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Abstract. Plant functional traits provide a valuable tool to improve our understanding of ecological processes at a
range of scales. Previous handbooks on plant functional traits have highlighted the importance of standardising
measurements of traits to improve our understanding of ecological and evolutionary processes. In open ecosystems
(i.e. grasslands, savannas, open woodlands and shrublands), traits related to disturbance (e.g. herbivory, drought, and
fire) play a central role in explaining species performance and distributions and are the focus of this handbook. We
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provide brief descriptions of 34 traits and list important environmental filters and their relevance, provide detailed
sampling methodologies and outline potential pitfalls for each trait. We have grouped traits according to plant
functional type (grasses, forbs and woody plants) and, because demographic stages may experience different selective
pressures, we have separated traits according to the different plant life stages (seedlings saplings and adults). We have
attempted to not include traits that have been covered in previous handbooks except for where updates or additional
information was considered beneficial.

Keywords: demographic bottlenecks, disturbance, drought, fire, forbs, grasses, herbivory, plant functional traits,
saplings, seedlings, woody plants.
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Introduction and discussion

The standardisation of methodologies used for measuring
plant functional traits at the global scale allows us to (1)
better understand the selective forces shaping the
functioning of plant communities, (2) better describe
ecosystems in terms of a limited number of ecological
component types, and (3) better predict species-response
rules to ecosystem perturbations (Cornelissen et al. 2003;
Pérez-Harguindeguy et al. 2013; Díaz et al. 2016). The
standardised measurement of traits also allows for drawing
comparisons among different regions of the globe (Rusch et al.
2003). While previous trait handbooks by Cornelissen et al.
(2003) and Pérez-Harguindeguy et al. (2013) have immense
pertinence to open ecosystems (i.e. areas with climates suitable
for forest, but dominated, instead, by grasslands, savannas,
open woodlands or shurblands; Bond 2019), they do not
capture the full set of traits that are relevant to the
functioning of these widespread ecosystems. The selection
pressures faced by plants in open ecosystems are largely
driven by disturbance, often in the form of fire and
herbivory (but also seasonal flooding or drought). The
plants found in these open ecosystems have, therefore, had
to evolve a diverse suite of plant traits, many of which are
related to resisting or tolerating the dominant disturbance
agent(s) (Bond and Midgley 2001; Bond 2005).

Open ecosystems: savannas, grasslands and shrublands

Open ecosystems, largely dominated by shade-intolerant
plants, occur in consumer-controlled (i.e. disturbance-prone)
environments that often have the potential to support closed
canopy vegetation if not for the ecological processes that
remove trees (Pausas and Bond 2020). The savanna biome,
one of the largest terrestrial biomes (Lehmann et al. 2014),
supports significant animal and plant biodiversity (Bond and
Parr 2010; Murphy et al. 2016) and provides ecosystem
services that sustain a large proportion of the world’s
human population (Scholes and Archer 1997). Savannas are
defined as having a discontinuous woody overstorey with a
continuous, predominantly C4 grassy understorey (Ratnam
et al. 2011). Tree densities vary widely, from treeless
grasslands to savannas with near-continuous tree cover
(respectively classified as campo sujo and cerrado sensu
stricto in Brazilian savannas). The most important
criterion to distinguish savannas from closed systems

(e.g. thicket or forest) is the presence of shade-intolerant
and typically C4 grasses. This definition allowed for the
reclassification of many systems that were previously
thought of as degraded ecosystems, as ecosystems with
shared ecological functioning on different continents (Bond
et al. 2008; Ratnam et al. 2011; Ratnam et al. 2016), and
opened opportunities for global comparisons. Although trees
and grasses are typically used to identify savannas, forbs
should not be overlooked because they often contribute the
highest levels of diversity in old-growth savannas (Zaloumis
and Bond 2011). Throughout this handbook, we regard the
functioning of grasslands, shrublands and savannas to be
similar, because of the strong parallels in their drivers.
Although much of the work included in this trait handbook
has focused on African, South American and Asian savannas
and grasslands, we consider these effective exemplars of
disturbance-driven ecosystems and we anticipate that the
traits covered here can be applied to other open ecosystems.

Demographic bottlenecks

The strong effect of disturbances on savanna structure and
composition is shown both by a demographic bottleneck
specific to savannas, characterised by a high mortality of
woody saplings within the flame and herbivore zones
(Higgins et al. 2000; Sankaran et al. 2005; Wakeling et al.
2011; Hoffmann et al. 2012), and by the distinct vertical
distribution of vegetation when fire or megaherbivores such
as elephant are present (Higgins et al. 2007; Asner et al. 2009;
Smit et al. 2010; Midgley et al. 2011; Asner and Levick 2012;
Bond 2019). In mesic savannas, which burn frequently, tree
saplings must grow above the flame zone of grass-fuelled
surface fires to escape top-kill and reach adult sizes (Trollope
1984). The fire trap, a concept first made explicit by Bell
(1984), refers to the 0–3-m zone that experiences repeated
fires, resulting in the top-kill or aboveground mortality of
plants that are not adequately protected from the effects of fires
(Fig. 1). In herbivore-driven savannas, elephants (see Kerley
et al. 2008 for review) and other mega-herbivore species,
e.g. giraffes, have been shown to regulate tree allometries
(Moncrieff et al. 2011) and height (Fornara and du Toit 2007).
Staver and Bond (2014) provided experimental evidence for
the effects of meso-herbivores (e.g. impala, nyala and kudu) in
regulating tree growth and recruitment, resulting in a browse-
trap (Fig. 1).
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In frequently disturbed savanna systems, the main
constraints on plant fitness include resource competition
(for growth and reproduction) and resource storage (for
either surviving or escaping disturbances, or both). Escape
opportunities are rare in savannas, but many savanna trees,
such as Acacia karroo (Schutz et al. 2009; Wigley et al.
2009a), can resprout repeatedly from belowground root
stores. Plants may remain in the flame zone for decades,
until a sufficient interval between fires occurs or until
growth rates are such that recruitment into larger size
classes occurs between fires (Bond and van Wilgen 1996;
Gignoux et al. 1997; Schutz et al. 2009; Wigley et al. 2009a).
Furthermore, intraspecific growth rates of savanna woody
saplings have been found to be highly variable; for
example, Wakeling et al. (2011) found that only 5% of
saplings had growth rates that were fast enough to escape
being top-killed under the dominant fire regime at their
mesic, grass-dominated study site.

Consumption patterns

Chronic disturbances, such as fire and vertebrate herbivory,
can remove significant plant biomass in savannas. While fire
and herbivores both consume vegetation, the manner in which
they do so, and thus what plants need to respond to, differs
substantially (Archibald and Hempson 2016). Fires are
typically widespread episodic events (that generate heat
damage and combustion), whereas herbivory tends to be a
spatially patchy but more continuous occurrence (that causes
breaking, stripping, biting and trampling). Plants may, thus, be
able to gradually develop their fire responses to meet a
requisite effectiveness threshold (such as a bark thickness
threshold to survive fire), while responses to herbivory may
need to be more immediate (e.g. grow longer spines). Plant
strategies that ensure survival in frequently disturbed systems
can be classified into the following four main strategies:
(1) escaping the negative effects of consumers by either
spatially or temporally evading the disturbance, such as
growing out of the reach of flames or herbivores;
(2) resisting the disturbance, i.e. remaining exposed to the
disturbance but minimising its effect; (3) tolerating
disturbance, i.e. being affected by disturbance but having a
strategy to replace damaged or removed parts, the tolerance
strategy can operate at the individual, population or landscape

level (Archibald et al. 2019); and (4) promoting the
disturbance, i.e. by providing the right conditions for the
disturbance to occur (e.g. by having high flammability or
high palatability).

Fire characteristics

Fire effects depend on the size, intensity, season and return
interval of any given fire (Martin and Sapsis 1992); all these
properties vary in a predictable way (to some extent) along a
rainfall gradient. The occurrence of fire is determined by the
availability of dry-season grass fuel (Bond, 1997), and
production of fuel is linearly dependent on moisture
availability (O’Connor and Bredenkamp 1997; Scholes and
Walker 2004). High-rainfall savannas (values differ among
continents; Lehmann et al. 2014) have rapid accumulation of
grass biomass, and thus burn at frequent intervals (1–2 years).
Because of high humidity, they burn mostly during the late dry
season. By contrast, drier savannas burn less frequently
(3–10 years), but with hot fires burning throughout the
longer dry season (Scholes 1997; Williams et al. 1998).

Herbivore characteristics

Herbivore pressure depends on the density of herbivores (total
biomass) at a site and the functional composition of herbivore
communities. Herbivores fall on a spectrum, from being
exclusive grazers to specialist browsers (some herbivores
tend to be mixed-feeders and consume a mix of grass and
browse), with specific dietary adaptations (e.g. mouth
dimensions and teeth, neck size and trunk) that influence
the quality of the consumed forage (e.g. tree leaves, long
grass and short grass). Larger and smaller herbivore species
have different diets and feeding modes, with larger animals
needing to eat more each day, taking bigger bites but accepting
a lower forage quality. Gut types also influence herbivore
diets, with ruminants (slower retention times) typically being
able to accept a lower-quality diet (Illius and Gordon 1992).

In African savannas, herbivore pressure correlates with
rainfall and soil nutrient gradients (Hempson et al. 2015).
Mesic savannas (>800-mm mean annual precipitation) tend to
have a large quantity of low-quality forage and browse and
host communities dominated by large-bodied ‘bulk feeders’,
such as elephants. African semi-arid savannas (400–800 mm)
usually have high-quality forage and browse and typically

BROWSE HEIGHT

EXCLUSION OF C4 GRASS

ESCAPE HEIGHT

Fig. 1. Demographic bottlenecks created by shading, browsing and fire.
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host-abundant and diverse herbivore communities with a wide
range of body sizes and feeding guilds. Whether other
continents show similar turnover in the composition of
herbivore communities, and at what thresholds such
transitions occur (e.g. along rainfall gradients), remain to be
tested (Lehmann et al. 2014). The role of invertebrate
herbivory has often been neglected in many open
ecosystems but has begun to receive more attention.
Termites have been shown to have a profound effect on
savanna vegetation, especially during the wet season
(Davies et al. 2016), and have been found to remove as
much grass biomass as mammalian herbivores do in
broadleaf savannas (Scholes and Walker 2004).

Co-variation, feedbacks and effect traits

Many of the core drivers of savanna functioning tend to co-
vary and interact with each other. This should be kept in mind
when making predictions related to environmental filtering in
savannas. In African savannas, for example, herbivores
preferentially consume high-quality plant material with low
C : N ratios and high moisture content, whereas fires require
dry fuels and readily consume grasses with high C : N ratios.
Higher quality ‘forage’ resources are typically more abundant
in drier regions because: (1) soils are more nutrient-poor in wet
areas due to increased leaching, and (2) fast growing grasses
that develop in wetter regions allocate more to structural
support tissues with a high C : N ratio. Consequently, in
African savannas, herbivory plays a greater role in filtering
plant communities in drier systems, whereas fire becomes
more important in wetter systems (Archibald and Hempson
2016). In other systems, for example, Brazilian cerrado,
Alvarado et al. (2017) found that fires are weakly
associated with annual rainfall; however, spatial and
temporal variation in fires was determined by drought
during the ignition season. Although the determinants of
consumer patterns may differ across continents, such
covariation among different controls in savannas will
necessarily produce non-causal correlations between bottom-
up drivers and traits related to disturbance, and vice versa.

Positive feedback loops occur in savannas when keystone
species help create the conditions required for the maintenance
of the system. Fires and herbivory typically involve positive
feedback loops (Sankaran et al. 2008, 2013; Staver et al. 2009,
2011; Hoffmann et al. 2012). In the case of fire, it is well
established that as C4 grasses evolved to become more
flammable, they created the conditions necessary to open
forested environments and, thereby, facilitated their own
spread (Beerling and Osborne 2006). In the absence of fire,
shade-intolerant C4 grasses are progressively filtered out by
shade as both tree canopy cover increases and moribund grass
material accumulates (Bond et al. 2005; Staver et al. 2011;
Hoffmann et al. 2012). This feedback, therefore, not only
determines the presence of flammable grasses, but also
affects the performance of other functional types; many
savanna tree and forb species are well adapted to fire but
are frequently poor competitors for light, and often tend to be
shade intolerant. Grazing lawns provide another example of a

positive feedback. In this case, highly palatable grass species
on grazing lawns are adapted to survive high grazing pressure
and provide highly palatable forage to grazers, which further
increase the productivity of the system through the deposition
of dung and urine (e.g. see McNaughton 1984; Hempson et al.
2015, 2019).

As savanna functioning is often dependent on positive
feedback loops, it is particularly important to understand how
plants contribute to the modification of their own environment
(as opposed to responding to climatic variables only). This
emphasises the importance of traits that directly modify the
environment of a species, i.e. effect traits (Violle et al. 2007).
Some of the effect traits responsible for the stability of savannas
(or for transitions to alternative biome states; Higgins et al. 2012;
Charles-Dominique et al. 2015a; Kruger et al. 2017) have been
well investigated (such as flammability of the grass layer or the
palatability of the grass layer; Hempson et al. 2019), whereas
others are still under active scrutiny (e.g. shading abilities by
trees; Charles-Dominique et al. 2018).

Trait descriptions

Here we include a total of 34 traits, 28 of which have been
previously published, and six that have not been previously
described. Several of the traits in this handbook overlap with
those in previously published handbooks (i.e. Cornelissen
et al. 2003; Pérez-Harguindeguy et al. 2013), but we have
refined these to include additional information relevant to open
ecosystems. Previously undescribed traits are included to fill
gaps identified in the previous handbooks. Some traits have been
published indedicated articles,whereas somehavebeenvalidated
only by the respective authors (Box 1) at their respective field
sites. For the new traits outlined here, we hope that the
standardisation of the methods outlined in this handbook will
provide useful guidance about how to apply them in the field and
facilitate collaborations among researchers.

For each trait described in this handbook, we provide a brief
trait description, an outline of the relevant environmental
filters, detailed sampling methodologies and, where possible
or necessary, we have included extra notes, special cases, and
warnings or common pitfalls in sampling. In contrast to
previous handbooks (Cornelissen et al. 2003; Pérez-
Harguindeguy et al. 2013), we treat grasses, forbs and
woody plants separately, as each functional type faces a
distinct set of constraints and plays a different role in
ecosystem functioning. Although not quantified for all the
listed traits, we have provided an indication of whether traits
have low or high levels of intraspecific variability. For the
traits for which we have information on the levels of
intraspecific variability, we attempted to provide
recommendations with respect to sampling replication.
However, sampling replication ultimately depends on the
question being asked, the study design and the
available resources. We have ordered the trait descriptions
to begin with traits that are relevant to seedlings and adults of
all plant functional types, followed by traits relevant to
one functional type only, namely, grasses, forbs and woody
plants.

476 Australian Journal of Botany B. J. Wigley et al.



Box 1. Life forms, environmental filters and the difficulty level for quantification of each of the traits described in this protocol

The corresponding authors (and email addresses) for each trait description are as follows: {GH}, Gareth Hempson (gareth.hempson@wits.ac.za);
{SA}, Sally Archibald (sally.archibald@wits.ac.za); {CS}, Cedrique Solofondranohatra (lovacedrique@gmail.com); {JD}, Jason Donaldson
(jubatusdnl@gmail.com); {DS}, Dylan Schwilk (Dylan.Schwilk@ttu.edu); {XG}, Xiulin Gao (xiulin.gao@ttu.edu); {FS}, Frances Siebert
(Frances.Siebert@nwu.ac.za); {AF}, Alessandra Fidelis (alessandra.fidelis@unesp.br); {KB}, Katherine Bunney (katherine.bunney@gmail.com);
{NS}, Nicola Stevens (nicolastvns@gmail.com); {JG}, Jacques Gignoux (jacques.gignoux@upmc.fr); {TCD}, Tristan Charles-Dominique (tristan.
charles-dominique@sorbonne-universite.fr); {JM}, JeremyMidgley (Jeremy.Midgley@uct.ac.za); {LK}, Laurence Kruger (laurence.kruger@gmail.
com); {BW}, Benjamin Wigley (benwigley@gmail.com); {CC}, Corli Coetsee (Corli.Coetsee@sanparks.org); {TM}, Tara Massad (tmassad77@
gmail.com); {YZ}, Yong Zhou (yong.zhou@aggienetwork.com); {ACS}, Ann Carla Staver (carla.staver@yale.edu}.
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Seed and seedling traits relevant to forbs, grasses and
woody plants

How to define a seedling?

There are many possible ways to define a seedling, which vary
according to definitions based on physiology, life history, plant
architecture, time or functional type. For the purposes of this
handbook, a woody seedling is defined as ‘the plantlet
resulting from germination that is produced during its first
growing season’. This will differ for forbs and grasses,
which are often able to grow into adults within a
few weeks or months. According to the above definition, a
woody seedling cannot be more than 1 year old. An
undisturbed woody seedling becomes a sapling, juvenile or
subadult in its second year.

Dispersal mode (DM)

Trait description

Here, we adapt the definition of dispersal mode from Pérez-
Harguindeguy et al. (2013) for savanna ecosystems. Dispersal

mode (DM) is a categorical trait. The assignment of a
propagule to a particular dispersal mode is based on either
the morphological features of the fruit or seed (Table 1, Fig. 2)
or observation of the seed-dispersal vector. The DM of a
propagule determines the distance it can travel from the
parent plant. Dispersal mode can be used as a proxy for the
likelihood of escaping from both ‘density-dependent’ predation
(e.g. host-specific herbivores and pathogens: Janzen 1970;
Connell 1978) and from physical damage (e.g. fire or
desiccation) on the soil surface. Dispersal mode applies to
woody plants, forbs and grasses in their reproductive stages.

Relevant environmental filters

In areas with high densities of megaherbivores (large
vertebrates with a body mass typically exceeding 1000 kg;
Owen-Smith 1988), one might predict the presence of large
specialised fruit (megafaunal fruit). Large seed size confers
faster initial seedling growth, i.e. better performance in a
competitive context where a large seedling size prevents
overtopping by others, but generally comes at the cost of

Table1. Assignment of dispersal mechanisms based on morphological features of the fruit or seed (adapted from Pérez-Harguindeguy et al. 2013
and Cornelissen et al. 2003 and modified using Willson et al. 1989, 1990; van der Pijl 1982; Quinn et al. 1994; Guimarães et al. 2008; Coates-

Palgrave 2015)

Dispersal mechanism Morphological parameters and examples

Wind Fruit or seed has wings, plumes or hairs that will slow the rate of fall. For example, the fruit of Pterocarpus angolensis
has a distinctive circular pod that possesses both bristles and a broad membranous wing. Other examples include fruit
of the Combretaceae.

Bird Fleshy fruit >2 cm in diameter. Alternatively, it is indicated by the presence of a brightly coloured aril, e.g. pod-mahogany,
Afzelia quanzensis, has a large thicklywoodypod that contains up to six seeds that each have a scarlet aril. These seeds are
the favoured food of many hornbill species.

Mammal (small and medium) Fleshy fruit or Indehiscent dry fruit >2 cm in diameter
Megafaunal Fleshy fruit>4 cmand<10 cm in diameterwith up tofive seeds or dry orfleshy fruit<10 cmwith numerous seeds. Examples

include the palm fruit of Borassus aethiopum, Hyphaene coriacea and Hyphaene petersiana that are large with one to
three seeds embedded in an edible fibrous pulp, the fruit of marula (Sclerocarya birrea) and green-thorn (Balanites
aegyptiaca), which have a large, hard kernel surrounded by thin fleshy pulp, and the indehiscent dry fruit of Tamarindus
indica where the seeds are embedded in a sticky, edible pulp (Bunney et al. 2017).

Ant Indicatedby the presenceof an elaiosome (adull, usuallywhite coloured,fleshyappendageon seeds).Themyrmecochorous
savanna shrub Manihot esculenta subsp. flabellifolia has seeds with elaiosomes, which are buried by ants.

Ballistic Seed is propelled explosively by a fruit (usually a pod) that opens abruptly or by a lever-like device.Discerned also if the pod
is said to open with a large crack or if the pods curl into a corkscrew shape. Examples include Schotia afra, Julbernardia
paniculata, Brachystegia spiciformis and Bauhinia galpinii, which have pods that open explosively, catapulting seeds
away from the parent plant.

Attachment (ectozoochory) Fruit or seed has hooks, burrs, barbs, sticky hairs or other devices that allow it to adhere to the fur or feathers of a vertebrate.
For example, Pittosporum viridiflorum has seeds that are coated with a sticky, slow-drying resin. These sticky seeds are
purported to attach themselves to the feet or beaks of birds. Other examples includemany of the Tapinanthus (mistletoe)
species, grass species such as Tragus berteronianus that have spikelets covered in barbed hairs and forb species such as
Cyathula, Achyranthes and Pupalia (within the achyranthoid clade of Amaranthaceae) that possess adhesive burrs.

Water Buoyant pericarp, such as the fruit of the powder-puff tree,Barringtonia racemosa, has afibrous coat that gives it buoyancy
and allows the fruit to be carried great distances in the sea.

Foliage-as-fruit Characterised by plants that have minute seeds that ripen when leaves have a high palatability; where there is close contact
between seeds and edible foliage andwhen the seeds are tough and digestion-resistant. For example, theNorthAmerican
prairie grass, Bouteloua dactyloides (buffalo grass) is a good example, having seeds positioned within the foliage such
that they cannot avoid consumption by large herbivores, and packaging the seeds in a hard globular diaspore that protects
their viability in their passage through the animal.

No special The dispersal agent is unknown and there are no evident morphological features that place it in any of the above categories.
Those fruit or seeds that are said to be gravity-dispersed in the literature fall into this category.
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reduced dispersal ability (Ezoe 1998). Large vertebrates
circumvent the dispersal–survivability trade-off in seed size
because they can transport seeds over long distances (Dudley
2000; Guimarães et al. 2008; Bunney et al. 2017). Large fruits
(megafaunal fruits) have evolved alongside large vertebrates to
take advantage of these remarkable seed vectors. In addition,
trees that retain indehiscent pods for consumption by large
vertebrates escape insect damage (e.g. Acacia seeds and
bruchid beetle damage) and, subsequently, have significantly
higher rates of germination (Or and Ward 2003). The historical

distribution of megaherbivores does not guarantee the
occurrence of megafaunal fruit (Bunney et al. 2019).
Megafaunal fruit are a tropical phenomenon, namely, they
have largely evolved in the Paleotropics. Abiotic factors, such
as precipitation and temperature, that underpinned their
evolution now limit their distribution.

In areas with high rates of herbivory, the foliage-as-fruit
dispersal mechanism is also likely to be selected for. In this
scenario, the foliage of small-seeded plants may function
ecologically as fruit (Janzen 1984), attracting large

(a) Wind

(d) Megafaunal

(e) Ants

(f) Ballistic

(h) Water

(i) Foliage as fruit

(g) Attachment

(b) Bird (c) Mammals

Fig. 2. Examples of (a)wind, (b) bird, (c)mammal, (d)megafaunal, (e) ant, (b) ballistic, (g) attachment, (h)water and (i) foliage as fruit dispersalmechanisms.
(sr), sticky resin.
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herbivores in much the same way as berries and arils attract
and reward birds. Large ungulates ingest minute seeds and
fruiting stalks that are veiled in leaf tissue. These seeds would
likely be tough, digestion-resistant seeds, so as to increase
survival past the massive grinding molars and through the
lengthy gut (Dinerstein 1989). These seeds would frequently
be defecated in nutrient-rich hotspots (dung piles) and in
favourable germination sites, such as the edges of game
trails, within bush clumps, wallow edges and along
riverbanks. In addition, African savannas with their high
diversity and biomass of ungulates are likely to have
selected for higher than expected rates of attachment
(epizoochory). This is particularly true of the African
achyranthoids (Amaranthaceae), where attachment
(epizoochory) is the primary dispersal mode in 80% of the
species. African achyranthoids largely occur in
Acacia–Commiphora savannas, dry evergreen afromontane
forests and grasslands and are, thus, suitable for long-
distance dispersal via attachment. The diaspores of Pupalia
have been described as possessing ‘the most persistently
adhesive burrs known’ (Ridley 1930).

