits
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Several seed and seedling traits were measured (Table 2). Average seed mass was calculated from
ten seeds per species prior to planting. Several traits representing seedling size (stem length, stem
diameter and aboveground dry mass) were recorded on up to ten individuals per species at sixty days
post-germination to characterise seedling growth patterns during the establishment phase (Table 2). The
stem length-diameter ratio was derived to indicate prioritised height relative to stem diameter (Gignoux
et al. 2016). However, stem length, stem diameter, and stem length-diameter ratio were positively
correlated (Appendix Table A4); therefore, the stem length-diameter ratio was removed from

subsequent analyses.

Leaf traits were measured for each species at the end of the growing season (early April 2021). One
leaf was sampled from the stem midpoint of three seedlings per species. The flattened leaf was scanned
(Figure 1), and the leaf area was calculated from calibrated images in ImageJ (Schneider et al. 2012).
The green area of the leaf was calculated using the automated threshold routine. The same leaves were
oven-dried over a minimum of three days at 40°Celsius and their leaf mass was measured. Leaf mass

and area measured were used to calculate specific leaf area (Table 2).

Albizia forbesii $

Dichrostachys
cinerea

g \d‘ <

Senegalia T'achellia
senegal erioloba

Vachellia exuvialis

¥

;§ ! EE Vachellia

Vachellia nilotica
karroo

Vachellia swazica

Vachellia
rehmanniana

Vachellia robusta

Vachellia sieberiana

Figure 1: A representative leaf scan of each species to shows the interspecific variation in leaf

characteristics at the final harvest.

Up to five seedlings per species were harvested 60 days after germination to conduct stem cross-
sections. Basal stem cross-sections were performed on fresh material and stained with toluidine blue
dye and photographed using a Moticam 5.0 MP camera and a Motic light microscope. Inner bark
thickness, total bark thickness and stem diameter were recorded for each specimen (Figure 2, Table 2).
Five xylem conduit diameters were measured per seedling to derive the average xylem conduit diameter

per species. Outer bark thickness was derived using the difference between the total bark thickness and
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the inner bark thickness. Outer bark thickness was highly correlated with inner bark thickness
(Appendix Table A4) and was thus not used in data analyses. Relative bark thickness was calculated by
dividing total bark thickness by stem diameter (Table 2).

a. Inner bark
b. Outer b@rk Total bark
(dead tissue)

A. Pith
B. Xylem conduits

Figure 2: A microscopic image of the cross-section conducted on the basal stem region of a Vachellia
erioloba seedling, captured using a microscope lens magnification setting of 4 x 0.1 (above) and 10 x
0.25 (below). The maximum diameter of five random xylem conduits were recorded and averaged per

individual.

To measure belowground traits, the roots of the 60-day-old harvested seedlings were carefully
exhumed by carefully rinsing the seedling roots in a bucket. The depth of the stem-root transition, the
depth of the fifth lateral root, the taproot length and taproot diameter were measured for each seedling,
and the root length-diameter ratio was derived. To describe nodulation, root nodules were counted.
Additionally, they were separated and dried at 50 °Celsius for a minimum of 72 hours and their dry

mass was recorded (Table 2).
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For each of the 60-day-old harvested seedlings, seedling biomass was separated into aboveground
and belowground biomass, placed in brown paper bags and oven-dried for at least 72 hours at a constant
temperature of 50 °Celsius. The total seedling leaf mass, the total aboveground dry mass and the total
belowground dry mass (including nodules) per seedling were weighed. All dry masses were recorded
using an analytical balance (accurate to 0.01 mg). Shoot mass, seedling leaf-shoot ratio, specific leaf

area and seedling aboveground-belowground biomass ratio were derived (Table 2).
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Table 2: Description of seed and seedling traits used to investigate survival strategies of woody savanna species during the establishment phase, the environmental filters

expected to influence each trait ( /d'. aridity, &rﬁre and ﬁ‘ herbivory), and the methods used to derive the trait values. Blue environment icons indicate an expected positive

relationship between the trait and the environmental filter, whereas orange indicates an expected negative relationship. References: citations of the literature where the trait was

originally described and literature that formed the basis for new traits.

Trait Definition Environment Method References
Seed size A surrogate of seed nutrient reserves. & The oven-dried seed mass. Moles (2018)
Specific leaf area The one-sided area of a leaf divided by The area of a fresh leaf (including the rachis) divided by the leaf dry mass. Garnier et al. (2001),
(SLA) the leaf mass. Pérez-Harguindeguy et
al. (2013)

Stem length (L) A measure of plant allocation to vertical The distance along the stem from the soil surface to the apical bud. Gignoux et al. (2016)

growth.
Stem diameter (D) A measure of stem thickness. The stem diameter at one cm above the soil surface. Balfour and Midgley

(2006)
Height of lowest An indication of potential resprouting The distance along the stem from the soil surface to the base or the lowest bud
bud height. (cotyledon or leaf; no branches were observed as the lowest bud during this
experiment).

Xylem conduit Base cross-sectional conduit lumen Using a basal stem cross-section (stained), the diameter of 5 vessels was KlimeSova et al.
diameter diameter that provides a measure of measured using image analysis software. The five values were averaged to (2019)

embolism resistance. derive the mean conduit diameter.
Total bark A measure of the maximum distance Used to The distance from the stem surface to the vascular cambium. Obtained from the ~ Rosell et al. (2014),
thickness (TBT) from the stem surface to the vascular derive (IBTp)  stained basal stem cross-section. Rosell (2016), Morris

cambium. and (RBT) and Jansen (2017)
Inner bark (IBTp) The proportion of total bark thickness Using the basal stem cross-section (stained), the thickness of the living bark cells Rosell (2016)

represented by the inner bark. as indicated by the stain (inner bark thickness) was measured. The measured

6, inner bark thickness was divided by the total bark thickness.
¢ BT, — Inner bark thickness
P Total bark thickness

Relative bark A species-specific trait linked to plant The bole diameter was calculated as the sum of the stem diameter and the total Midgley and Lawes
thickness (RBT) life histories and biogeography is bark thickness. The ratio of the total bark thickness to the bole diameter was (2016), Pellegrini et al.

represented by the total bark thickness
(TBT) ratio to the bole diameter (BD).

derived.

1. BD = stem diameter — 2(TBT)
2. RBT = ==

(2017), Wigley et al.
(2020)
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Trait Definition Environment Method References
Seedling leaf-shoot A measure of seedling investment in The ratio of the oven-dried mass of the seedling leaf matter and the seedling Wigley et al. (2020)
ratio (SLS) rapid production versus the occupation shoot mass.

of vertical space
Depth of the fifth A description of how woody species Adaptation of Charles-Dominique's height of the fifth fork concept to describe Wigley et al. (2020)
lateral root (D5) explore vertical space the depth of the fifth lateral root; measure the distance along the taproot from the

soil surface to the fifth lateral root.

Root length (RL) A measure of the depth of the main 6/ The extent of the gently straightened main root axis. Harrison and LaForgia

taproot from the soil surface ' (2019)
Root diameter A measure of the primary root thickness Measure the diameter of the primary root at 1 cm below the soil surface using Pérez-Harguindeguy et
(RD) callipers. al. (2013)
Root length- A measure of the primary root taper & An adaptation of the stem length-diameter ratio in Gignoux et al. (2016), to Gignoux et al. (2016)

diameter ratio (RT)

Aboveground mass

Belowground mass
Total mass

Seedling root-shoot
ratio (SRS)

Nodule count

Total nodule mass

with length as an indication of plant
allocation strategies to belowground
reserves (greater diameter) or increased
rooting depth (greater root length)

A measure of the aboveground biomass
accumulation

A measure of the belowground biomass ¢/
A measure of the whole plant biomass 6/

A ratio of the aboveground seedling dry &
mass to the belowground dry mass as an 7
estimate of seedling investment in
belowground reserves

A measure of the total number of
nodules observed on the seedling root

A measure of the total nodule biomass O
accumulation.

describe root tapering; the relative root taper was calculated using the root length
and root diameter measurements.

_RL

RT = —
RD

The oven-dried aboveground seedling biomass.

The oven-dried belowground seedling biomass.
The total plant biomass (leaves, stems, roots and nodules).

The ratio of the oven-dried belowground and aboveground seedling biomass.
SRS = Belowground dry mass

Aboveground dry mass

The number of root nodules present on a seedling.

The combined oven-dried mass of the nodules collected from the roots of a given
seedling

Diémé et al. (2019)

Gignoux et al. (2016),
Wigley et al. (2020)

Voisin et al. (2010)

Voisin et al. (2003)
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Environmental predictors

To assess the effects of water availability, fire and herbivory on the traits of savanna woody
seedlings, various environmental variables were collated from large-scale datasets to create multiple
spatial layers. Several climatic variables were chosen to represent water stress. Rainfall is an important
predictor of savanna structure and production (Sankaran et al. 2005). At finer scales, rainfall may
influence seedling investment strategies such as increased rooting depths at low rainfall (Holdo et al.
2018); thus mean annual precipitation (MAP) was obtained from the WorldClim database at a 0.5-
degree resolution (Fick and Hijmans 2017). Intermittent rainfall facilitates tree-grass coexistence in arid
savanna systems (D'Onofrio et al. 2015), and regular wet and dry periods increase fire probability
(Archibald et al. 2013). A rainfall seasonality index was acquired from WorldClim at a 0.5-degree
resolution to describe periodic water availability within a year (Fick and Hijmans 2017). Low values
suggest a more even rainfall distribution whereas greater values indicate rainfall is constrained to a
single month (Markham 1970), reducing the growing season for savanna vegetation (Scholes and
Archer 1997). Extended periods of water deficit increase vegetation mortality (Greenwood et al. 2017);
severe droughts increase the risk of hydraulic failure leading to desiccation-induced stem death
(McDowell et al. 2008, Hartmann et al. 2018). Drought proneness and severity was represented by the
standardized precipitation evapotranspiration index (SPEI) (Begueria et al. 2014), obtained at 36-month
intervals and 0.5-degree resolution. The SPEI is calculated using the monthly differences between
precipitation and potential evapotranspiration (PET) estimates, based on the FAO-56 Penman-Monteith

PET estimation method (Allen et al. 2011).

Two variables representing the fire regime were obtained from Archibald et al. (2013). First, fire
intensity is defined as a measure of the radiative energy released by a flame per unit length of the fire
front; fire radiative power (FRP) values capture the rate of radiant energy released by active fire points
(megawatts per pixel, Kaufman et al. (1996)), providing a spatially and temporally continuous measure
of fire intensity (Smith and Wooster 2005). This accounts for the effects of fire on tree size classes and
top-kill avoidance strategies (Archibald et al. 2013). Second, the fire return interval represents the
period available for plant growth between successive fires; short fire return intervals reflect frequent
fires and have been linked to the resprouting of woody species (Archibald et al. 2013). A fire return
time index (fire return interval) was obtained from the calculated coefficient of variation of the annual

area burned (Archibald et al. 2013).

Mammalian browsers have been linked to the trait variation, including spinescence and architecture,
of savanna trees (Archibald and Bond 2003, Staver et al. 2009, Greve et al. 2012, Staver et al. 2012,
Wigley et al. 2015). Browser biomass estimates from Hempson et al. (2015) were used as a proxy for

the consumptive pressure exerted on woody vegetation (Archibald and Hempson 2016).

Linking species traits and environmental factors
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Locality records for each of the mimosoid species were obtained from Greve et al. (2012) and, for
Albizia forbesii and Dichrostachys cinerea, from the Global Biodiversity Facility (GBIF, see Appendix
Table A3 in Appendix Methods A for the database references per species). Duplicate records were
removed and locality records were georeferenced using a spatial points data frame of the locality records
and removing records that did not match the country provided in the description. Because seeds were
sourced from South African populations, locality records from only South Africa and Swaziland were
extracted. To remove sampling bias from the locality records, only one record per degree cell was
randomly selected using a grid for stratified sampling provided by the ‘dismo’ package (Hijmans et al.
2021) (Table 1). For each locality record, the mean annual precipitation, rainfall seasonality index,
SPEI, fire intensity, fire return interval and browser biomass were extracted; the environmental data
was then averaged per species. Mean annual precipitation was transformed using ‘log(max(x + 1))’

(Kassambara 2020) to correct for negative skew.

Highly correlated predictor variables were identified using a Pearson’s correlation analysis
(Appendix Table A4). If two variables were highly correlated (r > 0.65), only one was retained. Fire
return interval was thus excluded from subsequent analyses due to a high correlation with fire intensity

(fire radiative power, FRP).
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Analyses

To account for phylogenetic non-independence, the phylogenetic tree from Bouchenak-Khelladi et
al. (2010), containing most of the study species, was extracted using the ‘ape’ package (Paradis and
Schliep 2019). Albizia kalkora (Roxb.) Prain. and Dichrostachys richardiana Baill. were used to
represent Albizia forbesii and Dichrostachys cinerea, which were not on the extracted tree (Appendix,
Figure A2). The phylogenetic tree was subsetted to the species used in this study. For each linear
regression model performed for trait-trait relationships and trait-environment relationships, best subset
selection was conducted based on the lowest Bayesian information criterion (BIC) scores using the
‘leaps’ package (Lumley 2017). Benjamini-Hochberg corrections were performed on the regression
model outputs to adjust variable p-values after accounting for multiple comparisons (Benjamini and

Hochberg 1995) using the ‘stats’ package (R Core Team 2021).

Trait-trait relationships

Based on observations made during the seed germination experiment (Appendix Methods A)
species, such as Vachellia erioloba, had large seeds and produced larger seedlings for the same
germination period as small-seeded species, such as Vachellia nilotica. To investigate the effect of seed
size on seedling biomass accumulation patterns, univariate phylogenetic least-squares regression
(PGLS) models were performed (Wigley et al. 2016) using the ‘caper’ package. Seedling biomass
accumulation patterns were represented by the stem length, stem diameter, aboveground biomass,
belowground biomass and total biomass estimates. In some models, PGLS lambda (A) values were
statistically indistinguishable from zero, indicating an absence of phylogenetic signal in the model. In
such cases, ordinary least squares (OLS) regression models were run (Appendix Table A5). To meet
linear model assumptions, influential outliers with high residual leverage were removed based on

Cook’s distance above 0.5, 1 (Abdelhamed 2020).

OLS models were run to investigate potential trade-offs and constraints in resource allocation to
different traits. The following trade-offs were tested based on previous literature: the relationship
between leaf area and seedling size (represented by total plant mass) (Pérez-Harguindeguy et al. 2013,
Diémé et al. 2019); between cavitation resistance (represented by narrower xylem conduit diameter)
and stem growth (represented by stem length) (Pérez-Harguindeguy et al. 2013, Olson et al. 2018);
between aboveground (aboveground mass and stem length) versus belowground biomass accumulation
(belowground mass) (Pérez-Harguindeguy et al. 2013, Boonman et al. 2020); and between nodule count
and nodule mass (Telford et al. 2021). Seed mass was included in the models if seed size had a
significant influence on a trait reflecting seedling biomass accumulation patterns, based on the analyses

in the previous section.
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Trait-Environment relationships

To evaluate whether environmental variables drive variation in individual traits; PGLS models were
performed to test the effect of the environmental predictors (mean annual precipitation, rainfall
seasonality, SPEI, fire radiative power and browser biomass index) on each of the traits. Variables were

transformed to meet model assumptions (Appendix tables A8 and A9); variables with strong, negative

skew were transformed using the equation ! ] (Kassambara 2020). Best subset modelling

[log(max(x+1))+1
was used to select the most parsimonious model based on the lowest Bayesian Information Criterion

(BIC) values.

Additionally, to evaluate how species trait variation is explained by the combined effects of all the
environmental predictors, a constrained ordination was performed using redundancy analysis (RDA)
from the ‘vegan’ package (Oksanen et al. 2019). Aboveground mass, belowground mass and total mass
were excluded because the seedling root-shoot ratio was used to represent biomass accumulation

patterns.

