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ABSTRACT

Poaceae (the grasses) is arguably the most successful plant family, in terms of its global
occurrence in (almost) all ecosystems with angiosperms, its ecological dominance in many
ecosystems, and high species richness. We suggest that the success of grasses is best understood
in context of their capacity to colonize, persist, and transform environments (the “Viking

syndrome”). This results from combining effective long-distance dispersal, efficacious

establishment biology, ecological flexibility, resilience to disturbance and the capacity to modify
environments by changing the nature of fire and mammalian herbivory. We identify a diverse set

of functional traits linked to dispersal, establishment and competitive abilities. Enhanced long-



distance dispersal is determined by anemochory, epizoochory and endozoochory and is
facilitated via the spikelet (and especially the awned lemma) which functions as the dispersal
unit. Establishment success could be a consequence of the precocious embryo and large starch
reserves, which may underpin the extremely short generation times in grasses. Post-
establishment genetic bottlenecks may be mitigated by wind pollination and the widespread
occurrence of polyploidy, in combination with gametic self-incompatibility. The ecological
competitiveness of grasses is corroborated by their dominance across the range of environmental
extremes tolerated by angiosperms, facilitated by be#n@ G photosynthesis, well-developed

frost tolerance in several clades, and a sympodial growth form that enabled the evolution of both
annual and long-lived life forms. Finally, absence of investment in wood (except in bamboos),
and the presence of persistent buds at or below ground level, provides tolerance to repeated
defoliation (whether by fire, frost, drought or herbivores). Biotic modification of environments

via feedbacks with herbivory or fire reinforce grass dominance leading to open ecosystems.
Grasses can be both palatable and productive, fostering high biomass and diversity of
mammalian herbivores. Meanwhile, other grasses have a suite of architectural and functional
traits that facilitate frequent fire, including a tufted growth form, and tannin-like substances in
leaves which slow decomposition. We mapped these traits over the phylogeny of the Poales,
spanning the grasses and their relatives, and demonstrated the accumulation of traits since
monocots originated in the mid-Cretaceous. Although the sympodial growth form is a monocot
trait, tillering resulting in the tufted growth form most likely evolved within the grasses.

Similarly, although an ovary apparently constructed of a single carpel evolved in the most recent
grass ancestor, spikelets and the awned lemma dispersal units evolved within the grasses. Frost
tolerance and £photosynthesis evolved relatively late (late Palaeogene), and the last significant
trait to evolve was probably the production of tannins, associated with pyrophytic savannas. This
fits palaeobotanical data, suggesting several phases in the grass success story: from a late
Cretaceous origin, to occasional tropical grassland patches in the later Palaeogene, to extensive
Cs grassy woodlands in the eangiddle Miocene, to the dramatic expansion of the tropigal C
grass savannas and grasslands in the Pliocene, anelstep@e grasslands during the

Pleistocene glacial periods. Modern grasslands depend heavily on strongly seasonal climates,

making them sensitive to climate change.



Key words biological invasions, Gramineae, grassland, macro-evolution, Poaceae, savanna.