Vertebrate dispersal increases the probability that a
dispersed seed will find itself near fire-protecting trees
(sufficiently large to have competitively displaced grass
and, thus, reduced the fuel load) because tree clumps are
foci for animal activity (Dean et al. 1999). We predict that
in savannas with a high fire frequency, woody plants that
present their propagules above the height of the fire trap
(flame zone) improve their chances of survival. Presenting
propagules at a height where wind, large vertebrates and
birds are the only possible agents of dispersal, is likely to
confer an advantage to savanna tree species. Wind dispersal
may be enhanced in the immediate post-fire period because
fire clears the canopy and ground of many obstacles to the
passage of wind and seeds. For example, Bond (1988)
showed that the fruits of some Protea and Leucadendron
species may be tumbled over 50 m by wind in post-fire
environments.

Method

The propagules of the plant species under investigation are
assigned to one of the dispersal modes in Table 1 on the basis
of either the morphological features of the fruit or seed or of
observations of the seed-dispersal vector.

Special cases

Assigning a single dispersal mode to a species, on the basis
of the morphological features of the fruit or seeds, implies an
exclusive plant–disperser interaction. However, it is common
for a plant to be dispersed by several dispersal agents (Herrera
1985; Blüthgen et al. 2007). The dispersal mode should
suggest the agent for which the plant has been primarily
adapted. That is, the agent that is likely to provide the most
effective dispersal service. Observational studies of seed
dispersal are necessary to appreciate the suite of agents that
each plant species engages.

Seed-burying mode (SBM)

Current knowledge does not yet allow for a full understanding
of the relationship between burial depth and seed morphology.
For this reason, this trait is a first attempt to list known burial
mechanisms. The burying modalities listed here are most likely
not exhaustive, andwe encourage readers to complement this trait
with all contextual and specific modalities promoting seed burial
found in the area or in the group of species under study.

Trait description

The probability of successful germination depends on the
depth at which a seed is buried in the soil. Seeds tend to have
lower rates of successful germination or to die when they are
too close to the surface or if they are buried too deep (Collins
and Wein 1997; Garnier and Dajoz 2001; Benvenuti 2016).
Seed dispersal usually results in the seed lying on the ground
surface. The seed may then get buried below the soil surface.
The following three main strategies are used by plants to
bury their seeds: (1) attract animals that will place the
seed underground (e.g. ants or squirrels), (2) develop
morphological structures that move according to humidity,
such as coil or bend as they dry (Abraham and Elbaum 2013),
thereby pushing the seed into the soil, (3) develop a particular
germination sequence that will push the embryo deep into the
soil, while the seed stays on the ground surface (e.g. many
Arecaceae: Tomlinson and Jeffrey 1990).

The attraction of burying insects (mainly ants) usually
relies on the presence of an aril or elaiosome (cf. dispersal
mode). The attraction of squirrels, or more generally, seed-
caching rodents, is a matter of seed size and chance (success
depends on the death or poor memory of the seed owner). The
burial depth in these strategies will depend on the behaviour of
the particular animal species, so that the most important
feature to record is the animal species.

Self-burial depth depends on many factors, including seed
size (Bond et al. 1999, Benvenuti 2007), soil texture
(Benvenuti 2007; Molano-Flores 2012), presence of cracks
in the soil (Stamp 1984), and morphological features enabling
self-burial. There is considerable variation in these features.
For example, seed awns, which have been proved to be
efficient burial mechanisms (Murbach 1900; Stamp 1984;
Garnier and Dajoz 2001; Elbaum et al. 2007) have been
found to be highly variable. Cavanagh et al. (2019)
analysed 1000 native Australian grass species and identified
20 different morphological types of awn. Biomechanical
studies show that seed self-burial using hygroscopic
movements is often associated with (1) oblique bristles,
hairs or hooklets located on the seed or the base of the
awn, that act as ratchets that prevent the seed from exiting
the soil once it has started to enter it (Elbaum et al. 2007; Kuli�c
et al. 2009; Grohmann et al. 2019), (2) a tapered or twisted
seed tip (Stamp 1984) similar to a screw tip, and (3) a long awn
with one or more bends that will act as a lever to move the seed
on the soil surface until it reaches an obstacle (crack, pebble,
other plant), then orientate the seed vertically and push it into
the soil by its rotating movements induced by its shape and
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variations of humidity (Stamp 1984; Garnier and Dajoz 2001;
Evangelista et al. 2011; Molano-Flores 2012).

Arecaceae (palm trees) have developed specific
germination modes where their typically large seeds lay on
the ground but send the apical meristem below ground where
growth and survival conditions are better for the seedling
(Tomlinson and Jeffrey 1990).

Relevant environmental filters

In undisturbed environments, there is an optimal burial
depth for germination, depending on soil texture and seed size
(Molano-Flores 2012). Poor germination close to the surface
may result from the quick alternance of dry and wet
conditions; deeper layers are more predictably humid. Poor
germination deep in the soil may result from the heterotrophic
phase of germination not permitting the first leaves to reach the
surface, where autotrophic growth can start. Accordingly,
small seeds cannot germinate as deep as can large seeds
(Benvenuti 2016). Note that this pattern can also be
explained by predation and pathogens; animal predators will
find the seeds very easily when on or close to the soil surface,
whereas fungi in the deeper, wetter soil layers are more likely
to attack germinating seedlings.

In fire-prone environments such as humid savannas, fire
adds a further constraint on seed germination. The deeper a
seed is buried, the better its chances of surviving fire (up to
a threshold, which we suggest to be 5 cm), as temperature
quickly decreases with depth, with no measurable increase in
temperature below 5 cm during most savanna fires (Abbadie
et al. 2006). Under natural conditions, all these constraints
interact (e.g. Garnier and Dajoz 2001), resulting in the
existence of an optimal depth for germination that depends
on seed size (Bond et al. 1999). Larger seeds typically need
more rain to bury (Benvenuti 2007). Small seeds can self-bury
deeper than can large seeds (Benvenuti 2007).

Method

Seed-burying mode of the plant species under investigation
is assigned to one of the modes listed in Table 2. The grouping
of the 20 awn types of Cavanagh et al. (2019) into five classes

is based on the expected different mechanical behaviour of
single straight, bent or curved awns v. multiple awns (Elbaum
et al. 2007), which suggests that the number of functional
classes is smaller than the number of morphological classes.
Classes and subclasses are exclusive, so that a given species
should be attributed to exactly one of the nine possible SBM
values.

Related measures and traits are as follows:

(1) For Class A, it may be useful to record as a companion
variable the animal disperser species (SBM-A:ADS).

(2) For Class S, presence of ratchet-like structures (SBM-S:
RS) and a tapered seed tip (SBM-S:TT) should be
recorded, along with awn anatomy, because
experimental studies have suggested that an awn would
be useless without a ratchet (little is known about the role
of seed tip, but it might be as important).

(3) Because burying is dependent on seed mass (SM), it
should also be recorded as a related trait (cf.
measurement of seed mass in Cornelissen et al. 2003).

(4) Because the strength of seed movements, and, as a
consequence, the burial depth, depend on awn length
(Garnier and Dajoz 2001; Kuli�c et al. 2009) on one
hand, and on seed size on the other hand (Benvenuti
2007), it may be useful to measure the ratio of average
awn length to average seed mass (SBM-S:ALM) as a
measure of the effort of a species to develop self-
burying (a large ALM means a higher investment in
awn length relative to overall seed size).

(5) After a germination event in the field (e.g. a heavy-rainfall
event at the onset of the rainy season), a careful
measurement of the depth at which the seed of an
emerging seedling (SBD) is found could be used as a
direct measure of this trait. Auld and Denham (2005) used
the length of the hypocotyl, measured from its colour
change when reaching the soil surface to the attachment of
the first radicle, noticeable by a sharp decrease in diameter,
to measure burial depth. In the case of hypogeal
germination, the decrease in diameter corresponds with
the attachment of the (buried) cotyledons, an even clearer
indication of where the seed lay before germination.

Table 2. A simple typology of seed-burial modes (SBM) based on available literature

Class and subclass (SBM) Assessment

A. Animal-buried seeds Observation
Afi. burial by foraging insects Presence of elaiosomes or direct observation of insect harvesting and

burying seeds
Ar. burial by rodents Direct observation, literature

S. Self-burying seeds Observation
Sos. one straight awn Types 1, 5 of Cavanagh et al. (2019)
Sog. one geniculate awn Types 3, 4, 7, 8 of Cavanagh et al. (2019)
Sof. one falcate awn Types 2, 6 of Cavanagh et al. (2019)
Smi. multiple identical awns Types 9–13, 16, 19, 20 of Cavanagh et al. (2019)
Smd. multiple awns of �2 different types Types 14, 15, 17, 18 of Cavanagh et al. (2019)

G. Germination sequence burying the apical meristem Direct observation or literature record of a ‘remote germination’ type
as in fig. 3.1. in Tomlinson and Jeffrey (1990)

0. No apparent mechanism for burying the seed or
seedling meristem

None of the above is visible
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Seed dormancy (SD)

Trait description

Seed dormancy (SD) is a mechanism to prevent
germination during unsuitable ecological conditions (Baskin
and Baskin 1998; Poschlod et al. 2013). The presence of
dormancy and the cues to break it are an important first
step in the successful establishment of a plant (Donohue
et al. 2010). Within a savanna context, the specific cues
required to break SD can act as filters of regional species
pools into local plant communities (Jiménez-Alfaro et al.
2016), and identifying the mechanisms required to break
dormancy indicate when species filtering may occur through
the absence of suitable germination cues.

Relevant environmental filters

Seeds germinating in arid savannas typically face the
problem of small and infrequent rainfall events that create a
recruitment bottleneck through limiting successful seedling
establishment in the first month following germination
(Higgins et al. 2000; Botha et al. 2007; Stevens et al.
2014). We predict that in arid savanna environments, plants
will adopt an arid germination strategy, with a plant
community characterised by no coat-imposed dormancy and
rapid seed germination when exposed to sufficient water.
Seeds are likely to have high germination rates, and an
increased tolerance to moderate water stress (Choinski and
Tuohy 1991; Baskin and Baskin 1998; Stevens et al. 2014).
When the initial germination event is not followed by suitable
environmental conditions, such as rainfall (Jurado and
Westoby 1992), germination failure can result and cause a
rapid depletion of the seed bank, thus creating a potential
additional limitation to seedling establishment.

As rainfall increases across the savanna moisture gradient,
we propose that there is a trade-off between high germinability
and dormancy (Stevens et al. 2014). In semi-arid regions with
a higher mean annual rainfall characterised by frequent small
rainfall events, more unsuccessful germination events can
increase the likelihood of seed-bank depletion if seed coat-
imposed dormancy is not present (Botha et al. 2007; Stevens
et al. 2014). We propose that there will be an increase in the
frequency of coat-imposed dormancy as rainfall becomes more
predictable. This pattern has been recorded in grasses
(Anderson et al. 2012) but has not been recorded at the
global scale in woody species and remains to be tested for
savanna woody species (Jurado and Flores 2005). As
herbivores are dominant at the lower end of the savanna
rainfall gradient, we predict that dormancy-breaking
mechanisms associated with herbivores (e.g. seed scarification
and acid-breaking dormancy processes) will be most
common. How successful these (mega)-herbivore-adapted
species are in the absence of megaherbivores remains to be
conclusively tested for savannas.

Method

The most common way to record dormancy is to measure it
through the absence of germination (Finch-Savage and
Leubner-Metzger 2006). Whereas a full range of dormancy-

breaking protocols utilised by the Millenium seedbank are
listed and described in Liu et al. (2020), for open ecosystems,
we propose that treatments associated with drivers of these
ecosystems will show how strongly these species can be
filtered from the community. Germination trails can be
conducted using 25–50 seeds replicated five times, using
seeds that were produced within the same growing season
(less than 6 months old). Seeds should be sown onto 1%
aqueous agar in plastic Petri dishes and incubated at a warm
temperature of ~25�C (savanna seed thermal niches commonly
vary between 20 and 35�C) and exposed to a 12 h light–12 h
dark photoperiod (Choinski and Tuohy 1991; Baskin and
Baskin 1998; Stevens et al. 2014; Liu et al. 2020). To test
whether dormancy is present, compare the germination rates of
untreated to treated seeds germinating in agar. We suggest
applying dormancy-breaking treatments that replicate
ecosystem processes that represent potential ecosystem
filters. Herbivory as a dormancy-breaking mechanism can
be represented using either mechanical or acid scarification,
or both. Mechanical scarification involves the physical
abrasion of the seed coat by using clippers or sandpaper
and acidic scarification involves exposing seeds to 93%
sulphuric acid for 1–5 min (Baskin and Baskin 1998). In
mesic savannas where fire is the dominant process, heat
treatment is effective for breaking the dormancy of seeds
(Baskin and Baskin 1998; Light et al. 2004). Although
smoke may stimulate germination, post-dormancy breaking
it is not widely used as a dormancy-breaking mechanism for
savanna species (Dayamba et al. 2010; Fichino et al. 2016).
Thermal scarification is undertaken by either applying a dry-
heat treatment when seeds are placed in an oven at 80–100�C
for 2–4 min, or a wet-heat treatment when seeds are immersed
and soaked in boiled water (85–100�C), which is left to cool
with seeds remaining immersed in the water for 12 h. The
treated seeds are then placed on agar (as described above) and
left to germinate, while monitoring the germination process for
30 days.

Radicle extension rate (RER)

Trait description

Radicle extension rate (RER) quantifies the extension rate
of a radicle in the first month following germination. Seedling
survival depends on water availability in the upper layers of
the soil and the capacity of the seedling to extend its radicle
into the moister layers below the evaporation zone (Knoop and
Walker 1985; Scholes and Walker 2004; February and Higgins
2010). Measuring the seedling RER in water-limited systems
allows us to estimate how long a seedling will take to extend its
radicle out of the evaporation zone of the soil into deeper
layers and is a critical bottleneck in seedling establishment
(Stevens et al. 2014).

Relevant environmental filters

Rapid RER is an important drought-survival mechanism to
ensure establishment by allowing the radicle to reach the
moister soil layers out of the wetting or drying surfaces of
the soil evaporation zone (Choinski and Tuohy 1991; Johnson
et al. 1996). We predict that seedlings with a rapid RER will
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have higher survival in arid and semi-arid savannas. This
strategy allows plants to escape the impacts of extended dry
periods or droughts during the growing season or to reach
moister soil layers below the wetting or drying surface layers.

Method

This method is best performed in the laboratory under
standard-temperature (20–35�C) and soil-moisture-stress
(0–2 MPa) ranges, because both of these influence radicle-
extension rates. Radicle extension can be tracked directly, and
newly germinated seeds can be grown in agar on Petri dishes or
in growth boxes (Stevens et al. 2014). Osmotic stress can be
imposed using polyethylene glycol 6000 (using PEG), where
PEG solution is added to water in the growth medium (Michel
and Kaufmann 1973; Michel 1983). Radicle length should be
measured every third day for the first 30 days after
germination. Alternatively, for larger species, 200 newly
germinated seeds can be planted in a 1 : 1 vermiculite : sand
mix, after which 10 seedlings are harvested every 3 days for
the duration of 1 month. On harvesting, radicle length should
be recorded for each seedling.

Seedling root : shoot ratio (SRS)

Trait description

For simplicity, we denote ‘roots’ here as any belowground
storage structure, and ‘shoots’ as all of the aboveground parts
of the seedling. The trait considered here is the seedling
root : shoot ratio, computed as the ratio of aboveground dry
plant biomass to belowground dry plant biomass at the end of
the first growing season (SRS). SRS measures how much a
plant invests in belowground reserves at the seedling stage
before its first dry season, when fire may occur. For a young
seedling, the first dry season and the first fire it encounters are
potentially deadly obstacles to its survival following the first
wet season. At the onset of the dry season, in the absence of
fire, a deciduous species seedling will lose its leaves, which
must be set from reserves that may be stored aboveground or
belowground. An evergreen species has no such constraint. In
the presence of fire, all seedlings (deciduous or evergreen) will
lose their leaves and their stems through top-kill, so that
only belowground reserves may be used for regrowth at the
onset of the next growing season. We, therefore, expect the
root : shoot ratio to be critically important to all species in
the presence of fire, important for deciduous species in the
absence of fire, and unimportant for evergreen species in the
absence of fire.

Gignoux et al. (2009) found that surviving the first fire was
a sine qua non condition for a species to be present in a fire-
prone environment. In their study, forest species were
excluded from the savanna environment at the seedling
stage because their investments in roots were insufficient
(Gignoux et al. 2016). Seedlings of fire-resistant species
tend to invest a large proportion of their early growth in
roots, resulting in higher survival. The root : shoot ratio
quantifies this investment. The importance of this trait has
been demonstrated for savanna tree seedlings, but all plants
growing in ecosystems that are subject to frequent fires face
the same problem, namely, they must grow a fire-resistant

structure quickly enough to resist their first fire. We, thus,
expect this trait to be applicable to many other species and
ecosystems.

Relevant environmental filters

We expect SRS to be directly correlated with the likelihood
of surviving the first fire when fire frequency is very high. Fire
is not the only possible reason why plants may seek a refuge
below the soil surface. Other environmental and disturbance
factors, such as frost, drought, herbivory, or any other feature
relating to a ‘stressful period’, may also select for high and
quick allocation to roots after germination (e.g. biennial plants
with belowground storage organs). However, fire is the most
severe control, because it is highly unlikely for the aerial parts
of any plant species to survive a fire after just one growing
season; i.e. for a plant to survive a fire when small, it must rely
on belowground storage. Fire should, therefore, be the most
effective selective pressure for a quick and high investment
into roots.

Method

Measuring the growth of seedlings parts is challenging,
because it is subject to a lot of individual and environmental
variation. There is a trade-off here. If seedlings growing under
natural conditions are sampled, they will most probably be
subject to strong competition with grass (e.g. the removal of
grass resulted in a 10-fold increase in tree seedling growth
rates; J. Gignoux, unpubl. data; see also Cramer et al. 2012),
and individual variation in their local environment will be
high. If seedlings are grown in a greenhouse or laboratory,
better control of individual variation can be achieved, but it
will be difficult to reproduce the competitive conditions
present in the field. If these traits are required to be
reproducible and comparable among species, standardised
greenhouse conditions should be used; however, the values
obtained will probably be misleading as absolute values. If
trait values that reflect growth and allocation in the natural
environment of the species are required, seedlings should be
sampled in the field, with the risk of low precision in trait
values. This choice will have to be clearly stated in any work
using this trait. Semi-natural experiments, where seedlings are
grown in the greenhouse and then transplanted into a natural
environment at the beginning of the rainy season, may
constitute a reasonable compromise. Sampling should take
place as late as possible in the wet season, but before the
seedling has shed its leaves, so as to avoid underestimation of
the aboveground mass. Seedlings must be carefully dug out
from the soil, so as to lose as few roots as possible. After
washing the soil, the aboveground and belowground parts
should be separated, oven-dried to a constant weight
(usually 48 h at 60�C is sufficient) and weighed. It is good
practice to precisely record the method used to wash out the
roots from the soil (e.g. mesh size or time spent sorting roots)
because final root masses are significantly affected by the
method (Gignoux et al. 2006). Root : shoot ratios are then
measured as the ratio of belowground biomass to aboveground
biomass. Because sampling is destructive, the average
root : shoot ratios of several seedlings must be used, or,
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better, the slope of the principal component regression of
seedling root mass over seedling shoot mass (assuming the
intercept is not different from zero, the slope is equal to the
root : shoot ratio).

Shade tolerance (STol)

Trait description

This trait has been adapted from Gignoux et al. (2016).
Shade tolerance (STol) can be measured using a gas-exchange
meter on plants in the field. It is not possible for a plant to
survive in dense shade and to grow fast. This is a limitation of
photosynthesis (Taiz and Zeiger 2006), visible on
assimilation-response curves to light irradiance (Fig. 3). The
compensation point cp determines when the plant will die
because of a negative carbon budget (assimilation =
photosynthesis – respiration < 0). To survive under dense
shade requires a very low compensation point; however, this is
possible only at the cost of a lower maximal assimilation rate
(Fig. 3). A species adapted to low light (typically, less than 1%
of full light irradiance, e.g. as low as 10–15 mmol photons
m–2 s–1, as found in rainforests) will, in a typical savanna
environment (irradiance I = 500 in tree clumps to 1200 mmol
photons m–2 s–1 in the open, from Simioni et al. 2004), not
show any response to variation in light irradiance, whereas a
species adapted to full light will respond to a change from 500
to 1200 mmol photons m–2 s–1.

Leaf assimilation at various light levels, for example, 500
and 1200 mmol photons m–2 s–1, as shown here, is easy to
measure with a gas-exchange meter device, and much faster
than constructing an entire assimilation curve to work out the
compensation point. The A500 and A1200 values can then be
combined in a shade-tolerance trait; for example, the ratio:
STol = A500 :A1200 constitutes an easy trait relating to the
ability of the plant to survive in dense shade or to grow fast
under high light. A species with STol close to 1 is shade-
tolerant (no response to high light levels), whereas a species
with STol close to 0.5 is light-demanding. Measurements
obtained in rainforests (Zotz and Winter 1994; Tinoco-
Ojanguren and Pearcy 1995; Nogueira et al. 2004) and

savannas (Ronquim et al. 2003; Gignoux et al. 2016) have
confirmed this trend.

Relevant environmental filters

Shade tolerance as proposed here measures whether a plant
can survive in dense shade and trades-off with its ability for
fast growth in open environments. It separates forest tree
species adapted to dense shade from pioneer forest species
very well, but also the latter from savanna tree species
(Gignoux et al. 2016). The low irradiance level used here,
500 mmol photons m–2 s–1, is typically found under tree clumps
in savannas, i.e. ‘shady’ conditions (Mordelet and Roux 1993),
and also in large treefall gaps in rainforests, i.e. ‘high-light’
conditions (Tinoco-Ojanguren and Pearcy 1995).

Method

Leaf assimilation at I = 500 and 1200 mmol photons m–2 s–1

should be measured with a leaf gas-exchange device such as
the LICOR-6400 (LI-COR, Inc., Lincoln, NE, USA) or
equivalent. These devices enable the measurement of leaf
gas-exchange parameters from leaves directly in the field,
while precisely controlling the leaf irradiance and gas
composition in the measurement chamber. The
measurements should be taken on unstressed plants (during
the wet season), on fully developed leaves that grow in full
light, and should be repeated on a few individuals (5–10).
Standardisation is important for future comparisons of a
species; so, whereas irradiance levels other than those
proposed here can be used, A500 and A1200 should always
be measured. Carbon dioxide (CO2) concentrations in the
chamber should be the same as those in the ambient air.

Special cases

Leaves and their photosynthetic capacities are known to
have high levels of plasticity. A major source of variation in
leaf-photosynthesis response curves is the light environment in
which the leaves grew. The variation in maximal assimilation
and compensation point can be as large between a sun and a
shade leaf of a single individual plant as between species (e.g.
Kubiske and Pregitzer 1996; Walters and Reich 2000; Lusk
and Del Pozo 2002). Because the light compensation point
depends on respiration, it also varies significantly with
temperature (Kollmann and Reiner 1996). For these reasons,
one should be careful to (1) use this trait only for comparisons
within the same study site, not for regional or global
comparisons, unless controlling for temperature and light
environment, (2) always work on leaves grown in similar
environments, for example, in controlled experiments, and
(3) carefully check that the light levels proposed here are
suited to the local environment, and if not, adapt them.

Seedling leaf : shoot ratio (SLS)

Trait description

The seedling leaf to shoot biomass ratio (SLS) is a measure
of a plant’s investment into quick production v. occupation of
the vertical space. The extreme disturbance regime of fire- and
herbivore-driven savanna ecosystems forces plants, especially
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Fig. 3. Typical photosynthetic assimilation response to photon-flux
density for a shade-tolerant species (grey) and a light-demanding
species (black). Amax, maximal assimilation rate; cp, compensation point.
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small ones, to react quickly to biomass losses. This requires
specific adaptations, including very efficient production.
Efficient production can be reached through physiological
adaptations (e.g. C4 photosynthesis) or through an
appropriate allocation strategy, partly measured by this trait.
It has been found that savanna tree seedlings invest much more
into leaves than do forest tree seedlings, which favour stems
(Gignoux et al. 2016).