Trait syndromes

To identify trait syndromes and evaluate which environmental drivers relate to the different trait
complexes, ‘pvclust’ (Suzuki et al. 2019) was used to perform a hierarchical cluster analysis with
centred Pearson distance and average linkage. Trait clusters were identified based on species trait
similarities. Welch two-sample t-tests, from the ‘stats’ package (R Core Team 2021), were performed
to detect differences in the average trait values between the clusters (Appendix table A10). An NMDS
was performed to visualise species trait dissimilarities using a Euclidean distance matrix (Goslee and
Urban 2007, Lucas 2019). To assess whether the clusters differ by environmental factors, t-tests were

performed comparing the mean of each environmental variable for the clusters (Appendix table A11).
Analyses were performed in R version 4.0.5 (R Core Team 2021).

Results
The effects of seed size on seedling biomass accumulation patterns

Seed size showed a significant positive relationship with several measures of seedling size (Table
3), namely stem length, stem diameter and root diameter. Total plant mass, above- and belowground

mass did not show a significant relationship with seed size (Appendix table AY).
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Table 3: Results of phylogenetic least-squared (PGLS) t and ordinary least-squared (OLS) regression
models depict relationships between seed size and various traits linked to seedling size at the age of 60
days. Model estimates and p-values are shown. All trait variables were log-transformed, scaled, and
centred. PGLS models are indicated (*), and p-values that remained significant after performing

Benjamini-Hochberg corrections are shown (*). Non-significant results are shown in Appendix table

AS.

Fixed effects: Estimate  Std.error t-value  p-value Multiple R?
log(Stem length) log(Seed mass) 1.092 0.377 2.897 0.020* 0.512
log(Stem diameter) 4 log(Seed mass) 0.672 0.218 3.091 0.011* 0.489
Root length x log(Seed mass) 1.022 0.417 2.452 0.040 0.536
Root diameter log(Seed mass) 0.899 0.264 3.398 0.007* 0.429

.D. cinerea and V. erioloba were removed as influential outliers. PGLS model lambda branch estimate (1) = 0.575

Trait-trait relationships

Surprisingly, seedlings did not show evolutionary trade-offs at the species level or from an
evolutionary perspective. Instead, positive relationships were revealed between above- and
belowground biomass accumulation, stem length and stem diameter, xylem conduit diameter and stem
length (associated with rapid growth rates) and between nodule mass and nodule count (Table 4).

Additionally, seed size correlated positively with several biomass traits as mentioned above.

Table 4: Results of the significant best subset OLS regression models depict potential trade-offs and
constraints in trait resource allocation. P-values highlighted by an asterisk (*) remained significant after
performing the Benjamini-Hochberg correction. All trait variables were log-transformed, scaled, and
centred. Model R? and p-values are shown in Appendix Table A6. Non-significant model results are

shown in Appendix Table A7.

Fixed effects: Estimate Std. error  t-value p-value
log(Stem length) -0.391 0.487 -0.803 0.442
Belowground mass
& Aboveground 1.015 0307 3302 0.009*
mass
Stem diameter 0.786 0.251 3.137 0.012*
Stem length
Seed mass 0.580 0.251 0.232 0.822
Nodule mass Nodule count 0.741 0.212 3.487 0.006*
log(Stem length) 1.614 0.291 5.557 <0.001*
Xylem conduit diameter log(Seed mass) 0.169 0.186 0.911 0.386

Trait-Environment Relationships

Low mean annual precipitation was linked to a greater depth of root expansion (depth of the fifth

lateral root) and reduced leaf production relative to shoot investment (leaf-shoot ratio; Table 5). Highly
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seasonal rainfall was an important driver of prioritised belowground investment relative to aboveground
biomass accumulation (higher root-shoot ratio) and showed a negative effect on nodule count. Increased
drought proneness and severity exerted a negative effect on relative bark thickness, but showed a
positive relationship with taller, thicker stems. Contrary to the hypothesis, xylem conduit diameter
increased with drought severity. This may be attributed to the larger seed size which supported rapid

growth rates.

Intense fires selected for smaller seeds, prioritised leaf production relative to shoot investment (leaf-

shoot ratio) and smaller leaf area relative to leaf mass (SLA; Table 5).

High browser pressure appeared to exert a negative effect on seedling biomass accumulation (above-
and belowground mass and total mass, Table 5). Specific leaf area showed an unexpected increase with

higher browser pressure. Nodule mass showed a negative response to greater browser pressure.

27



Table 5: Results of ordinary least-squares regression models (OLS) depicting relationships between a

trait and selected environmental variables based on the best subset model with the lowest Bayesian

Information Criterion (BIC) values. Variables that were transformed using og (max (x1+1)_x)+1] are

indicated using ‘Kassambara’. P -values highlighted by an asterisk (*), remained significant after
performing the Benjamini-Hochberg correction. Model R? and p-values are shown in Appendix Table

AS8. Non-significant models are shown in Appendix Table A9.

Fixed effects: Estimate  Std. error t-value p-value
(Precipitation) Ksamban 36710 1.472 2452 0.040
Specific leaf area Fire intensity -0.799 0227 3.527 0.008*
(Browser)Kassambara 3.396 1.133 2.998 0.017*
Drought 0.647 0214 3.025 0.014*
log(Stem length) Fire intensity -0.384 0.214 -1.795 0.106
log(SPEI) 1320 0.442 2.989 0.015%
log(Xylem conduit diameter) log(Fire intensity) -0.528 0.494 -1.070 0313
(Precipitation) Kessamban 3 582 1.546 2317 0.046
Relative bark thickness Drought -0.876 0.245 3.582 0.006*
(Precipitation) Kassambara -5.222 1.530 -3.414 0.008*
log(Depth of the fifth lateral root) log(Drought) 0793 0472 1682 0.127
log(Drought) 20.399 0.562 20.710 0.496
log(Aboveground mass) log(Browser) -0.742 0.263 2815 0.020*
log(Rain seasonality) -0.763 0.545 -1.400 0.195
log(Belowground mass) log(Browser) -0.749 0262 22.860 0.019%
log(Rain seasonality) 0.435 0.294 1.480 0.173
log(Total mass) Browser -0.755 0.189 -3.986 0.003*
Rain seasonality 0.760 0.128 5.942 0.001*
log(Seedling root-shoot ratio) x Drought 3.05 0.126 2429 0.046
log(Seedling leaf-shoot ratio) « 2 (Precipitation) Kassambara 4.654 1.163 4.004 0.004*
log(Fire intensity) 2.122 0.398 5.326 0.001*
Rain seasonality -0.639 0.219 -2.923 0.022*
log(Nodule count) log(Fire intensity) 1539 0.489 23,148 0.016*
Drought 20.121 0.168 0719 0.493
Total nodule mass Browser 0571 0.174 -3.283 0.011%
Rain seasonality -0.198 0.186 -1.060 0.320
log(Seed mass) log (Fire intensity) 1612 0.412 -3.909 0.004*

x 1V, karroo and V. rehmanniana removed as influential outliers; = 2 V. rehmanniana removed as an influential outlier; x 3 A4.
forbesii and V. sieberiana removed as influential outliers

The permutation test for the RDA showed a significant model (p = 0.047). The results of the RDA
support the findings from the least-squared regression analyses. Based on the first RDA axis (Figure
3a), drought severity (SPEI) showed a positive relationship with xylem conduit diameter, seed mass

and seedling size (stem length, stem diameter and root length); browser pressure had a negative
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relationship with nodule mass and total biomass, and fire intensity had a negative relationship with seed
size but a positive effect on seedling leaf production relative to shoot investment. The second RDA axis
shows a negative relationship between fire intensity and specific leaf area (SLA) and increased SLA
with high browser pressure (Figure 3b). The third RDA axis (Figure 3b) shows an increase in the depth
of the fifth lateral root, reduced leaf production (leaf-shoot ratio) and less nodule investment at low
rainfall; and seasonal rainfall showed a positive relationship with prioritised root mass accumulation

(root-shoot ratio), and a negative effect on nodule mass.
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Figure 3: RDA plots showing the amount of trait variation explained by the environmental variables

(56.78%, p = 0.047). The first three RDA axes explain 50.81%, 21.80% and 13.89% of the constrained
eigenvalues respectively (cumulative proportion = 86.50%). A) RDA plot using the first and second
axes and b) RDA plot using the second and third axes
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How environmental drivers affect trait complexes

The hierarchical cluster analysis revealed two significantly different species groups, based on the
approximately unbiased p-values from multiscale bootstrap sampling (Figure 4a). Species from cluster
A showed reduced investment in seedling size, indicated by shorter and thinner stems, narrower xylem
vessels linked to slower growth rates, thinner roots, and less aboveground biomass (Figure 4b,
Appendix Table A10). In contrast, species from cluster B prioritised robust seedling development
represented by the taller and thicker stems, increased xylem vessel diameter linked to rapid growth

rates, thicker roots and increased aboveground biomass.

Species from cluster A showed a lower mean SPEI value, associated with lower drought proneness
and severity (Figure 4c), whereas species from cluster B had a higher mean SPEI value indicating
increased drought occurrence and severity (Appendix Table All). Drought severity was the only

environmental predictor that differed significantly between the two clusters (Appendix Table A10).
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Figure 4: a) A cluster dendrogram showing species clustered according to the similarity in trait values.
brown = approximately unbiased p-values from multiscale bootstrap resampling, green = bootstrap
probability. b) An NMDS ordination plot illustrating the different trait investment strategies for species
in Cluster A and Cluster B, based on the Euclidean distance matrix of the traits that differed
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significantly between the species clusters (Appendix Table A10). The minimum stress for the given
dimensionality = 0.051 and R? = 0.972. ¢) Comparison of each environmental factor averaged for
species in Cluster A and Cluster B. SPEI was the only environmental factor that differed significantly

between the two clusters.

Discussion

In this chapter, I assessed whether seedlings showed trait trade-offs and how provenance affected
the traits of mimosoid seedlings. No trait trade-offs were observed for the traits selected in this study;
instead seed size determined a number of trait characters. Variations in individual traits corresponded
to gradients of water stress, fire intensity and browsing. Two trait clusters were identified and drought

severity was revealed as the only predictor of these clusters.

Trait trade-offs

Plant investment strategies were expected to show trade-offs because increased investment in one
trait may impair the development of another trait (Brouwer 1963). Surprisingly, the seedlings in this
study did not show any significant trade-offs in any of the tested plant resource allocation strategies.
Seed size appears to be a primary determinant of seedling growth patterns and thus also of several size-
related traits (Jurado and Westoby 1992); large seeds supported the development of taller and thicker
stems, as well as larger root diameters (Table 3). As a result, stem length increased with stem diameter,
which contradicted the expectation that stem length trades off against stem diameter (Archibald and
Bond 2003, Dantas and Pausas 2013). The expected trade-off between above- and below-ground
biomass accumulation was also not seen; instead, they were positively associated. Additionally, taller
stems had wider xylem vessels (larger xylem conduit diameters). This supports the findings of Wright
et al. (2010), that the correlation between reduced growth and increased wood density (narrower xylem
diameters) observed in adult trees is seen at the seedling stage. Also, there was no evidence to suggest
a trade-off between strategies to minimise water loss, such as reduced specific leaf area (SLA), and
seedling biomass accumulation, which implies seed reserves drive biomass accumulation at the early
seedling stage. This is in contrast to the adult stage where higher photosynthetic rates, associated with
higher SLA, result in faster growth rates (Diémé et al. 2019). Root nodule abundance and mass also did

not trade off; increased nodulation enhances nitrogen availability for plant growth (Telford et al. 2021).

The absence of the trait trade-offs in seedlings that are usually seen in adult trees suggests that trade-
offs primarily occur at the seed production stage of the parent plant: the trade-off between producing
more smaller seeds vs fewer large seeds is well-known (Jakobsson and Eriksson 2000). The amount of
energy invested in the seed by the parent plant thus seems to be the primary determinant of many
seedling traits, and the trait trade-offs seen in adult trees are likely to only appear in individuals older

than the ones measured here.
Trait-environment relationships
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Aridity

Reduced leaf production (represented by decreased leaf-shoot ratios) in species from more arid
regions reflected desiccation-avoidance strategies in water-limited environments. Arid-adapted species
are expected to show trait investment strategies to overcome limited water availability as the main
constraint on seedling establishment (Anderegg et al. 2016, Choat et al. 2018, Sankaran 2019). Fewer
and smaller leaves are advantageous in water-deficit environments due to the reduction of tissues prone
to water loss (Wright et al. 2001, Wright and Westoby 2002, Poorter et al. 2009), leading to plant
desiccation (Gotsch et al. 2010, Choat et al. 2018).

Narrower xylem vessels are less prone to embolism linked to hydraulic failure in water-limited
environments (Hacke et al. 2001, Lens et al. 2013, Gleason et al. 2016), but here, xylem conduit
diameter increased with drought severity. Larger xylem vessels may reflect the rapid stem growth rates
I found for seedling species that originated from areas of high drought proneness and severity. Larger

seedlings tend to have wider xylem vessels (Olson et al. 2018).

Low rainfall and increased drought risk were important predictors of seedling allocation to rooting
depth. This may facilitate seedling procurement of a stable water supply in water-limited systems
(Rossatto et al. 2012, February et al. 2020). Shallow rooting depths have higher drought-induced
mortality rates (Johnson et al. 2018). The depth of the fifth lateral root increased with decreasing
rainfall. We propose that the trait ‘depth of the fifth lateral root’, used here for the first time, may
represent the depth of seedling root expansion. This trait may facilitate field observations where the
entire root system is difficult to exhume. Further investigation of this trait is recommended before

accepting it as an appropriate indicator in root development strategies.

Nodule size was expected to increase for species from areas with limited rainfall because nodulating
plants use water more efficiently (Adams et al. 2016) but the cost of nodule maintenance may be too
high at this stage, resulting in the reduced nodule size with aridity, because seedlings prioritise biomass
accumulation (Nishida and Suzaki 2018). Also, nodule investment increases with age and production
is triggered by water stress (Pellegrini et al. 2016, Telford et al. 2021). Here, seedlings were grown in

greenhouses that received regular irrigation, thus nodule investment may not have been prioritised.

Fire intensity

Intense fires were expected to drive seedling trait investment strategies because the associated heat
may damage plant tissues (Midgley et al. 2011, Archibald et al. 2013). Small seeds correlated with
greater fire intensity. Small seeds provide an adaptation to intense fires due to their greater tolerance of
high temperatures (Liyanage and Ooi 2018). Some acacia species recruit from soil-stored seedbanks in

response to severe fires (Palmer et al. 2018).

Intense fires select for prioritised investment in recovery strategies rather than rapid height gain

represented by larger leaf-shoot ratios in adult trees (Wigley et al. 2020). However, decreased specific
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leaf area (SLA) found here seemed contradictory because increased SLA is associated with greater
photosynthetic rates to support rapid recovery (Wright et al. 2001, Wright and Westoby 2001, Westoby
et al. 2002, Poorter et al. 2009). However, leaves with reduced SLA may be less flammable providing
an adaptation to intense fires (Pausas et al. 2017). Additionally, areas prone to frequent fires tend to be
more abundant in nodulating species in savanna systems (Hogberg 1986, da Silva and Batalha 2008),
but frequent fires constrain fire intensity (Archibald et al. 2013). Intense fires may therefore select

contrasting adaptations to frequent fires, resulting in unique plant physiognomies for the former.

Herbivory

Woody plants alter growth strategies to reduce browsing events (Dantas and Pausas 2013, Archibald
and Hempson 2016, Archibald et al. 2019). Decreased specific leaf area is associated with tougher
leaves which deter browsers (Poorter et al. 2009, Pérez-Harguindeguy et al. 2013). We thus expected
species from highly browsed areas to have reduced SLA. Instead, the results showed that SLA increased
with high browser biomass. Larger leaves facilitate rapid recovery after biomass loss and are less
expensive to produce (Wright et al. 2001, Wright and Westoby 2001, Westoby et al. 2002, Poorter et
al. 2009). Instead of investing in an escape height, seedlings of species from highly browsed areas were
short. Prioritised height gain reduces species’ ability to survive disturbance (Kiihner and Kleyer 2008)
because single stems, associated with rapid height gain, are less protected against browsers than multi-
stemmed shrubs (Staver et al. 2012). Nodulation facilitates recovery in disturbed environments because
plants can meet high nitrogen requirements and resprout rapidly (Cramer et al. 2010, Batterman et al.
2013, Vitousek et al. 2013, Sheffer et al. 2015); however, the cost of nodule maintenance may be too
high at this age resulting in the reduced nodule mass observed for species from areas with high browser

biomass.