CONTENTS
R 1110 Yo [ Tod 1 o] o U PPPPUPPRR T FESRR 3
[I. Evidence of grasses being iNVASIVE ............ccoooviviiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeenien s e 7
(1)  ANthropOCENE INVASIONS .......uvvuiiiiiiiieeeeeeeeeeeeeeeeeetiaass s e e s e e e e aeeaaaeeeeennnssnnnnsareeeeeeas 8
(2)  Pala@O-INVASIONS.......ccoiiiiiiiiiiiiiiieee e e e e e e e e e e e eeeeeeeeennnnes fonnnneee s 9
[ll. Traits that could facilitate INVASIVENESS .......cccooeiiiiiiiiiiieeeeiiree e 10
(1) DiSPersal.......cccceeiieieieeeeeieiieeeeee e Error! Bookmark not defined.
(2)  EstabliShment ........cccoo oo b 13
(@) Generation time and embryo StruCtUre ..............eeeeeieiviiiiiniinieeieeeeeeees [ 13
(b)  Polyploidy and apOmIXiS ........cceeiiiieeeiiiiiiiiiiiiiiiiiiie e e e 14
(C)  HYQrOSCOPIC AWNS....uuuuiiiiiieieeeeeeeeeeeeeeeete s e e e e e e e e e e e e e e e e eseanann e e e e eeeeeadraeeeens 15
(3)  Environmental flexibility .........ccccooeeiiie i 15
(B)  FrOStTOIEIANCE .......uiiiiiiiiiiei et e e e e e e haes 16
(b)  PhotoSynthetiC MOde.........oooviiiiiiiiiii e [ 16
(c) Flexible growth fOrmMS ..........eiiiiiiiii e b 17
(d) Stomata and water relationships.........ccoooovvviiiiiii b, 18
(e) Rooting systems and resource COMPEetition ..........ccoovvvveeeeiiiiiiniiiiinneneeeeeesbereen 19
(4) Ecological COMPELIIVENESS ......eviiiiiiiiiiiiieeeee e e e o 20
(@) Flammability and fire tolerance............cccovvveiiiiiiiiieee e e 21
(o) I C1 - V.4 | o [P PUPPUSTRSRPPIIY AT 21
IV. Trait evolution and sequential INVaSIONS ...........ccvvviiieiriiiiiiiiiiiiieeeeeeeee 22
V. CONCIUSIONS ...ceeeeeiiitiiiiieee e e e e e e ettt e s s s s e e e e e eeeeeeeeeeseessnnnnnnnnnneaeeeeeeseeeseeonnnnnns 24
VI. ACKNOWIEAQEMENES ....ovviiiiiiiiie e e e e e e e e e e eee e eeeeeeaeaees fanennnns 25
VI REIEIENCES ... e e e e e e e e eeeennnnnene | e 25

. INTRODUCTION

Grasses (Gramineae, Poaceae) are the modern world’s most successful angiosperm family.

Ecosystems dominated by grasses coved3% of the land surface (Gibson, 2009) and,

although grasses account for only 3% of plant species on Earth, grass-dominated landscapes



contribute 33% of global primary productivity, compared to the 48% by forests (Beer et al.,
2010). Indeed, net primary productivity of grass-dominated ecosystems can equal or exceed that
of adjacent forested ecosystems, as can their soil carbon stores (Oliveras et al., 2014). Grasses
occupy ecosystems ranging from the driest [Stipagrostis zitellii (Asch.) De Winter in the

hyperarid Sahara (J. Léonard in White, 1983)] to the coldest (Deschampsia antarctica E.Desv. is
one of the two angiosperms on Antarctica) environments on Earth, and from sun-drenched
savannas to the dark understorey of tropical rainforest [e.g. Oplismenus burmannii (Retz.)
P.Beauv.] (Fig. 1).

Over deep time, the evolution of grasses and the expansion of the biomes in which they
dominate have transformed the biosphere. In the early to middle Miocene, grasses using the C
photosynthetic pathway displaced temperate forests, and in the late Miocene grasses using the
derived G photosynthetic pathway displaced tropical forests, shrublandsagra<slands
(Edwards & Smith, 2010). These novel ecosystems precipitated major floral and faunal
radiations (Jacobs, Kingston & Jacobs, 1999; Owen-Smith, 2013), and a global increase in the
frequency of fire (Keeley & Rundel, 2005). Indeed, the prevalence of fire and mammalian
herbivory in grass-dominated ecosystems has global impacts on the silica (Kidder & Gierlowski-
Kordesch, 2005), carbon (Pagani et al., 2009; van der Werf et al., 2010) and nitrogen (Chen et
al., 2010) cycles, and may influence local water availability (Honda & Durigan, 2016).
Bipedalism evolved and hominin species diversified in grasslands and savannas (Bonnefille,
2010). An extensive fauna now depends on grasses and grass-dominated biomes (McNaughton et
al., 1989), and grassy vegetation is significantly exploited as forage for livestock and covers
important catchments for water provision. Globally, 60% of human energy intake is derived from
three cereal species (wheat, rice, maize; FAO, 1995) domesticated-1@Q @D years ago
from wild annual grasses (Purugganan & Fuller, 2009). By all measures, grasses have a
significant and arguably disproportionate impact on global ecology, biogeochemical cycles and
human subsistence.