Relevant environmental filters

In fire-prone savannas, tree seedlings must quickly build up
belowground reserves to survive their first fire (Gignoux et al.
2009). Under such constraints, high SLS values are expected,
because quick production is more important than exploring the
aboveground space (light is easier to access in a savanna than
in a forest environment). Hence, savanna tree seedlings, which
must quickly build a root system with stored reserves, are
expected to have higher investments in leaves than are forest
species, which do not have to deal with fire (Gignoux et al.
2016). In herbivore-driven savannas, seedlings may suffer
heavy defoliation. When a seedling loses aboveground
biomass to herbivory, it needs to be able to recover this
quickly to keep growing and resist further herbivory, but it
also needs to start building a ‘cage’ or structural defences to
resist herbivores. Species growing in areas with a high
herbivore pressure are expected to have intermediate to low
SLS because they need to produce a lot of stems. In forest,
shade is usually the dominant constraint. Species growing in
such environments are expected to invest in an erect stem (low
SLS), because shading out their neighbours is the only way to
win the competition for light.

Method

It is preferable to sample seedlings growing under natural
conditions, we also recommend that the same individuals are
used for measurements of all allocation traits. Sampling should
take place only once the growing season has started, when
leaves are fully developed. Seedling leaf : shoot ratio is
measured by clipping the aboveground parts then separating
all leaf and stem material. If a seedling starts developing
belowground stems as storage organs at an early stage,
these should not be sampled; only the aerial stems are
important because they are likely to be lost in the first fire.
Leaves and stems are oven-dried to a constant weight (usually
48 h at 60�C is sufficient) then weighed. Seedling leaf : shoot

ratio is then computed as the ratio of leaf biomass to stem
biomass. For species with long, unwinged petioles (>5% leaf
weight), it makes more sense to group the petioles with the
stems because they constitute a structural rather than
assimilation organ.

Traits relevant to forbs, grasses and woody plants

Non-structural carbon (NSC)

Trait description

Non-structural carbohydrates (NSCs) play a central role in
plant metabolism (Sala et al. 2012). As the primary products of
photosynthesis, NSCs carry both energy and carbon for plant
biosynthesis, and are involved in almost all critical plant
physiological processes (Landhäusser et al. 2018). Hoch
et al. (2003), suggested that non-structural carbohydrates
are quantitatively the most important carbon compounds for
storage, and recent work on the importance of NSCs in plant
responses to environmental change (e.g. climate change and
drought) has created renewed interest in their storage role.
Total NSCs are a good proxy for quantifying the reserves that
can be remobilised to fuel growth during the next growing
season or after an injury. The non-structural carbon pool (see
Fig. 4) comprises several compound classes (Chapin et al.
1990); these include low-molecular-weight sugars (e.g.
glucose, fructose and sucrose), starch, oligosaccharides of
the raffinose series, and fructans (Fischer and Höll 1991,
1992; Eissenstat and Duncan 1992; Hoch et al. 2003).
Although other organic compounds (e.g. other sugars,
alcohols and lipids) are important storage compounds in
some species (Hoch and Körner 2003; Hoch et al. 2003;
Martínez-Vilalta et al. 2016), we refer specifically to NSCs
as the sum of starch, fructans (when present), and soluble
sugars, because these are the most routinely measured ones.

Relevant environmental filters

Non-structural carbohydrates are associated with
resprouting, allowing plants to survive when the
aboveground part of the plant is repeatedly ‘top-killed’ by
aboveground disturbances such as fire (Wigley et al. 2009b;
Dietze et al. 2014). As a result, belowground NSC storage is
predicted to increase in systems with high levels of
aboveground disturbances (Schutz et al. 2009, 2011; Wigley
et al. 2009b; Martínez-Vilalta et al. 2016). Palacio et al. (2008)
and several references therein have reported a decrease in

Carbon
in plants

Structural carbon; e.g. cellulose, lignin

Neutral lipids

Non structural compounds
Non structural carbonhydrates

Starch

Glucose
Fructose
Sucrose

Oligosaccharides
of the raffinose series, etc.

Non structural
carbon (NSC)

Soluble sugars

Fig. 4. Classification of non-structural carbon by using Martínez-Vilalta et al. (2016) and Hoch et al. (2003) as sources.
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starch pools after browsing or defoliation in deciduous and
evergreen species. Martínez -Vilalta et al. (2016) suggested
that high NSC concentrations in tropical species may indicate
an adaptation to high levels of disturbance from herbivory or
shade. Myers and Kitajima (2007) concluded that carbohydrate
storage (stems and roots) in neotropical seedlings enhances
long-term survival in shade. Tropical tree species with higher
foliar and whole-plant NSC concentrations display higher
survival levels during drought (O’Brien et al. 2014) and
previous work has shown a carbon-metabolism role in
drought-induced mortality (Adams et al. 2013; Wiley et al.
2016). For instance, Bréda et al. (2006) showed that low starch
concentrations of stem tissues in European trees correlate with
large twig and branch declines during drought.

Method

See reviews by Quentin et al. (2015) and Landhäusser et al.
(2018) for comprehensive comparisons and discussions of the
main problems involved with the different methods commonly
used to estimate NSC concentrations. A standard protocol is
proposed in the supplementary material of Landhäusser et al.
(2018). On the basis of all previous evidence, we recommend
that samples are collected and stored according to the
following guidelines.

Samples should be collected at similar phenological stages;
Martínez-Vilalta et al. (2016) found that NSC concentrations
in most organs and functional types showed maxima before,
or at the onset of, the growing season. Concentrations of
NSCs in leaves should be at a maximum when growing in
sun and follow a diurnal cycle, so should be collected at the
same time of day (Landhäusser 2011). Concentrations of
NSCs also vary depending on which part(s) of the plant is
measured, and the plant organ to be sampled will depend on
the question being addressed (e.g. belowground organs should
be sampled to determine resprouting potential after top-kill).
Concentrations in the global synthesis of Martínez-Vilalta
et al. (2016) were highest in leaves and belowground
reserve organs, and lowest in stems, with values being
intermediate in roots. Starch concentrations were as high in
roots as in leaves, and highest in belowground reserve organs
such as bulbs and lignotubers. Where possible, keep samples
cold and process samples within 8 h; microwaving may
contribute to sample integrity because enzyme activity is
halted. For sugars, ethanol extraction rather than water
extraction is recommended. Choose a laboratory that can
analyse your samples using one of the three recommended
quantification methods (i.e. ion chromatographic method,
enzyme method, or acid method) and make sure the
standardised methods have been followed as suggested in
the supplementary material of Landhäusser et al. (2018).

Martínez-Vilalta et al. (2016) suggested that concentrations
and not pools should be measured. Although absolute pool
sizes are desirable in some contexts (Martínez-Vilalta 2014),
they must be weighted by the biomass of the organ or plant to
give an idea of the availability of NSCs per unit tissue.
Because carbon allocation to tissues and organs with
different NSC concentrations may differ across species and
sites, pools weighted by biomass may provide a better measure

to compare with overall sources and sinks. However, because
seasonal changes in biomass partitioning are likely to be
smaller than changes in concentrations (particularly in
woody tissues), changes in concentrations are likely to
reflect changes in pools. In general, a detailed description
of the plant, location and phenological stage and type of
material analysed will facilitate future comparison across
studies.

Notes

(1) It is extremely challenging (especially in large woody
plants) to measure the weight of different plant organs
to calculate NSC pools. We, therefore, recommend that if
it is not possible to weigh the whole root system or stem, it
would be helpful to at least estimate the volumes of these
organs (e.g. see Wigley et al. 2019a) and measure the wet
and dry weight of a subsample of each sampled organ type
(i.e. leaf, stem or root).

(2) If only interested in NSC concentration, the concentrations
of NSCs at a depth of 15 cmwere found to be very similar to
concentrations at a 30-cm depth in a set of ~70 species
(B. J. Wigley, unpubl. data). We, therefore, suggest that
sampling of roots at shallower depths (10–15 cm) should
usually suffice.

Plant chemical defence (PCD)

Trait description

Plant chemical defences (PCD) can be described both
qualitatively and quantitatively. The detection and
measurement of secondary metabolites may involve
sophisticated laboratory techniques or simple bioassays,
depending on the questions under investigation and means
available. Savanna plants have evolved a diverse suite of
defence strategies, including physical (e.g. tough leaves,
spines and thorns), biotic (e.g. mutualisms with ants) and
chemical defences. Multiple lines of defence are often
employed by a single plant species. Here, we focus on
chemical defences in woody, long-lived plants, examining
what is known about their detection and quantification in
savanna systems. Most previous work has focused on
mature, reproductive plants; however, future work would do
well to focus on the more vulnerable seedling and sapling
stages, which may be more strongly defended because growth
and survival early in ontogeny are often more limited by
herbivory. Most of literature on savanna plant defences has
examined carbon-based (C-based) polyphenolics, with
condensed tannins figuring prominently among them.

All tannins function to precipitate proteins (Robbins 1994),
reducing digestion and nutrient acquisition and limiting
microbial growth (Zucker 1983). Condensed tannins
especially deter feeding by ruminants (Cooper and Owen-
Smith 1985), whereas hydrolysable tannins are thought to be
more effective against insect herbivores (Zucker 1983; Cooper
and Owen-Smith 1985; Furstenburg and van Hoven 1994).
Many studies of tannins in savanna plants have not actually
examined the link between metabolites and their possible
function(s). Future studies should, therefore, attempt to
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better quantify the role of these metabolites in limiting both
mammalian and insect herbivory.

Here, we summarise the most up-to-date methods for
polyphenol quantification and suggest other chemical
defences that are likely to be important in woody savanna plants.

Relevant environmental filters

The phenolics most often studied in savanna plants are
often expressed at higher concentrations in resource-poor
environments, defined by either water or nutrient limitations
(Wigley et al. 2018), supporting predictions of the
carbon–nutrient balance hypothesis (Bryant et al. 1983), the
resource-availability hypothesis (Coley et al. 1985), and the
growth-differentiation balance hypothesis (Herms and
Mattson 1992). Studies have shown that C-based defences
in savannas may decrease in the presence of herbivores, which
is likely because of resource stress (Scogings et al. 2013,
2014). However, in some species phenolic concentrations
increase with herbivory (Scogings et al. 2011) or increase
post-simulated herbivory (Kohi et al. 2010; Hean and Ward
2012). Species-specific responses are, therefore, important to
consider before attempting to arrive at generalisations
regarding defence expression, as phylogenetic and
environmental constraints may both influence the production
of chemical defences.

Methods

Phenolic chemistry in savanna plants varies within
individuals. The expression of phenolics changes across
ontogeny (Gowda and Palo 2003; Rooke et al. 2004), with
phenology (Furstenburg and van Hoven 1994), by season
(Scogings et al. 2004), in response to damage (Stock et al.
1993; Furstenburg and van Hoven 1994; Scogings et al.
2013), with light (Furstenburg and van Hoven 1994) and
water (Scogings and Mopipi 2008), with interactions
between herbivory and water availability (Scogings et al.
2017), and with soil nutrients (Wigley et al. 2018). Large
sample sizes and careful control of sources of the
abovementioned variation are critical when sampling.

Typical extraction methods include drying leaf material at
ambient temperatures, grinding the samples, and extracting 1 g
or less of dry leaf material in an organic solvent. Extractions
should be performed at low temperatures, and sonication can
improve yields. Repeated extractions are also often employed.
The ratio of wet to dry weight will vary according to species,
but may be expected to be ~3 : 1. If one were to evaluate a
plant species for all the methods listed below, it would be
necessary to collect ~12 g of fresh leaf material.

Total phenolics. Total phenolics are often determined
colorimetrically by reacting phenolics with
phosphomolybdic–phosphotungstic acid complexes and
measuring absorbance (the Folin–Ciocalteu assay). Improved
methods of this technique are presented by Ainsworth and
Gillespie (2007). The Price–Butler or Prussian blue method is
also often used for colorimetric analysis (Price and Butler 1977).
Gallic acid is typically used to create a calibration curve
(D. Hattas, pers. comm.).

Tannins. Condensed tannins (proanthocyanidins) are
typically measured colorimetrically after reaction with
vanillin–HCl (Price et al. 1978) or butanol–HCl and ferric
ammonium sulfate (Porter et al. 1985), with the latter being
more reliable than the former (Hagerman 1987). Tannins are
extracted as per measurements of total phenolics, and resulting
proanthocyanidins are oxidatively cleaved in acid butanol to
yield anthocyanidin pigments. The pigments are reacted with
FeNH4(SO4)2 in HCl and absorbance of the product is read at
550 nm.

Condensed and hydrolysable tannins are sometimes
quantified via their protein-precipitation activity measured
with the radial diffusion assay (Hagerman 1987).
Hydrolysable tannins can also be measured colorimetrically;
the preferred method involves reacting extracts with potassium
iodate (Hartzfeld et al. 2002). The most accurate quantification
of tannins relies on high-performance liquid chromatography
combined with mass spectrometry (HPLC–MS). More
improved methods for phenolic extraction and quantification
have been described by Khoddami et al. (2013).

The quantification of condensed and hydrolysable tannins
can be difficult owing to challenges in completely extracting
these phenolics from plant material and selecting appropriate
standards. Ideally, standards should come from tannins
purified from the study species itself, but in the absence of
species-specific standards, it has been found that sorghum
tannin underestimates condensed tannin concentrations in
African savanna trees by 0.26–0.79 times. As a result, it is
preferable to the widely used quebracho tannin standard,
which can overestimate tannins by as much as eight times
(Hattas and Julkunen-Tiitto 2012).

Terpenoids. Terpenoids are diverse (Gershenzon and
Dudareva 2007; Pichersky and Raguso 2018), but little work
has been conducted on the ecological effects of terpenoids in
savannas, although their bioactivity is recognised (Rahman
et al. 2008; Su et al. 2009). Both volatile and non-volatile
terpenes can be quantified with gas chromatography. Flame-
ionisation detection and gas chromatography–mass
spectrometry (GC–MS) are preferred detection methods
(Merfort 2002). HPLC can be used in the quantification of
non-volatile terpenoids; optimal detection methods will
depend on the class of terpenoids under study (Wu et al. 2013).

Triterpenoid saponins. Triterpenoid saponins are important
anti-feeding compounds that inhibit mammalian and insect
herbivores and have antifungal properties (Oleszek et al.
1999; Agrell et al. 2004). They are common in members of
the Fabaceae (Cooper and Owen-Smith 1985) and can be
detected and measured via basic laboratory methods (the
foam test; Massad et al. 2012) or more sophisticated HPLC
techniques (Kursar et al. 2009; Massad et al. 2012).

Cyanogenic glycosides and alkaloids. Cyanogenic
glycosides are present across plant families; they interrupt
respiration and are, therefore, toxic to vertebrate and
invertebrate herbivores (Zagrobelny et al. 2004). Their
presence is easily detectable with the picric acid assay
(Francisco and Pinotti 2000; Vetter 2000). Alkaloids are also
toxic to vertebrate and invertebrate herbivores; these compounds
can be detected with GC–MS, HPLC–MS and thin layer
chromatography (TLC; Röder 1999; Wu et al. 2013).
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Metabolomics and bioassays. The field of chemical
ecology is moving in an exciting direction with the advent
of metabolomics (Dyer et al. 2018). Secondary chemistry
metabolomics is demonstrating that phytochemical diversity
in and of itself is an important defence property (Richards et al.
2015; Salazar et al. 2016; Massad et al. 2017). Most of this
work has been conducted on tropical forest plants; however,
applying these techniques to savanna plants may provide
insight into herbivore choice and plant–herbivore
interactions. The ability of compounds to actually limit
herbivory can be tested with bioassays. Targeted or holistic
extractions can be produced, diluted in sucrose solution, and
applied to leaves of herbivores’ preferred food plants. The
adjusted consumption index can be calculated to determine the
deterrent properties of the extract (Dyer et al. 2003). This is an
attainable and effective way to determine the defensive
properties of secondary metabolites for insects, which are
largely overlooked when studying herbivory in savannas
(Davies et al. 2016), and could also be attempted with
mammalian herbivores.

Special cases

There are generally high levels of intraspecific variation in
chemical defence expression. Care should be taken to
minimise unwanted variation by careful standardisation of
sample collection (e.g. by ensuring that fully developed
sun-exposed leaves are always sampled in the same season).
Although chemical analyses are labour- and time-intensive, we
recommend as large a sample size as possible to ensure
accurate results. Many plant defences operate in synergy to
limit herbivory. More holistic analyses of plant defences
combined with bioassays should, therefore, be favoured
over the isolation and quantification of single compounds to
provide a mechanistic understanding of plant defence.

Trichome density (TD)

Trait description

Trichome density (TD) is a measure of leaf pubescence or
hairs. Trichome density is calculated by dividing the total
number of trichomes on a leaf by the leaf area (trichomes
mm–2). Werker (2000, p. 3) defined trichomes as ‘unicellular
or multicellular appendages which originate from the
epidermal cells only and develop outwards on the surface
of various plant organs’ (i.e. not connected to the vascular
system). Trichomes are further classified as glandular and non-
glandular; glandular trichomes secrete a variety of unmodified
(e.g. salt) or synthesised (secondary) compounds (Werker
2000).

Relevant environmental filters

Trichomes have a diverse set of functions that are most
commonly linked to an increased tolerance of xeric
environments and resistance to herbivory (both invertebrate
and vertebrate). Trichomes increase a plant’s capacity to
tolerate dry and sunny environments by protecting against
excessive light, absorbing (and shedding) water, preventing
desiccation and reducing transpiration and secreting excess
salts (Jeffree 1986; Werker 2000). Additionally, TD is

correlated with increased resistance to invertebrate
herbivory (Mauricio 1998; Agrawal 1999; Valverde et al.
2001; Kaplan et al. 2009; Pott et al. 2012) and decreased
insect oviposition and egg numbers (Handley et al. 2005).
Trichomes also increase resistance against vertebrate
herbivory (Levin 1973; Stuart-Hill and Mentis 1982; Pullin
and Gilbert 1989; Hanley et al. 2007). Trichomes are often
induced by herbivory (Pullin and Gilbert 1989; Agrawal 1999;
Dalin and Björkman 2003), depending on plant-species
identity, intensity of herbivory (Sletvold et al. 2010) and
interactions with other environmental conditions (Gonzáles
et al. 2008). This trait is expected to relate to herbivore
pressure, and we expect increased trichome densities with
intense herbivory. Trichomes constitute part of a plant’s
structural or architectural defence strategy (as opposed to
chemical defences, e.g. see Wigley et al. 2018) and, as
such, may form part of a structural defence syndrome (e.g.
edible milkweeds employ high trichome densities paired with
high latex as a defence syndrome, Agrawal and Fishbein
2006).

Method

The classification of trichomes according to shape is
complicated as trichomes differ characteristically among
species (Payne 1978). Rather than classifying trichomes
according to shape, they are more regularly classified as
glandular or non-glandular (Gonzáles et al. 2008).
However, there are no straightforward patterns enabling the
easy identification of glandular v. non-glandular trichomes.
For instance, both glandular and non-glandular trichomes may
be branched or unbranched (Werker 2000), and both glandular
and non-glandular trichomes can occur simultaneously on the
same plant and there may also be more than one type of each
on a plant (Werker 2000). For simplicity, we propose that all
trichomes are counted and presented as total trichome density,
unless there is a specific interest in glandular v. non-glandular
trichomes. Trichome density is a trait most commonly used for
interspecific comparisons but can also be used to compare
different treatments (e.g. herbivore intensities) within a
species. We recommend that 5–10 replicates are sampled
per species for inter-specific comparisons. The methods
provided to describe TD are not restricted to one
ontological stage; therefore, the age of leaves to be sampled
will depend on the research question. The following steps are
described in detail below: (1) choosing an appropriate leaf
surface, (2) measuring leaf area, (3) counting trichomes, (4)
dividing the trichome counts by the leaf area.

(1) Trichome density is usually measured on the surface(s) at
which a herbivore(s) of interest feeds or where trichomes
occur. It should be determined and noted which leaf
surface(s) have trichomes.

(2) Leaf area is most easily measured (in the absence of a leaf
area meter) by laying out the leaves on a white surface
with a scale (typically a bar with 1-mm increments) and
taking a photo with a digital camera. The area of the leaves
can then be computed with appropriate software, such as
Image J (Rueden et al. 2017).
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(3) Trichomes can be counted by using a stereomicroscope or
binocular microscope linked to a digital camera. If leaves
are small, trichomes can be counted on the entire leaf
surface. For larger leaves, a disc of a known area is
removed by using a cork borer or punch (e.g. Sütterlin
and van Lenteren 1997; Mauricio 1998; Agrawal 1999;
Kaplan et al. 2009). Cheng et al. (2014) suggested that the
Cell Counter plugin (http://rsbweb.nih.gov/ij/plugins/cell-
counter.html, accessed 20 Octobre 2020) in Image J can be
used to facilitate trichome counting.

(4) Trichome density is calculated by dividing the number of
trichomes by the leaf area (trichomes mm–2 see Fig. 5).

Grass traits

General introduction to grasses

Characteristics of the grass layer underpin the flammability
and grazer productivity of savannas and grasslands (Archibald
et al. 2019). Determining how grass functional traits relate to
fire and grazer prevalence is central to understanding the
ecology and evolutionary history of grasslands and
savannas. From a management perspective, the potential for
rapid shifts in grass community composition makes
monitoring of community shifts in traits a valuable tool for
land management and conservation interventions. Although
we focus on Poaceae (particularly in tropical environments),
many of the traits covered in this handbook are likely to be
applicable to graminoids more generally (e.g. Cyperaceae,
Juncaceae, Restionaceae and Xyridaceae) because of their
generally similar growth form.

The traits presented here are useful for quantifying different
components of grass life histories, providing the foundation for
quantifying how grass species avoid, resist or tolerate either
fire or grazing, or both. Flammability and palatability, and thus
the likelihood of a grass being burned or grazed, are broadly
captured by three axes, namely, the quality, quantity and
spatial arrangement of plant material. Fire and grazing
‘select’ for opposing qualities in grasses, with grasses with
high C :N ratios, low bulk densities, low moisture content and
high concentrations of tannins and volatile oils enhancing
flammability, and vice versa for palatability (e.g. Archibald
et al. 2019; Hempson et al. 2019; Solofondranohatra et al.
2020). However, structural constraints mean that maximum
quantities of high-quality fire fuel or grazer forage are
achieved via different plant architectures. Tall grasses
require higher relative structural support and, hence, have
higher C : N ratios, with vertical accumulation of biomass

tending to enhance grass flammability. By contrast, the
intake rates of grazers are highest on densely packed forage
that maximises the amount of food per bite, with a dense leafy
sward with little stem material simultaneously optimising both
quality and quantity (Murray and Illius 2000). Therefore, grass
communities associated with high herbivore densities tend to
be composed of short and often laterally spreading grasses
(McNaughton 1984). By contrast, flammable grass
communities comprise tall grasses with higher relative C : N
ratios with well aerated canopies. At an individual level,
grasses can minimise the likelihood of being either burned
or grazed by having low biomass and sparse architectures,
making them both poor fuel for fires and of little grazing value.