Trait syndromes

Groups of traits may represent seedling survival strategies in response to a main limiting factor to form
syndromes (Brouwer 1963, Sankaran 2019, Boonman et al. 2020). Two syndromes were detected in
this study and drought severity was revealed as the driver. These results support the findings of
Markesteijn and Poorter (2009) by showing common trait investment strategies of species groups
adapted to drought tolerance. It also suggests water stress is an important filter for the establishment of
savanna species. In this study, species adapted to severe or frequent droughts had taller and thicker
stems, larger xylem vessels, greater aboveground biomass and thicker roots compared to species from
less drought-prone areas. These traits depicted strategies to develop larger seedlings which increases
the survival probability in arid systems (Moles and Westoby 2006). Taller plants develop deeper and
thicker root systems to reach belowground water reserves and soil nutrients (Comas et al. 2013, Li and
Bao 2015, Moles 2018). Thicker roots facilitate soil penetration (Goss 1977) and are more persistent in
arid areas (James et al. 2011, Merino-Martin et al. 2017); root diameter also regulates root length (Fitter

1996). Multivariate analyses revealed that the variation in seed size may be associated with drought
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severity; larger seeds provide more nutrient reserves to support seedling development and survival in
harsh environments (Leishman et al. 2000, Moles and Westoby 2004, Moles 2018, dos Santos Costa et
al. 2020). Therefore, the surprising result of taller stems with wider xylem vessels is likely attributed to
the large seed size which supports rapid growth rates. It is also possible that temperature may influence

xylem vessel diameter (Olson et al 2021), although temperature was not included in this study.

Conclusion

My results indicate that mimosoid species are not only adapted to climatic conditions but also to
disturbances such as fire intensity and browser pressure, and that these adaptations are seen in seedlings
as young as 60 days (Hoffmann et al. 2012, Lehmann et al. 2014). It is important to note that these
adaptations are at an evolutionary scale and should be interpreted with caution because the seedlings
were not subjected to aridity, fire or herbivory. Thus, these traits link to the provenance of the species,
rather than the seedling responses. Trait syndromes could only be separated along a drought severity
gradient; traits linked to intense fires and increased browser pressure overlapped and did not separate
species into clusters. This contradicts the expectation that savanna seedlings possess preadaptations to
survive disturbance. Water availability may therefore present the first environmental filter that savanna
seedlings must overcome. As plants mature, seedlings are likely to shift their investment strategies as
the importance of fire and herbivory increase as drivers of adaptations (Chapter 3) (Hinckley et al. 2011,
Hoffmann et al. 2012, Charles-Dominique et al. 2015a, Charles-Dominique et al. 2016).

Future research could be aimed at going beyond a correlative approach to infer the role of adaptations
to withstand stressors (as used here), to assessing the direct impact of these stressors on seedling
survival, and the role of traits in seedling fitness in the face of stressors, in an experimental setting (e.g.
Boonman et al. (2020), Botha et al. (2020)). Additionally, opportunities for integrating experimental
and field observations (e.g. Stevens et al. (2014)) could provide more clarity on the complexities of
adaptations to a range of stressors that are unequally distributed in the landscape. My study provides a

starting point for subsequent research to better understand savanna seedling development patterns.
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Chapter three

Characterising acacia syndromes — how fire, herbivory and rainfall affect

the functional traits of a flagship woody taxon in African savannas

Introduction

Environmental factors drive vegetation distribution and species occurrences (Hoffmann et al. 2012).
In African savannas, the rainfall regime (including mean annual precipitation, rainfall seasonality and
drought) is one of the most important determinants of woody cover and savanna distribution (Greve et
al. 2011, Staver et al. 2011c, Devine et al. 2017). In low rainfall areas, limited water availability
constrains woody cover (Sankaran et al. 2005, Lehmann et al. 2011) and filters species composition
(Bond et al. 2003). In contrast, disturbances such as fire and herbivory are responsible for maintaining
open vegetation cover at higher rainfall (Sankaran et al. 2005, Sankaran et al. 2008, Hoffmann et al.
2012), and preventing shifts in species composition from savanna to forest-like vegetation (Roques et

al. 2001, Van Langevelde et al. 2003, Bond et al. 2005, Staver et al. 2009).

At low rainfall, seasonal rain events facilitate tree persistence in savannas by increasing soil moisture
availability at greater soil depths (Kulmatiski and Beard 2013, D'Onofrio et al. 2015, Berry and
Kulmatiski 2017), thereby reducing the competitive pressure of grasses on trees (February et al. 2013).
Conversely, severe drought can cause tree mortality and thus limit tree cover (Case et al. 2019, Case et
al. 2020). Therefore, species from arid systems must possess critical adaptations to tolerate frequent
and prolonged periods of limited water availability (Pellegrini et al. 2016). In contrast, vegetation in
disturbance-driven systems require adaptations to persist frequent fires or herbivory (Belsky 1992,
Bond and Keeley 2005, Staver et al. 2009). Fire and herbivory are both primary consumers of savanna
trees (Hempson et al. 2020), creating a ‘consumptive zone’ below the canopy of most mature trees
(Zirka et al. 2014, Hempson et al. 2020). Fire is considered to be the dominant vegetation consumer in
higher rainfall savannas, whereas browsers (elephants excluded) are the primary biomass consumers at
intermediate rainfall (Hempson et al. 2015, Archibald and Hempson 2016). As a result, woody species
show an overlap in traits to recover after frequent biomass removal (Pausas et al. 2016), or to escape
fire and browser traps by investing in rapid height gain where the canopy is no longer within reach of
surface fires or browsers (Dantas and Pausas 2013, Kirker and Scogings 2019). However, fires and
browsers differ in the mechanism and amount of biomass consumption, resulting in some antagonistic
plant adaptations to either fire or herbivory (Staver and Levin 2012, Archibald et al. 2013, Hempson et
al. 2015). For example, acacia seedlings show increased thorn production after simulated herbivory, but
reduced thorn production and size after burning (Hean and Ward 2012). Another example is the
different architectures. Although woody species can sometimes adopt a shorter architecture with greater
bark production at a smaller stem diameter to resist fire (Gignoux et al. 1997, Pausas 2015), they mostly

grow tall and lanky to escape fires in Afrotropical savannas (Dantas and Pausas 2013). A lanky
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architecture requires rapid shoot extension, increasing the vulnerability to browsing (Bond et al. 2001).
In contrast, a highly branched, ‘cage-like’ architecture deters browsing, but at the cost of investment in

plant height (Staver et al. 2012).

Functional traits of dominant species contribute heavily to ecosystem properties and processes (Tang
and Bartlein 2008, Castro-Diez et al. 2011). Environmental filters assemble specific community traits
and ecological responses linked to species success in each set of conditions (Bond et al. 2001,
Maracahipes et al. 2018). For example, leaf size has different advantages and disadvantages under
herbivory, fire and aridity. Reduced leaf area minimises water loss caused by transpiration (Munné-
Bosch and Alegre 2004, Otieno et al. 2005), though at a cost to the photosynthetic capacity and overall
plant growth rates (Jones 1992, Wakeling et al. 2011). Larger leaves facilitate rapid recovery in response
to disturbance by supporting higher photosynthetic rates (Ackerly et al. 2002, Westoby and Wright
2006, Poorter et al. 2009, Diémé et al. 2019). However, smaller leaves may reduce the foliage consumed

by browsers per bite (Charles-Dominique et al. 2015a).

Diversity in physical bark characteristics has been linked to environmental pressures acting at the
species and family levels (Rosell and Olson 2014, Morris and Jansen 2017). Rough bark may facilitate
water capture in areas with seasonal rainfall (Pérez-Harguindeguy et al. 2013), but reduces the water
storage capacity of the inner bark (Rosell et al. 2014). Water storage provides a buffer against highly
seasonal water availability and droughts (Borchert 1994; Scholz et al. 2007). Thick outer bark is often
associated with the protection of woody stems against fire damage (Schafer et al. 2015, Rosell 2016);
the scales of thick bark produce rough-textured or fissured bark which create air-pockets to reduce heat
penetration through the stem (Romero 2014). In addition, rough bark shows lower flammability which
implies less biomass is consumed and at a lower burning rate (Fréjaville et al. 2013). Browsers may
also influence bark by consuming bark tissues and bark exudates (Romero 2014), or by inflicting
structural damage on the tree (Guy 1989, Gill 1995). Thick bark and bark projections may provide a
defence against browsers (Jager et al. 2015, Rosell 2019). Therefore, bark morphology may represent

different strategies to survive aridity, fire or browser pressure.

Plant size, including height, is an important trait at the core of the plant life cycle (Grime et al. 1997,
Westoby 1998). Species growth rates, reflected by size (Pérez-Harguindeguy et al. 2013), are limited
by water availability and drought (Trugman et al. 2018). Taller trees show high drought-induced
mortality rates (Case et al. 2019, Stovall et al. 2019) due to greater water requirements and increased
vulnerability to hydraulic stress (Zhang et al. 2009, Bennett et al. 2015). However, repeated exposure
to intense fires selects woody species with ‘pole-like’ (i.e. tall and little-branched) architectures and
reduces the abundance of cage-like species (Bond et al. 2001, Archibald and Bond 2003, Archibald et
al. 2019); taller, single-stemmed trees maximise the investment in a single trunk instead of maintaining

multiple stems (Mlambo and Mapaure 2006). In contrast, shorter ‘shrubby’ trees reflect an investment
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in structural defences to deter browsers (Archibald and Bond 2003, Mlambo and Mapaure 2006, Staver
et al. 2012). Additionally, the canopy shape and the location of the canopy relative to the plant height
reflects the different environmental drivers. For example, trees in arid areas develop broad canopies
with greater lateral branching (Archibald and Bond 2003, Gaillard et al. 2018) which will be reflected
by a wider, umbrella-like canopy shape. Increased canopy height may be prioritised over canopy spread
in frequently disturbed systems because fires and browsers create a consumptive zone below the canopy
height (Zirka et al. 2014, Hempson et al. 2020). However, highly branched shrubs reduce the browser
biting range within the structure (Charles-Dominique et al. 2017). This strategy will be reflected by a
rounder canopy shape (reduced canopy width relative to canopy length). Plant architecture may

therefore reflect the different driving factors.

Spinescence broadly reflects investment in structural defence against herbivory (Pérez-
Harguindeguy et al. 2013, Wigley et al. 2015); increased spinescence deters browsers and reduces
foliage consumption (Rooke et al. 2004, Fornara and du Toit 2008, Barton 2015, Charles-Dominique
et al. 2017). However, spinescence comes at a cost to the plant; therefore, investment in other
adaptations is presumably diminished in plants which invest heavily in spinescence (Wigley et al. 2015,

Hempson et al. 2019).

Reproductive structures are also expected to reflect environmental drivers. Limited resource
availability drives variation in acacia pod characteristics (Ayadi et al. 2012). Investment in woody pod
structures provides greater seed protection against damage, and are more nutritious, compared to thin
or ‘papery’ pods, resulting in a higher cost for production (Gwynne 1969, Lamont et al. 1991, Groom
and Lamont 1997). In addition, pod glands are associated with scent production to attract herbivores for
seed dispersal via pod consumption (Coe and Coe 1987), but may prove too costly to produce in

nutrient-limited environments.

Woody species invest in different survival strategies to survive the environmental drivers of savanna
systems (Charles-Dominique et al. 2015b, Wigley et al. 2015, February et al. 2020). However, species
traits are expected to reflect the most limiting factor (Brouwer 1963) and so increased investment in
one adaptation reduces the ability to invest in another trait resulting in a trade-off in resource allocation
(Nardini and Luglio 2014, Gleason et al. 2016, Corréa Scalon et al. 2020). Survival strategies are
therefore characterised by a group of co-occurring traits and trait trade-offs in response to a particular

set of environmental conditions (Staver et al. 2012, Sankaran 2019, Boonman et al. 2020).

At macroecological scales, species’ functional responses to varying environmental variables have
been linked to species ranges and biome distribution (Hoffmann et al. 2012, Dantas et al. 2013, Charles-
Dominique et al. 2015b). African acacias (genus Vachellia and Senegalia) are one of the characteristic
taxa associated with savannas Acacias, are widespread and contribute extensively to the woody

component in many African savannas (Ross 1972, Timberlake 1980, Dharani 2006). In general, acacias
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dominate more arid savannas (Dharani 2006), although some species also occupy moister zones
(Bouchenak-Khelladi et al. 2010). Several African acacia species are classified as woody encroachers
(O'Connor et al. 2014). Some Vachellia and Senegalia species are therefore considered environmental
indicators; shifts in their abundance or species turnover reflect a change in environmental condition or

ecological degradation (Bond et al. 2001, Dharani 2006, Staver et al. 2012).

The aim of this work is to characterise unique functional trait combinations in response to the most
prevalent climatic and disturbance-based drivers of acacia species distributions across African
savannas. The objectives are to a) investigate how environmental factors influence the traits, b)
investigate trade-offs between traits and c) identify trait syndromes or groups of traits that reflect
strategies to survive savanna drivers in adult acacias across the African continent. We expect functional
traits of African acacias to reflect the strongest limiting factor, based on the functional equilibrium
hypothesis, whereby plants prioritise resources allocation to overcome the main environmental
constraint (Brouwer 1963, Boonman et al. 2020), and that adaptation to a main limiting factor will cause
trade-offs between different trait investment strategies (Gleason et al. 2016, Corréa Scalon et al. 2020).
For example, I anticipate a positive correlation between leaf size and the maximum plant height because
larger leaves are able to support rapid growth while smaller leaves have a lower productivity rate. Plant
development also shows a trade-off between growth and defence investment (Dayrell et al. 2018);
therefore, adults are expected to show a negative relationship between maximum height and leaf
protection. Rough or corky bark protects the stem from fire-related heat damage (Fréjaville et al. 2013);
I expect at a cost to plant growth and thus plant height (Gignoux et al. 1997, Hoffmann et al. 2009,
Keeley et al. 2011, Lawes et al. 2013). Species adaptations and trade-offs are expected to drive the
formation of groups of traits linked to a survival strategy (syndrome). Therefore, syndromes linked to
aridity are expected to include smaller leaves, reduced height and smoother bark. In contrast, fire
syndromes will either have larger leaves and taller individuals or shorter stems with rougher bark.
Similarly, browser syndromes should reflect avoidance (increased height and canopy height) or

resistance (reduced height, rounded canopy, increased spine-leaf ratio).
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Methods
Acacia trait database

Trait descriptions of each African Senegalia and Vachellia species (See Appendix Table B1 for the
full list of species) were extracted from floras and field guides of trees native to African savannas
(Oliver 1871, Harvey 1894, Glover and Brenan 1944, Brenan 1970, Bognounou 1972, Ross 1972, 1979,
Timberlake 1980, Davidson and Jeppe 1981, Coates Palgrave 1983, Hassan and Styles 1990, Thulin
1993, Barnes et al. 1997, Smit 1999, Dharani 2006, Lotter 2018) and, for architectural traits,
supplemented images (Renoult 2008, Birnbaum et al. 2014, Fictl et al. 2014, Musch et al. 2014, Schmidt
et al. 2014, Erb 2021); were incorporated to quantify trait values (Table 1). The traits covered a range
of possible adaptations to the pressures experienced in savannas (see Table 1 for descriptions of the
importance of the traits). Senegalia ankokib, Senegalia oliveri, Senegalia somalensis, Senegalia
zizyphispina and Vachellia farnesiana were missing estimates for most traits and were thus excluded
from the analyses. Species with less than four traits missing had estimates imputed for the missing

values using the ‘imputePCA()’ function from the missMDA package (Josse and Husson 2016).

Species leaf area estimates were derived by multiplying the calculated leaflet area, the number of

leaflets per pinna and the number of pinnae per leaf (Figure 1, Table 1, Castro-Diez et al. (2011)).