The grasses are, with approximately 11,000 species (Clayton, Vorontsova, Harman et al.,
2015), the fifth most species-rich angiosperm family. Poaceae have twice the number of species
as the next largest wind-pollinated family, Cyperaceae, which has approximately 5,000 species.
In fact, grasses account for more than 30% of all wind-pollinated angiosperm species (Linder,

1998). The immediate sister families to Poaceae are very species poor: Ecdeiocoleaceae



comprises just two species, Joinvilleaceae just four species, and the restiid clade (Restionaceae,
Anarthriaceae) some 550 species. Sister to pooids (Poaceae, Ecdeiocoleae, Joinvilleaceae) and
restiids (Restionaceae, Anarthriaceae) is Flagellariaceae with only five species (Wepfer &

Linder, 2014). In the grasses, the basal lineages [Anomochlooideae, Pharoideae and Puellioideae
(GPWG, 2001; Kellogg, 2015; Soreng et al., 2015)] are also species poor, and the major
acceleration of the diversification in Poaceae only occurred in the Bambus&tezertoideae-
Pooideae (BEP) and PanicoideAeundinoideaeChloridoideaeMicrairoideae-Aristidoideae
Danthonioideae (PACMAD) clades (Linder & Rudall, 2005; Spriggs, Christin & Edwards,

2014).

Poaceae is an old clade, and modern dominance of grasses was likely achieved stepwise
through the Cenozoic [the last 65 million years (Myr)]. The presence of putative grass phytoliths
in dinosaur coprolites (Prasad et al., 2005) suggests a late Cretaceous stem8ageillion
years ago (Ma)] if interpreted as generalized grass, rather than as oryzoid, phytoliths. Most
fossil-calibrated molecular clocks corroborate this (Bouchenak-Khelladi, Muthama & Linder,
2014a; Christin et al., 2014), but Magallon et al. (2015) found a Palaeocene stem age (c. 52 Ma).
As fossil evidence suggests grasses were widespread by the end of the Cretaceous, and that the
first grazers may have evolved by then (Strémberg, 2011), we here follow the Cretaceous origin
of the grasses. These early grass lineages probably diversified in the tropical forest understorey,
or at least under tree canopies (Clayton, 1981; Strémberg, 2011). At the latest in the Eecene (56
34 Ma) and during the Oligocene (28 Ma) grasses were a significant proportion of the
Southeast Asian West Natuna Basin (Morley, Morley & Restrepo-Pace, 2003), as well as along
the West African Nigerian coast (Morley, 2000) floras. This indicates at least the presence of
grass, but possibly also grassy patches, leading Stromberg (2011) to suggest that by the end of
the Eocene grasses had a global distribution and the first open-habitat grasslands had established.

From the Miocene (2%.3 Ma) there is increasing evidence for extensive grassy
vegetation (Stromberg, 2011). Detailed analyses of phytoliths from North America (Strémberg,
2005) and Turkey (Stromberg et al., 2007) indicate these grasslandsadenmiGated. There
are some indications that the North and South American open grasslands were established by the
earliest Oligocene; however, there is more convincing evidence of their presence in the mid-
Miocene (Jacobs et al., 1999; Stromberg, 2011). Open woodland and grassy patches may have

been present in Africa from the Eocene (Morley, 2000), but the evidence for grasslands in