Resistance and tolerance in grasses imply surviving fire or
grazing. A central tenet is to determine which plant parts are
protected during a ‘consumption’ event, and thereby shape
a plant’s competitive ability post-fire or post-grazing
(Coughenour 1985). Grasses that resist defoliation minimise
material consumed by fire or grazing, for example, by
remaining green and moist late into the dry season, thereby
reducing flammability (McGranahan et al. 2018), or via tough
leaves and being strongly rooted, thus minimising plant
material lost when grazed. Alternately, grazing lawn species
are short and expose only their leaf blades to grazers, with
intercalary and basal meristems being protected below grazing
depth (McNaughton 1984). At an individual level, tolerance
strategies in grasses typically entail a combination of
resprouting from belowground-stored reserves and high
photosynthetic rates, which enable individuals to be strong
competitors for space and light post-disturbance (Ripley et al.
2015). A trait such as crown depth (i.e. the depth of the grass
crown and basal buds below the soil surface) can be effective
against both fire and grazing, serving both to insulate basal
meristematic tissue from intense heat when burned, and
providing rooting strength when grazed (Lemon 1949).
Crown and basal buds can be protected from fire by high
biomass ratios, which elevate the combustible material and,
thus, vent the heat of the fire away from the soil surface (Gao
and Schwilk 2018). Alternatively, dense packing of leaf
sheaths around culm bases provides insulation against the
heat of the fire (Lemon 1949). The risk of being uprooted
when grazed can also be mitigated by having culms that
separate easily from the crown when pulled. These and
several other traits that are detailed below provide an
opportunity for describing the variety of grass life histories
that have evolved across a wide range of environmental
conditions, fire regimes and diverse grazer communities.
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Fig. 5. Examples of different trichome densities per 1 mm2 of leaf area.
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Whereas the focus of this section is on traits linked to fire and
grazing, other key drivers of grass traits and growth forms are
competition and drought. Situations where fire and grazing
traits are potentially associated with or influenced by
adaptations related to competition and drought have been
noted in the text.

Biomass ratio (BR)

Trait description

Biomass ratio (BR) is the ratio of canopy biomass above
10-cm height to canopy biomass below 10-cm height (i.e. from
the soil surface to 10 cm; Gao and Schwilk 2018). This trait
quantifies how canopy architecture influences temperature at
the soil surface when a plant burns. Plants with higher biomass
ratios (i.e. relatively more biomass above 10 cm) vent heat
upwards, which results in lower soil-surface temperatures
when burned once total aboveground biomass is accounted
for (Gao and Schwilk 2018). Lower soil-surface temperatures
during fire increases the likelihood of basal meristems and
other crown tissues surviving the fire, allowing the plant to
survive and resprout after fires (Choczynska and Johnson
2009). Although developed to quantify canopy architecture
effects on soil-surface (and basal-bud) temperature when
burned, this trait is also useful for separating broad
architectural differences among grasses, with prostrate
growth forms having very low biomass ratio values. This
functional trait can be measured on all mature grasses.

Relevant environmental filters

Biomass ratio should increase with productivity
(i.e. rainfall, soil nutrients) in grassy ecosystems, and
decrease with grazer density. Two other grass traits,
namely, crown depth and leaf-sheath packing, function
similarly to insulate basal meristems and crown tissues
from the heat of fires and may obscure biomass ratio v.
productivity relationships. By describing canopy
architecture, this trait provides an index of the degree to
which flammable biomass is held above the soil surface in
a way that can help carry a fire. Hence, values of the BR trait
may be maximised in fire-grass communities where positive
feedbacks promote frequent, hot fires (Hempson et al. 2019).
Frequent grazing reduces fuel loads for fires, and BR should
decrease in tufted, upright grasses as grazer densities increase;
further increases in grazer densities can produce a shift to
prostrate growth forms, such as grazing lawn species, with
biomass ratios ultimately declining to zero once no canopy
material occurs above 10 cm.

Method

Biomass ratio is quantified by first clipping and collecting
all biomass (i.e. leaves, culms and inflorescences) of an
individual at 10 cm above the soil surface, and then
clipping the remaining aboveground biomass at the soil
surface. This allows aboveground biomass to be separated
into plant material held above 10 cm, and plant material
occurring between the soil surface and 10 cm. These
samples then need to be dried to a constant mass and
weighed, with biomass ratio calculated as the ratio of mass

for material above 10 cm to the mass of material below 10 cm.
The trait is fairly stable within a species (Gao and Schwilk
2018) and measuring five individuals per species at a location
should be adequate. Biomass ratios should ideally be measured
on individuals in the first-year post-fire, once peak flowering
has been reached, so as to standardise for the effect of biomass
accumulation over time.

Notes

High BRs have been found to reduce soil-surface
temperatures in fully dry grass fuels; however, when
grasses are actively growing, high fuel moisture can lead to
inefficient combustion and smouldering, which can override
the effect of high biomass ratios on reducing soil-surface
temperatures (Gao and Schwilk 2018). For laterally
spreading species, such as mat-forming grazing lawn
grasses, where individuals are difficult to isolate, a 20- �
20-cm section of the grazing lawn can be clipped as a
representative sample. Very large tufted, upright grasses can
also be subsampled in a similar manner. However, care should
be taken that the sample remains representative of the overall
canopy architecture, which may be more spreading on the
margins and more densely packed in the middle of the tuft.

Crown depth (CD)

Trait description

Crown depth (CD) is how deep the crown is positioned
below the soil surface. The crown is defined here as the point at
the base of the leafy stems where adventitious roots are
produced and where reserve buds (developing new shoots)
are located. The trait is a simple measure of the distance
between the soil surface and the crown (Fig. 6b). Crown depth
provides a measure of how well insulated the crown and
associated meristematic tissues are from the heat of fires
(Choczynska and Johnson 2009) and may also be related to
how easily a grass can be uprooted by grazers. This functional
trait can be measured on all mature grasses.

Relevant environmental filters

Crown depth is predicted to have the highest values in areas
experiencing frequent fires, i.e. highly productive systems.
This trait allows critical tissues to resist being damaged during
a fire and forms a crucial component of the tolerance strategy
of perennial grasses by enabling them to resprout after fires.
Lemon (1949) recognised the importance of the insulation
effect provided by positioning leaf meristems below the soil
surface, suggesting that a depth of 38 mm (i.e. 1.5 inches)
provided adequate protection in his study site in Alapaha,
Georgia, USA. This has been reiterated in Daubenmire (1968)
and Bond and van Wilgen (1996). On the basis of models of
soil heat transfer, Choczynska and Johnson (2009) suggested
that temperatures lethal to buds are likely to be restricted to the
top 20 mm of the soil profile. Where CD functions to reduce
the likelihood of a grass being uprooted by grazers, it is likely
to be greater in sandier soils. With regard to uprooting, this
acts as a resistance trait preventing total plant death and
limiting the material lost during a grazing event to
aboveground parts only.
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Method

Crown depth should be measured on five mature
individuals (minimum three) per locality. A mature
individual should be excavated, noting the soil-surface level
on the culms, and then measuring from this point to the crown
(Fig. 6c). In situations where this is variable, three
measurements on the individual are taken and averaged. In
some species or localities, the crown may be positioned above
the soil surface, either on a tufted pedestal or, owing to soil
erosion, around the tuft base. In these instances, CD should be
recorded as a negative value.

Culm diameter (CUD)

Trait description

Culm diameter (CUD) is the maximum diameter of the
internode of the culm (Fig. 6c). Culm diameter is positively
related to the tensile strength of the culm and negatively
related to its digestibility, and, hence, how likely it is to be
grazed (Benvenutti et al. 2009). With regard to fire, CUD is
probably also negatively related to the ignitability of the culm.
Large CUDs are a requirement for structural stability of tall-
statured grasses. This functional trait can be measured on all
mature grasses.

Relevant environmental filters

Culm diameter increases with plant height and is, thus,
broadly correlated with productivity. However, where high
CUDs constitute a specific adaption to reduce grazer
preference or surviving cool fires, high CUD values will be
observed at lower productivities, or in shorter grasses. High
CUD values may allow grasses to avoid being grazed,
particularly by selective grazers (Benvenutti et al. 2009).
Culms typically have higher C : N ratios than does leaf
material, owing to their primary function of providing
structural support. Culms are, thus, lower-quality forage for
grazers, the more so as their diameter increases (Benvenutti
et al. 2006). When grazed, CUD provides a measure of
resistance, by influencing how much of the plant is
consumed (Drescher et al. 2006, see ‘stemminess’ trait).
Similarly, thick culms may not ignite during cool fires
(particularly if moisture levels are high; Cardoso et al.
2018), and, thus, allow parts of the plant to resist being
burned. Culm diameter should be considered concurrently
with stemminess because the ratio of leaf to stem material
is more informative when forage value of those culms is
understood (i.e. using CUD as proxy for physical strength
and digestibility; Benvenutti et al. 2009). Flammability traits
that influence the intensity at which a plant burns will also
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influence whether culms of a particular diameter are likely to
burn or not. Note that the benefits of the fire resistance of culms
conferred by high diameters are likely to be restricted to
enhancing post-fire grazing avoidance and resistance, by
increasing the stemminess of the resprouting individual.
This is because epicormic resprouting on culms that persist
through fires is unlikely, unless combustion is almost entirely
incomplete.

Method

Culm diameter should be measured on five mature
individuals (minimum three) per locality. Culm diameter
should be measured using digital callipers at the thickest
point of the second internode on the tallest culm of an
individual (Fig. 6c). Care should be taken to avoid the
swelling associated with the node. The leaf sheath may be
included in the measurement (see notes).

Notes

One or more leaf sheaths will often be wrapped around the
culm at its thickest point on the second internode. We suggest
including these in the CUD measurement, because they
(1) increase the thickness through which a grazer needs to
bite and are often lower-quality forage material than is the leaf
blade, and (2) provide insulation that relates to fire resistance
aspects of CUD. In some species, the culm itself may be much
thinner than it appears, with the bulk of the structural support
and apparent CUD constituted by multiple layers of rigid leaf
sheaths (e.g. Aristida stenostachya). For these reasons, we
suggest that including leaf sheaths in the CUD measurement
provides a more ecologically meaningful measure than does
removing them.

Foliar sodium (FS)

Trait description

Foliar sodium (FS) is a measure of the sodium
concentration in the leaves of a plant. Foliar sodium can be
measured using a variety of standard laboratory procedures.
Sodium is an essential element for all animals, and plants with
a high sodium concentration are actively sought out by
herbivores (McNaughton et al. 1997; Veldhuis et al. 2014).
This functional trait can be measured on all mature grasses.

Relevant environmental filters

Foliar sodium is expected to be highest in soils with high
sodium concentrations, but also in areas experiencing frequent
drought (Veldhuis et al. 2014). Foliar sodium is most relevant
as a grazer-attraction trait (Borer et al. 2019). All animals
require sodium (Robbins 1994), but it is not considered an
essential nutrient for plants and can be toxic at high
concentrations (Kronzucker et al. 2013). Because of their
sodium requirements, grazers seek out plants with high
sodium concentrations (Griffith et al. 2017), and,
consequently, by concentrating sodium in their leaves,
grasses cannot only get rid of excess sodium, but promote
regular grazing to maintain high light conditions close to the
soil level (i.e. high sodium concentrations can facilitate the

persistence of short-statured grasses in communities that might
otherwise grow tall and shade them out). Grasses with high FS
concentrations should, thus, also have traits conferring high
resistance or tolerance to grazing (Griffith et al. 2017).

Method

Foliar sodium should be measured on healthy leaves
collected from five mature individuals (minimum three) per
locality. Mature, healthy leaf material should be collected,
dried and ground for standard laboratory-based nutrient
analysis (e.g. mass spectrometry, flame-emission
spectroscopy or inductively coupled plasma–atomic
emission spectroscopy). The amount of material required
will depend on the analytical method, but 1 g of wet
material would typically be adequate (0.1 g required for
atomic-absorption spectroscopy; Ford and Wilson 1981).

Notes

Despite not being considered essential for plants, sodium
can replace potassium (K) in various functions, including
osmotic adjustments (Wakeel et al. 2011), and is required
in small amounts by C4 plants during the Calvin cycle
(Brownell and Crossland 1972). In communities that
experience frequent droughts, high FS concentrations may
primarily form as a response to maintain osmotic potential
under water-stressed conditions (Ford and Wilson 1981).
Attractiveness to herbivores may, thus, be a by-product of a
drought response in some species or environments.

Grass bulk density (GBD)

Trait description

Grass bulk density (GBD) is the ratio between grass
biomass and the volume it occupies. It is calculated by
dividing the total aboveground biomass by an estimate of
the aboveground grass-canopy volume. Grass bulk density
should ideally be collected on mature grasses that do not
retain senesced growth from previous years. Grass bulk
density is associated with both flammability and palatability
(Solofondranohatra et al. 2020). With respect to grazing, GBD
provides a measure of the bite size and, hence, intake rate that
grazers can achieve (Benvenutti et al. 2006; Drescher et al.
2006). Higher GBDs allow for higher intake rates, but the
quality of the material (e.g. leaf C : N and stemminess) also
needs to be considered to determine the likelihood of the
plant being grazed (along with grazer body size). With
respect to fire, GBD describes fuel aeration through its
influences on the adequacy of fuel to enable fire spread and
the air flow properties that replenish oxygen concentrations to
sustain combustion (Grootemaat et al. 2017). Grass bulk
density can be particularly meaningful when interpreted at a
community level, where dominance by high bulk-density
grazing lawn species, or by low–moderate bulk-density fire
grasses, can have positive feedbacks to grazer and fire
prevalence in the community (Hempson et al. 2019;
Solofondranohatra et al. 2020).
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Notes

Fire ecologists often use the packing ratio (defined as the
volume of fuel : volume of fuelbed; Grootemaat et al. 2017)
instead of bulk density, and herbivore ecologists sometimes use
the term ‘biomass concentration’ instead of ‘bulk density’
(McNaughton 1984). Simpson et al. (2016) used ‘biomass
density’ (slope of the biomass accumulation curve with
height) in a similar context. All of these measures or terms
describe the same functional trait.

Relevant environmental filters

(1) Avoidance strategies. Grasses with very low GBDs
(i.e. very sparse architectures) have low grazing value
(very low intake rates) and are poor fuel for fires (low
probability of fire spread, little material to combust to
sustain the fire; Archibald et al. 2019). Thus, these
grasses largely avoid being grazed or burned. However,
the sparse biomass of these grasses makes them poor
competitors in communitieswith specieswith higherGBDs.

(2) Grazerattraction. Grazing lawn species promote grazing
by having high GBDs of high-quality leaf material. These
species are short and resist grazers by keeping most stems
and buds below grazing depth (but with high bulk-density
leaf material being accessible) and rely on grazers to
maintain a high light environment by preventing taller
species from invading (Hempson et al. 2019). Because of
the short sward height, bite size is maximised in grazers
with wide mouths.

(3) Fire attraction. Grasses that promote frequent hot fires
have intermediate GBDs (Simpson et al. 2016), which

provide adequate fuel to sustain the fire but also allow for
sufficient air flow to provide the oxygen necessary for
combustion. These species often have associated traits
that allow them to survive fires and to regrow rapidly
after fires to regain competitive dominance for light
(Ripley et al. 2015; Hempson et al. 2019).

(4) Fire resistance. Grasses with a high GBD and with low
curing rates and ignition point are able to resist fire by
limiting air flow through the sward and having reduced
ignitability (Archibald et al. 2019). This is particularly
relevant at the base of the plant, where tightly packed
stems can protect basal meristems from burning.

Method

Grass bulk density should be measured on at least five
mature individuals (minimum three) per locality. Canopy
volume of a tufted grass is calculated using measures of the
tuft basal diameter (DB), leaf-table height (HLT) and leaf-table
diameter (DLT; Fig. 7). Leaf-table height is defined as the
height visually estimated to correspond to the ~80th quantile of
leaf biomass (the height below which the main bulk of the leaf
canopy occurs). For plants with base and leaf tables that are not
circular, diameters are estimated as the average of the longest
axis and the corresponding perpendicular axis. Volume (V) is
then calculated using the formula for a truncated cone, as
follows (Fig. 7):

V¼ p � 3� HLT � ððDB � 2Þ2 þ ðDLT � 2Þ2 þ DB � DLTÞ

Canopy volume ofmat-forming grasses or very large tufts can be
obtained by calculating the volume of a subsample of the

Leaf table diameter (DLT)

Length
Breadth

Upright, tufted grasses:

Mat-forming grasses:

All grasses:

Volume = Length × Breadth × Leaf table height

Bulk density = Aboveground biomass ÷ volume

Volume = π � 3 ×  HLT × ((DB � 2)2 + (DLT � 2)2  + DB × DLT)

Basal diameter (DB)

Leaf table height (HLT)

(a)

(b)

Fig. 7. Volume estimates necessary for calculating bulk density are made for (a) upright, tufted grasses using the formula for a truncated cone, and for
(b) mat-forming grasses by demarcating a square or rectangular section and using the formula for a cube.
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individual, using the same basal diameter, leaf-table height and
leaf-table diameter measures as described above. For mat-
forming grasses, it is often convenient to mark out a square or
rectangular section of the individual(s) using a spade, and to
calculate the volume as (Fig. 7):

V¼ section length� section breadth� HLT

Aboveground biomass can be determined by clipping, drying
and weighing the parts of the individual for which the volume
estimate was made. Bulk density is then quantified as
aboveground biomass divided by canopy volume.

Notes

Grass bulk density considers the total plant biomass but can
also be calculated for leaf biomass only. This can be performed
by separating the leaf and culm material and weighing these
separately, or by subtracting the culm proportion of the total
biomass using the stemminess -trait estimate. The potential
subjectivity associated with visually estimating the 80th
quantile of leaf biomass can be minimised by either
keeping the observer constant or comparing estimates from
different observers. Techniques such as placing a polystyrene
board on the canopy are subject to interference by culms, such
that stemminess or culm diameter may unduly influence leaf
table-height estimates.

Integrated flammability protocol (IFP)

Trait description

Grasses become flammable once they are dry enough to
ignite, with their subsequent combustion characteristics
reflecting their overall architecture as well as leaf chemical
properties. Flammability is divided into three separate
properties, namely, ignitability, heat release and fire spread
rate (Pausas et al. 2017), all of which are usually measured on
dry (cured) plant material, preferably at a whole-plant level to
accommodate architecture (Schwilk 2015). Because the
moisture content of grass fuels is such a strong driver of
seasonal patterns of fire, we suggest that when assessing
flammability, one should include information on the curing
rates of different grass species (the rate at which different grass
species lose moisture when under water stress), as well as the
moisture content at which they are able to ignite (ignition
point). Here, we provide an integrated flammability protocol
(IFP) to optimise the efficiency of collecting these labour-
intensive plant traits.

Notes

The flammability traits described here represent the
emergent properties of several key plant traits such as leaf
C : N ratio, leaf thickness, biomass, bulk density, biomass
allocation and physiological drought response, each of
which has been shown to influence different aspects of
flammability. See details in the particular trait descriptions
above. Note that although several other flammability protocols
have been developed and used (e.g. see White and Zipperer
2010), these are either for testing the flammability of the leaf
material independent of plant architecture (Simpson et al.

2016), or more appropriate for shrubby or woody fire
regimes where pre-heating is important (Jaureguiberry et al.
2011). Therefore, here we present a consolidated method that
we consider most appropriate for assessing whole plant
species-specific differences in grass flammability.

Relevant environmental filters

Biomass is a major driver of flammability and, therefore,
we expect more flammable species in systems that can support
highly productive (high biomass = high heat release and spread
rate) and tall grasses with aerated canopies (low bulk density =
high ignitability). Thus, high rainfall ecosystems with tall
tussock grasses are often considered more flammable. Leaf
chemistry with a high carbon, low N and P content is more
flammable, and decomposes more slowly; so, nutrient-poor
systems generally have more flammable grasses (higher
ignitability and sustainability; Scarff and Westoby 2008).
Curing occurs in all systems with seasonal rainfall, but
curing rate is linked to a plant’s water-use strategy; so, we
expect curing rates to vary with gradients of water availability.
Systems dominated by annual grasses will have very fast
curing rates and, consequently, longer fire seasons (e.g.
Northern Territory in Australia).

Grass-flammability traits all have important effects on the
emergent fire regime, in particular, the rate of spread, fire
severity (completeness of combustion) and fire-return time.
Curing rates of grass species in more mesic savanna climates
are an important determinant of the fire-season length and the
patchiness of the burn (i.e. variability in curing rates among
species produces a patchier fuel load), as well as affecting fire
emissions (smouldering moist fuels emit more greenhouse
gases). Therefore, combined, these traits have an influence
on the effect that fires have on atmospheric properties,
vegetation structure and the forest–savanna boundary
(Biddulph and Kellman 1998; Cardoso et al. 2018).

Method

Curing rate, ignition point and flammability (ignitability,
sustainability, and combustibility) can be measured in one
integrated protocol (Fig. 8), starting with fully hydrated plants
clipped in the field or grown in pots, with canopy architecture
preserved as far as possible. If curing rate and ignition point
are not going to be measured, this protocol can be followed by
skipping the first few steps and using fully cured plant material
instead. The protocol requires a large number of samples per
species (Table 3). Five samples should be used for determining
curing rates; these five specimens are weighed each day, and
once fully cured, need to be oven-dried to determine dry mass.
Ignitability tests should be performed on three new samples
each day. Combustion properties should be measured on five
fully cured samples.

Measurement protocols

Part 1: curing rate. Here we define an experimental
method for estimating curing rate. The assumption is that
this correlates with differences in observed curing rates of
species rooted in the soil as the soil profile dries; however, this
should be tested to demonstrate validity.
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Curing-rate measurements should be initiated on mature
plants that are not water-stressed. This can be ensured by
commencing measurements after substantive rainfall events or
by watering plants for a few days before starting the study.
Samples are collected by clipping the grass at the base. The
sample should include the entire tuft up to a maximum of

10-cm diameter. Samples should be weighed immediately to
obtain fresh mass (MT0

). Samples are then placed in wire-mesh
tubes that preserve their original canopy architecture (wire-
mesh tubes may thus differ among samples). These samples
should be kept in a room with constant conditions of ~25�C
and 60% humidity and weighed every 24 h, recording the mass

Integrated flammability protocol
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(d)
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Fig. 8. Schematic representation of the steps involved in the integrated flammability protocol. Drying procedures are conducted (a) under standardised
conditions, with respective trait derivations for (b) curing rate, (c) ignition point and (d) combustion properties proceeding as shown. Full details on sample
sizes and procedures are provided in the text.

Table 3. Total number of samples needed for each of the three parts making up the integrated flammability protocol
Total samples per species = 10 + 3 � number of days to reach ignition point

Parameter Start Drying phase Sample fate

Curing rate Five samples Same five samples weighed daily All five samples oven-dried to
determine dry mass

Ignition point Three times the number
of days to reach ignition
point

Three new samples tested for
ignitability daily

Discarded after each ignition test

Combustion
properties

Five samples Same five samples weighed daily to
ensure complete curing has
occurred

Once fully cured, these five samples
are each ignited following
combustion properties protocols
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and time since drying commenced (h). Once constant mass is
attained (i.e. fully cured), samples are dried in an oven for 48 h
at 70�C and reweighed to determine dry mass (MDry).

Moisture content is calculated for each weighing point (MTi
)

as follows:

Percentage moisture contentTi ¼ ðMTi�MDryÞ � ðMT0�MDryÞ

Finally, curing rate is quantified as the slope of the linear
regression of log(Moisture content) v. time (h).

Notes. We also recommend that measurements of stomatal
control, or ‘physiological drought tolerance’ following the
methods of Craine et al. (2013) and Tucker et al. (2011) be
performed because this associated physiological trait probably
underlies differences in observed curing rates. Note that grass
plants will also cure when exposed to frost, and as part of
phenological processes as plants age and allocate resources to
flowering instead of maintenance of leaves.

Part 2: ignition point. Samples for ignition-point tests are
collected and kept in the same manner as curing-rate samples.
Ignition tests are performed on three samples each day, at the
same time as when curing-rate samples are weighed. Ignition
tests are performed by holding a lit butane lighter to the base of
the sample for 10 s. Whether the sample ignites, and whether it
combusts completely or partially (estimated percentage) is
recorded. Ignition point is the percentage moisture content at
which >50% combustion of the specimen occurs. The
percentage moisture content is determined from the
associated curing-rate samples. An alternative quantification
of ignition point involves using an epiradiator to apply a
constant temperature to a sample of known mass and
measuring the time to ignition. However, these two
methods are not directly comparable.