1) Leaflet area 2) Number of leaflets per pinna 3) Number of pinnae per leaf

Figure 1: Diagram of the process used to calculate the leaf area. 1) Leaflet area was calculated using
the leaflet length (L1) and leaflet width (L2). 2) The approximate pinna area was then calculated by
multiplying the leaflet area by the number of leaflets per pinna. 3) The approximate pinna area was
multiplied by the number of pinnae per leaf to obtain an estimate for the leaf area. See Table 1 for more

details.

Bark texture was categorised and ranked as smooth, thin and flaky, variable (smooth to rough) or
rough, fissured (characteristic of thicker bark layers) (Smit 1999) and corky (Dantas and Pausas 2013)
(Table 1).

Tree architecture characterises different growth strategies linked to varying environmental factors
(Archibald and Bond 2003, Charles-Dominique et al. 2017, Charles-Dominique et al. 2018). The

maximum height of the described species was used to indicate the vertical size of a species, and to
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derive the various measures of the canopy. Images of the species were used to measure the height of
the canopy, the canopy length and the canopy diameter, all relative to the height of the pictured tree.
These ratios were then multiplied by the maximum tree height per species (Table 1, Pérez-
Harguindeguy et al. (2013)) to approximate the canopy height, canopy length, canopy diameter and

canopy width-length ratio.

African acacias possess either prickles or spines: prickles are an extension of the bark layer that arise
from hardened epidermal growth (Timberlake 1980), and occur in Senegalia (Smit 1999); spinescent
stipules are modified leaflet-like outgrowths formed at the petiolar base and are characteristic of
Vachellia (Timberlake 1980, Smit 1999). Spines are costly to produce as photosynthetic material is
sacrificed (Coverdale 2020). Spine length (Table 1), indicates species’ investment to reduce browser
bite-size (Cooper and Owen-Smith 1986, Zinn et al. 2007, Wigley et al. 2015), but acacias also reduce
leaf size in response to high browser pressure (Rohner and Ward 1997, Schmitt and Shrader 2020). A
ratio of the spine length to leaf length was therefore used to assess the relative leaf protection (Table 1).
Prickles in Senegalia are short; thus the spine-leaf ratio is probably fairly meaningless in this group, as
the prickles probably function primarily to protect stems from herbivory rather than to protect leaves
(Midgley et al. 2001). Therefore, the spine-leaf ratio was used to quantify leaf protection for only

Vachellia species in this study.

Pod characteristics were used to capture resource allocation to reproductive structures in acacias
(Table 1). Pod texture represented the pod hardiness and investment in seed protection (Khan et al.
2013). More woody and thickened pods have greater resistance to mechanical damage (Groom and
Lamont 1997). Pod hardiness was categorised using species descriptions ranging from low pod
hardiness (papery pods) to high pod hardiness (woody and thickened pods) (Table 1). Additionally, the
presence of pod glands was recorded; where no pod gland presence was mentioned in species

descriptions, it was assumed that pod glands were absent.
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Table 1: Description of trait values derived from a compilation of African acacia species descriptions, the predicted environmental filters of each trait

(45 aridity, &ﬁre and ﬁ‘ herbivory) and the methods used to calculate species trait values. Blue environment icons indicate an expected positive relationship between the trait

and the environmental filter, whereas orange indicates an expected negative relationship. References: citations of the literature where the trait was originally described, examples

of the ecological applications and literature that formed the basis for new traits.

Trait Definition Environment Methods References

Leaf area (LA) A measure of leaf size, defined as the J Average leaflet area (la,,) was calculated using the leaflet length (L/) and width ~ Pérez-Harguindeguy et al.
one-sided or projected area of a leaf, ' (L2) using the formula for the area of an ellipse. Leaf area was derived by (2013), Otieno et al. (2005),
used to reflect the plant’s ecological multiplying the leaflet area by the average leaflets per pinna (n;) multiplied by the Castro-Diez et al. (2011)
strategy under environmental stress pinnae per leaf (n,) (Figure 1).
and photosynthetic capacity. 1. la, = % X L1 X L2

2. LA =la; X ny X ny,
Bark texture Description of bark texture on the Bark texture was assigned to the following categories: Smooth-smoothish bark or Smit (1999), Morris and

trunk ranging from little bark
investment to greater bark investment:
rough and deeply fissured bark or thick

and corky bark.
Maximum height A measure of plant investment to
(Honax) height gain.
Canopy height Estimate of the canopy position,
(CH) relative to the plant size, represented

by the approximate height of the
canopy bottom.

Used to
calculate the
canopy shape

Canopy diameter

(CD)

Canopy diameter estimate relative to
plant height.

longitudinally striated = 1, Variable (smooth or rough) = 2, Flaking (papery and
scaly) = 3, Rough and fissured (coarsely, deeply or longitudinally furrowed) or
corky = 4. Treated as ordinal variable.

The maximum plant height (H,.ax, ) as reported by field guides.

Using the species images in field guides, the height of the canopy bottom was
calculated (H,,) relative to the plant height (H,,) and multiplied by the maximum
plant height (Hax).

H
CH = H—’t’ X Hppax

Using the species images obtained from field guides and supplemented sources
listed in the text, the canopy diameter (C,) was measured relative to the plant
height (H;). This ratio was multiplied by the maximum plant height (H,u.) of a
species, to obtain an approximate canopy diameter of a species.

C
CD = H—‘: X Hpgyx

Jansen (2017)

Wakeling et al. (2011)

Dantas and Pausas (2013),
Kirker and Scogings (2019),
Higgins (2020)

Higgins (2020)
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Trait Definition Environment Methods References
Canopy shape Estimation of canopy shape derived " The distance between the highest canopy and the lowest canopy point was Higgins (2020)
(CS) from the canopy length and canopy recorded (H; — Hj), relative to the height of the tree in an image. This ratio was

Spine-leaf ratio

Texture
(Pod investment)

Glands

diameter. A value > 1 represents a
wider and flatter shape, and a value <
1 represents a rounder shape.

An indication of how protected a leaf
is by the spine closest to it.

A measure of resource allocation to
fruiting structure development; linked
to seed protection, dispersal strategies
and environmental constraints.

The presence of glands may be an
adaptation to attract herbivores to aid
fruit dispersal.

multiplied by the maximum plant height of a species (H,uax) to obtain the
approximate canopy length (Cr). The crown shape is described as the ratio of
canopy diameter (CD) to canopy length (Cy,).

1. €, = (H, — Hp) X Hpay

2. CS=CD:C,

The ratio of the spine length (Lss) to the length of the leaf rachis (L,). LP =
Lss: Ly

Pod hardiness was assigned to the following categories: papery, thinly textured,
brittle (Low = I); thinly woody, slightly constricted, glutinous, coriaceous
(Medium = 2); woody, thickened walls, thick, hardened, tough (High = 3).
Treated as ordinal variable.

Pod glands were assigned to the following categories: Absent =0,
scarce/scattered = 0.5 and dense = 1. Treated as an ordinal variable.

Pérez-Harguindeguy et al.
(2013)

Pérez-Harguindeguy et al.
(2013), Tybirk (1993),
Timberlake (1980), Ayadi et
al. (2012)

Coe and Coe (1987)
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Environmental indices

Spatial maps of aridity, fire and herbivory were obtained for Africa. Aridity was represented by two
bioclimatic variables sourced from WorldClim at 0.5-degree resolution (Fick and Hijmans 2017): mean
annual precipitation (MAP, in mm) and rainfall seasonality (coefficient of variation); and by the
standardized precipitation and evapotranspiration index (SPEI) which conveys the drought proneness
and severity of an area (Begueria et al. 2014). Fire intensity (Fire radiative power, in megawatts per
pixels) provides a measure of the rate of energy released by fire, where more intense fires are ‘hotter’
and are more likely to cause tree top-kill because it correlates with flame length (Archibald et al. 2013).
Fire intervals (Fire return intervals, in years) provide an estimate of the period between successive fire
events that allow plant growth or recovery from disturbance (Giglio et al. 2010, Archibald et al. 2013).
Data for both were obtained from Archibald et al. (2013); the fire return interval and fire intensity were
calculated for a fourteen-year (1997-2010) dataset. Herbivore pressure was calculated as the sum of the
browser biomass estimates and half of the mixed feeder biomass estimates from Hempson et al. (2015).
Elephants were removed from the biomass estimates because it was assumed that the adaptations of
trees to elephant consumption would be different to those of other mammalian herbivores considered
here. Elephants cause excessive non-specific damage to woody plants, which is often unrelated to plant
consumption, such as tree snapping and bark stripping (Midgley et al. 2005). Other herbivores are more

selective feeders.

Linking species traits and environmental factors

Locality records for native African acacia (i.e. Vachellia and Senegalia) species were obtained for
the African continent from Greve et al. (2012). To investigate how species traits are influenced by
environmental factors, raster values of the environmental data per species locality record were extracted
using the ‘raster’ (Hijmans 2022), ‘rgdal’ (Bivand et al. 2022), ‘sp’ (Pebesma and Bivand 2005, Bivand
et al. 2013) and maxent’ (Phillips 2017) packages in R. To remove sampling bias from the locality
records, only one record per degree cell was randomly selected using grid sampling from the ‘dismo’

package (Hijmans et al. 2021).

Analyses

Analyses were performed in RStudio version 1.2.1335 (R Core Team 2021). All analyses were
conducted separately for Vachellia and for Senegalia species to account for their separate phylogenetic
placement (Bouchenak-Khelladi et al. 2010), and to account for phylogenetic non-independence
between these two genera. Species-level phylogenetic non-independence was not further considered
because the most complete phylogenetic tree of African acacias is missing the majority of species of

this group (Bouchenak-Khelladi et al. 2010).

Skewed variables were transformed and all variables were scaled and centred before the analyses

were performed to meet model assumptions. Pearson’s correlation analysis was conducted to identify
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highly correlated predictor variables (Appendix Table B2), using the ‘stats’ package (R Core Team
2021).

Trait-environment relationships

To investigate how the expression of a single trait is influenced by different environmental filters,
an ordinary least squares (OLS) regression model was fitted for each continuous trait (i.e. excluding
bark texture, pod investment and pod glands) in response to the best subset of environmental predictors
(mean annual precipitation, rain seasonality, drought severity, fire interval, fire intensity and browser
pressure). The best subset model was used to select the most parsimonious model using the ‘leaps’
package (Lumley 2017). Predictor and response variables were transformed to meet model assumptions
(Table 2 and Appendix tables B3 and B4). To investigate the effects of environmental variables on
ordinal trait variables, regression analyses were performed using cumulative link models from the
‘ordinal’ package (Christensen 2019) and ‘RVAideMemoire’ (Hervé 2022); the best subset models with
a Hessian condition below e** were accepted (Christensen 2018). Predictor variables were transformed
if there was sufficient evidence of non-proportional odds. Benjamini-Hochberg corrections were
performed on the OLS regression model outputs and the cumulative link model results to correct for
the comparisons of multiple analyses (Benjamini and Hochberg 1995) using the “stats’ package (R Core

Team 2021).

A constrained ordination was performed for Vachellia and Senegalia using redundancy analyses,
from the ‘vegan’ package (Oksanen et al. 2019) and ‘car’ (Fox et al. 2019), to assess how much trait
variation is explained by the combined environmental variation. The ordinal variables were treated as

numeric values (Robitzsch 2020).

Trade-offs among traits

An OLS regression model was used to assess whether a reduced leaf area and greater leaf protection
(spine-leaf ratio) showed a trade-off with plant height (Wakeling et al. 2011) and (Dayrell et al. 2018).
A cumulative link model was used to investigate the expected trade-off between bark roughness and

plant height (Lawes et al. 2013), using bark texture as an ordinal response variable.

Clustering/syndromes

Species with similar trait investment strategies were identified using hierarchical cluster analysis,
from the ‘pvclust’ package (Suzuki et al. 2019), with centred Pearson distance and average linkage. A
principle component analysis was performed to visualise the species clusters based on traits, using the
‘stats’ package (R Core Team 2021), ‘ggbiplot’ (Vu 2011) and ‘ggplot2’ (Wickham 2016). To
investigate how environmental variables drive species cluster formation, a generalized canonical
discriminant analysis was performed using the ‘candisc’ package (Friendly and Fox 2021). Ordinal

variables were treated as numeric data.
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Results

Trait-environment relationships

The results of the regression analyses for Vachellia species suggested that leaf area, maximum plant
height, canopy height, and the spine-leaf ratio was lower for more mesic (i.e. higher precipitation)
species (Table 2). The constrained ordination analysis (Figure 2a) supported these findings. The canopy
width-length ratio increased (i.e. the crown became more umbrella-like and less rounded) as rainfall
increased (Table 2), but this relationship was not clearly indicated in the RDA analysis. Instead, higher
rainfall seasonality appeared to select for umbrella-shaped rather than round canopies (Table 2 and
Figure 2b). Highly seasonal rain and severe droughts also showed a weak positive relationship with the
spine-leaf ratio and a negative relationship with rougher bark texture (Figure 2a) and leaf area (Figure
2b). Increased fire return intervals (infrequent fires) had a weak relationship with increased spine-leaf
ratios, a strong relationship with smoother (less rough) bark texture (Figure 2a) and decreased leaf area
(Table 2, Figure 2b). The crown was also more umbrella-shaped as the fire return interval increased
(Table 2 and Figure 2b). Infrequent fires showed a positive relationship with maximum tree height and
canopy height (Table 2) but this relationship was not clear in the RDA. More intense fires were
associated with taller plants with greater canopy height (Table 2 and Figure 2b). For every one unit
increase in fire intensity, the odds of having dense pod glands multiplied 3.653 times for Vachellia
species (Table 3) and this positive relationship corresponded with the results of the RDA analysis
(Figures 2a and 2b). Intense fires also showed a weak relationship with rougher bark texture and a more
rounded canopy shape (decreased canopy width-length ratios; Figures 2a and 2b). High browser
pressure selected for higher spine-leaf ratios (Table 2), although this association was weak in the RDA
plots (Figures 2a and 2b). Browsers also showed a weak, negative relationship with tree height, canopy

height and pod investment (Figures 2a and 2b).

In Senegalia seasonal rainfall and greater drought severity showed a negative relationship with leaf
area and the maximum plant height (Table 2). Both genera had decreased leaf area and height in
response to measures of aridity, although the specific variables differed (precipitation for Vachellia,
versus rain seasonality and drought severity for Senegalia). The RDA analysis suggests drought severity
has a stronger, negative relationship with leaf area (Figures 3a and 3b) but not with height, whereas
high rainfall seasonality has a negative relationship with height and a weak relationship with decreased
leaf area (Figure 3a). Severe drought also had lower canopy heights (Figure 3a). Highly seasonal rainfall
showed decreased pod investment whereas tree height and pod investment increased with precipitation
(Figures 3a and 3b). Precipitation also showed a weak, negative relationship with increased canopy
width-length ratios. Unlike Vachellia, Senegalia did not show fire return interval and fire intensity as
significant predictors of leaf area or height in the OLS regression analyses. The RDA of Senegalia
shows a negative relationship between leaf area and longer fire return intervals (Figure 3a) and intense

fires showed a negative relationship with tree height (Figure 3b). Long fire return intervals (infrequent
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fires) also had a weak relationship with reduced canopy height (Figure 3a) and smoother bark (decreased
bark texture, Figure 3b). Similar to Vachellia, each unit increase in fire intensity showed a greater
likelihood of having dense pod glands (increases 29.099 times) in Senegalia species (Table 3, Figures
3a and 3b). Intense fires also showed a positive relationship with rough bark (increased bark texture)
and a weak relationship with more umbrella-shaped canopies (Figures 3a and 3b). Browsers also had a
weak relationship with more umbrella-shaped canopies, rough bark and dense pod glands (Figure 3a).
Browsers also showed a negative relationship with pod texture (less woody, more coriaceous or thinly-

textured pods; Figures 3a and 3b).
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Table 2: Results of ordinary least-squares regression models (OLS) for Vachellia and Senegalia species

depicted significant relationships between a trait and selected environmental variables based on the best

subset model with the lowest Bayesian Information Criterion (BIC) values. P -values highlighted by an

asterisk (*), remained significant after performing the Benjamini-Hochberg correction. R* and model

p-values of the below models, as well as non-significant models, are shown in Appendix Tables B3 and

B4. Fire interval = fire return interval.