Eurasia before the Miocene is tenuous (Jacobs et al., 1999). In the Late MRitmeme these

Cs grasslands were replaced bydfasses in tropical regions (Edwards et al., 2010a; Feakins et
al., 2013; Hoetzel et al., 2013; Uno et al., 2016), resulting in the establishment of extensive
grasslands across the tropics. In Africa thesdd@ninated savanna systems were established

after the diversification of woody plants with spiny defences against ungulate browsers (Charles-
Dominique et al., 2016), but before the Pleistocene-(20d. Ma) origins of geoxylic trees

(Maurin et al., 2014). Simplistically, grasses seem to have evolved, in several distinct steps, from
relatively unimportant forest-understorey plants, to grassy patches by the end of the Palaeogene,
to mixed treegrass systems with an early associated fauna by the early Miocene, to globally
distributed fire-associated savannas and steppe grasslands with a distinct grazing fauna (Owen-
Smith, 2013) by the Pliocene (Jacobs et al., 1999).

Currently, grasses are species rich, occur in almost all habitats with angiosperms, and in
many ecosystems grasses are not only dominant, but substantially influence the environment via
major impacts on co-occurring animal species and the flammability of landscapes (Archibald et
al., 2013). The extent of grass-dominated vegetation influences regional climates, hydrology,
nutrient cycling and numerous ecosystem functions. Yet, although the reasons for the success of
the G grass-dominated savannas have been repeatedly explored (see, for example, Bouchenak-
Khelladi et al., 2014b; Edwards et al., 2010; Estep et al., 2014), reasons for the success and
global significance of Poaceae (both ingavannas and:Gteppe grasslands) have not been
clearly elucidated. The currently dominant paradigm is that success, in all eukaryotes, is a result
of adaptive radiations (Simpson, 1953; Wiens, 2017). However, here we argue that the success of
grasses is rooted in their invasive ability. We term this\ikdng Syndromé, becaus#ikings
were highly successful raiders from the 9*" to the 11th centuries, raiding from North America to North
Africa, from the White Sea to the Caspian Sea. In several regions they established colonies which grew
into new states and transformed the political landscape, for example in Normandy, England (the
Norman conquest under William the Conqueror), Sicily and southern Italy, and Russia (the Rus was a
Viking group, after whom Russia was named, and the Romanovs were descended). The Viking
Syndrome postulates success due to efficient dispersal, rapid population growth, resilience to
disturbance, phenotypic plasticity and the ability to transform environments to benefit the
invader. Not only do grasses disperse across oceans and continents, but they are also able rapidly

to establish persistent populations, and diversify in new and disparate environments. Possibly



most important, dominance by grasses often results in environmental transformation via altered
fire and herbivory regimes, which in turn reinforces grass dominance by acting as an
environmental filter which excludes species which otherwise might out-compete them. Today,
grasses are one of the most successful groups in terms of biological invasions (Fig. 2), and recent
invasions in many parts of the world have highlighted their capacity to transform environments
(e.g. D'Antonio & Vitousek, 1992; Gaertner et al., 2014). We suggest that the characters defining
grasses as invasive species in a contemporary context are the same as those that enabled grasse
to colonize, dominate, and transform large portions of the Earth’s surface over the last 10—20

million years. We propose four functional attributes that make the grasses such effective

invaders: (a) dispersal ability, which means that they can reach all continents. This is illustrated
by the occurrence of cosmopolitan grass species, such as Deschampsia cespitosa (L.) P.Beauv.,
Cynodon dactylon (L.) Pers. and Heteropogon contortus (L.) P.Begusstéblishment ability,

which allows immigrants to rapidly establish populations and become ecologically dominant

(e.g. Levick, Setterfield, Rossiter-Rachor et al., 2013 Pfenotypic plasticity and evolutionary
lability, which enable grasses to occupy a diversity of environments and maintain viable
populations. (YiGeneration and tolerance of chronic disturbance, specifically fire and herbivores,
which enable grasses to persist in environments where these disturbances limit the growth of
woody plants.