Part 3: combustion properties. Samples for combustion
properties tests are collected and kept in the same manner
as curing-rate samples and should be weighed daily until
constant mass is attained. Combustion measurements are
made by placing these fully cured specimens on a scale
attached to a flame-proof bed and attempting to ignite them.
A continuous record of mass change and time is required,
either by connecting the scale to a computer, or by video
recording the scale display and logging mass and time. Ignition
attempts are made by holding a butane lighter to the base of the
upright orientated sample for 10 s. The following metrics are
then derived from these measures:

* Time to ignition (s): the amount of time between introducing
the flame and the sample catching alight

* Flaming time (s): the amountof timebetweena sample ignition
and flame extinction

Maximum combustion rate (g s–1) is the slope of the linear
regression through the inflection point of the mass v. time curve
during combustion, assessed as follows:

(1) Constructing a curve of sample mass at 0.2-s intervals
through the combustion period.

(2) Isolating data from 3 s either side of the inflection point of
this sigmoidal curve.

(3) Fitting a linear regression through these data points.

Heat release during combustion can be measured by placing
a black aluminium disc at 50-cm height and at the plant base,
and measuring the temperature of these discs using an infrared
thermometer gun before ignition, after flame extinction, and
when no embers remain (X. Gao and D. W. Schwilk, unpubl.
data).

Notes. Most studies do not measure ‘ignitability’ at a
whole-plant level (e.g. Simpson et al. 2016); so, using time
to ignition in this way has not yet been verified as an effective
method.

An alternative ignition method is to ignite a cotton ball
soaked in 10 mL of pure ethanol and place it at the base of the
sample (X. Gao and D. W. Schwilk, unpubl. data).

Leaf-sheath packing (LSP)

Trait description

Leaf-sheath packing (LSP) is the ratio of the number of
basal leaf sheaths in the short internode zone to the length of
the short internode zone. It is calculated by counting the
number of basal leaf sheaths in the short internode zone
and dividing this by the length of the short internode zone
(Fig. 6d). Leaf-sheath packing provides a measure of how well
insulated the crown and associated meristematic tissues are
from the heat of fires (Lemon 1949). This functional trait can
be measured on all mature grasses and is somewhat analogous
to bark thickness in woody plants.

Relevant environmental filters

Leaf-sheath packing is predicted to have highest values in
areas experiencing frequent fires, i.e. highly productive
systems. This trait allows critical tissues to resist fire-
induced damage and forms a crucial component of the
tolerance strategy of perennial grasses, by enabling them to
resprout after fires. We are not aware of this trait previously
being described or quantified. However, Lemon (1949)
appears to be the first to recognise the insulating effect of
closely packed basal leaf sheaths, and the potential for these to
limit air flow (i.e. oxygen) necessary for combustion. This has
been reiterated in Daubenmire (1968) and Bond and van
Wilgen (1996). The insulation provided by LSP is likely to
also provide protection against cold temperatures and may
prevent water infiltration that could hasten tuft decomposition.

Method

Leaf-sheath packing should be measured on five mature
individuals (minimum three) per locality. A mature flowering
culm is excavated, and the leaf sheaths in the short internode
zone at the base of the culm are sequentially removed and
counted. Once the entire short internode zone has been
exposed, the distance between the first and last leaf sheath
to be removed is measured. The number of leaf sheaths is then
divided by the length measurement (Fig. 6d). The short
internode zone can be distinguished from the long internode
zone from a marked shift in the length of internode sections
(see Perreta et al. 2011 for further detail). However, in some
species or individuals, this transition is gradual or otherwise
unclear, with delimitation of the short internode zone thus
being somewhat arbitrary (Perreta et al. 2011); a more
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conservative assessment is recommended, with the crucial
point being that the leaf-sheath count is restricted to the
section considered to be the short internode zone.

Notes

Difficulties may arise where the extent of the short
internode zone is unclear, either being long and without a
clear transition into the long internode zone, or effectively
being absent as in the case of some annual species. Some
species may not retain any basal leaf sheaths (i.e. they
decompose), although the scars may still be evident. In this
case, a value of zero is simply recorded for the number of leaf
sheaths; we suggest that the length of the short internode zone
is still measured, because it can provide insights into the
architectural flexibility of the species (Perreta et al. 2011).
Considering this trait alongside information on tuft basal
diameter and number of culms may provide a more
complete assessment of the degree to which buds are
protected. This trait remains to be tested experimentally.
Note that this method does not account for varying
thickness of leaf sheaths, and an alternate approach to
quantifying leaf sheath insulation properties may be to
measure the thickness of the leaf sheaf layer at a
standardised position, such as at ground-level or 10 mm
above the crown.

Physiological drought tolerance (PDT)

Trait description

Physiological drought tolerance (PDT) is measured as the
critical leaf water potential (Ycrit) at which a plant closes its
stomata and stops transpiring, identified at the point where its
stomatal conductance is 5% of maximum (Tucker et al. 2011).
Plants vary in the degree to which they reduce photosynthetic
rates (slow water loss) in response to increasing water stress. In
woody plants with persistent aboveground biomass, this trait
relates to a trade-off between safety (preventing cavitation) v.
efficiency (maximising photosynthesis); it can describe how
susceptible plants are to water stress and predict drought
mortality (Choat et al. 2012). Tropical grasses generally
abandon their aboveground biomass annually during an ~6-
month dry season, so the trait is less obviously linked to
drought survival (S. Archibald, unpubl. data), but represents
a useful measure of how quickly grasses cure at the end of the
dry season, as well as how they are likely to respond to mid-
season droughts (periods of low water availability during the
growing season).

Notes

Physiological drought tolerance is expected to be strongly
correlated with curing rate (see integrated flammability
protocol); however, this remains to be tested experimentally.

Relevant environmental filters

Although large variation in this trait has been observed
globally in grasses (Craine et al. 2013), its environmental
correlates are still not obvious. In fact, there is disagreement in
the literature about whether grasses with high v. low Ycrit

would be considered the most drought-tolerant (S. Archibald,
unpubl. data). Within a landscape, plants with a high Ycrit

(sensitive stomatal control) dominate in shallow soils and
long-unburned sites (Tucker et al. 2011). We expect
systems that experience frequent, temporary water stress
during the growing season to be dominated by species with
high stomatal control (high Ycrit), whereas places with
predictably high water availability during the growing
season would continue to transpire and photosynthesise to
the point of senescence.

As an effect trait, plants with a lowYcrit are likely to have to
discard some living aboveground leaf material during a
drought because they are functioning closer to their safety
limit and will, therefore, accumulate more dead biomass by the
end of the growing season. They will also cure faster than
those with a high Ycrit at the end of the dry season. Systems
dominated by plants with a low Ycrit are, therefore, likely to
have longer dry seasons and be more flammable (see
discussion on curing rates in the ‘Integrated flammability
protocol (IFP)’ section, ‘Measurement protocols’ subsection).

Method

Methods described here largely follow Tucker et al. (2011).
The physiological drought index should be measured on at
least 8–10 individuals; so, it is necessary to germinate
~100 individuals from seed (or from individual culms; du
Toit 2009) in standard conditions in a greenhouse or,
preferably, a controlled growth chamber. Vapour pressure
deficit should be as constant as possible among days, so
that the plants are mostly responding to the changes in soil
water content. Once they have reached sufficient size
(8–12 weeks old), a drought is applied by withholding
water. The soil moisture and stomatal conductance are
measured daily on three non-senesced leaves of at least
eight individual plants of each species, by using a
porometer. Once the plant has reached 5% of maximum
stomatal conductance (our definition of stomatal closure),
the same three leaves are harvested and the leaf water
potential (Y) measured by using a Scholander pressure
device. The leaf water potential corresponding to stomatal
closure is the ‘physiological drought tolerance’ of that
species.

The measurements should always be taken at the same time
of day to control for diurnal patterns of water stress. We
recommend sampling in the morning before 1100 hours in the
tropics. Other studies (e.g. Ocheltree et al. 2016) have sampled
from 1100 to 1400 hours to get midday water potential.

Notes

Ideally, the drought should follow the dry-down curve
observed in the field, which would mean adding water in
the pots daily to achieve an idealised soil moisture curve.
However, in our experience this is not necessary. Likewise, it
would be ideal to harvest one leaf from each individual daily to
calculate the relative leaf water content (according to standard
methods described in Pérez-Harguindeguy et al. 2013).

Regrowth in the dark (RITD)

Trait description

Regrowth in the dark (RITD) is the amount of aboveground
biomass produced in the absence of any light following the
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initial removal of all aboveground biomass by clipping,
burning or grazing, relative to the initial size of the plant.
This trait estimates the capacity of grasses to resprout using
remobilised resources stored belowground (Ripley et al.
2015). This functional trait can be measured on all mature
grasses.

Relevant environmental filters

Regrowth in the dark provides a measure of a plant’s stored
carbohydrates, which represents the ability to maintain high
growth rates even with low photosynthetically active leaf area
following complete defoliation. Resprouting from stored
reserves is a tolerance strategy that allows plants to persist
under frequent defoliation by grazing (Qian et al. 2017). An
effective strategy appears to be to rapidly regain aboveground
biomass following defoliation, allowing individuals to quickly
become effective competitors for light (Archibald et al. 2019).
Large below-ground reserves could also be effective for plants
growing in regions where droughts are frequent, but this has
not been tested for grasses as far as we are aware.

Notes

Large underground stored reserves may also provide an
advantage to grasses in areas with frequent fires, by allowing
them to resprout rapidly after being burned and, thus, re-
establish their aboveground photosynthetic material.
However, because even annual fires are infrequent within a
typical grass growth cycle, it is possible that the benefits of
high photosynthetic rates outweigh those of large stored
reserves, so long as there are adequate reserves to initiate
regrowth in the post-fire environment (Ripley et al. 2015). In
areas where fire is infrequent and litter accumulates,
underground reserve can initiate growth through the litter
layer.

Method

Regrowth in the dark should be measured on a minimum of
10 individuals per species per site at each sampling interval
after defoliation by clipping, burning or grazing. We suggest
that 2-week (14-day) intervals and two harvests should be
sufficient. For greenhouse experiments, mature plants grown
in pots can either be burned or clipped to remove all
aboveground biomass, after which an inverted plant pot
should be placed over each individual. If plants are of a
known or similar age and size, then the replicates could be
reduced, but in the field, it is necessary to account for initial
size. Black or dark green pots are recommended, because these
block out more light than do white pots. Ripley et al. (2015)
recommended that the inverted pots have ventilation holes
covered with black cloth and are painted silver to avoid
overheating, which also allows for better air circulation and
minimises effects on humidity and fungal development.
Because of reduced transpiration and evaporation, watering
should be reduced such that the soil is kept slightly moist, to
avoid over-watering. It is necessary to account for the effect of
the initial size of a plant on the amount of stored reserves. In
clipping experiments, the initially clipped biomass should be
dried and weighed. For field-based studies involving burning

or grazing, species-level allometric relationships should be
derived to estimate initial aboveground biomass from basal
area, canopy area and plant height (Oliveras et al. 2014).
Alternately, tuft diameter can be used as a crude proxy for
initial biomass within a species. At each sampling interval
after initial defoliation, the new growth of each of at least five
plants should be harvested, oven-dried, and the dry weights
should be determined. The slope of the regrowth as a function
of the initial biomass is the trait to be recorded. Slope estimates
will be most robust where a large range of plant sizes are
included. Where there is a low variation in plant size, forcing
the regression line through the origin should provide a more
reliable slope estimate. However, this comes at the cost of
assuming that there are no consequential changes in regrowth
rates, such as an initial lag or surge in the regrowth rate.

Notes

This trait can also be measured on plants growing under
natural conditions in the field, by placing an inverted pot over a
plant before it regrows after fire or grazing. To avoid
potentially measuring regrowth fuelled by clonal growth, a
metal plate should be used to sever roots around the pot edge.
Differences in the age and micro-environment of different
individuals may also influence results. The proportion of total
regrowth attributable to the use of remobilised stored reserves
can be estimated by measuring regrowth rates in the dark in
association with regrowth rates in the light (Ripley et al. 2015).

Shade biomass ratio (SBR)

Trait description

Shade biomass ratio (SBR) is the ratio of biomass produced
under 50% shading to the biomass produced under full sunlight
and is calculated separately for aboveground v. belowground
biomass (Solofondranohatra et al., in press; X. Gao and
D. W. Schwilk, unpubl. data). This trait quantifies how shade
tolerant a species or population is, by contrasting plant growth
achieved under shaded conditions with that achieved under full-
light conditions, while keeping other environmental conditions
constant. Species or populations with high aboveground and
belowground shade biomass ratios are considered more shade
tolerant because shading has less effect on biomass production
than for species or populations with low shade biomass ratios.
This functional trait is measured on grasses grown in a
greenhouse under controlled conditions.

Relevant environmental filters

The proportion of understorey plants in a community that
show some level of shade tolerance is anticipated to increase
with tree cover, and, hence, broadly with rainfall. Species with
high levels of shade tolerance are nonetheless expected to
occur below tree canopies in most savanna ecosystems,
although other aspects of the understorey microhabitat (e.g.
soil moisture and nutrients) will also likely contribute to the
commonly observed differences in understorey plant
communities below and beyond tree canopies (Ludwig
et al. 2001). There is also evidence that grass flammability
is negatively related to aboveground shade biomass ratios in
grassy ecosystems in the south-western United States, which
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suggests that species with a high shade tolerance may be able
to facilitate the persistence of trees in savannas, by reducing
the temperatures that they are exposed to during fires
(X. Gao and D. W. Schwilk, unpubl. data). By contrast,
Solofondranohatra et al. (in press) observed no response in
aboveground shade biomass ratios in Madagascan grasses, but
strong effects of shading on belowground biomass, which is
likely to reduce the resprouting ability of these grasses after
defoliation.

Method

Shade biomass ratio can be determined by growing plants in
a greenhouse, with half of the individuals grown in full light,
and the other half in 50% shade. After germination, 10 potted
seedlings should be randomly allocated to the 0% and 50%
shade treatments and grown for 4 months while maintaining
equivalent water and nutrient-supply conditions in each
treatment. Pots should be randomly relocated within each
treatment each month, to minimise any effect of variation
in light intensity within treatments. After 4 months, each plant
should be carefully uprooted, and any attached soil gently
washed off the roots to minimise loss of fine roots. Each plant
should then be split into aboveground and belowground
biomass, and then dried and weighed. The aboveground and
belowground shade biomass ratios are respectively calculated
by dividing the total aboveground or belowground biomass
of plants grown under 50% shade by the aboveground or
belowground biomass of plants grown under 0% shade. Gao
and Schwilk (unpubl. data) made use of a split-block design,
where five blocks in a greenhouse were each evenly split into
0% and 50% shade treatments. They constructed a 1.2 m-high
PVC pipe frame over each block, with polypropylene shade
cloth used to cast 50% shade over half of each block. For each
species in their study, one pot was allocated to each treatment
in each block, and shade biomass ratio was calculated at the
block level, resulting in one biomass ratio estimate per species
per block.

Notes

Fifty per cent shading is suggested as a general point of
comparison across studies, which reflects a common shade
level underneath trees in savanna ecosystems (Ludwig et al.
2001). However, a range of other shade levels can also be used
to better characterise the SBR response curves where this is
of interest (e.g. Solofondranohatra et al., in press). Further
measurements of potential interest include (1) the rate of
aboveground biomass gain in shade v. full sunlight, because
this influences the potential for a plant to effectively compete
for light in a community, and (2) both the rate and amount of
regrowth following single or repeat defoliation events, which
would provide insight into the longer-term effects of shading
on plant competitive abilities.

Stemminess (SS)

Trait description

Stemminess (SS) is the ratio of stem to leaf material in the
aboveground biomass. It is calculated by dividing the culm
biomass by the leaf biomass. Stemminess provides an

indication of how attractive an individual grass is to grazers
by (1) describing the proportion of lower-quality culm material
to higher-quality leaf material in a non-selective bite, and (2)
providing a proxy for how difficult it is to select leaf material
from the sward, and hence the forage-intake rate (Benvenutti
et al. 2006, 2009; Drescher et al. 2006). This functional trait
can be measured on all mature grasses.

Relevant environmental filters

In general, SS is predicted to increase as a simple function
of plant height, which is broadly correlated with productivity.
However, where this trait constitutes a specific adaptation to
reduce grazer preference, high SS values will be observed at
lower productivities. High SS values will allow grasses to
largely avoid being grazed (O’Reagain and Mentis 1989),
particularly by selective grazers. When grazed, SS provides
a measure of resistance, by decreasing intake rates (slower
rates for more selective grazers) and, thus, the amount of leaf
material likely to be consumed (O’Reagain and Mentis 1989;
Benvenutti et al. 2006, 2009). Stem material has a higher C : N
ratio than does the leaf material, owing to its primary function
of providing structural support. This requirement increases
when plants become taller at higher productivities. Grazer
body size is positively related to the ability to digest forage
with higher C : N ratios, and partly as a consequence of this,
larger grazers tend to be less selective than are smaller grazers.
Stemminess should be considered concurrently with culm
diameter, because very thin culms will not deter grazers
(Benvenutti et al. 2009). Note that SS can be increased in
the following two ways: (1) by increasing culm diameter and
culm density, which will often be a by-product of becoming
taller, and (2) by having many culms with few leaves per culm,
which may represent a specific adaptation to grazer avoidance
in less productive ecosystems.

Method

Stemminess should be measured on five mature individuals
per locality near the peak of the growing season. A
representative sample (e.g. a ‘pie slice’ that includes
material from the centre to the edge of the tuft) of
aboveground material from a mature (flowering) individual
can be clipped and separated into leaf and culm, which is then
dried and weighed to calculate the proportion of culm material
(culm mass � total mass OR 1 – leaf mass � total mass). An
alternative, less precise but quicker, method to estimate total
culm mass is to count the number of culms and multiply this by
the mass of a single culm.

Notes

The trait is mostly intended to provide broad interspecific
comparisons; SS values tend to show fairly high variability
within a species at a locality and will also change as a plant
matures. Stemminess can be reduced by intense fires, whereas
cool fires will often leave thick stems unburned. When
interpreting SS trait values for different species, it is thus
useful to have recorded whether stems represent new growth
after fire, or whether they have been retained through one or
more fires. O’Reagain and Mentis (1989) used a visual
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estimate of SS, subjectively assessing the proportion of stems
present on a scale of 0–5, where 0 = no stems and 5 = many
stems.

Forb traits

Defining forbs

A common definition of a forb is a non-grassy herbaceous
plant, although definitions vary greatly. The total woody tissue
in an adult plant remains debatable when it comes to defining a
forb. For the purpose of this study, we will use a broad
definition of forbs, which represents an adapted version of
the US Department of Agriculture PLANTS Database
definition (USDA, Natural Resources Conservation Service,
see https://plants.sc.egov.usda.gov/java/, accessed 4 November
2020), as follows: all non-graminoid vascular plants with a
limited degree of aboveground woody tissue and with buds at
or below the ground surface.

Forbs are widely acknowledged for their significant
contribution to overall species richness of savanna
ecosystems, and yet their value in addressing ecological
questions remains poorly studied. Various strategies to avoid
or tolerate disturbances and climatic stress are displayed by a
wide array of plant families within the savanna forb flora
(Bond et al. 2008). For instance, forbs often dominate savanna
herbaceous communities after a drought event through
drought-avoidance strategies (see regenerative traits),
drought-tolerance traits (e.g. underground storage organs)
and resprouting capacity (Siebert et al. 2020). Similarly,
when exposed to heavy grazing, herbaceous communities
may be transformed in favour of grazing-resistant or
-tolerant forbs (Siebert and Dreber 2019).

Grassland and savanna forbs are particularly adapted to fire
through various traits and strategies, from underground storage
organs, resprouting capacity, and bud protection to post-fire
flowering, fire-dependent seed germination and dispersal
mechanisms (Fidelis and Blanco 2014). Despite intraspecific
variations, forbs are also generally well adapted to changes in
rising temperature, rainfall variability and elevated
atmospheric CO2 concentrations because of their diverse
gene pool, high phylogenetic diversity and greater
physiological plasticity through representing all three
photosynthetic pathways (C3, C4 and CAM; Varanasi et al.
2016). Photosynthetic pathway is well described for trees (e.g.
Sage and Kubien 2003) and grasses (e.g. Taylor et al. 2010),
but less known for forbs. Because forbs may exhibit
differential responses to higher CO2 concentrations, drought
and rising temperatures, describing their photosynthetic
pathway is required for an improved understanding of
grass–forb–tree coexistence in savanna ecosystems. Further
examples of the relevance of describing forb traits in open
ecosystems include their significance in the maintenance of
ecosystem resilience (e.g. Bond and Parr 2010; Buisson et al.
2019) and supporting key questions related to the antiquity of
grassy biomes (Zaloumis and Bond 2016; Buisson et al. 2019).

The integration of forb traits in cross-continental savanna
studies that attempt to address complex global-change effects
are therefore much needed. Many of the traits that are
important to define the success of forbs in open ecosystems

are universal and have already been described in previous
handbooks (Cornelissen et al. 2003; Pérez-Harguindeguy et al.
2013; Table 4). Similarly, several of the traits described for
grasses and trees in this handbook, have relevance to forbs as
well. In Table 4, we have listed these traits, as well as their
main environmental filters in savannas, notably herbivory, fire,
and frequent drought.

Table 4. Traits important to consider for forbs in savannas
Traits indicated in bold are covered in the current handbook. Traits described
in earlier handbooks are indicatedwith superscript letters that are linked to the
respective literature sources, as follows: A, Cornelissen et al. (2003); Perez-
Harguindeguy et al. (2013); Kleyer et al. (2008); B, Valladares and
Niinemets (2008); C, Liu et al. (2018); Wang et al. (2014, 2015);

D, Niklas (1995)

Type and trait Disturbance or stress factor
Herbivory Fire Drought

Whole plant
Life historyA x x x
Growth formA x x x
Plant heightA x x
SpinescenceA x
FlammabilityA x
Shade tolerance (STOL)B x x x
Photosynthetic pathwayA x
Bite-size index (BSI) x
Plant chemical defence (PCD) x

Leaf
Leaf areaA x x x
Specific leaf areaA x x x
Leaf dry-matter contentA x x x
Leaf palatability or leaf-tissue pHA x
Leaf nutrient content (LNC, LPC)A x
Trichome density (TD) x x
Physical strength of leavesA x
Stomatal traitsC x
Vein densityA x

Stem
Stem-specific densityA x x x
Stem diameterD x

Belowground
Root mass fractionA x x x
Specific root lengthA x x x
Underground storage organs (USO) x x x
Nutrient-uptake strategyA x x x

Regenerative
Dispersal mode (DM)A x x x
Seed size and shapeA x
Seed massA x
Seed dormancy (s.d.) x x
Seed-coat thickness x
Radicle extension rate (RER) x
Seedling root : shoot ratio (SRS) x x
Seedling leaf : shoot ratio (SLS) x x x
Post-fire flowering (PFFLO) x

Belowground
Bud bank (BB) x x x
Bud protection (BP) x x
Resprouting as a trait syndrome

(RAATS)A
x x x

Non-structural carbon (NSC) x x x
ClonalityA x x x
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Underground storage organs (USOs)

Trait description

Underground storage organs (USOs) describe the presence
or absence and type of belowground organs. The type of USOs
is described by root morphology and anatomy (see Fig. 9).
Underground storage organs describe the capacity of plants to
regenerate after disturbance. The presence of USOs guarantees
the ability to resprout due to the allocation from belowground
parts to the formation of new shoots. Since USO stores not
only include buds and nutrients, but also water and carbon (e.g.
starch or fructans, see Pausas et al. 2018), they can be used to
assess carbon reserves (using dry biomass) and water reserves
(using difference between fresh and dry biomass). This
functional trait can be described for perennial grasses,
forbs, shrubs and trees and it is better described for adult
plants, although most species will have their USOs formed in
the early stages of development.