Vachellia Coefficients: Estimate Std. error  t-value p-value
Precipitation 0.450 0.155 2913 0.006*
Leaf sqrt(Rain
cat area 0.669 0.462 1.449 0.154
seasonality)
Fire interval -0.310 0.145 -2.137 0.038*
sqrt(Precipitation) 1.468 0.437 3.363 0.002*
log(Fire interval) 1.095 0.420 2.605 0.012*
Height .
sqrt(Fire
i i 0.956 0.389 2.456 0.018*
intensity)
sqrt(Precipitation) 1.522 0.447 3.402 0.001*
Canopy height log(Fire interval) 0.926 0.423 2.192 0.034*
Fire intensity 0.168 0.144 1.163 0.251
. Precipitation 0.163 0.058 2.823 0.007*
sqrt(Canopy width-length
ratio) Rain seasonality 0.158 0.050 3.158 0.003*
Fire interval 0.150 0.054 2.780 0.008*
sqrt(Spine-leaf ratio) sqrt(Precipitation) -0.331 0.119 -2.790 0.008*
Browser 0.104 0.045 2.297 0.026*
Senegalia Coefficients: Estimate Std. error  t-value p-value
log(Leaf area) Rain seasonality -0.368 0.108 -3.395 0.002*
Drought severity -0.236 0.108 -2.179 0.035*
log(Height) Rain seasonality -0.195 0.062 -3.149 0.003*
Drought severity -0.133 0.062 -2.143 0.038*
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Table 3: Results of cumulative link models for Vachellia and Senegalia species depicting significant
relationships between an ordinal trait and selected environmental variables based on the best subset
model with the lowest Bayesian Information Criterion (BIC) values. P-values highlighted by an asterisk
(*), remained significant after performing the Benjamini-Hochberg correction. Log-likelihood, model

Hessian values, and non-significant models, are shown in Appendix Tables B5 and B6.

Vachellia Coefficients: Estimate Std. error 2.5% CI 97.5% CI Odds ratio a p-value
Precipitation -0.556 0.477 -1.578 0.330 0.573 1.466 0.226
Pod glands Fire intensity 1.296 0.418 0.539 2.111 3.653 12.129  <0.001*
Browser -0.138 0.397 -0.934 0.651 0.871 0.120 0.728
Senegalia Coefficients: Estimate Std. error 2.5% CI 97.5% CI Odds ratio a p-value
Rain seasonality -0.553 0.502 -1.623 0.413 0.575 1.262 0.261
Pod glands . .
log(Fire intensity) 3.371 1.304 1.181 6.6360 29.099 11.475 <0.001*
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Figure 2: RDA plots showed the amount of trait variation in Vachellia species explained by the
environmental variables (25.52%, p = 0.001). The first three RDA axes explain 42.33%, 31.96% and

13.53% of the constrained eigenvalues respectively (cumulative proportion = 87.81%). a) RDA plot of
the first and second RDA axes. b) RDA plot of the second and third RDA axes. Fire interval = fire

return interval.
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Figure 3: RDA plots showed the amount of trait variation in Senegalia species explained by the

environmental variables (23.52%, p = 0.008). The first three RDA axes explained 48.22%, 26.56% and
13.49% of the constrained eigenvalues respectively (cumulative proportion = 88.28%,). a) RDA plot of
the first and second RDA axes. b) RDA plot of the second and third RDA axes. Fire interval = fire

return interval

Trade-offs

Vachellia species did not show any significant trade-offs, based on the linear regression model and
cumulative link model (Appendix Table B7 and BS). Senegalia species revealed that larger leaf areas
correspond with increased height gain (R?=0.152 and p=0.01, refer to Appendix Table B7). Contrary to
predictions, each unit increase in plant height increased the probability of having rougher bark by 2.178

(Appendix Table BS).
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Clustering/Syndromes

The hierarchical cluster analysis revealed four significantly different species clusters for Vachellia
(clusters A-D), based on the approximately unbiased p-values from multiscale bootstrap sampling
(Figure 4a). Based on the principal component biplot (Figure 4b), species from cluster A showed greater
canopy height, increased canopy width-length ratio (more umbrella-shaped) and greater plant height.
Species with these traits occurred in areas with short fire return intervals (frequent fires), higher mean
annual precipitation, low browser biomass, low rain seasonality and lower drought severity (Figure 4c).
Species from cluster A and cluster B showed more similar trait investment strategies than with clusters
C and D (Figure 4a). Unlike species from cluster A, species from cluster B had larger leaf areas, greater
pod investment (woodier pods), rougher bark texture and lower spine-leaf ratios (Figure 4b). Both trait
clusters (clusters A and B) were associated with species that shared similar environmental conditions
(Figure 4c), where frequent fires seemed to be the main environmental constraint. Species from cluster
A and species from cluster C seemed to invest in opposing syndromes (Figures 4a and b). Species from
cluster C showed lower canopy height, rounder canopies and reduced plant height (Figure 4b). These
species originated from areas with greater drought severity, increased rainfall seasonality and longer
fire return intervals (Figure 4c). Species in cluster D showed higher pod gland density, smaller leaves,
lower pod investment (papery or thinly-textured pods) and lower bark texture (smoother bark, Figure
4b). Species in cluster D occurred in a distinct set of environmental conditions with higher browser

biomass, greater fire intensity and lower mean annual precipitation (Figure 4c).
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Figure 4 a) A cluster dendrogram revealed four Vachellia species clusters as indicated by the different colours (cluster A = orange, B

D

Cluster C

green, C = blue and

purple). Dendrogram branch values: au (brown) = Approximately unbiased p-values from multiscale bootstrap resampling, bp (green) = Bootstrap

probability.
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Figure 4b) A principal component analysis (PCA) biplot showed Vachellia species clustered
according to the similarity in trait values. Clusters were identified using the same colour scheme as
figure 4a (i.e. cluster A = orange, B = green, C = blue and D = purple). The biplot ellipses represent
the 95% confidence intervals of the species cluster responses.
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Figure 4c) Canonical discriminant analysis (CDA) plot displayed Vachellia species clusters in

response to the various environmental drivers (cluster A = orange, B = green, C = blue and D =
purple). The CDA plot ellipses represent the 95% confidence intervals of the species cluster responses.

Fire interval = fire return interval.

The hierarchical cluster analysis of the Senegalia species also showed four significant group clusters
based on the approximately unbiased p-values from the bootstrap probabilities (Figure 5a). Species
from cluster A seemed to have distinct traits (Figure 5a). The principal component analysis biplot
indicated species from cluster A had denser pod glands, high canopy width-length ratios (more
umbrella-shaped canopies), lower pod investment (more papery pods) and decreased plant height
(Figure 5b). Species with these traits originated from regions with higher rainfall seasonality, greater
fire intensity, higher browser biomass, lower mean annual precipitation, and reduced drought severity
(Figure 5c). Cluster B showed increased pod investment (woodier pods), sparse to absent pod glands
and lower canopy width-length ratios (rounder canopies, Figure 5b). These species occurred in distinct
environmental conditions with no overlap in the 95% confidence intervals (Figure 5c); cluster B had
increased drought severity, lower browser biomass and reduced fire intensity (Figure 5c). Species in
cluster C had denser pod glands, increased canopy width-length ratios (more umbrella-shaped
canopies), rougher bark texture, higher canopies and lower pod investment (thinly textured or more
papery pods, Figure 5b). Species with these traits originated from regions with higher browser biomass,
increased fire intensity and reduced mean annual precipitation (Figure 5c). Similar to cluster C, cluster
D had rougher bark and increased canopy height, however, species from cluster D also had greater

height, higher woody pod investment, larger leaves and less dense or absent pod glands (Figure 5b).
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Cluster D species originated from regions with higher rainfall seasonality and shorter fire return

intervals (Figure 5c¢).

There was some similarity in trait syndromes between the two genera. Vachellia and Senegalia both
showed similar syndromes linked to frequent fire (Figures 4c and 5c). Traits included taller canopies,
increased plant height, high pod investment, rough bark and larger leaves (Figures 4b and 5b). Severe
droughts selected for rounder canopies in Vachellia and Senegalia, although Senegalia also showed
increased pod investment with little to no glands whilst Vachellia had reduced height and lower
canopies (Figures 4c and 5c). Both genera showed low pod investment and high pod gland density in
regions with high browser biomass, high fire intensity and low precipitation (Figures 5b and 5c).
However, there were also differences in trait syndromes at these conditions with Vachellia, but not
Senegalia, displaying smaller leaves and smoother bark and Senegalia, but not Vachellia, had increased

height and taller umbrella-shaped canopies.
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Figure 5a) A cluster dendrogram revealed four Senegalia species clusters as indicated by the different colours (cluster A = orange, B
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purple). The CDA plot ellipses represent the 95% confidence intervals of the species cluster responses.

Fire interval = fire return interval.

Discussion

Here I have investigated how savanna drivers influence adult acacia traits and trait syndromes. We
found that traits of Vachellia and Senegalia species varied along gradients of aridity, fire and browsing.
Only limited evidence was found to indicate trade-offs between traits. Four different syndromes were
identified for each genus with unique combinations of traits, with specific syndromes being associated

with different environmental conditions.

Trait responses to savanna drivers

Because savannas occur across wide rainfall gradients (Lehmann et al. 2011, February et al. 2020,
Ratnam et al. 2020) and because water is a major limiting factor for tree establishment in more arid
savannas (Sankaran et al. 2008) I expected that aridity would be an important driver of acacia traits.
Species from arid areas displayed smaller leaves, decreased height, umbrella-shaped canopies, lower
canopies, smoother bark and thinly textured or papery pods. Reduced leaf size minimises water loss
(Otieno et al. 2005) and provides an advantage where water availability is limited. Shorter trees have
lower water requirements than tall trees, resulting in reduced vulnerability to hydraulic stress (Zhang et
al. 2009, Bennett et al. 2015). Shorter trees also had lower canopies. Lower canopies can also lead to
the exclusion of other plants by competition (Blaser et al. 2013). In general, species from arid
environments have a more umbrella-shaped canopy (Gaillard et al. 2018) which corresponded with my

results. Wider, umbrella-shaped canopies lower soil temperatures beneath the canopy which reduces
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evapotranspiration (Belsky et al. 1993). Lower, umbrella-shaped canopies in Vachellia species at higher
rainfall can out-shade, and thus reduce competition with grasses and other plant species, particularly
for nitrogen which has low concentrations in highly leached mesic savannas, (Scholes and Scholes
1997, Bond et al. 2008, February and Higgins 2010, February et al. 2013). Vachellia species also
invested in smoother bark which reflects a higher water storage capacity of the inner bark (Rosell et al.
2014). This provides a buffer for woody species adapted to highly periodic rainfall (Scholz et al. 2007).
Senegalia species invested in thinly textured or papery pods in arid systems; these may be cheaper to

produce (Lamont et al. 1991, Ayadi et al. 2012).

Fire

Fire is a non-selective consumer of aboveground biomass (Archibald and Hempson 2016). Fire
frequency and intensity often show an antagonistic relationship where shorter fire return intervals are
associated with reduced fire intensity and vice versa (Archibald et al. 2013). In flammable systems,
woody species were therefore expected to show traits to survive either frequent or intense fires.
Vachellia and Senegalia species from areas with frequent fires invested in larger leaves and species
from areas exposed to frequent or intense fires had rough bark and dense pod glands. Larger leaves have
greater photosynthetic capacity; this may facilitate rapid recovery after the loss of aboveground biomass
(Ackerly et al. 2002, Poorter et al. 2009). Fast recovery may be especially important in areas that
experience frequent fires for plants to escape the fire trap (Staver et al. 2012). In areas with hotter fires,
rough bark can provide resistance to fires. Rough bark creates air pockets that reduce heat penetration
(Romero 2014) and result in slower burning (Fréjaville et al. 2013). The advantage of pod gland
secretion in fire-prone environments was not clear. Coe and Coe (1987) theorised that pod gland

secretions deter insects or seed predators; however, how this relates to fire regime is uncertain.

The two genera possess different architecture strategies in areas with frequent vs hot fires. Vachellia
species from systems with intense fires were taller, had greater canopy height and rounded canopies.
Longer fire return intervals allow species to grow above the flame height despite greater fire intensity;
this may result in taller individuals with higher canopies (Levick et al. 2019). Unlike Vachellia,
Senegalia species tended to be short trees or shrubs with umbrella-shaped canopies where fire intensity
is high. Shorter trees must persist within the flame zone by prioritising bark accumulation rates to obtain

thick, corky bark (Dantas and Pausas 2013, Pausas 2015, Hempson et al. 2020).

Browsing

I expected acacias to possess structural defences to reduce browser access to foliage (Archibald and
Bond 2003, Wigley et al. 2015) and slow browser feeding rates (Charles-Dominique et al. 2020). In
areas with high browser biomass, Vachellia species displayed greater spine-leaf ratios, reduced height
and low canopies. Both genera had thinly textured or coriaceous pods. Senegalia species showed

umbrella-shaped canopies, rough bark and dense pod glands. Increased spine length relative to leaf size
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in highly browsed environments indicates that Vachellia prioritise leaf protection (Pérez-Harguindeguy
et al. 2013, Wigley et al. 2015). Longer spines slow down the rate of browsing and are an important
browser deterrent in Vachellia species (Wigley et al. 2022). Shorter trees with low canopies are more
exposed to herbivory than taller trees. However, height trades off against a cagey architecture (Hempson
et al. 2020), which in turn provides structural defence against herbivory (Archibald and Bond 2003,
Staver et al. 2012). Therefore, the low height of Vachellia in areas with high browsing may reflect the
investment of trees in caginess at a cost to tree height. (Ayadi et al. 2012). Indehiscent or woody pods
have a hardy structure to protect seeds against damage and are more nutritious than thinly textured pods
(Gwynne 1969, Lamont et al. 1991, Groom and Lamont 1997). Indehiscent pods were expected to be
an adaptation to herbivore-assisted seed dispersal via pod consumption (Coe and Coe 1987, Miller
1994) but are costly to produce (Gwynne 1969). Species from highly browsed systems invested less in
hardy pods but perhaps in a greater quantity to spread the risk of seed damage during consumption
(Paul-Victor and Turnbull 2009). Umbrella-shaped canopies reflect increased lateral branching (Ding
et al. 2021) which reduces browser access to foliage at the top of the canopy. Rough bark with
projections observed in Senegalia may reduce the consumption of bark by browsers, protecting the stem
cambium (Romero 2014, Jager et al. 2015, Rosell 2019). Dense pod glands in Senegalia could deter

browsers to prevent the consumption of immature pods before the pods dehisce (Miller 1994).

Adult acacias mainly showed resistance strategies in response to environmental pressures. The
effects of aridity could be mitigated by reducing the embolism events (smaller leaves and shorter trees)
and by decreasing the loss of soil evapotranspiration (umbrella-shaped canopies). In fire-prone systems,
rough bark texture may minimise fire-related heat damage, particularly for Senegalia species that persist
within the flame zone. Lastly, species from highly browsed areas showed structural defences to

minimise foliage loss, such as high spine-leaf ratios, low or umbrella-shaped canopies and rough bark.

Trade-offs

The selected traits did not show any trade-offs for Vachellia species. Senegalia species showed that
smaller leaves constrain plant height gain, possibly indicating a trade-off in strategies linked to
desiccation avoidance or plant growth (Otieno et al. 2005, Pérez-Harguindeguy et al. 2013). Prioritised
investment in stem insulation against fire damage creates a trade-off with plant growth (Lawes et al.

2013). Contrary to expectation, Senegalia species showed rougher bark for taller individuals.

Clustering/Syndromes

Both Vachellia and Senegalia species revealed syndromes linked to certain environmental
conditions. In both genera, four unique trait clusters were identified that were mostly associated with
combinations of different predictors. However, the combination of traits that defined the syndromes

differed between the two genera. For example, in Vachellia, one syndrome possessed tall trees with a

60



high canopy height and an umbrella-shaped crown. In contrast, in Senegalia these three architectural

traits were not strongly associated with one another in a single syndrome.

Our results also suggest that for some environmental conditions, species can display different trait
syndromes. For example, in Vachellia species from areas which especially experience high precipitation
and frequent fires, species were grouped into two distinct clusters based on traits: one displayed taller
trees with higher umbrella-shaped canopies and the other displayed larger leaves with reduced spine

development, rough bark and woody pods.