We first present evidence that the grasses are indeed excellent colonizers, using data from
both the Anthropocene and earlier. Then we discuss the traits that may confer this functional
competence on the grasses, and show that their success is in relation to the number of these
functions they perform effectively. Finally, we show in a phylogenetic context how these traits
accumulated during the evolutionary history of the grasses, resulting in the super-plants of the

later Neogene.

II. EVIDENCE OF GRASSESBEING INVASIVE

The evidence that grasses are, and have been, highly invasive can be grouped into two sets of
observations. The first are the human-mediated (Anthropocene) invasions, which show the
ability of a lineage to naturalize (i.e. establish self-sustaining populations) and become invasive
(i.e. spread from introduction sites) where humans have fast-tracked dispersal between

biogeographic zones. This contrasts with pre-human range expansions (palaeo-invasions), which



arose from a combination of natural long-distance dispersal and establishment capacity.
Consequently, important traits in Anthropocene invasions relate to colonization and competitive

ability, whereas in the palaeo-invasions traits that facilitate dispersal are added to the mix.

(1) Anthropoceneinvasions
Anthropocene grass invasions (Fig. 2) are widespread, and have significant impacts both on
resource availability and local disturbance regimes (D'Antonio & Vitousek, 1992). Indeed,
among invaders of natural areas, Poaceae, along with Fabaceae and Hydrocharitaceae, are
overrepresented (Daehler, 1998). This is not surprising, as grasses, due to their economic
importance, have been widely translocated by humans; for example, more than 2,200 grass
species have been introduced to Australia since European colonization. Indeed, the only family
with more introduced species in Australia is Fabaceae (Cook & Dias, 2006). Many species were
widely planted, providing substantial propagule pressure for launching invasions, and many
species have been introduced multiple timésth factors are well known as major promoters of
invasiveness (Hui & Richardson, 2017). Grasses have thus had excellent opportunities to become
aggressive invaders, and their biology has enabled them to capitalize on these opportunities.

There is no critical listing of how many species (thus which proportion) of grasses have
become naturalized or invasive following introduction to new regions. Such data are available
for some other growth forms, such as trees and shrubs. Among woody plants, Pinaceae has the
highest proportion of invasive species, with 12% classified as invasive (Richardson & Rejmanek,
2004). Collating such data is more difficult for grasses as introduction histories and lists of
naturalized/invasive species are generally very poor for most regions (except South Africa, see
Visser et al., 2017; Visser et al., 2016).

Grasses are over-represented among invasive taxa (Table 1), whether it be as 6% of the
plants among100 worst invasive alienspecies” or seven of 59 “worst invasive plants in
protected areas of the world” (Foxcroft et al., 2017). Further, grass invasions are recognized to
have dramatic impacts on ecosystem ecology, via alterations of fuel properties and fire regimes
(D'Antonio & Vitousek, 1992), or altering nutrient cycling (Pellegrini, Hoffmann & Franco,
2014) that may bring about regime shifts that transform ecosystem functions and processes
(Brooks et al., 2004; D'Antonio & Vitousek, 1992; Gaertner et al., 2014).



Grass species may also undergo rapid range expansions within a biogeographic region.
For example, in New Zealand, human arrival and consequent increases in fire frequency led to
the replacement of fire-sensitive forests and shrublands with indigenous pooid species (Poa,
Festuca, Elymus), later replaced by native Chionochloa grass species (McGlone, 2001). These
examples illustrate grasses as competent, aggressive invaders with the capacity to transform

ecosystems over decades and over environmental gradients.