Relevant environmental filters

The protection of buds in USOs is known to occur in
disturbed systems (see Clarke et al. 2013; Pausas et al.
2018). Certain types of USOs are related to specific

disturbances, such as the relationship between xylopodia
and fire (Fidelis et al. 2014). Some USOs are related to
clonality traits (see Pérez-Harguindeguy et al. 2013) such
as rhizomes, whereas others function only as bud-bearing
organs, such as xylopodia (Appezzato-da-Glória et al. 2008;
Fidelis et al. 2014; Pausas et al. 2018). Underground storage
organs is a trait related to regeneration strategy (persistence),
and the diversity of USOs in an ecosystem can help describe or
predict responses to disturbances such as fire at the community
level (see Fidelis et al. 2014). Underground storage organs are
also related to the resprouting ability and clonality of plants.
The presence of USOs increases plants’ resilience to
disturbance, because they store buds, carbohydrates, water
and nutrients for plants to resprout after disturbance (Clarke
et al. 2013; Pausas et al. 2018).

Method

This trait is stable at the intraspecific level (i.e. low levels of
plasticity within species) and is, therefore, most useful when
analysed at the interspecific or community level. The best
classification for USOs is provided by Pausas et al. (2018) who
provided a key (see Fig. 9) to identify the most important types
of USOs found in tropical savannas, namely, xylopodium,
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Fig. 9. Underground storage organs (USO) structures. Belowground structures are woody in the top row, fleshy in the middle row (with the exception of
xylopodium, which is capped with a woody structure), and neither woody nor fleshy (sclerified fibrous or ‘wiry’) in the bottom row. For the belowground
organs, stem structures are hashed. Notes: (1) roots bearing lateral buds are not necessarily woody, (2) buds are only supported by the oldest rhizophores,
and (3) stolons do not form part of USO structures. Adapted from Pausas et al. (2018).
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lignotuber, root crown, woody rhizome, bud-bearing roots,
taproot tuber, bulb, corm, stem tuber, non-woody rhizome,
rhizophore and belowground caudex. Belowground roots and
shoots can be distinguished by their primary anatomy, the
presence or absence of leaves or leaf scales, the regularity of
insertion of organs (generally more regular on stem). Woody
roots are lignified, whereas non-woody roots are not. Note that
some USOs include organs used for clonal propagation (e.g.
rhizomes) and others do not (e.g. xylopodium). Most USOs
have some kind of storage function (e.g. starch), whereas
certain types may function only as bud-bearing organs that
sometimes also store water (e.g. xylopodium; Appezzato-da-
Glória et al. 2008; Pausas et al. 2018). At least three
individuals per species should be dug up during the peak of
the growing season and the USOs should be placed in plastic
bags. In the laboratory, they should be washed to remove
excess soil, weighed and stored in 70% alcohol or placed in a
freezer until ready for identification. To identify the different
types of USOs, the identification key of Pausas et al. (2018)
should be used (Fig. 9). For further analyses, USOs can be
oven-dried at 85�C for 48 h (or until constant weight is
achieved for large samples) to assess carbon (dry mass) or
water content (fresh minus dry mass).

Post-fire flowering (PFFLO)

Trait description

Post-fire flowering (PFFLO) refers to the ability of a plant
to flower after a fire (but could also be applied to other major
disturbances, e.g. herbivory or drought) and whether this
response is fire-dependent or not. This trait is described by
evaluating flowering responses in post-fire environments by
counting the number of individuals flowering in a population.
The ratio of reproductive to vegetative shoots, as well as the
aboveground allocation to reproduction (ratio of reproductive
to vegetative parts of the plant) can also be used to quantify a
plant’s allocation to post-disturbance reproduction. This
functional trait applies to forbs, grasses and woodies in the
adult life stage.

Relevant environmental filters

Most handbooks do not consider reproductive phenology in
their list of traits. In fire-prone ecosystems, PFFLO is a well
described event, and fire-stimulated flowering (disturbance-
dependent) can be classified as protanthy (flower then foliate),
seranthy (foliate then flower) and synathy (foliate and flower at
the same time; see Lamont and Downes 2011). Some species
may not be affected by disturbance (disturbance-independent)
or even be negatively affected by disturbance (disturbance-
sensitive). Reproductive phenology of some groups (e.g.
forbs) responds more to disturbance than others. Post-fire
flowering typically occurs in the first year post-fire (usually
within a few weeks or months after a fire) when flowering
peaks (Lamont and Downes 2011; Fidelis and Blanco 2014).
According to Lamont and Downes (2011), the majority of
species that exhibit PFFLO are monocots that often also have
USOs (e.g. orchids). This functional trait describes the ability
of adult plants to allocate resources to reproduction v.
vegetative regrowth (i.e. production of shoots) after

disturbance. Plants that are able to rapidly allocate
resources to reproduction should have an advantage in post-
fire environments, because they are able to attract pollinators,
replenish the seed bank while more soil is exposed, and
disperse seeds longer distances. Finally, plants that can
rapidly flower after fire must first be able to resprout
(Lamont and Downes 2011) and, therefore, the presence of
USOs is typically expected to accompany PFFLO.

Method

A minimum of 10 individuals should be sampled in the
post-disturbance population of each species. This number can
be increased if the species that are studied are abundant. There
are the following two methods that can be followed:
(1) individuals are marked and their phenology followed for
the first 3 months following fire, or until the start of the next
rainy season (although note that fire-induced flowering has
been recorded up to 1 year after fire, depending on the species
and growth form), or (2) individuals are sampled when they are
flowering for biomass allocation. In both cases, one should
monitor the plants regularly (at least monthly) so as to sample
plants during the flowering period. Plants in non-disturbed
neighbouring areas should also be marked to ensure that
flowering was triggered by the disturbance.

Method1. If PFFLO is to be followed (with no destructive
sampling), plants should be marked, and their vegetative and
reproductive shoots should be counted when flowers are fully
open. If plants flower within 3 months (or before the next rainy
season) in burned areas, but not in non-burnt areas, plants
should be classified as having fire-dependent flowering. If
plant flowering increases by more than 50% (i.e. higher
biomass or reproductive shoots) or earlier in burnt areas,
they should be classified as having fire-stimulated
flowering. If flowering happens equally at both sites (burnt
and unburnt), plants should be classified as having fire-
independent flowering. Finally, if flowering does not
happen in the burnt area, only in the unburnt areas, plants
should be classified as having fire-sensitive flowering. This
classification can be performed by counting only the
proportion of individuals that are flowering.

Method 2. If PFFLO is to be evaluated by sampling
flowering individuals, only individuals with at least 50% of
fully open flowers should be sampled. Individuals should be
cut at the soil level and should be at least 5 m distant from each
other (owing to the presence of clonal plants). Reproductive
parts (including flowers and flower stalks) should be separated
from vegetative parts and put in paper bags. In the laboratory,
they should be dried (65�C for 48 h) and weighed separately.
The ratio of reproductive to vegetative biomass can then be
calculated. This ratio can be used to determine whether a plant
has high investment in flowering in relation to vegetative
resprouting.

Bud bank (BB)

Trait description

Bud bank (BB) describes the number of viable buds
(axillary and adventitious buds) and their position in
relation to the soil surface (see Fig. 10). Bud bank (position
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and density) describes the potential of a plant to regenerate
after disturbance (fire, herbivory) or to produce new shoots
outside of the normal (wet) growing season. This functional
trait can be measured on perennial forbs, grasses and shrubs in
all life stages, but should preferentially be measured on adult
individuals. Bud bank can be observed by external
morphological observations (base of leaf sheaths, surface of
underground organs), but it is sometimes necessary to cut these
structures to ensure that what is being observed is a bud and
not a root apex.

Relevant environmental filters

This trait is related to the ability of a plant to resprout after
fire, herbivory or drought. If plants have a high investment in
BBs, it suggests that they have the capacity to respond to
disturbance by producing numerous new shoots or stems. A
belowground BB would be advantageous where fires are
intense (depending on the depth of burial), whereas an
aboveground BB would be linked to bud protection (see
bud-protection trait). Bud bank is a trait related to the

(a)

(b) (c)

(d)

Excavation Cutting

Soil

Fig. 10. Identification of buds. (a) In situ situation; (b) external morphology; (c) organisation; (d) longitudinal section. Preventitious buds are associated
with a leaf scar (most frequently visible from the external morphology and linked to the stem pith by the leaf trace) and frequently have leaf-derived
structures protecting their meristem. Adventitious buds are not associated with a leaf scar, their trace does not link to the stem pith and they frequently have
leaf-derived structures protecting their meristem. Root apices are not associated to a leaf and do not have leaf-derived structures protecting the root cap.
(L), leaf; (Co), cotyledons.
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persistence strategy because it allows for the rapid recovery of
damaged vegetative structures after a major disturbance
(e.g. fire, herbivory or drought). Species adapted to high
fire frequencies should have a higher BB density. Post-
disturbance BB density is expected to decrease over time
because of bud mortality. The durability of the buds should
match or be slightly longer than the average return interval of
the local disturbance regime (see Benson et al. 2004; Dalgleish
and Hartnett 2006; Fidelis et al. 2014).

Method

This trait is highly variable within a species, depending on
the age of the plant and the local disturbance regime. Because
it is difficult to define the age of plants in savanna systems
(Wigley et al. 2019a), Klimešová and de Bello (2009)
recommended that the BB distribution (vertical distribution
of buds) be evaluated in five layers in relation to the soil
surface. The seasonality, type of perennation of BB organs and
number of buds per shoot should also be evaluated according
to the layers. However, because the size of a plant usually does
not correspond to its age in savanna systems, it is difficult to
use the number of buds per shoot, or even just to count buds or
bud-bearing organs, because it might fluctuate according to
plant age. In cases where the age of a plant is known (e.g.
seedlings), the method proposed by Klimešová and de Bello
(2009) could be used. However, we propose that only three
layers are used for forbs and grasses, namely, belowground,
soil surface (0–5 cm above the soil surface) and aboveground
(i.e. >5 cm from the soil surface). For woody plants, see the
Presence of accessory buds (ACCB) trait in the woody plant
section. If the age of the plant is known, we recommend
sampling 10 individuals of the same age. These should then
be carefully dug out. It is usually not necessary to dig deeper
than 10 cm as most of the belowground buds are located in the
first 10 cm of the belowground structures. Plants should be
placed in plastic bags in the field and taken to the laboratory.
Plants should be washed to remove excess soil and fixed in
70% alcohol or placed in the freezer until ready for bud
counting. Each individual should have their buds located
(belowground, surface and aboveground) and counted
according to the position (see Fig. 10). Axillary and
adventitious buds can be counted using a binocular
microscope. If there is any doubt about the origin of the
structure (bud or root apex), anatomical cuts should be
performed to assure that leaf primordia are observed.
Usually one can observe these structures according to their
morphology. For the aboveground parts, axillary and
accessory buds should be counted (see ACCB trait).

If the age of the plant is not known (which will usually be
the case), plots will need to be established within populations
of the target species. The plots can vary according to the size
of the plants under investigation (0.5 � 0.5 to 1 � 1 m). All
individuals of the target species should be sampled, and buds
counted (as described above). For grasses with large tussocks,
one can establish a smaller sample within the tussock (such as
0.1 � 0.1 m) and sample the same size in different tussocks.
For forbs, individuals should be sampled, and bud counting
should be separated according to the three layers. Bud density

should be expressed as buds per square metre, whereas bud
position is a categorical trait. If the seasonal dynamics of the
BB are to be assessed, the same procedures should be used
during the wet and dry seasons, at the same sites. The best time
to sample the BB is during the wet season, at the peak of
growth. Bud bank should be assessed in conjunction with
USO type (see USO trait). For sites that have been
excluded from disturbance, it might be difficult to find
forbs with aboveground biomass, because they may be
dormant in the belowground parts.

Woody plant traits: saplings and adults

For woody plants, each life-stage (i.e. seedlings, saplings and
adults) faces a particular set of challenges (e.g. within or out of
shading, flame or herbivore zones). Furthermore, as a
consequence of the vertical structure of savannas (browse
height, fire escape height, see Fig. 1), plant demography is
a useful framework for understanding bottlenecks specific to
each life stage, and, hence, traits that plants might rely on to
survive, grow or recruit (Midgley and Bond 2001). Bottom-up
and top-down controls have contrasting influences at different
life stages. For example, bottom-up controls (e.g. nutrients,
water availability and climate) affect germination and
establishment, growth rates, hydraulic limitation to height
and senescence, whereas top-down controls (e.g. herbivory,
fire) influence establishment, recruitment into larger size
classes, and mortality across all size classes. Here we have
grouped the traits that are relevant to both woody sapling and
adult life stages.

Bark traits

We use the term bark to describe all tissues external to the
wood, following Pérez-Harguindeguy et al. (2013). For all
bark traits, we recommend that both inner- and outer-bark
thickness is measured and recorded insofar as possible. Four
main approaches have been adopted to describe how bark can
protect a plant from fire. Each of these methods provides
slightly different information on the protective role of bark.
The most common approach is to measure bark thickness
(described in detail in Pérez-Harguindeguy et al. 2013).
This first approach measures the combined outcome of bark
production and bark shedding (i.e. losses due to active
shedding by the plant, weathering, fire, abrasion from
animals). Bark thickness is expected to be strongly related
to the survival of aboveground parts in systems where
moderate to intense fires (fuel mostly composed of dead
branches and woody plants themselves) are common
(e.g. Quercus suber in Mediterranean systems). The interval
between fires tends to be long (>10 years) in these systems,
allowing trees enough time to grow and develop very thick
bark. However, when fire intensity is high, even trees with
thick bark do not survive and basal resprouters or trees
protecting their seeds are favoured. The second approach
used by Staver et al. (2012) and Dantas and Pausas (2013)
is an adaptation of the above method. In this second approach,
the bark thickness is recorded on saplings of different stem
diameter-size classes. The measurement of bark thickness for
given diameter-size classes provides meaningful information
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when analysing size-dependent stem mortality and has the
advantage of being relevant to the life stages that are the most
sensitive to fire. A third method (bark growth rate) has been
developed to predict the performance of species in relation to
fire frequencies. The fire regime typically found in savannas is
characterised by frequent fires of low intensity (as the fuel is
mainly composed of dry grasses). In savanna systems, it is,
therefore, important to develop enough bark in the period
between germination or resprouting and the next fire event.
This trait is calculated as bark thickness (for a portion of stem
that has not started bark shedding) divided by the age of the
structure. It allows for a yearly rate of bark production to be
calculated at the species level. The diameter is not equivalent
to an age when comparing multiple species because wood
annual increment varies tremendously among species. The
fourth approach usually described as relative bark thickness
or bark investment (see Pérez-Harguindeguy et al. 2013) is
measured by dividing bark thickness by stem diameter. Bark
relative thickness, therefore, describes a plant’s respective
investment in bark v. wood and provides meaningful
information about allocation trade-offs. Finally, bark damage
is often a major constraint on woody plants growing in
savanna systems, especially when mega-herbivores
(e.g. elephant) and fires are common. We have, therefore, also
includedmethods that can be used to determine a plant’s ability to
resist bark damage and recover from bark damage (defence
against bark stripping).

Bark growth rate (BGR)

Trait description

Bark growth rate (BGR) is the annual rate of bark
production measured on the main stem or trunk. It is
calculated by dividing the total bark thickness of the oldest
portion of trunk without bark shedding by the age of the stem
at the level where bark thickness was measured (Fig. 11). Bark
growth rate describes the rate of bark accumulation and,
therefore, predicts how quickly a species will be protected
against fire after germination or resprouting. This functional
trait applies only to woody species with a phellogen (excludes
most forbs, grasses, palms, cycads). This trait requires prior
basic training in plant architecture to identify growth units
(sensu Barthélémy and Caraglio 2007).

Relevant environmental filters

A high BGR is linked to higher survival of species
(Charles-Dominique et al. 2015a, 2017a) growing in areas
that are frequently burnt at low fire intensities. Bark growth
rate best describes the likelihood of survival for the life stages
(i.e. saplings) within the flame zone that are the most sensitive
to fire. Bark growth rate describes the rate of accumulation of
bark on the trunk (and, thus, does not describe the total
thickness of bark found on a trunk that is a function of this
rate, the number of years the bark accumulated and the amount
of bark that was shed). This trait was defined to predict how
fast a species can develop enough bark to face the first fire in
environments with frequent fires of low intensity. This trait is
expected to be strongly related to fire frequency and, to a lesser
extent, to fire intensity (Charles-Dominique et al. 2015a,

2017a). Bark growth rate should be low in tropical
environments where surface fires are rare and where grass
biomass is low (e.g. arid savanna, forest, thicket).

Method

This trait is suitable for interspecific comparisons. Because
BGR is expected to be stable at the intraspecific level, we
suggest that sampling can be limited to three to five replicates
per species where destructive methods are problematic, or to
5–10 individuals per species where they are not. Ideally
2–3-m-tall saplings growing within the flame height should
be selected: then, (1) a location on the trunk that has not started
shedding bark is identified (Fig. 11a), (2) a section of the trunk
is cut and bark thickness measured (Fig. 11b), (3) the age of the
section that was cut is estimated and (4) bark thickness is
divided by the age to obtain BGR in millimetres per year.

(1) Measuring bark on young trees reduces the problem of
confounding bark gains from growth with losses from bark
shedding. To ensure that no bark has been shed, a dead
epidermis must be visible at the location on the trunk
where bark is to be measured. The epidermic layer can
easily be identified by looking at young stems (at the
crown level) and comparing this with older and older
stems (as you move towards the base of the trunk),
until signs of shedding are visible on the outermost
layer (Fig. 11a). If the epidermis is still visible at the
base of the trunk, measurement is made at ~20–30-cm
height (and not lower), so as to describe the area exposed
to high temperatures and without the particular anatomy of
collar, lignotuber, or basal burl tissues.

(2) Many methods exist to measure bark thickness (see Pérez-
Harguindeguy et al. 2013). The same cutting can be used
to measure bark thickness and to estimate the age. After
taking a photograph orthogonally to the cutting (under a
binocular if needed; Fig. 11b) with a scale in place, bark
thickness is measured in four directions on the cutting
(top, bottom, left and right), while avoiding fissures and
protuberances. The average per sample is taken.

(3) The age of the section (where bark thickness was
measured) can be evaluated through morphological and
anatomical methods (ideally both to get higher
confidence), but not by stem diameter (because wood
production is not equivalent across species).
Morphological method counts the number of growth
units from the top of the plant to the cutting position
using the following morphological markers: shortening of
internodes, presence of bud scale leaves and events of
branching for species with a 1-year-delayed development
of new shoots (Barthélémy and Caraglio 2007). The
relationship between number of growth units and age (it
is important to make sure species are not polycyclic,
i.e. with more than one growth cycle per year) should
be checked at sites where the age of plants is known (by
using a site where the date of the last fire event is known
and measuring growth units on the oldest individuals
growing after fire). Anatomical method counts the
number of wood rings on stem cross-sections (Fig. 11c;
also requires checking for false rings, especially for
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polycyclic species, ideally using individuals growing at a
site that was disturbed at a known date). The mean of the
age estimated by the two methods is used (if they differ
and neither appears to be more accurate). In cases where
one of the two methods led to unclear estimations (absence
of morphological markers or undistinguishable wood
rings), only one method is used.

(4) Bark growth rate is calculated as mean bark thickness
divided by mean stem age.

Special cases

(1) Multi-stemmed species. For multi-stemmed species, one
of the main or largest stems should be sampled. Lateral
horizontal branches and twigs with a lower diameter
should be avoided because they frequently have a lower
BGR than do the main stems.

(2) Root suckering species. The BGRs of species with the
ability to spread vegetatively using underground
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specialised organs, either by underground modified stems
or by true root-suckering (both referred to here as ‘root-
suckers’), are frequently not related to fire frequency
(Charles-Dominique et al. 2017a). It is, therefore,
recommended to record this information together with
BGR.

(3) Species with highly developed inner bark. Bark growth
rate is not expected to be a good predictor of how well
species with extremely high levels of inner bark (ratio
inner bark thickness : outer bark thickness of >5) are
protected against fire because (1) the protective role of
inner bark is still under evaluation (Rosell 2016; Pausas
2017), and (2) inner bark is composed of primary tissues
(produced during the first year) and secondary tissues
(with an annual increment; Evert 2006) in proportions
that are difficult to evaluate.

Relative bark thickness (RBT)

Trait description

Fires damage trees in proportion to their absolute bark
thickness (ABT), which is simply a measurement of how thick
the bark is. For example, 0.6-cm thickness of bark provides an
~50% chance for stems to survive top-kill in South American
savannas (Hoffmann et al. 2009). Absolute bark thickness is
not a useful species-specific trait because it depends very
strongly on plant size; larger stems have thicker bark.
Relative bark thickness (RBT) is the ratio of bark thickness
divided by the bole diameter (BD = stem diameter – 2 � bark
thickness; Midgley and Lawes 2016). Relative bark thickness
is a species-specific trait and linked to plant life histories and
plant biogeography (Pellegrini et al. 2017). For example,
epicormic resprouters tend to have a high RBT and
epicormic resprouters are most common where ground fires,
rather than canopy fires, take place (Pausas and Keeley 2017).
Relative bark thickness is strongly dominated by two factors;
primarily, by rates of bark retention and, secondarily, by bark
growth rates. For example, a bark thickness of 0.6 cm may be
achieved in 3 years, by growth of 2 mm year–1, if all bark is
retained, but at faster growth rates if bark is shed. At this stage,
not enough information is available on the variability of bark-
retention rates and, thus, bark-thickness growth rates should be
measured on young shoots and branches where shedding is
limited. Australian eucalypts are notorious bark-shedders (e.g.
analysis of Eucalyptus obliqua in Midgley and Lawes 2016)
and, in this instance, their bark thickness is more strongly
determined by growth rates, than by retention rates.

Special cases

A subtlety in the trait of bark thickness is when bark
thickness varies abruptly with stem height. These are
the ‘half-butts’ very common in Australian eucalypts
(e.g. Eucalyptus miniata), which maintain a 1–2 m-high
sleeve of thick bark at the plant base and above this bark is
rapidly shed. Stems above the butt are typically green and
photosynthetic.

Relevant environmental filters

High RBT in adult woody plants is indicative of greater
allocation to defence and confers resistance to fire, pathogens

and insect attack (Rosell 2016). Trees growing in fire-prone
environments are likely to have a high RBT, so as to cope with
an increased frequency and intensity of fires (Pellegrini et al.
2017). A low RBT cannot protect the xylem (primarily) and
cambium from heat transfer and renders the adult woody plant
vulnerable to xylem cavitation, top-kill and death. There are
trade-offs between RBT and other life-history traits, such as
growth rates, plant architecture and resprouting ability.

Method

Relative bark thickness should be sampled from a minimum
of 10 individuals, and of stems no thicker than 100-mm bole
diameter.

Bark can be sampled using a variety of tools, such as bark
punch (or narrow-gauge leather punch) or sharp knife; bark
thickness (BT) and stem diameter (SD), which includes bole,
inner and outer bark, are measured using a pair of Vernier
callipers; inner and outer bark (Rosell 2016) are included in the
measurement of bark thickness.

A minimum of 50 measures are to be taken from the
thinnest mature twig to a maximum of 100 mm BD, from a
range of individuals, so as to obtain a reasonable regression
relationship between BD and BT.

RBT can be calculated as

RBT ¼ ðBT� BDÞ � 100

or by ordinary least-square (OLS) regression analysis of the
data, with the line forced through zero, whereby the slope of
the line provides the metric for the trait.