Furthermore, species showed evidence of adaptations where one strategy was used in different
environments. For example, both Vachellia and Senegalia species displayed shrub-like architecture in
areas that experienced both aridity and browsing. The functional advantage differs in arid vs highly
browsed environments. Shrubs are less susceptible to water stress than trees, indicating an adaptation
to aridity. However, shrubs, which are mostly cage-like in architecture, also reduce browser access to
the foliage at the centre of the tree. A desiccation avoidance strategy thus also serves as a strategy to

resist browsing.

Caveats

The number of functional traits that can be gleaned from field guide descriptions is limited, and the
traits that were available do not necessarily reflect the most important adaptive responses to the
pressures experienced by savanna trees. For example, bark thickness is an important adaptation to fire
(Schafer et al. 2015, Rosell 2016), but was not available. This necessitated the use of morphological
traits as proxies for physiological trait investment strategies (i.e. bark texture as a proxy for bark
thickness). Furthermore, field guides provide a general description of species characteristics, but only
maximum values were used in analyses. It is well-known that widespread acacias show variation in
traits based on their provenance (Archibald and Bond 2003, Wigley et al. 2019, Tsvuura and Ward
2022), which could suggest local adaptation to varying conditions experienced by these species across
their range. Such interspecific variation was not considered in the analyses here. Finally,
phylogenetically informed analyses strengthen detected trait-environment and trait-trait relationships
(Martins and Hansen 1997, Wigley et al. 2016). However, a complete phylogenetic tree was unavailable
for African acacias. The most updated tree (Bouchenak-Khelladi et al. 2010) omits a large percentage
of African acacia species. Therefore, non-phylogenetically informed analyses were used, but separately
for the two genera to reduce the effects of phylogenetic non-independence on results. Also, Wigley et
al. (2016) showed for African savanna trees that non-phylogenetically informed analyses produce
similar results to phylogenetically informed methods despite the anticipated constraint of species

phylogeny on trait variation.

Conclusion
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Here I show that morphological traits of African acacias could be linked to their biogeography; more
specifically the most important drivers of savanna structure (Lehmann et al. 2011, Ratnam et al. 2011).
Little evidence of trait trade-offs was evident for adult trees; though this could be a result of the limited
trait data that were available from the literature from which to assess trade-offs. Trait clusters reflected
the survival strategies in response to aridity, fire and herbivory. This suggests that trait syndromes
reflect the most limiting factors (Brouwer 1963, Sankaran 2019, Boonman et al. 2020). Understanding
species responses to environmental constraints enables a better understanding of how species may
respond to changing environmental conditions (Corréa Scalon et al. 2020). Indeed, in Africa, fire
regimes are changing, large herbivores have been lost from large expanses, and climates are changing
(Hempson et al. 2015, Sankaran 2019, Hamilton et al. 2022). Therefore, an increasing demand exists
for research characterising trait syndromes and trait functions of savanna woody species linked to
climate (including precipitation and drought), and the survival of disturbances (fire and browsing)
(Osborne et al. 2018). Climate change and predicted increases in drought intensity, economic
development and cropland expansion linked to fire suppression and a transition from migratory native
herbivores towards sedentary grazing livestock, and loss of herbivore biomass interact and result in
savanna degradation and bush encroachment (Stevens et al. 2016, Andela et al. 2017, Osborne et al.
2018, Sankaran 2019). Our study includes two of the broad categories linked to encroachment (climate
and disturbances) and provides a starting point for further research into the mechanics of savanna

ecosystems.

62



Chapter four

General conclusion

Savannas constitute the largest biome on the African continent (Rutherford et al. 2006). The
coexistence of both the grass and tree layer is required to maintain savanna structure (Coetsee et al.
2010, Higgins et al. 2015). Savanna biome transitions are regulated by the responses of grass and woody
species to aridity, fire and herbivory (Lehmann et al. 2011, Ratnam et al. 2011). Species’ adaptations
to their environment are indicated by the functional traits they possess (Stevens et al. 2016, Corréa
Scalon et al. 2020). Therefore, I used a range of data sources (seedling traits recorded from a greenhouse
experiment, species locality records, spatial datasets, literature sources, field guides and photographs)
to identify traits and syndromes of savanna woody species at both the seedling and the adult stage that

respond to gradients of aridity, fire and browser pressure.

The trait biogeography of seedling and adult mimosoids

Savanna woody species experience a demographic bottleneck caused by the limited recruitment of
seedlings to the sapling phase (Bond and Midgley 2001, Gignoux et al. 2009). Therefore, Chapter 1
assessed how providence affects seedling traits in 12 mimosoid species. Although several relationships
between the various aridity, fire and browser predictors and woody traits were detected in the univariate
linear models, drought severity was the only predictor that differed between the two trait clusters and
formed a drought syndrome. The results from this study, therefore, provide further evidence that
insufficient water availability and high evaporative demand may form the first environmental constraint
savanna seedlings need to overcome. Arid adaptations included deeper and thicker roots that are more
likely to penetrate the soil (Goss 1977) and grow deeper to reach belowground water and nutrient
reserves (Moles 2018, Boonman et al. 2020). The depth of the fifth lateral root was described as a new
trait in this work, inspired by the height of the fifth fork (Charles-Dominique et al. 2015b). The height
of the fifth lateral fork represents the exploration of vertical space by woody species based on the height
of canopy expansion in response to environmental drivers where decreased height indicates rapid
canopy expansion and increased height indicates prioritised height gain (Charles-Dominique et al.
2015b, Wigley et al. 2020). Similarly, we expect the depth of the fifth lateral root to represent the
exploration of soil depths by woody seedlings, before the lateral expansion of taproot systems in
response to water availability. This trait may facilitate the description of root architecture for woody

species in the field where the entire root system cannot be exhumed.

Chapter 2 investigated traits of adult Vachellia and Senegalia species linked to the average
environmental conditions across their native ranges in Africa. A trait database was compiled for most
of the native African acacias and syndromes were identified for aridity, fire and browsers. Both genera
shared some traits but differed in syndromes and survival strategies. A shrub-like architecture was

identified as an exaptation that increases fitness in arid and heavily browsed systems. Low precipitation,
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intense fires and browsing selected for a unique trait cluster in each genus. Low precipitation was the
strongest driver of the aforementioned trait cluster in Vachellia and was reflected by prioritised
investment in smooth bark, linked to inner bark storage, instead of rough bark for insulation against fire
or structural defence against browsing. Furthermore, Senegalia species generally persisted at reduced
heights within the fire and browser consumption zone, except at low precipitation, intense fires and
high browser density where an increased escape height was prioritised. Trait complexes may thus reflect
a main limiting factor, or the combined factors select for an alternate survival strategy of other trait
complexes that experience similar pressures. Alternatively, different trait clusters identified for regions
that experience similar conditions may represent differences in microclimatic conditions experienced

by such clusters that are not captured by the macroecological variables used in this work.

A major strength of this work is that trait complexes of both seedling and adult life stages were
assessed. Although it was not possible to use identical sets of traits to assess trait relations and
syndromes of seedlings and adults, some important trends nevertheless do appear. Certain adaptations
seem to remain from seedling to adult stages, such as reduced leaf area in arid-adapted species or shorter
architectures in species from highly browsed areas. In contrast, some strategies show the opposite trend
in seedlings versus adults. For example, seedlings for species from arid systems were tall, but adult
trees were short. The comparison of the broad survival strategies recorded for seedling vs adult trees
suggests that woody species alter trait investment and survival strategies as they mature (Hinckley et
al. 2011). At the seedling stage, traits linked to recovery seemed particularly important. This was
especially the case in systems that are prone to fire and herbivory. In these systems, seedlings prioritised
traits that facilitate recovery, such as maximising photosynthetic efficiency in disturbance-prone
systems. Resistance traits, such as relative bark thickness, showed relatively little differentiation along
the disturbance gradients. In contrast to seedlings, resistance seemed to be the dominant strategy to
overcome limiting factors by adults. For example, in arid or highly browsed systems species tended to
possess a shrub-like architecture. Shrubs are less susceptible to water stress than trees (Gotmark et al.
2016, Gaillard et al. 2018) and minimise the consumption of foliage by browsers (Archibald and Bond
2003, Staver et al. 2012). The only trait evidence of a recovery strategy was larger leaves that support

resprouting after fire.

Management implications

The survival strategies used by woody species may influence management decisions for the control
of encroachment. Management policies aimed at conserving ecosystem services either slow recruitment
rates or actively reduce woody cover (Osborne et al. 2018). For example, protocols should consider that
seedlings show little investment in resistance strategies. Woody seedlings are thus more vulnerable to
disturbances, such as fire and browsing than adults. My findings support the view that established trees
are more difficult to eradicate because they possess traits to resist disturbances and would most likely

require mechanical intervention for each individual (such as ring-barking). Management strategies
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should thus be implemented at the seedling stage because fire and browsing can be applied at a
landscape-level which requires less effort than the mechanical or chemical removal of seedlings. It is
important to note that the mimosoid seedlings studied showed traits to tolerate disturbance, such as
belowground reserves, to facilitate seedling recovery after the loss of aboveground biomass by
resprouting (Bellingham and Sparrow 2000). However, alteration of the fire regime, such as reducing
the recovery time between fires (shorter fire return intervals) or increasing the fire intensity, may kill

fire-tolerant seedlings (Archibald et al. 2013, Scholtz et al. 2022).

Opportunities for future research

In order to identify syndromes, the most relevant environmental variables were selected to best
represent aridity, fire and herbivory as the main constraints to the survival of woody species in savannas.
Syndromes consist of multiple traits that reflect survival strategies in response to the most limiting
factor (Brouwer 1963, Sankaran 2019). To isolate the main limiting factor, environmental variables
were selected to minimise the interaction between the environmental predictors. Several climatic
variables are available to represent water availability. The standardised precipitation evapotranspiration
index (SPEI) was selected because it used the average rainfall received whilst accounting for the water
lost via evaporation. Further investigation using alternate water availability indices, such as soil water
content, would be useful to support the findings of this study. Similarly, two variables were selected to
describe the fire regime but five characteristics have been identified to fully describe savanna fire
regimes (Archibald et al. 2013). Fire size, for example, might influence canopy height or plant height
and warrants further investigation. Browser height would also provide additional information on
whether species preferentially invest in escape or resistance strategies. A different set of environmental
predictors (to represent aridity, fire and herbivory) may produce additional insights into the formation

of syndromes in woody species.

In addition, the selected environmental predictors were extracted across the range of a species and
then averaged by species. Also, traits were averaged per species. Therefore, this work does not explore
trait adaptations across species ranges. Several African acacias and mimosoids have large geographic
ranges (Ross 1979) and can vary in their traits across their distributions, indicating local adaptation
(Archibald and Bond 2003, Wigley et al. 2019). Therefore, future research could assess intraspecific
trait variation of species, or a subset of species, with a widespread distribution that extends across
environmental gradients, to assess whether the patterns assessed at the species-level also hold within

species (such as Archibald and Bond (2003), Diatta et al. (2022), Tsvuura and Ward (2022))

Conclusion
Across Africa, shifts from a more grassy, open system to a wooded system with a closed canopy
have been observed, with changing rainfall and disturbance patterns being considered major drivers of

these trends (Stevens et al. 2016, Hamilton et al. 2022). Vegetation changes can only be predicted or
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detected if researchers understand: 1) how woody species respond to a biotic or abiotic factor across
varying intensities, 2) how the predictors interact to increase or decrease their effects on the vegetation,
and 3) which are the main limiting factors for trees across different environmental gradients. These
research questions may seem complex but integrating different disciplines (such as experimental
observations, literature and spatial distributions) allowed me to disentangle the effects of multiple
drivers on both seedling and adult species traits for species with a range of provenances. This study
provides a starting point to address the knowledge gap of seedling and adult responses of woody species
to disturbances and aridity gradients across African savannas. These functional traits will facilitate the

anticipation of floristic responses to changing environments and increasing threats to biodiversity.
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Chapter five
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Chapter six
Appendix

Appendix Methods A.

Germination and seedling development patterns — Paper doll experiment

Seed germinations and seedling development patterns were investigated using paper dolls. Acacia
seeds are “hard-seeded” because the seed coat prevents water uptake and results in seed dormancy (Smit
1999). The most common method of breaking seed dormancy is to soak seed in boiling water (Venter
and Venter 1996). Recent research suggests mechanical scarification may be more effective (Suleiman
et al. 2018). For each species, 30 seeds were scarified using two scarification techniques to promote
germination (Doran et al. 1983, Ghassali et al. 2012, Suleiman et al. 2018). Mechanically scarified seeds
had a small section of the seed testa opposite the hilium to minimise embryo damage (Suleiman et al.
2018) removed using sandpaper (Materechera and Materechera 2001). Boiled seeds were soaked in
boiling water to increase seed coat permeability (Teketay 1998, Abari et al. 2012). After scarification,
seed were soaked in water for 12-24 hours prior to placement in paper dolls, to allow seeds to fully

imbibe (Kheloufi et al. 2017).

Within a paper doll, seeds were placed in a grid-like system of two rows; each row contained ten
seeds of a given species and three sets of paper dolls were used per species pair (Figure A1l). The paper
dolls were moistened with approximately 100ml of water and rolled into cylinders that were placed
vertically in clear plastic bags; six paper dolls were stored in a plastic bag which was then tied closed.
A propamocarb-based fungicide was sprayed over the opened paper dolls daily and seed germination
was monitored for 28 days. The date of germination was recorded once the radicle emerged from the
seed or the plumule became visible (Vozzo and Service 2002, Kassa et al. 2010, Bewley et al. 2013).
The average germination percentage was then derived for each species for each scarification technique.

Results are shown in Table Al.
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Albizia adianthifolia (Top) and Albizia forbesii (Bottom)

Vachellia erioloba (Top) and Senegalia galpinii (Bottom)

Vachellia exuvialis (Top) and Vachellia sieberiana (Bottom)

Figure Al: Images from the germination experiment captured on 11 November 2019, using a tripod
and constant magnification for individuals 1-10, 11-20 or 21-30 of a species.
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Vachellia karroo (Top) and Senegalia nigrescens (Bottom)

Vachellia nilotica (Top) and Vachellia reficiens (Bottom)

Vachellia rehmanniana (Top) and Faidherbia albizia (Bottom)

Vachellia robusta (Top) and Senegalia Senegal (Bottom)

Figure Al (continued): Images (continued) from the germination experiment captured on 11 November

2019, using a tripod and constant magnification for individuals 1-10, 11-20 or 21-30 of a species.

Table Al: The germination successes from paper doll experiments that were achieved for the two

scarification techniques are shown.

Species Germination Germination
success success
(Mechanical, %) (Boiled, %)

Albizia forbesii Benth. 80 47

Dichrostachys  cinerea (L.) 41 7

Wight & Arn.
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Senegalia galpinii (Burtt Davy) 53 43
Seigler & Ebinger
Senegalia Senegal var. rostrata 37 43

(Brenan) Kyal. & Boatwr.

Vachellia erioloba (E.Mey.) 97 13
Seigler & Ebinger

Vachellia exuvialis (I.Verd.) 77 38
Kyal. & Boatwr.

Vachellia karroo (Hayne) Banfi 80 31
& Galasso

Vachellia nilotica (L) 87 20
P.J.H.Hurter & Mabb.

Vachellia rehmanniana 63 0
(Schinz) Kyal. & Boatwr.

Vachellia robusta (Burch.) 50 27
Kyal. & Boatwr.

Vachellia  sieberiana (DC.) 63 83

Kyal. & Boatwr.
Vachellia swazica (Burtt Davy) 73 14
Kyal. & Boatwr.

Table A2: Ceptometer readings performed at three different locations per greenhouse were recorded
using the Photosynthetically Active Radiation (PAR) output in pmols/m? s. The average PAR reading

per greenhouse is also shown.

Ceptometer reading (Photosynthetically Active Radiation, pmols/m2s)
Greenhouse number

1 2 3 Average per greenhouse
1 1154 1222 1342 1239
2 1294 1424 1249 1322
3 1260 1349 1408 1339
4 1283 1258 1315 1285

91



Table A3: Citations for downloaded GBIF occurrence records

Species

Citation

Albizia forbesii Benth.