(2) Palaeo-invasions

The hypothesis that grasses weneasive before the Anthropocene (‘palaeo-invasions’
sensu Richardson et al., 2000) is based on three lines of evidence. Firstly, historical
biogeographical analyses of specific clades demonstrated frequent inter-continental dispersal and
establishment, followed by adaptation and radiation on new continents. Secondly, the rapid
Neogene (232.6 Ma) spread of {grass clades transformed biotic environments via novel
ecological pressures and consequent species radiations in new habitats. The third line of evidence
is the postulated rapid spread and wide distributions of ecologically key grass species.

During the Neogene, there were frequent trans-oceanic dispersal and global range
expansions in several grass clades. For example, the Danthonioideae (280 spp.) likely originated
in southern Africa in the Oligocene. From the Middle Miocene onwards the subfamily expanded
its range, with minimally two dispersal events to South America, one to New Zealand, and one to
Australia (Linder et al., 2013) (Fig. 3). Multiple dispersal events took place from Australia to
New Zealand, South America and New Guinea, and of the South American clade to North
America, New Zealand, Australia and New Guinea. During the late Miocene, three clades also
expanded from southern Africa to Madagascar, North Africa and the Mediterranean, and the
Himalaya (Linder et al., 2013). In many regions, local radiations resulted in significant increases
in diversity (Linder et al., 2014). Similar patterns are evident in several grass clades. In the
Pooideae, the Loliinae (Festuca, Pooideae) probably originated in the Mediterranean in the mid-
Miocene, and dispersed with numerous long-distance dispersal events across the Atlantic Ocean
to the Americas, and from there expanded into a modern global distribution (Inda et al., 2008;
Minaya et al., 2017). Similarly, Hordeum (also Pooideae) probably originated in the mid-
Miocene in Asia, and also dispersed globally, with some back-dispersal and several hybridization

events (Blattner, 2006; Brassac & Blattner, 2015). In the Stipeae, Patis and Ptilagrostis migrated



from the Irano-Turanian region in Asia to North America during the late Miocene (Romaschenko
et al., 2014). Remarkably, many of these long-distance dispersal events are also associated with
putative hybridization and plastid-capture events, suggesting even more frequent dispersal events
(Blattner, 2006; Brassac & Blattner, 2015; Linder et al., 2013; Romaschenko et al., 2014).
Pan-tropical grass floras were transformed within a few million years froim G
dominance (Edwards et al., 2010), and this also entailed a major re-organisation of tropical
vegetation with a global reduction in forest extent and the origins of the savanna biome.
However, the broad geographical dispersal of the majafades makes historical
biogeographical reconstructions challenging, and the only estimated area of origin for a diverse
Cs lineage is Asia or Africa for the Chloridoideae (Bouchenak-Khelladi et al., 2010; Peterson,
Romaschenko & Johnson, 2010). There are numerous widely distributed species, of which some
established their ranges during the Quaternary. The most studied is Alloteropsis semialata
(R.Br.) Hitchc., with both @and G photosynthetic genotypes likely to have originated in the
Zambesian region of Africa. Thes@enotype evolved only in the late Pliocene, dispersing in the
last 2.5 Myr from Africa through Asia to Australia, and southwards to southern Africa (Lundgren
et al., 2015). Further, Themeda triandra Forssk. (Andropogoneae) originated in Southeast Asia
in the last 2.5 Myr and dispersed throughout Asia, to Australia and New Zealand around 1 Ma,
while dispersing to Africa well within the last 1 Myr (Dunning et al., in press). Themeda
triandra now occurs as far north as southern France and central Japan, throughout Africa, Asia
and Australia and is often ecologically dominant. The gdihesneda contains 27 recognized
species, and the range of T. triandra not only encompasses the geographic ranges of all other
species, but also significantly extends the range of the genus as a whole (Fig. 4). There are also
several cosmopolitan grass species [e.g. Phragmites australis (Cav.) Trin. ex Steud.,
Heteropogon contortus (L.) P.Beauv. and Deschampsia cespitosa (L.) P.Beauv.], but a critical
evaluation of whether there are more widely distributed species in grasses than in other families

is confounded by the absence of readily comparable data.