Defence against bark stripping (DABS)

Trait description

Global patterns of mortality in woody plants in non-
savanna biomes are primarily driven by stress (in particular,
drought and frost), pests (McDowell et al. 2018), fire,
windthrow (Mitchell 2013) and anthropomorphic drivers
(Lindenmayer et al. 2012). Herbivory and fires, and their
interactions (e.g. elephant feeding and fire), are an
important determinant of top-kill and adult mortality in
savanna systems (especially African and Asian savannas).
Although elephants are the primary agent of bark removal,
humans (Williams et al. 2007), porcupines (Yeaton 1988),
browsing antelope and buffalo (through the rubbing of the
horns) can also damage the bark of woody plants and expose
the xylem. Elephants are mixed feeders that predominantly
graze in the wet growing season, but switch to browse during
the dry season. During the dry season when many trees have
lost their leaves, elephants also utilise the bark and roots of
woody plants to access digestible proteins, stored
carbohydrates and water-rich phloem and cambium
(O’Connor et al. 2007). If entirely ringbarked or girdled (i.
e. all bark, cambium and phloem is removed from the complete
circumference of the tree), mortality follows as a consequence
of the interruption of sap and nutrient flow, root starvation and
canopy death. However, especially in more fire-prone
savannas, after bark (rhytidome and living inner bark
(phloem and cambium)) is removed, the xylem is exposed
to pathogens, wood-boring insects (Rosell 2019) and fire
(N’Dri et al. 2014). Following stripping of bark, successive
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fires may result in cambial death or embolisms in the xylem
and, ultimately, top-kill or mortality (see Midgley et al. 2010
for review). For example, the proportion of bark stripped
below 3 m has been found to be the best predictor of
Acacia nigrescens mortality (Moncrieff et al. 2008). The
manner in which an elephant uses a plant, and the plant’s
growth response to resist or compensate for utilisation, should
determine whether it survives (O’Connor et al. 2007). A suite
of stem traits plays an important, yet poorly studied, role in
limiting top-kill and mortality in savanna systems. Woody
species vary considerably in the degree to which their bark
may be damaged by herbivores. This is typically not
determined by one single trait, but rather through an
interaction of stem traits. Bark damage can be limited by
avoidance, resistance (limiting stripping) or tolerance
(recovery) to stripping. In general, the survival of savanna
trees is strongly linked to limiting or recovering from bark
stripping, i.e. fluted bark, less fibrous bark and the ability to
regrow bark following stripping. The key traits associated with
each of these strategies include the following:

(1) Avoidance of stripping

Multi-stemmedness. Allows avoidance of bark stripping
of inward-facing sides of the outer stems as well as total
protection of inner stems.

(2) Resistance to stripping

Flutedness of the trunk. Trunk flutes, i.e. convolutions or
folds in the trunk (see Fig. 12), reduce the potential for bark
removal and can protect up to ~70% of the surface area of the
trunk in Balanites maughamii (Williams et al. 2007).

(3) Bark fibrousness and stem spines

Both of these play a role in determining how easily and how
much bark can be removed from a stem, thereby exposing the
xylem to fire, insects and other pathogens (O’Connor et. al.
2007). Fibrous bark, when stripped, results in the exposure of
long portions for the stem. Less fibrous, ‘blocky’ bark typically
shears sooner, exposing less xylem, cambium or phloem. Less
fibrous ‘blocky’ bark increases the effort and time required to
remove bark, limiting herbivore feeding efficiency. Stem
spines are purported to limit bark stripping by increasing
resistance to stripping. Vascularised knobs or hooks, as
opposed to stem emergences (Bell 2008), provide greater
resistance to stripping, reducing the surface area removed.

(4) Recovery from stripping

Bark regrowth is a compensatory mechanism that allows
woody plants to recover their resistance to fire and pathogens.
Bark regrowth may be influenced by age or size and total area
removed (Vermeulen et al. 2012), and differs across species
(Wigley et al. 2019b).

Relevant environmental filters

(1) Resistance to stripping

In disturbance-prone environments, greater trunk flutedness
could be linked to a reduction in bark loss, particularly in adult
savanna trees, and, hence, a reduction in top-kill or mortality.
Low flutedness exposes more of the trunk, rendering the tree
vulnerable to either ringbarking or significant bark removal,
resulting in top-kill or mortality. We predict that greater bark
fibrousness (‘stringy bark’) indicates a greater vulnerability to
being stripped by megaherbivores and exposure to fire and
insect pathogens. Low fibrousness is linked to limited bark loss
and increased stem survival. Increased density of vascularised
spines or knobs is associated with reducing the surface area of
stripped bark, in turn reducing stem mortality. The presence of
knobs may confer some advantage by limiting stripping of
the stems.

(2) Bark regrowth

Greater bark regrowth increases the probability of survival,
whereas limited bark regrowth exposes the stem to pathogens,
insect feeding and fires (Moncrieff et al. 2008; Wigley et al.
2019b). Limited unpublished data suggest that resistance to
bark stripping and increased bark recovery is highest in fire-
driven systems, i.e. mesic savannas, where the increased
intensity and frequency would select for these traits.

Method

(1) Resistance to stripping

Flutedness of trunk. The ratio of the circumference at
breast height (CBH; or at the base if branched close to the
ground) relative to the actual circumference is a useful
measure of flutedness (see Fig. 12). Actual stem
circumference can be measured with a flexible tape

D1
D2

W

10 cm

3 cm

Fig. 12. Diagram demonstrating trunk flutedness and how it should be
measured. Flutedness is measured as the ratio between D1 (circumference
at breast height (DBH), which excludes the fissures) and D2 (actual
circumference, which includes the measurement into the convolutions
of the stem; after Williams et al. 2007). W indicates how to measure
resistance to stripping.
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measure. Flutedness should be measured on at least 10
individuals per species.

Bark-fibrousness index. The bark-fibrousness index
should be measured on at least 10 individuals per species.
At a height of 1.5–2 m on the trunk, a strip that is 3 cm wide
and 10 cm long (avoiding lateral stems and spines) is cut, but
the bottom edge is left attached (Fig. 12). The top edge of the
bark is separated from the stem and a (self-locking) heavy duty
pulling clamp (or any similar clamp) is attached, connected to
a Pesola (www.Pesola.com) scale (50 kg capacity) that
measures the force required to tear the bark from the stem.
Pulling is then required until the portion of the bark is removed
entirely from the stem, i.e. bark becomes entirely separated
from the stem. The maximum weight is read off the Pesola
scale and converted into Newtons (N) by multiplying by
9.80665. This will provide the maximum force required to
tear the bark from the stem. The area of the removed bark
section is then calculated by either photographing the area of
removed bark on the stem or the actual piece of removed bark
can be laid on a flat surface and photographed. For both of the
above options, a 30-cm ruler needs to be included for scale.
Software such as ImageJ can then be used to calculate the area
of the removed bark section. The bark-fibrousness index (cm2

N–1) can then be calculated by dividing the total area of bark
removed (cm2) by the force (N) required to remove the bark
section. The removal of a strip of bark usually represents little
threat to the tree’s survival.

Bark regrowth. Bark recovery following stripping is
recorded as the proportion of bark recovered following a
stripping event after a full growing season. However, it is
worth noting whether the tree can continue to recover its bark
during subsequent growing seasons. Bark regrowth can be
empirically measured by removing a circular section of
bark of 5-cm diameter (~20 cm2) with a mallet and a
sharpened corer before the growing season. Bark regrowth
focuses on the recovery of the living inner bark. The thin layer
of outer bark (i.e. periderm and cork) is removed using a wood
chisel and then the entire layer of inner bark (i.e. secondary
phloem) is removed, without damaging the underlying wood
(Wigley et al. 2019b). Regrowth can be calculated by
measuring the regrowth on two perpendicular axes (see
Fig. 13) on a regular basis (3–4 months), but should be
enumerated after a full growing season. Regrowth can also
be measured by taking a photograph with a scale bar included,

and calculating percentage recovery by using ImageJ or similar
software. The removal of a small disc of bark usually poses
little risk to the tree.

Bud traits

Bud protection (BP)

Trait description

Bud protection (BP) describes the location of buds sensu
lato (including epicormic strands without scale leaves) within
the bark layer. It is described using macro-anatomical cutting
and external morphological observations at the base of the
trunk. Bud protection describes how well buds are protected
against fire and relates to a plant’s ability to resprout after fire.
This functional trait applies only to woody species with an
active phellogen (excluding most forbs, grasses, palms and
cycads).

Relevant environmental filters

A high level of BP is linked to a greater ability to resprout
after fire and higher survival rates for species growing in
frequently burned areas with low to moderate fire intensities
(Burrows 2013; Charles-Dominique et al. 2015b). Bud
protection describes a tolerance strategy of woody life
stages (saplings to mature trees) exposed to fire (within the
dominant flame height). Bud protection should be high for
most species in areas with frequent fires (with the exception of
root suckers sensu lato, Burrows et al. 2010; Charles-
Dominique et al. 2015b). In systems with infrequent but
very intense fire (e.g. Mediterranean), the whole
aboveground structure of saplings is often burned, with no
obvious advantage for high levels of BP. Bud protection is
expected to be high in all systems with high (>2 Mg ha–1) grass
biomass (fuel loads). Bud protection has been shown to differ
between biomes with contrasting fire regimes (Burrows et al.
2010; Charles-Dominique et al. 2015a). Because this is a very
stable trait at the species level (low intraspecific variability), it
can be used as a specific attribute on phylogenies, such as to
understand the rise of fire-dominated systems during
evolutionary times (Crisp et al. 2011).

Method

This trait is suitable for interspecific comparisons. It is a
very stable trait requiring three destructively sampled

(a) (b) (c)

2 cm

Fig. 13. (a) Indicates a 5-cm-diameter section of bark freshly removed from a Sclerocarya birrea tree, (b) partial recovery of the removed bark section and (c)
full recovery of the removed bark section.
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replicates per species. The methods are easiest to perform on
2–3-m tall saplings growing within the flame height (the trunks
of bigger trees can prove challenging to cut accurately). The
detailed steps to determine BP for each species under
investigation are as follows:

(1) Ideally, BP should be assessed on a trunk that has not
started bark shedding (Fig. 14a). Potential location of
preventitious buds (buds that are found in leaf axils) is
determined using the external morphology of the trunk.

(2) A bud is located using scars, phyllotaxy and angles visible
on the stem (Fig. 14b). Ideally, the bud should be in the
middle portion of a growth unit (see Barthélémy and
Caraglio 2007). For species producing extensive bark,
we recommend preliminary comparative observations
with younger structures (at the crown level) to clarify
which scars correspond to bud and leaf scars (and which
ones correspond to branch scars) and where the bud should
be located. Cuttings should not be performed through
branch scars, because buds would have already been
used to produce branches. Branch scars can be easily
identified because they leave a big circular scar with
radial symmetry. Leaf scars with an intact bud
generally produce bilateral symmetry. When scars are
not visible anymore (owing to intensive bark
production), the angles observed on the stem inform as
to the presence of a node (leaf + bud) and can help locate
the bud.

(3) A 20-cm-long stem section, including the observed bud, is
cut with a handsaw or secateurs. The section is cut length-
wise with a razor or chisel, so as to reveal the trunk and bud
pith (Fig. 14c). Some adjustmentsmay be necessary after the
initial cut. We advise practising the method before
describing the samples.

(4) Bud protection is a semiquantitative variable with the
following five categories: (1) not protected (bud entirely
outside the bark surface); (2) low protection (bud
emerging from the bark surface, but bud apical
meristem below the surface); (3) intermediate protection
(bud at the base of a deep narrow depression in the bark);
(4) high bud protection (bud totally covered by bark); and
(5) extreme protection (bud embedded within the wood
layer; see Fig. 14d). Score BP for each longitudinal section
according to the five categories listed above and shown in
Fig. 14d. Take the average score of the three sections.
External morphological observations can complement
macro-anatomical cuttings.

Special cases

(1) Multi-trunk and -stemmed species. For multi-stemmed
species, one of the main stems should be sampled
(frequently vertical stems with larger diameters).

(2) Type of stem to sample. Trunks or main stems. Lateral
branches and twigs should be avoided because they
frequently have a lower BP than do the main stems.

(3) Root-suckering species. For root-suckering species
sensu lato (underground modified stems or true root-
suckering, see the ‘Resprouting as a trait syndrome

(RAATS)’ section), the BP is poorly informative of
species survival in fire-dominated systems. It is suggested
to record this information together with BP.

(4) Limitation of the method. This method applies only to
preventitious buds (located at the axil of a leaf (or
leaf scar)). Some species can additionally develop
adventitious buds (out of leaf axils) that reinforce species
ability to survive fire (for more information, see Meier et al.
2012), but these will not be disclosed by the described
method.

(5) Tips. When performing the cutting, one may find only
empty axils or buds already developed (for example, into
floral structures). In these cases, target smaller buds
(frequently located at the extremity of the growth unit)
that are usually more likely to persist as epicormics buds
(Meier et al. 2012).

Presence of accessory buds (ACCB)

Trait description

The presence of accessory buds (ACCB, more than one bud
at the leaf axil; see Bell 2008) can be assessed from macro-
anatomical longitudinal cutting, external morphological
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Fig. 14. Bud protection. (a) Area to sample. (b) Position of the blade for
macro-anatomical cutting. (c) Anatomical structures to be revealed.
(d) Levels of bud protection (trunk pith and leaf traces are not
represented to simplify the figure but should be visible).
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observations or both. This trait provides information on how
effectively a species can resprout following disturbance. All
groups (trees, grasses, forbs) described in this handbook can
develop accessory buds but with some variation in their
expression. Here, we describe the criteria needed to
determine whether woody species develop accessory buds
and provide some information about their development in
monocots. This trait requires prior basic training in macro-
anatomy to identify macro-anatomical structures.

Relevant environmental filters

Species with accessory buds have enhanced resprouting
abilities (tolerance strategy) and are favoured in frequently
disturbed environments, because the number of available buds
increases without involving a greater cost of bark production
(Burrows et al. 2008; Charles-Dominique et al. 2015b). This
trait seems to confer an advantage to plants both in fire-
dominated and in herbivore-dominated systems and has
been found to be high in species in disturbance-driven
savannas and intermediate in systems rich in browsing
mammalian herbivores (Charles-Dominique et al. 2015a)

Method

This trait is suitable for interspecific comparisons. It is a
stable trait requiring approximately three to five replicates per
species. It is usually a destructive sampling method. One
positive observation is sufficient to confirm the presence of
accessory buds, but several observations should be performed
to conclude that they are absent. The presence of ACCB can
sometimes be inferred form morphological observations.
However, accessory buds frequently remain dormant and
can be very small, in which case they cannot be observed
from morphological observations only. If external
morphological observations (Fig. 15a) fail to show the
presence of accessory buds, macro-anatomical cuttings
(Fig. 15b) have to be performed to conclude that the
species does not have accessory buds.

External morphological observations

In dicotyledons, accessory buds are typically found either
above or below the main bud on the bearing stem (see
Fig. 15a). They are usually aggregated with the main bud,
but can be spaced regularly as shown in Fig. 16c. The
following observations can be made to conclude that a
woody species has accessory buds (Fig. 15a): only one leaf
(or leaf scar) with several aligned buds at its axil. Special
attention needs to be paid to the location of the axillary leaf
(Fig. 15a) and to the first leaves of the bud (prophylls a and b);
although these two leaves can be extremely reduced
(cataphylls), in dicotyledons, they are always located in a
lateral position at the base of any new stem (or buds).
Locating a and b leaves helps understand the arrangement
and timing of bud development. Branches developed from
accessory buds produce a distinctive branching pattern
(Fig. 16b, 15a) where two (or more) branches are emitted,
clustered on the main stem and in the alignment of the main
stem axis.

Macro-anatomical observations

The presence of accessory buds can be recorded together
with bud protection (cf. bud-protection trait), in which case
samples should be prepared for assessing bud protection. If the
presence of accessory buds is assessed independently, i.e. a
young, vertical stem with long internodes and relatively large
diameter (i.e. not on short shoots or twigs) is chosen.

A bud is located using scars, phyllotaxy and angles
visible on the stem (Fig. 15a). Ideally, the bud should be in
the middle portion of a growth unit (see Barthélémy and
Caraglio (2007). Steps 2 and 3 in the methods for bud
protection (Fig. 14, Steps 2, 3) are followed. Accessory
buds (if any) should be visible in the same cutting plane
with the traces of the main bud and leaf (Fig. 15b, Step 3,
16d). Presence or absence is scored.

Special cases

When performing the cutting, one may find only empty
axils or buds that have already developed (e.g. into floral
structures). In these cases, smaller buds (frequently located at
the extremity of growth unit) are targeted, that usually live
longer than do larger buds (Meier et al. 2012).

Monocotyledons develop collateral accessory buds (Bell
2008). The accessory buds can, therefore, be accessed only by
cutting in a different direction (Fig. 15a, morphological
observations).

Bite-size index (BSI)

Trait description

The effectiveness of structural defences can be determined
by measuring the amount of material a feeding vertebrate
herbivore can remove with each bite. Several studies have
shown that the bite-size index (BSI) is an effective proxy for
measuring the effectiveness of a plant’s structural defences
against browsing by medium-sized ungulates (Wigley et al.
2014, 2018; Charles-Dominique et al. 2015c). This method
uses human bites to simulate the bite size of meso-herbivores
and has been found to be correlated with goat bite size
(Charles-Dominique et al. 2015c). Bite-size index is
expected to decline with ramification and physical defences,
and increase with leaf size. Plants with physical defences
(spines, thorns and prickles or being highly branched, or
both) should be harder to browse, decreasing BSI values.

Relevant environmental filters

A low BSI is indicative of high levels of structural defences
in plants (e.g. cage-like architectures, spines) and is expected
in areas where impact by medium-sized ungulates is high. A
high BSI is indicative of high availability of browse for
herbivores. Low levels of structural defences and large
leaves are expected where herbivore pressure is low or for
plants with effective chemical defences. The BSI is strongly
related to the survival and growth of coppice and sapling life
stages for trees and shrubs that are within the feeding height of
small and medium-sized mammal herbivores.
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MORPHOLOGICAL OBSERVATIONS

MACRO-ANTOMICAL OBSERVATIONS
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Fig. 15. Presence of accessory buds. (a) Morphological observations. The two top drawings illustrate observations where no accessory buds are visible
externally (require macro-anatomical cuttings to confirm the absence of accessory buds). The warning sign calls the attention of the reader to the small
buds not being accessory buds; here these buds developed from the first leaves composing the main bud as inferred from their lateral position and the
presence of cataphylls (a and b) at their axil. Note that accessory buds do not have distinct colours compared with main buds, but have been coloured here
for demonstration. Adventitious buds can be identified in dicots from their longitudinal alignment relative to the main bud along the stem. This contrasts
with branching from the buds at the cataphyll axils, which can result in multiple branches that are packed but not emitted at varied angles (i.e. not in the
alignment of the first branch). Note that in monocotyledons, accessory buds are instead beside the main bud (collateral) and cutting should be adjusted
accordingly. (b)Macro-anatomical observations. (1) Area to sample, (2) position of the blade for macro-anatomical cutting, (3) anatomical structures to be
shown. Ls, leaf scar; a and b, the two first leaves of the buds.
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Method

Bite-size index should be measured during the growing
season when leaves are fully expanded and still green. Bite-
size index should be measured on at least five different
individuals per species. Even though BSI is a stable trait
allowing for inter-specific comparisons, it has been shown
to vary as a function of browsing intensity and can be used to
assess intraspecific responses to browsing pressure (e.g. see
Wigley et al. 2015, 2019c). Bite-size index should, therefore,
be sampled at different herbivore intensities, depending on the
question. The BSI of a plant is the total dry weight (g) of the
leaf and stem material removed by 10 human bites (without
using hands to manipulate the stems or branches). All bites
should be taken while standing on the ground and can be taken
anywhere within reach of the mouth (see Fig. 17). The recorder
should avoid taking all measurements at the same level and
attempt to take bites across the range of the plant canopy that is
within reach. Leaves and stems from each bite are weighed
together. For each bite, the person measuring the BSI should
attempt to remove the maximum amount of leaf material
possible. When comparing multiple species in a study, we
recommend that BSI is measured by the same person, so as to
control for potential differences among individual recorders.
However, Charles-Dominique et al. (2015c) found that the BSI
differed only for one of nine recorders in a controlled
experiment. This trait should only be measured on species
that are known to be non-toxic (see Box 2).

(d)(c)

(a) (b)

Fig. 16. Examples of species without and with accessory buds. (a) No
visible accessory bud. (b) Branching pattern resulting from the development
of the main bud (Br I) and accessory bud (Br II). (c) Accessory buds that are
regularly spaced (note that buds can be clustered). (d) Macro-anatomical
cutting of a stem with accessory buds. Ls, leaf scar; Mb, main bud; and
ACCB, accessory bud.

(a) (b)

Fig. 17. A demonstration of how the bite-size index (BSI) is measured so as to simulate browsing by meso-herbivores

Box 2. Special cases and caveats to be considered when measuring bite-size index (BSI)

Extreme care should be taken when poisonous or toxic plants are present. If
you are not entirely sure about the identity and edibility or toxicity of a plant
DO NOT attempt to measure the bite-size index because it could lead to
poisoning or death.

Extreme care should also be taken when recording the bite size index on plants
with spines as injury to the eyes, mouth and face could ensue.
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Height of the fifth fork (H5)

Trait description

The height of the fifth fork (H5) describes how woody
species explore vertical space and is independent from the age
of the plant as long as it has developed five forks. For most
species, after the fifth fork is established, the plant has already
performed a large part of its vertical exploration, and
subsequent branching contributes mostly to the lateral
expansion of the crown and multiplication of number of
apices. Height of the fifth fork describes a species
organisation (independent from growth rates) and
determines the height at which plants can establish their
crown. Foresters frequently use the height of the first fork
to evaluate whether a stand will produce straight boles (which
is directly related to the height of the crown). We instead chose
the fifth fork as a compromise because the height of the first
fork is highly variable, and higher-level forks are more
difficult to locate within the crown. This trait applies to all
species that develop forks (excluding species with unbranched
main stem and species not producing forks with only one main
stem and lateral subordinate branches). This trait potentially
applies to woody and non woody species, but its ecological
significance has been investigated only for woody plants
(Charles-Dominique et al. 2015a).

Relevant environmental filters

Height of the fifth fork can be used to predict the ability of a
species to grow in shaded environments. Many woody species
in closed environments have a high H5, allowing them to
develop their crown at the canopy level, whereas plants more
adapted to open environments frequently develop their canopy
at lower heights (Charles-Dominique et al. 2015a). In more
open environments, this trait can also allow a species to set up
its canopy out of the range of major disturbances, such as out
of the flame zone or above browse height (Wakeling et al.
2011; Staver et al. 2012). This trait is interpreted as part of an
escape strategy because it allows a tree species to set up its
crown above light-limited environments and major
disturbances.

Method

Height of the fifth fork can be used both for intraspecific
and interspecific comparisons. Height of the fifth fork has been
found to be variable within species according to the light
environment (Charles-Dominique et al. 2012) and can be used
to analyse strategies of vertical exploration under different
levels of canopy cover. For interspecific comparisons, this can
be used as a categorical trait, with height categories being
adapted to the local regime of disturbance (average flame
height and herbivore range) and dominant canopy height in
the co-occurring vegetation types (Charles-Dominique et al.
2015a). For interspecific comparisons, we recommend
sampling a minimum of 5–10 individuals per species that
have not been previously top-killed or had the main stem
broken or toppled. Measurement of this trait is non-destructive
and can easily be undertaken on a large number of individuals.
For intraspecific comparison, 5–10 individuals are described

for all levels of the environmental gradient to be analysed. To
record the height of the fifth fork, all forks from the ground
level to the fifth fork are counted and the height of the fifth fork
is recorded (Fig. 18). (Hint: imagine the tree being gradually
submerged by rising water; the fifth branch is the fifth to be
submerged, anywhere in the canopy, as the water level rises.)
A height pole can be used for more accurate measurements
(e.g. for intraspecific comparisons), whereas height classes are
usually sufficient for interspecific comparisons. When
recording the H5 on plants with multiple basal trunks or
stems, choose one of the main stems to record the trait (see

(a) Fork

(b) Bark

(c) Height (m)

4

3

2

1

Fig. 18. Height of the fifth fork (H5). (a) discriminating forks from
lateral subordinated branches: the two branches constituting a fork have
similar diameter and similar growth direction. (b) Discriminating forks
from delayed sprouts: the two branches constituting a fork have been
produced simultaneously or with one growing season lag; their bark
structure and colour should be similar. (c) To record the height of the
fifth fork, choose one main stem from the ground level (excluding all basal
resprouts;� indicates a basal resprout that should not be considered in the
evaluation of H5) and count all forks until reaching the fifth fork. Record
the height of the fifth fork using either a height pole (advised for
intraspecific comparisons) or in height categories (interspecific
comparisons).
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example in Fig. 18c). The basal branching (within 30 cm from
the ground level) around the collar region (such as from basal
burl, lignotuber and rootstock) does not provide information
about the vertical exploration strategy and should not be
recorded as a fork. Once a stem has been chosen, the first
fork is identified. On each branch of this fork, subsequent forks
are identified. The observations are repeated until reaching the
fifth-lowest fork in the structure (Fig. 18c). The height of the
fifth fork is recorded. To properly identify a fork, the two
branches of the fork should be (1) of a similar diameter, (2)
generally have a similar growth direction (Fig. 18a), (3) and
give rise to branched systems that are equivalent. It is useful to
make these observations from a distance to have an overview
of the full plant structure, especially when diameters are not
strikingly different (50% differences and less) and doubts arise
about whether the two branches are equivalent or not. For more
information about the developmental processes generating
these forks and additional criteria, see information about
total sequential reiterates in Barthélémy and Caraglio
(2007). Check that the two branches of the fork have been
developed simultaneously (or with a delay of only one growing
season). Otherwise, what is interpreted as a fork could simply
result from the late development of a new trunk (that usually
does not affect the vertical exploration strategy). Advanced
methods can be applied to check this point (ageing the
branches morphologically or using scar morphology), but a
coarse assessment can be performed by checking that bark and
epidermis structure and colours are similar on both branches of
the fork (Fig. 18b).