Bijmoer R, Scherrenberg M, Creuwels J (2021). Naturalis Biodiversity Center
(NL) - Botany. Naturalis Biodiversity Center. Occurrence dataset
https://doi.org/10.15468/ibSypt accessed via GBIF.org on 2021-02-19.

Datizua C, Massingue A (2019). Colecc¢ao do Herbario da Universidade
Eduardo Mondlane. Version 1.4. Herbario da Universidade Eduardo Mondlane
(LMU). Occurrence dataset https://doi.org/10.15468/aywock accessed via
GBIF.org on 2021-02-19.

Figueira R (2017). IICT Herbario LISC. Version 4.2. Instituto de Investigagao
Cientifica Tropical. Occurrence dataset https://doi.org/10.15468/iinlqm
accessed via GBIF.org on 2021-02-19.

Odorico D (2020). Colecgao Botanica do Instituto de Investigacdo Agraria de
Mogambique. Version 1.3. Herbarium LMA: Agricultural Research Institute of
Mozambique. Occurrence dataset https://doi.org/10.15468/hsez7x accessed via
GBIF.org on 2021-02-19.

Dichrostachys cinerea(L.)

Wight & Arn.

Akpene K, KAKPO S B (2019). Plan d'Aménagement participative de la Forét
Classée d'Alédjo (Togo). Version 1.6. Network of African Leaders for
Biodiversity Conservation and Environment (NALBCE). Occurrence dataset
https://doi.org/10.15468/xtukrj accessed via GBIF.org on 2021-03-01.
Amahowe O I, Affoukou C, Natta A K (2016). Species composition in twelve
(12) Afzelia africana Sm & Pers populations in Benin. GBIF Benin.
Occurrence dataset https://doi.org/10.15468/9wycdn accessed via GBIF.org on
2021-03-01.

Amidou D (2020). Distribution de quelques especes de plantes et de Mimusops
andongensis au Bénin. Laboratoire d'Ecologie Appliquée/Université
d’Abomey-Calavi (LEA/UAC). Occurrence dataset
https://doi.org/10.15468/x1qzzt accessed via GBIF.org on 2021-03-01.
Bakayoko A, Chatelain C, Kone M W, Kone I, Ouattara D, Yao K, Gautier L
(2020). Occurrences des échantillons de plantes de 1'Herbier du Centre Suisse
de Recherches Scientifiques (CSRS) en Cote d'Ivoire. Version 1.2. Centre
Suisse de Recherches Scientifiques en Cote d'Ivoire. Occurrence dataset
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Table A4: Correlation matrix of all trait and environmental variables considered for the study. Darker red cells indicate values close to one; darker blue cells indicate values

close to negative one and light shades indicate values close to zero. Trait abbreviations are given in Table 1. Environmental variables are shown in bold. Highly correlated
1

[log(max(x+1)—x)+1]

variables (>|0.65]|) that were removed from analyses are italicised. Variables that were transformed using ° “are indicated using ‘Kassambara’.

Leaf Stem Stem Xylem D5th Root Nodule Stem Root Seed Root

area length  diameter diameter IBT AG mass BG mass RBT root SLA length  mass LDR LDR mass diameter
Leaf area 1.00
Stem length 0.28 1.00
Stem diameter 0.02 0.82 1.00
Xylem diameter 0.25 0.93 0.88 1.00
IBT -0.38 0.05 0.04 0.05 1.00
AG mass 0.18 0.76 0.65 0.88 0.18 1.00
BG mass 0.22 0.49 0.43 0.61 0.16 0.81 1.00
RBT -0.31 -0.54 -0.29 -0.32 -0.23 -0.11 0.08 1.00
D5th root -0.67 -0.36 -0.14 -0.27 0.05 0.00 0.03 0.56 1.00
SLA 0.00 0.13 0.27 0.00 0.05 -0.21 -0.25 -0.51 -0.31 1.00
Root length 0.22 0.47 0.55 0.58 -0.44 0.41 0.44 0.02 -0.16 -0.07 1.00
Nodule mass 0.25 0.58 0.33 0.68 0.25 0.71 0.53 -0.08 -0.41 -0.36 0.34 1.00
Stem LDR 0.46 0.68 0.22 0.53 0.12 0.50 0.43 -0.62 -0.55 -0.10 0.10 0.58 1.00
Root LDR -0.27 -0.21 -0.19 -0.35 -0.34 -0.57 -0.40 -0.04 -0.08 0.17 0.31 -0.29 -0.17 1.00
Seed mass -0.02 0.58 0.66 0.61 0.39 0.54 0.48 -0.20 0.00 -0.05 0.28 0.27 0.30 -0.38 1.00
Root diameter 0.28 0.61 0.63 0.80 0.23 0.90 0.73 -0.06 0.00 -0.21 0.35 0.58 0.31 -0.75 0.66 1.00
SRS -0.08 -0.10 0.04 -0.12 -0.04 -0.16 0.33 0.14 -0.12 0.24 0.23 -0.13 -0.05 0.46 -0.14 -0.28
SLS 033 [ -065 PGS 061 019 031 002 039 002 045 -031 006 -005 -0.06 | -0.57 -0.27
DSRT 0.14 0.64 0.51 0.50 0.16 0.45 0.40 -0.45 0.00 -0.02 0.01 0.03 0.58 -0.34 0.70 0.43
H lowest bud 0.35 0.63 0.44 0.45 -0.24 0.30 0.13 -0.40 -0.33 0.47 0.23 0.14 0.38 -0.06 0.29 0.17
Total mass 0.21 0.59 0.51 0.72 0.20 0.91 0.98 0.02 0.01 -0.23 0.44 0.62 0.46 -0.48 0.51 0.82
Nodule count 0.51 0.36 0.21 0.50 0.10 0.48 0.45 -0.09 -0.49 -0.44 0.33 0.74 0.44 -0.27 0.10 0.52
Precipitation 0.28 -0.25 -0.31 -0.31 -0.41 -0.57 -0.54 0.00 -0.62 0.17 0.01 -0.03 -0.02 0.45 -0.39 -0.55
Rain Seasonality  0.05 0.48 0.52 0.39 -0.26 0.14 0.33 -0.18 -0.24 0.14 0.47 0.04 0.34 0.42 0.22 -0.05
Drought 0.25 0.67 0.58 0.63 0.05 0.58 0.40 -0.59 -0.04 0.10 0.42 0.18 0.39 -0.17 0.36 0.55
Fire intensity -0.09 -0.42 -0.44 -0.33 0.04 0.00 -0.06 0.39 0.58 -0.48 -0.55 -0.19 -0.25 -0.49 -0.33 0.08
Browser 0.09 -0.51 -0.32 -0.59 -0.36 -0.80 -0.71 0.09 -0.19 0.41 -0.38 -0.67 -0.44 0.24 -0.37 -0.63
Precipitationk®ss?

0.31 0.00 -0.23 -0.06 -0.14 -0.24 -0.32 -0.13 -0.66 -0.08 -0.05 0.32 0.36 0.16 -0.06 -0.25

mbara

Fire interval -0.63 0.39 0.50 0.45 0.28 0.51 0.41 0.07 0.51 -0.16 0.23 0.21 0.06 0.04 0.29 0.29
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Appendix Results A
Table AS5: Non-significant results of OLS models investigating the influence of seed size on seedling
growth patterns. Model estimates and p-values are shown. All trait variables were log-transformed,

scaled, and centred.

Multiple
Fixed effects: Estimate  Std. error  t-value  p-value R?
log(Aboveground mass)  log(Seed mass) 0.541 0.266 2.035 0.069 0.293
log(Belowground mass) log(Seed mass) 0.486 0.386 1.259 0.244 0.165
Log(Seed mass) 0.466 0.357 1.307 0.227 0.176

log(Total mass) x

x D. cinerea and V. erioloba were removed as influential outliers.

Table A6: R? and p-values of the ordinary least squares (OLS) regression models used to evaluate the

trade-offs and potential constraints in trait investment strategies.

Equation Multiple R?  Adjusted R? Model p-value
BG mass ~ log(stem length) + AG mass 0.935 0.911 <0.001
Stem length ~ Stem diameter + Seed mass 0.681 0.610 0.005
Root length ~ Root diameter + Seed mass 0.126 -0.068 0.545
Nodule mass ~ Nodule count + Seed mass 0.549 0.504 0.006
Total mass ~ log(SLA) + log(Seed mass) 0.167 -0.041 0.482
Xylem conduit diameter ~ log(Stem length) + log(Seed mass) 0.864 0.834 <0.001
Relative bark thickness ~ log(Xylem conduit diameter) 0.100 0.01 0.317

Table A7: Non-significant results of the significant best subset OLS regression models depict potential
trade-offs and constraints in trait resource allocation. P-values highlighted by an asterisk (*) remained
significant after performing the Benjamini-Hochberg correction. All trait variables were log-

transformed, scaled, and centred. Model R? and p-values are shown in Appendix Table AS.

Fixed effects: Estimate Std. error  t-value p-value
Root length Root diameter 0.297 0.415 0.717 0.492
Seed mass 0.798 0.415 0.192 0.852
Total mass log(SLA) -0.318 0.402 -0.793 0.451
log(Seed mass) 0.341 0.310 1.097 0.304
Relative bark thickness log(Xylem 0.316 0.300 -1.052 0.317

conduit diameter)
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Table A8: The results of phylogenetic least squares (PGLS) regression models and ordinary least
squares (OLS) regression models analysing the relationships between environmental variables and
species traits are shown: PGLS or OLS model coefficients, significance and lambda (L) branch length
transformations. Differences in Akaike information criterion (AIC) values and Bayesian information
criterion (BIC) values for PGLS vs. OLS models are shown if AAIC > 0.2 and ABIC > 0.25; indicating
that the PGLS model should be used (*). SLA = Specific leaf area, MAP = mean annual precipitation
(rainfall), Fire intensity = fire radiative power (FRP), Browser = browser biomass index (browser
pressure), SPEI = standardized evapotranspiration index (drought severity), XC diameter = xylem
conduit diameter, DSRT = depth of the stem-root transition, D5th root = depth of the fifth lateral root,
AG mass = aboveground mass, SRS ratio = seedling root-shoot ratio, SLS ratio = seedling leaf-shoot

ratio. Variables corrected by 1/(log(max(x+1)-x)+1) are indicated by ‘Kassambara’.

Equation Multiple R? Adjusted R?> Model p-value
SLA ~ Log(MAP) + Fire intensity + Log(Browser) 0.682 0.563 0.022 A=0.000
Stem length ~ SPEI + Fire intensity 0.600 0.499 0.018 A=0.000
Stem diameter ~ log(SPEI) + log(Fire intensity) 0.513 0.405 0.039 A=0.000
XC diameter ~ log(SPEI) + log(Fire intensity) 0.541 0.438 0.030 A=0.000
log(IBT) ~ Rain seasonality + log(Browser) 0.284 0.125 0.223 A=0.000
RBT ~ Log(MAP) + SPEI 0.595 0.505 0.017 1=0.000
A=0.796
HLB ~ log(MAP) + SPEI * 0.166 -0.019 0.442 AAIC=4.502
ABIC=4.987

log(DSRT) ~ Rain seasonality + log(SPEI) 0.344 0.499 0.150 A=0.000
log(D5th root) ~ Log(MAP) + log(SPEI) 0.566 0.469 0.023 A=0.000
log(Root length) ~ log(SPEI) + log(Fire intensity) 0.289 0.131 0.215 A=0.000
log(Root diameter) ~ SPEI + Browser 0.454 0.333 0.066 A=0.000
AG mass ~ SPEI + Browser 0.595 0.505 0.017 A=0.000
log(BG mass) ~ log(Rain seasonality) + log(Browser) 0.501 0.390 0.043 A=0.000
log(Total mass) ~ log(Rain seasonality) + Browser 0.679 0.608 0.006 A=0.000
log(SRS ratio) ~ Rain seasonality + SPEI - 1 0.838 0.792 0.002 A=0.000
log(SLS ratio) ~ log(MAP) + log(Fire intensity) +

0.885 0.836 0.001 2A=0.000
Browser
log(Nodule count) ~ Rain seasonality + log(Fire
ntensity] - > 0.620 0.512 0.034 A=0.000
Total nodule mass ~ MAP + Browser 0.755 0.701 0.002 A=0.000
log(Seed mass) ~ Rain seasonality + log(Fire intensity) 0.545 0.444 0.029 2=0.000

=1V, karroo and V. rehmanniana removed as influential outliers; = 2 V. rehmanniana removed as an influential outlier;= 3 4.
forbesii and V. sieberiana removed as influential outliers.
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Table A9: Results of non-significant ordinary least-squared regression models (OLS) depicting
relationships between a trait and selected environmental variables based on the best subset model with
the lowest Bayesian Information Criterion (BIC) values. MAP = Mean annual precipitation, Fire
intensity = Fire radiative power, Browser = Browser biomass index (Browser pressure), SPEI =

Standardized precipitation evapotranspiration index (Drought severity). Variables that were

1
[log(max(x+1)—x)+1]

3

transformed using “are indicated using ‘Kassambara’. P -values highlighted by

an asterisk (*), remained significant after performing the Benjamini-Hochberg correction. Model R?

and p-values are shown in Appendix Table A6.

Fixed effects: Estimate Std. error  t-value p-value
log(SPEI) 1.170 0.454 2.574 0.030
log(Stem diameter) log(Fire intensity) ~ -0.731 0.482 -1.519 0.163
Rain seasonality -0.196 0.285 -0.689 0.508
log(Inner bark thickness) 5 owser) -0.516 0312 -1.654 0.132
(MAP)Kassambara 1.470 1.548 0.950 0.367
log(Height of the lowest bud) * ) 0.578 0.461 1252 0.242
log(Depth of the stem-root Rain seasonality 0.320 0.286 1.118 0.293
transition) log(SPEI) 0.773 0.558 1.384 0.200
log(Root length) log(SPEI) -0.310 0.220 -1.410 0.192
log(Fire intensity) 0.292 0.246 1.190 0.264
log(Root diameter) Browser -0.472 0.300 -1.572 0.150
SPEI 0.282 0.300 0.937 0.373

102



Table A10: Results of the Welch two-sample t-test comparing the mean trait value for species Cluster
A and Cluster B. All trait variables were log-transformed. P-values highlighted by an asterisk (*)

remained significant after performing the Benjamini-Hochberg correction.

95% Confidence Interval

t df p-value Mean

Lower Upper

Seed mass A =-0.566
-2.319 9.871 0.043 -2.221 -0.043

B=0.566

SLA A =-0.025
-0.083 9.838 0.935 -1.402 1.301

B=0.025

log(Stem length) A=-0.782
-4.47 9.989 0.001* -2.343 -0.784

B=0.782

log(Stem diameter) A =-0.832
-5.550 9.083 <0.001* -2.341 -0.987

B=0.832

log(Xylem conduit diameter) A =-0.903
-9.003 9.923 <0.001* -2.254 -1.360

B =0.903

log(IBT) A =-0.200
-0.676 9.999 0.5146 -1.720 0.919

B =0.200

RBT A=0.271
0.932 8.307 0.378 -0.790 1.872

B=-0.271

log(Height of the lowest bud) A =-0.260
-0.892 7.491 0.400 -1.880 0.840

B=0.260

log(Depth of the stem-root A=-0.382
-1.377 5.311 0.2236 -2.167 0.638

transition) B=0.382

log(Depth of the fifth lateral A=0.176
0.591 6.212 0.5756 -1.093 1.796

root) B=-0.176

Root length A =-0451
-1.689 9.895 0.1224 -2.094 0.290

B=0.451

log(Root diameter) A =-0.819
-5.234 8.837 <0.001* -2.349 -0.929

B=0.819

log(Aboveground mass) A =-0.809
-5.000 9.817 <0.001* -2.341 -0.895

B =0.809

log(Belowground mass) A=-0512
-2.004 9.029 0.07597 -2.181 0.132

B=0.512

log(Total mass) A =-0.635
-2.803 9.484 0.01963 -2.287 -0.253

B=0.635

log(Seedling root-shoot A=0.191
0.643 7.010 0.5406 -1.021 1.784

ratio) B=-0.191

log(Seedling leaf-shoot ratio) A=0.597
2.521 9.635 0.03117 B— 0597 0.133 2.254
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log(Nodule count) A=-0.516

-2.023 9.654 0.07168 -2.174 0.110

B=0.516

log(Nodule mass) A =-0.596
-2.515 5.894 0.04627 -2.357 -0.027

B=0.596

Table A11: Results of the Welch two-sample t-test comparing the average environmental variable
estimates for species Cluster A and Cluster B. P-values highlighted by an asterisk (*) remained

significant after performing the Benjamini-Hochberg correction.