1. TRAITSTHAT COULD FACILITATE INVASIVENESS
Successful invaders should (a) be good at dispersal (e.g. getting to new areas), (b) be able
to establish from small founding populations (genetically surviving bottlenecks and avoiding

extinction due to stochastic events), (c) survive, proliferate and spread in the new environment,
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and (d) modify the new environment to make it more suitable for themselves and less suitable for
other residents. Functions are the results of new traits or combinations of traits. The evolution of
traits may be easier to trace than the evolution of functions (Fig. 5), as the latter may depend on
the interaction of environment and trait. There are very few critical tests efuration

relationships in the grasses, and much of the linkage proposed is consequently speculative (e.g.
Table 2).

(1) Dispersal

Both trans-oceanic and trans-continental long-distance dispersal are obvious pre-
requisites for effective palaeo-invasions. There is enormous variation in the grass dispersal unit
(diaspore), and Davidse (1987) suggests that selection for effective dispersal might be one of the
reasons for the rich diversity of grasses. The grass diaspore is either a whole or part of an
inflorescence (Gibson, 2009). The basic organisational unit in grass inflorescences is the grass
spikelet (Fig. 6C), a structure unique to the grasses. The spikelet consists of two basal bracts
(lower and upper glumes), subtending one or more flowers. Each flower (Fig. 6B) consists of
two basal bracts [lemma and palea, interpreted by Kellogg (2015) as containing the outer
perianth parts],-23 lodicules (probably modified inner perianth paktsllogg, 2015) and-%
stamens. Furthermore, the pseudomonomerous gynoecium (ovary with apparently just one
carpel) forms a caryopsis [a single-seeded nut with ovary wall fused to the seed coatetRudall
al., 2005)]. This spikelet structure evolved at the common node of the Pharoideae and the rest of
the grasses (Kellogg, 2000), and so is not ancestral to all grasses. Arber (1934) showed that the
inflorescence of Streptochaete, the first diverging grass, does not conform to the model of a grass
spikelet. In contrast to the spikelet, the pseudomonomerous gynoecium and caryopsis are
synapomorphies of the grasses (Fig. 5), and could be interpreted as precursors to the spikelet as
diaspore.

In most grass species the diaspore is the flower (caryopsis enclosed in the palea and
lemma), but numerous modifications exist. Fleshy fruits [bacoid caryopses (Ruiz-Sanchez &
Sosa, 2015)] are found in some forest bamboos. Similarly rare in the grasses are elaiosomes,
containing oils attractive to ants, which develop largely from the pedicels of the flowers
(Davidse, 1987). Depending on the positioning of the disarticulation between the diaspore and

the rest of the plant, diverse elements may form the diaspore (Doust et al., 2014). Disarticulation
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is rarely directly below the caryopsis; in such cases, only the caryopsis forms the diaspore. In
most species, however, the disarticulation is on the floral pedicel, and the diaspore consists of the
flower plus the upper part of the pedicel (the callus). In most Panicoideae the disarticulation is
below the glumes and several sterile flowers may contribute to the diaspore (Doust et al., 2014).
In a few species, the disarticulation is below the inflorescence, which then forms a tumbleweed
(Davidse, 1987). A major source of variation in the diaspore is the lemma and its awn. Both
awns and lemma indumentum patterns are evolutionarily labile. The awns may be absent,
hygroscopic, hooked, pointed, bristly or simple, and these might be the major adaptive structures
that have facilitated a rich diversity of dispersal biologies in grasses. This range of diaspore
types, and also including all floral parts in the fruit, is not unusual in the Poales, and is also
found, for example, in Restionaceae (Linder, 1991) and Cyperaceae (Goetghebeur, 1998).
Unique to grasses, though, is the awned lemma, and the complex indumentum of the lemma and
the floral pedicel, referred to in the grasses as the callus.