Special cases

For species with a single stem (such as many palms) or
without forks (such as some conifers), a well developed
individual should be chosen and two-thirds of the species
maximal height should be used.

Index of cage architecture (ICA)

Two methods have been proposed to describe branching
patterns in woody plants, i.e. levels of branching that can
offer protection against feeding herbivores. The first, called
‘branching architecture’, is a highly variable trait that can
capture intraspecific variation resulting from genetic
differences, local growing conditions and induced responses
after herbivory (Staver et al. 2012) and is described in Pérez-
Harguindeguy et al. (2013). The second, called ‘index of cage
architecture’ (ICA), is a measure of investments in structural
defences (Charles-Dominique et al. 2017b). This is a trait that
is stable at the species level and useful for interspecific
comparisons, but requires prior basic training in plant
architecture to identify axis categories (sensu Barthélémy
and Caraglio 2007).

Trait description

The ICA is calculated from the number of different types of
stems encountered in the architecture of a tree, woodiness and
the level of spinescence. When a highly branched structure is
composed of stems that are either woody or spiny, it impedes
the movement of mammalian browsers attempting to access
the soft and nutritive edible parts of a plant (leaf, buds, fruits)

and, therefore, reduces their biting rate. This trait applies to
woody plants only (trees and shrubs) and should be described
for life stages within reach of the dominant meso-browsers
(antelopes, cervids) at a site, usually below ~2–3 m. Cage
architecture may be less effective in reducing feeding rates of
animals that use their forelimbs for plucking leaves (e.g.
primates, Australian macropods).

Relevant environmental filters

Species with a higher ICA maintain a higher proportion of
leaves inside the cage in herbivore-rich natural systems. High
herbivore densities are expected to result in plant communities
with high ICAs. Woody species growing in herbivore-
dominated savannas typically have higher values of ICA
than do species from co-occurring biomes (e.g. thicket and
forest, Kruger et al. 2017). A high ICA forms part of a
resistance strategy that minimises the negative effects of
herbivores. An experimental study using goats found that a
high ICA resulted in a slower biting rate inside the cage
(Charles-Dominique et al. 2017b). The low feeding rates
achieved by herbivores attempting to feed inside the cage
of plant species with high ICAs would not fulfil their daily
nutritional requirements. High ICAs are expected to have large
impacts on herbivore feeding preferences, including selection
of less defended individuals or species (Charles-Dominique
et al. 2017b).

Method

This trait is suitable for interspecific comparisons. It is
stable at the species level and, therefore, requires observations
only on a limited number of individuals (description of one
individual followed by visual confirmation on several
individuals in varied ecological situations). The method to
describe ICA applies to saplings within the feeding height of
meso-herbivores. It consists of the following four parts, which
are described in detail below: (1) identifying axis categories on
the basis of their morphological attributes, (2) assessing the
conicity of these categories, (3) establishing the location of
spines, if any, and (4) calculating the index on the basis of
these observations.

(1) Identifying axis categories

The method for identifying axis categories was introduced
in Barthélémy and Caraglio (2007). It consists of grouping all
stems (i.e. trunk, branches, twigs and short shoots) in the plant
body into axes with similar morphological properties. This
process highlights duplicated structures (reiteration) within the
plant body (see Fig. 19a, 20). Morphological descriptors
prescribed for describing plant axis categories (sensu
Barthélémy 1991) include growth direction (plagiotropy,
orthotropy or mixed), stem shape, length of internodes
(portion of stem between two consecutive leaves; can be
scored as categorical, see Charles-Dominique et al. 2017b),
phyllotaxy and mode of branching (subapical, acrotonic,
mesotonic or basitonic). These descriptors can be
complemented by observing symmetry and other
morphological descriptors such as ability to produce flowers
(for a more complete list, see Barthélémy and Caraglio 2007).
Fig. 19b illustrates three theoretical architectural units
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consisting of one, two and three axis categories, with the first
axis category (C1) being orthotropic, spiny and conical, C2 is
plagiotropic, spiny and cylindrical and C3 is ageotropic,
cylindrical and spiny (Fig. 20). It is important to note that
axis categories are not equivalent to branching order. Short
shoots can, for example, be borne on both trunk (Order 2) and
main branches (Order 3).

(2) Conicity of axis categories

A stem with a difference between basal (i.e. near the ground
(for trunk) or insertion point (for other stems)) and distal
(i.e. near the stem apex) diameters of more than 20% is
considered conic, otherwise cylindrical. Conicity provides
information on the wood production of axis categories
(i.e. it results from differences in secondary growth between
the base and the newly formed apex) and can determine
whether the resulting structure can impede the movement of
herbivores (with the assumption that thin stems have less effect
on the movement of mammals within the canopy).

(3) Spinescence

For each axis category, the ability to bear a lateral spiny
organ with a sharp tip (thorn, spine, hook) is recorded. This
ability does not mean that spinescence has to be systematically
expressed on all stems for this category (frequently, the ability

of axis categories to produce spines is not expressed higher in
the canopy).

(4) Calculating the index

The index is calculated according to the following formula:

ICA ¼ Qn

i¼1
1þ 2isi þ 1:2iciþ1

� �

where i is the rank of the axis categories ordered from the
inside of the species’ architectural unit to the periphery, si is
the presence of spines borne by an axis category i (1 =
presence, 0 = absence) and ci describes the conicity of the
axis category i (1 = conic, 0 = cylindrical). Any axis category
that does not bear a conical axis category, or that is not spiny,
does not contribute to a plant’s investments in defence.

Special cases

Situations where cylindrical stems are woody and potentially
impede the movements of herbivores, or where the stems are
conic but do not create a barrier to movement, might exist but
have not been encountered. In these situations, this criterion
might have to be adjusted, keeping in mind its aim.

Resprouting as a trait syndrome (RAATS)

Trait description

The ability to resprout is widespread in woody taxa, and
virtually all angiosperms, and some gymnosperm plants, are
able to do so (Keeley and Zedler 1998; Del Tredici 2001; Bond
and Midgley 2003; Vesk and Westoby 2004b). Although the
manner in which plants recover their lost aboveground
biomass after severe disturbance varies quantitatively and
qualitatively, the ability to resprout is often treated as
binary (reseeders and resprouters). However, resprouting
ability varies among and within species (Kruger et al. 1997;
Bond and Midgley 2001; Clarke et al. 2013), in type (Del
Tredici 2001; Clarke et al. 2013), life-history stages (Peterson
and Carson 1996; Del Tredici 2001; Bond and Midgley 2003;
Vesk 2006), life form (Vesk 2006) and disturbance severity
(Pausas 1999; Bellingham and Sparrow 2000). We define
resprouting in a broader sense than previously defined e.g.
Pérez-Harguindeguy et al. (2013). Here, we define resprouting
as the production of secondary shoots or root suckers as an
induced response to either (1) injury or (2) a dramatic change
in surrounding environmental conditions. Although ubiquitous
across all biomes, resprouting plays a disproportionately
important role in savanna systems, given the frequent and
often intense disturbances in the form of fire and herbivory.

Within the context of broader regeneration strategies, plants
may be categorised into obligate reseeders, obligate
resprouters and facultative reseeders or resprouters (Clarke
et al. 2015); the latter is a group of species that have the ability
to resprout but rely on the production of viable seeds as a
means of reproduction. Resprouting syndromes can then be
divided into aerial (primarily epicormic), basal and
belowground resprouting. Resprouting ability can vary with
phylogeny (Burrows 2013), growth form (Clarke et al. 2015),
plant size (Vesk 2006) and can vary intraspecifically with

Module

One
axis

category

Two
axis

categories

Three
axis

categories

(a) Shoot
        system

(b) Module structure

Fig. 19. Examples of plant organisation. (a) Shoot systems with the same
module structure but with varying features of reiteration. (b) Modular unit
with one, two and three axis categories. The first axis category is
orthotropic, spiny and conic; the second axis category is plagiotropic,
spiny and cylindrical; the third axis category is ageotropic, spiny and
cylindrical. Figure reproduced from Charles-Dominique et al. (2017b).
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changes in ecosystem drivers, such as soils, fire, herbivory and
competition (Bond and Midgley 2003; Moreira et al. 2012;
Clarke et al. 2015). These factors determine sprouting vigour,
survival, persistence and reproduction. There are allocational
trade-off costs associated with resprouting, specifically the
production and maintenance of buds, storage organs and stored
NSCs (Bond and Midgley 2003). Resprouting ability,
therefore, comes at the cost of a range of other plant traits
including, but not limited to, reduced reproductive allocation
or output, slower maturation rates and plant height (Midgley
1996). Resprouting can have profound effects on ecosystem
dynamics. Given that resprouting enhances individual
persistence and, hence, individual turnover, it influences
plant demography (Kruger et al. 1997) and community
dynamics (Kruger and Midgley 2001).

Clarke et al. (2013) provided the most comprehensive
functional classification for resprouting types on the basis
of the fundamental traits required to resprout, namely, bud
availability, bud location and protection and funding the bud

bank (by NSCs). The bud–protection–resource (BPR) schema
treats resprouting as a continuum from apical to root
suckering. Depending on the intensity of disturbance
(Kruger et al. 1997; Bellingham and Sparrow 2000) and,
secondarily, resource availability, sprouting may occur
using axillary buds (axillary resprouting), epicormic buds in
branch and stem epicormic sprouting and, ultimately, basal
resprouting from adventitious buds at the base of the stem.
More specifically, resprouting can be broadly categorised
according to Fig. 21 (after Clarke et al. 2013). We have
defined resprouting as a syndrome because resprouting
cannot be defined by any single trait, but rather is a
combination of several traits.

Note

Sprouting differs from clonal growth in that it does not
imply the potential for vegetative spread (Del Tredici 2001).
Many more species are sprouters than clonal, although
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Fig. 20. Calculation of the index of cage architecture (ICA) forAcacia nilotica. The observation ofmorphological properties of all stems in several individuals
allowed identifying four axis categories. For example,main stems (C1) are perennial, have amixed growth direction (vertical growth direction at the beginning,
horizontal at the end), are conical, spiny, with long internodes and are mesotonic (their most developed branches usually develop in the central part of the stem,
here close to the inflexion point between their vertical and horizontal segments). Short shoots (C4; are not visible on the whole plant drawing) have a life span
limited to 1 year, ageotropic (without active growth direction, they grow in the direction they have been emitted), are spineless, with extremely reduced
internodes and are unbranched.On the basis of the number of axis categories,we can use the formula to calculate the ICA (here 189 forAcacia nilotica) as shown
at the bottom of the figure (note, for example, that short shoots will not affect the index). The highest ICA value recorded is 290 for Ximenia americana.
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virtually all clonal species are sprouters (Bond and Midgley
2001).

Relevant environmental filters

The ability to resprout is ubiquitous across all woody plants
in savannas, particularly as seedlings or saplings, but less so as
adults (e.g. Kruger et al. 2017). However, resprouting
syndromes are likely to vary with changing disturbance
regimes (Kruger et al. 1997, 2017; Bellingham and Sparrow
2000; Clarke et al. 2013; Pausas and Keeley 2017), site
productivity (Pausas and Keeley 2017) and also with
changes in environmental conditions, such as light regimes.
The conceptual framework of Bellingham and Sparrow (2000),
refined by Clarke et al. (2013) and Pausas and Keeley (2017),
provides the simplest and easiest model for understanding
aboveground resprouting in relation to disturbance. Basal
resprouting is likely to be most prevalent following frequent
or high-intensity disturbance, such as intense fires, windthrow
and herbivory, whereas epicormic resprouting is a response to
lower intensity of disturbance regimes. Root suckering is a
special case because it is both a response to disturbance and a
reproductive strategy and is relatively ubiquitous across
disturbance regimes. Some forms, for example, geoxyles or
underground trees, are more common in fire-dominated
savannas. Since sprouting can be limited by stored NSC
and, hence, resource availability, resprouting can be less
common in resource-limited savannas (Clarke et al. 2013).
Resprouting can also be a response to changing local
environmental conditions; for example, a change in light
regimes results in resprouting in forest trees, leading to
‘opportunistic branching’ Hallé et al. (1978). Root
suckering and epicormic resprouting may also occur without
any disturbance.

Method

The traits that enable plants to resprout have been described
above. These include the presence of accessory buds (ACCB),

bud protection (BP) and NSCs. This section outlines the
identification of resprouting in the field. Generally, multi-
stemmedness (multiple stems emerging from the base of a
tree) and the presence of swollen underground storage organs
are a good indication of resprouting in adult woody plants;
however, the absence of these traits does not imply the
inability to resprout. Without assessing ACCB, BP and
NSCs (which identify the potential to resprout), resprouting
ability will typically be shown only after a disturbance event.
The various types of resprouting can be assessed according to
the methods outlined below. Plants are defined as branch or
stem epicormic, basal resprouting or root suckering.

Branch or stem epicormic resprouting

Sprouts are often most prevalent but are not limited to the
site of the damage. At the site of the injury, resprouts are
enumerated, and identified as shoots smaller in diameter than
the original branch or stem. Sprouting vigour can be assessed
by counting and measuring the length of sprouts. It is best to
wait for 6 months (a growing season) after the injury to assess
resprouting efficacy, i.e. assess whether resprouts survive,
resulting in plant persistence.

Basal resprouting

Excavation is undertaken around the base of the stem to
assess whether the plant has a swollen root stock or an
underground storage organ (e.g. lignotuber or rhizome). The
swollen portion will be significantly greater in diameter than
the aboveground stem or trunk. All the stems emerging from
the ground are counted as a measure of multi-stemmedness
and, hence, basal resprouting. Identifying what constitutes an
individual can be difficult without excavating the entire plant,
so an objective means to quantify this is to count the number of
stems emerging from the soil in a radius of 1/10th of the
canopy height. This standardises enumeration to account for
plant size (Kruger et al. 1997).

(a) Basal resprouter (b) Epicormic (c) Axillary (d) Root sucker

(g) Non-resprouter(f) Woody rhizomatous(e) Lignotuber

Fig. 21. Types of resprouting, adapted from Clarke et al. (2013).
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Root suckering

Superficially, root-suckering species can be identified by
clumped or symmetrically arranged individuals in a local
population in close proximity of an adult tree. For example,
root suckers of Balanites maughamii are often found in a
straight line from the adult tree. Excavating the roots is the
only certain, non-destructive way to identify root-suckering
species and the magnitude of the belowground root suckering.
Population-genetic techniques, such as whole-genotype SNP
or micro-satellite techniques (see e.g. Saari et al. 2005; Morin
et al. 2009; Javed Muhammad et al. 2017), may also be used to
identify genets of an individual. Some roots connecting genets
may suberise and abort, in which case the links among
individuals are no longer evident. In this case, a ‘t-junction’
of a smaller vertical root with a larger horizonal root is often an
indication of a connection between a genet and parent plant.

Special cases

Because age and size can have a profound influence on
sprouting ability, a further measure might include assessing the
point at which a plant loses its ability to resprout. Aside from
field surveys, experimental methods include cutting the main
stem or branches of the tree, so as to simulate top-kill or branch
removal, across a range of size classes to assess the threshold
of resprouting ability. Alternatively, as a laboratory proxy,
plants can be germinated in nurseries and the threshold size
can be determined. However, this will allow assessment of
only smaller individuals. Resprouting can be assessed
6–12 months after the removal after the growth season.

Tree and shrub rooting depth (RD)

Trait description

Rooting depth (RD) describes either the maximum depth to
which a plant’s roots can reach in the soil profile (‘absolute
rooting depth’) or some biomass-weighted measure of the
depth of root allocation by a plant. This trait has important
implications for ecosystem functioning, including
hydrological balance and carbon and nutrient cycling
(Canadell et al. 1996; Schenk and Jackson 2002). In arid
ecosystems, the survival of some species has been shown to
be highly dependent on their RDs (Padilla and Pugnaire 2007;
Fensham et al. 2009; Zhou et al. 2020). Rooting depth has been
shown to be an important trait in savanna ecosystems, because
it determines the competitive outcome between trees and
grasses for water and nutrient resources (e.g. niche-
partitioning theory for tree–grass coexistence), thereby
affecting the establishment and persistence of savanna trees
(Walker et al. 1981; Holdo 2013; Kulmatiski and Beard 2013).

Relevant environmental filters

Rooting depth in savanna trees appears to be
phylogenetically constrained, with some tree species or
families able to send their roots deeper into the soil profile
than others (Canadell et al. 1996). However, environmental
variables also explain some variation in RD, where tree species
that occur on sandy, nutrient-poor soils tend to have deeper
roots relative to those on clayey, nutrient-rich ones (Zhou et al.

2020). Several studies have shown that RD is not strongly
related to mean annual rainfall for savanna trees (Schenk and
Jackson 2002; Bhattachan et al. 2012; Zhou et al. 2020), but
RD may increase with the length of the dry season. Fire and
herbivory have been reported to increase biomass allocation to
belowground root systems (Wigley et al. 2019a), but their
effects on the rooting depth of savanna trees remain unclear.

Method

The typical way to estimate RD is through the full
excavation of the entire root zone (e.g. O’Donnell et al.
2015). However, full root-system excavations are laborious
and expensive and may still be insufficient to trace the deepest
root of individual trees. The absolute rooting depth is a
desirable metric, but not practical to collect, given that
roots of many savanna trees can reach >5 m (Schenk and
Jackson 2002). In many cases, functional traits are used for
comparative purposes (e.g. Franco et al. 2005; Staver et al.
2012); thus, an alternative proxy of RD that represents some
biomass-weighted measure of RD and generally varies
predictably with respect to the maximum RD might be
sufficient for facilitating inter-specific comparisons.

Because taproots can potentially better characterise the
maximum rooting depth of individual trees, we introduce
the ratio of taproot diameter at deep (30 cm) to shallow
(10 cm) depths (hereafter DS ratio) as an easily measurable
proxy for RD. This alternative proxy has been validated by the
excavation of taproots to 50–100-cm depth for several
dominant savanna trees in Kruger National Park, South
Africa (see Zhou et al. 2020); however, there is still a need
for further work to validate this proxy (i.e. the maximum RD
based on full excavations of the entire rooting zone still needs
to be determined for more savanna tree species).

To facilitate comparisons among species, trees of a similar
size (e.g. basal diameter or diameter at breast height) are

D10 D10

D30D30 30 cm

10 cm

Fig. 22. A proxy for rooting depth: measuring taproot diameter at 10 and
30 cm (i.e. D10 and D30) and then computing the deep : shallow ratio
(i.e. DS ratio = D30 :D10), with a larger deep : shallow ratio suggesting a
potentially deeper rooting profile. Illustration by Ying Huang.
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recommended. To standardise across individuals, trees with a
single stem, with no sign of post-fire resprouting at the base,
and of sufficient height (e.g. >3 m) should be selected. Before
excavating the tree, the ground level is marked on the stem, (if
necessary, the ground is levelled, especially if soil is piled up
around the stem base, so as to standardise the location where
the stem ends and the root system begins). All the soil within a
cylindrical pit with a 30-cm radius and 35-cm depth around the
stem should then be excavated using a trowel, spade and pick.
If present, any lateral roots spreading out from the taproot at
depths of 10- and 30-cm depth should be removed, then the
taproot diameters at these two depths (i.e. D10 and D30) can be
measured (Fig. 22). The DS ratio (i.e. D30 :D10) is computed
accordingly. Larger DS ratios indicate that trees are rooting
relatively deeper into the soil profile (Fig. 22). Five or more
replicates per species are recommended to achieve a
reasonable estimate of DS ratios. The DS ratio can be
obtained by excavating to slightly beyond 30 cm along the
taproot with minimal effects on the survival of sampled trees.

Special cases

This proxy is not suitable for multi-stemmed trees or trees
without taproots (e.g. with a lignotuber, seeWigley et al. 2009b;
Pausas et al. 2018).

Conclusions

The need for a ‘periodic table for ecology’ was recognised
almost 40 years ago (Barh 1982). More than a decade later,
plant functional types (PFTs) were proposed as the ecological
equivalent of chemical elements, which could be classified by
the manner in which they function within an ecosystem
(Steffen 1996). Since then, we have witnessed a steady and
continued increase in the development and use of functional
trait-based approaches in ecological research (Lavorel and
Garnier 2002; McGill et al. 2006; de Bello et al. 2015).
However, one of the biggest challenges in this endeavour is
to find convergence in multiple traits and, ultimately, define
ecological strategy schemes or trait syndromes (e.g. Westoby
et al. 2002; McGill et al. 2006; Moles et al. 2013). Prior efforts
to effectively define plant functional traits and the
standardisation of trait-measurement techniques have been
phenomenally successful. Previously published plant
functional-trait handbooks (i.e. Cornelissen et al. 2003;
Pérez-Harguindeguy et al. 2013) are testament to this and
have witnessed a steady increase in usage over the past two
decades (>5400 citations for these two publications; Google
Scholar).

Although many of the traits and methods described in
previous handbooks have been applicable to and widely
used in savanna, grassland and shrubland ecosystems across
the globe, an important suite of traits, some previously
described and some still undescribed, remains missing for
open ecosystems. One of the main reasons for this is that
many of the traditionally used plant functional traits are
typically related to resource use, and often do not
discriminate between species from open v. closed vegetation
types (Charles-Dominique et al. 2015a). Instead, quite
different traits have recently emerged as indicators of open

v. closed states and of the consumers (mostly fire and
herbivory) that maintain ecosystems in an open state (Bond
2019). This handbook is an attempt at updating the growing list
of plant functional traits that are relevant to open ecosystems.
The traits and sampling protocols presented here have been
informed by years of collective experience gained from
measuring plant traits in the field. Because of the constantly
evolving nature of ecological thinking and, by proxy, our
understanding of plant functional traits, we have attempted
to make this handbook a living document as far as possible and
we encourage readers to contact, question, interact or
collaborate with the contributors to this handbook (details
provided in Box 1).

Ultimately, this handbook will help tackle some of the
important issues that will be necessary to better understand,
forecast and manage open ecosystems in a changing world
(Osborne et al. 2018; Bond 2019). The handbook is intended to
promote better integration of knowledge and research from
scientists that are scattered around the globe. This will help
identify which open systems are functionally analogous among
continents (and better disclose regional specificities), while
increasing our understanding of functional biogeography and
the sharing of management solutions. The traits outlined in this
handbook should also allow for a better understanding of the
functional changes that have resulted from past (and will
continue to result from future) human disturbances. Finally,
we hope that the handbook will help set clear conservation
goals based on ecological functioning, which can be used to
complement current efforts that are often solely based on
measures of species diversity.
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