95% Confidence
Environmental variable T df p-value Mean Interval

Lower Upper

A=0.670

Log(MAP) 0.676 6.508 0.522 -0.162 0.288
B =0.606
A =-0.197

Rain seasonality -0.666  9.855 0.521 -1.717 0.929
B=0.197
A =-0.633

SPEI -2.789 8.235 0.023* -2.309 -0.224
B =0.633
A =0.181

log(Fire intensity) 0.609 8.851 0.558 -0.986 1.711
B=-0.181
A =0.555

Browser 2.250 7.555 0.056 -0.039 2.260
B =-0.555
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Appendix Methods B

Table B1: List of the African acacia species used to obtain trait estimates of each species, and with

sufficient locality records to extract environmental variables. The final sample size represents the

number of locality records after subsampling to control for sampling bias.

Species Habit Final sample size
Senegalia

Senegalia adenocalyx (Brenan & Exell) Kyal. & Boatwr. | Shrub/Tree 21
Senegalia asak (Forssk.) Kyal. & Boatwr. Shrub/Tree 18
Senegalia ataxacantha (DC.) Kyal. & Boatwr. Climber/Tree 243
Senegalia brevispica (Harms) Seigler & Ebinge Shrub/Tree 130
Senegalia burkei (Benth.) Kyal. & Boatwr Tree 35
Senegalia caffra (Thunb.) P.J.H.Hurter & Mabb. Shrub/Tree 55
Senegalia caraniana (Chiov.) Kyal. & Boatwr Tree 2
Senegalia chariessa (Milne-Redh.) Kyal. & Boatwr. Shrub 7
Senegalia cheilanthifolia (Chiov.) Kyal. & Boatwr Shrub 11
Senegalia ciliolata (Brenan & Exell) Kyal. & Boatwr. Liane 4
Senegalia condyloclada (Chiov.) Kyal. & Boatwr Tree 7
Senegalia dudgeonii (Craib) Kyal. & Boatwr. Shrub/Tree 72
Senegalia eriocarpa (Brenan) Kyal. & Boatwr. Shrub/Tree 10
Senegalia erubescens (Welw. Ex Oliv.) Kyal. & Boatwr. | Shrub/Tree 101
Senegalia erythrocalyx (Brenan) Kyal. & Boatwr Shrub 46
Senegalia fleckii (Schinz) Boatwr. Shrub/Tree 70
Senegalia galpinii (Burtt Davy) Seigler & Ebinger Tree 59
Senegalia goetzei (Harms) Kyal. & Boatwr. Tree 119
Senegalia gourmaensis (A.Chev.) Kyal. & Boatwr. Shrub/Tree 31
Senegalia hamulosa (Benth.) Boatwr. Shrub 19
Senegalia hecatophylla (Steud. Ex A.Rich.) Kyal. & Tree 17
Boatwr

Senegalia hereroensis (Engl.) Kyal. & Boatwr. Shrub/Tree 32
Senegalia kamerunensis (Gand.) Kyal. & Boatwr. Shrub/Liane 74
Senegalia kraussiana (Meisn. Ex Benth.) Kyal. & Scrambling 15
Boatwr Shrub/Liane

Senegalia laeta (R.Br. ex Benth.) Seigler & Ebinger Shrub/Tree 73
Senegalia latistipulata (Harms) Kyal. & Boatwr. Scrambling Shrub 14
Senegalia lujae (De Wild. & T.Durand) Kyal. & Boatwr. | Liane 23
Senegalia macrostachya (Rchb. Ex DC.) Kyal. & 86
Boatwr. Shrub/Tree

Senegalia mellifera (Benth.) Seigler & Ebinger Shrub/Tree 239
Senegalia montigena (Brenan & Exell) Kyal. & Boatwr. | Shrub 29
Senegalia montis-usti (Merxm. & A.Schreib.) Kyal. & Shrub/Tree 5
Boatwr.

Senegalia nigrescens (Oliv.) P.J.H.Hurter Tree 103
Senegalia ogadensis (Chiov.) Kyal. & Boatwr. Tree 8
Senegalia pentagona (Schumach.) Kyal. & Boatwr. Liane 118
Senegalia persiciflora (Pax) Kyal. & Boatwr. Tree 25
Senegalia polyacantha (Willd.) Seigler & Ebinger Tree 279
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Senegalia robynsiana (Merxm. & A.Schreib.) Kyal. & 5
Boatwr. Shrub/Tree
Senegalia rovumae (Oliv.) Kyal. & Boatwr Tree 13
Senegalia schweinfurthii var. sericea (Brenan & Exell) Scrambling 79
Kyal. & Boatwr. Shrub/Tree
Senegalia senegal (Brenan) Kyal. & Boatwr. Shrub/Tree 350
Senegalia tanganyikensis (Brenan) Kyal. & Boatwr Tree 7
Straggling 4
Senegalia thomasii (Harms) Kyal. & Boatwr. Shrub/Tree
Senegalia welwitschii (Oliv.) Kyal. & Boatwr. Tree 27
Vachellia
Vachellia abyssinica (Hochst. Ex Benth.) Kyal. & 61
Boatwr. Tree
Vachellia amythethophylla (Steud. Ex A.Rich.) Kyal. & 108
Boatwr. Tree
Vachellia ancistroclada (Brenan) Kyal. & Boatwr. Shrub/Tree 7
Vachellia arenaria (Schinz) Kyal. & Boatwr. Shrub/Tree 40
Vachellia borleae (Burtt Davy) Kyal. & Boatwr. Shrub/Tree 16
Vachellia burttii (Baker f.) Kyal. & Boatwr. Shrub/Small Tree 4
Vachellia bussei (Harms ex Y.Sjostedt) Kyal. & Boatwr. | Tree 37
Vachellia davyi (N.E.Br.) Kyal. & Boatwr. Shrub/Tree 16
Vachellia dolichocephala (Harms) Kyal. & Boatwr. Tree 16
Vachellia drepanolobium (Harms ex Y.Sjostedt) 52
P.J.H.Hurter Shrub/Tree
Vachellia edgeworthii (T.Anderson) Kyal. & Boatwr. Shrub 36
Vachellia elatior (Brenan) Kyal. & Boatwr. Tree 20
Vachellia erioloba (E.Mey.) Seigler & Ebinger Shrub/Tree 127
Vachellia etbaica (Schweinf.) Kyal. & Boatwr. Tree 68
Vachellia exuvialis (1.Verd.) Kyal. & Boatwr. Shrub/Tree 7
Vachellia fischeri (Harms) Kyal. & Boatwr. Shrub/Tree 7
Vachellia flava (Forssk.) Kyal. & Boatwr. Shrub/Tree 129
Vachellia gerrardii (Benth.) P.J.H.Hurter Shrub/Tree 177
Vachellia grandicornuta (Gerstner) Seigler & Ebinger Tree 25
Vachellia haematoxylon (Willd.) Seigler & Ebinger Shrub/Tree 28
Vachellia hebeclada (DC.) Kyal. & Boatwr. Shrub/Tree 93
Vachellia hockii (De Wild.) Seigler & Ebinger Shrub/Tree 217
Vachellia horrida (L.) Kyal. & Boatwr. Shrub 42
Vachellia karroo (Hayne) Banfi & Galasso Tree 185
Vachellia kirkii (Oliv.) Kyal. & Boatwr. Shrub/Tree 65
Vachellia lahai (Steud. & Hochst. Ex Benth.) Kyal. & 25
Boatwr. Tree
Vachellia lasiopetala (Oliv.) Kyal. & Boatwr Tree 8
Vachellia luederitzii (Engl.) Kyal. & Boatwr Shrub/Tree 64
Vachellia nebrownii (Burtt Davy) Seigler & Ebinger Shrub/Tree 33
Vachellia negrii (Pic.Serm.) Kyal. & Boatwr. Shrub/Tree 5
Vachellia nilotica (L.) P.J.H.Hurter & Mabb. Tree 449
Vachellia oerfota (Forssk.) Kyal. & Boatwr. Shrub 83
Vachellia paolii (Chiov.) Kyal. & Boatwr. Shrub/Tree 18
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Vachellia permixta (Burtt Davy) Kyal. & Boatwr.
Vachellia pilispina (Pic.Serm.) Kyal. & Boatwr.
Vachellia pseudofistula (Harms) Kyal. & Boatwr.
Vachellia reficiens (Wawra & Peyr.) Kyal. & Boatwr.
Vachellia rehmanniana (Schinz) Kyal. & Boatwr.
Vachellia robusta (Burch.) Kyal. & Boatwr.
Vachellia seyal (Delile) P.J.H.Hurter

Vachellia sieberiana (DC.) Kyal. & Boatwr.
Vachellia stuhlmannii (Taub.) Kyal. & Boatwr.
Vachellia swazica (Burtt Davy) Kyal. & Boatwr.
Vachellia tenuispina (1.Verd.) Kyal. & Boatwr
Vachellia tortilis (Forssk.) Galasso & Banfi
Vachellia turnbulliana (Brenan) Kyal. & Boatwr.
Vachellia xanthophloea (Benth.) Banfi & Galasso
Vachellia zanzibarica (S.Moore) Kyal. & Boatwr.

Shrub/Tree
Shrub/Tree
Shrub/Tree
Shrub/Tree
Shrub/Tree
Tree

Tree

Tree
Shrub/Tree
Shrub/Tree
Shrub
Tree

Shrub
Tree
Shrub/Tree

10
34
11
68
31
147
242
351
38

12
421

40
31
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Table B2a: Vachellia correlation matrix of all trait and environmental variables considered for the study. Darker red cells indicate values close to one; darker blue cells
indicate values close to negative one and light shades indicate values close to zero. Environmental predictors are shown in bold. Fire interval = fire return interval.

Leaf area Height  Canopy Canopy Bark Spine leaf  Pod investment ~ Pod  Precipitation Rain Drought Fire Fire Browser
Height shape texture ratio glands Seasonality interval  intensity

Leaf area
Height
Canopy Height
Canopy shape
Bark texture
Spine leaf ratio _
Pod investment
Pod glands

Precipitation

Rain seasonality
Drought

Fire intensity
Browser -0.24 -0.11 023 035  -0.01 0.37

Table B2b: Senegalia correlation matrix of all trait and environmental variables considered for the study. Darker red cells indicate values close to one; darker blue cells
indicate values close to negative one and light shades indicate values close to zero. Environmental predictors are shown in bold. Fire interval = fire return interval.

Leaf Height  Canopy Canopy Bark Pod Pod Precipitation Rain Drought Fire Fire Browser
area height shape texture investment glands Seasonality interval  intensity

Leaf area
Height

Canopy height
Canopy shape
Bark texture
Pod investment
Pod glands
Precipitation
Rain Seasonality
Drought

Fire interval

Fire intensity
Browser
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Appendix Results B
Table B3: The models and model results of best subset ordinary least squares (OLS) regression models

analysing the relationships between environmental variables and species traits. Significant model

outputs are reported in the main text.

Vachellia — Equation Multiple R? Adjusted R>  Model p-value
Leaf area ~ Precipitation + sqrt(Rain seasonality)+ log(Fire interval) 0.378 0.336 <0.001
Height ~ sqrt(Precipitation) + log(Fire interval) + sqrt(Fire intensity) 0.239 0.184 0.008
Canopy height ~ sqrt(Precipitation) + log(Fire interval) + Fire intensity 0.209 0.155 0.015
sqrt(Canopy shape) ~ Precipitation + Rain seasonality + Fire interval 0.305 0.258 0.001
sqrt(Spine:leaf ratio) ~ sqrt(Precipitation) + Browser 0.252 0.219 0.001
Senegalia — Equation Multiple R? Adjusted R2  Model p-value
log(Leaf area) ~ Rain seasonality + Drought severity 0.437 0.410 <0.001
log(Height) ~ Rain seasonality + Drought severity 0.270 0.234 0.002
Canopy height ~ log(Fire interval) + Fire intensity 0.066 -0.006 0.414
sqrt(Canopy shape) ~ Rain seasonality + Fire intensity 0.062 -0.010 0.433

Table B4: The estimate table of non-significant OLS regression models investigating the relationships
between a species trait and the best subset of environmental variables. Results of significant models are

shown in the main text.

Coefficients: Estimate Std. error  t-value p-value
Intercept 0.042 0.196 0.212 0.833
Canopy height log(Fire interval) -0.461 0212 2177 0.0354
Senegalia
Browser -0.362 0.262 -1.383 0.144
Intercept -0.149 0.198 -0.753 0.456
Canopy shape Precipitation 0.168 0.155 1.085 0.285
Senegalia o
log(Fire intensity) 0.280 0.240 1.164 0.251

Table B5: Analysis of deviance table based on the results of the cumulative link models analysing the
relationships between environmental variables and ordinal species traits. df = degrees of freedom,
logLik = log likelihood at the estimated optimum and cond. H = condition number of the Hessian matrix

at the optimum. Significant model outputs are reported in the main text.

Equation - Vachellia df logLik cond. H
Bark texture ~ Precipitation + Fire intensity 6 -56.74 8.9¢*!
Pod investment ~ Precipitation + Browser 4 -46.35 6.2e*0!
'od glands ~ Precipitation + Fire intensity + Browser 5 -28.99 1.2e*01
Equation - Senegalia df logLik cond. H
Bark texture ~ Drought severity + Fire intensity 38 -53.19 1.5e*0!
Pod investment ~ log(MAP) + log(Browser) 39 -36.08 5.6e*0
Pod glands ~ Rain seasonality + log(Fire intensity) 39 -23.66 3.4e*2
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Table B6: Non-significant results of the cumulative link models investigating the relationships between

ordinal traits and environmental variables

25%CI 975%CI Odds

Vachellia Coefficients: Estimate  Std. error i p-value
ratio
Precipitation 0.336 0.280 -0.208 0.904 1.399 1.461 0.227
Bark texture
Fire intensity 0.516 0.290 -0.039 1.110 1.675 3.311 0.069
Precipitation -0.586 0.322 -1.251 0.022 0.556 3.198 0.074
Podinvestment ser -1.083 0.871 2874 0571 0339 1544 0214
25%CI 97.5% CI  Odds
Senegalia Coefficients: Estimate  Std. error 1 p-value
ratio
Drought severity 0.190 0.371 -0.542 0.939 1.209 0.263 0.608
Bark texture
Fire intensity 0.481 0.365 -0.210 1.249 1.618 1.837 0.175
Precipitation 0.537 0.323 -0.080 1.199 1.710 2.898 0.089
Pod i t t
odinvestment - vser -0.641 0.331 1343 0024 0527 4152 0.042

Table B7: The results of OLS regression models analysing the relationship between plant height and

leaf area as a potential trade-off in survival strategies

Multiple Adjusted Model p-

Coefficients: Estimate  Std. error  t-value  p-value
R? R? value
Height sqrt(Leaf area) 0.437 0.446 0.979 0.333
Vachelli 0.028 0.015 0.530
(Vachellia) —,  Spine-leafratioy ~ 0.279 0.300 0930 0357
Height Leaf area 0.466 0.172 2.708 0.010 0.152 0.152 0.010
(Senegalia)

Table B8: The results of CLM models investigating a trade-off between bark investment and plant

height
Coefficients: Estimate Std. 2.5% 97.5% Odds z-value p-value logLik AIC cond.
error CI CI ratio H
Bark texture Height 2692 1966 -1.094 6763 14765 1370  0.171

-55.89  123.79 1.1e'®

(Vachellia) Height? -3.318 1957 -7.202  0.627  0.036 -1.695 0.090
Bark texture

Height 0.721  0.331 0.107 1431 2056 2.178 0.029 -5248 11496 6.7¢"!
(Senegalia)
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