Wind dispersal (anemochory), dispersal via animal coats (epizoochory), and after
ingestion (endozoochory) are all reported in grasses. Anemochory is probably facilitated by long
slender awns and small caryopses, as found for example in Cortaderia selloana (Schult. &
Schult.f.) Asch. & Graebn., but there is a dearth of experimental studies and critical observations.
Epizoochory is an ancient dispersal syndrome in grasses, and Poinar & Columbus (1992)
reported a spikelet associated with mammal hair from Eocene Dominican amber. Epizoochorous
dispersal is facilitated by, inter alia, barbs and hooks on the lemmas and awns (Davidse, 1987).
There are numerous reports of epizoochorous dispersal, e.g. Themeda triandra by Kenyan hares
(Agnew & Flux, 1970), diaspores of numerous grass species in the wool of sheep in the South
African Karoo (Milton, Siegfried & Dean, 1990), and Stipa setacea R.Br. in Australia (Arber,
1934). Blass et al. (2010) suggest that it is a common dispersal mode of grasses found in
Mongolia. Salt-marsh grass diaspores are common on waterbird feathers (Vivian-Smith & Stiles,
1994). Both endozoochory (deposited in dung) and epizoochory (found in the hair) were found
for prairie grasses in bison (Rosas et al., 2008). Rosas et al. (2008) did not locate a strong match
to adaptations, but did find different profiles in the two dispersal modes. Endozoochory is
associated with small, smooth, hard seeds or diaspores (Shiponeni & Milton, 2006) which protect
the seed from the molar mill and during the passage through the gut. It seems likely that in most

grasses the seed is ingested accidentally during graoimgstent with Janzen’s (1984) foliage
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is the fruit’ hypothesis. At least in the Serengeti, endozoochory is an important dispersal mode in
grasses (Anderson, Schutz & Risch, 2014). Some grass species can be dispersed by several
means. We suggest that transformation of the spikelet, with its evolutionarily labile lemma as
diaspore, may have been a key innovation in grasses. Surprisingly, there appears to have been no

comparative or experimental work on the evolution and function of the grass diaspore.

(2) Establishment

Establishment includes not only the initial development of a dispersed seed into a
sexually mature plant in a new habitat or continent, but also the medium-term success of
subsequent generations (this conforms to the concept of 'naturalization' in plant invasion
ecology; Richardson & PySek, 2012). The latter requires protection against the stochastic events
that could eliminate small populations, as well as medium-term protection of the genetic
diversity of the small, newly established populations. Effective establishment increases the
proportion of dispersal events resulting in new populations. Several grass traits may contribute to
establishment success. Some, like vegetative reproduction and wind pollination, are quite
widespread in angiosperms. Below we focus on several that are peculiar to grasses.

(a) Generation time and embryo structure

Short generation times substantially increase the invasive potential of species. Firstly, if
all else is the same, shorter generation times result in higher population growth rates, and high
population growth rates are characteristic of successful invaders (Moles et al., 2012). Such
species are therefore more likely to be able to take advantage of rare or marginal spatio-temporal
opportunities for population establishment. Secondly, early reproduction results in higher rates of
seed production in the first years, thereby enhancing propagule pressure (Moles et al., 2012).
Thirdly, short generation time increases the possibility of rapid responses to directional selection.
Consequently, short-generation species can develop a rapidly advancing and adapting front when
matched with high rates of dispersal. Although there is no comprehensive review of grass
generation time, and indeed very few published data, we suspect that grasses generally have
short generation times compared to other Poales. For example, Poa annua L. can flower six
weeks after germination (Cope et al., 2009), and many Andropogoneae flower wihjeaks

after germination (Estep et al., 2014). However, there are exceptions: bamboos, for example,
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take 3-50 years to flower (Arber, 1934; Franklin, 2004). We postulate that the short generation
time found in many grasses may be due to the unusual embryo and reserve storage in grasses.
The grass embryo (Fig. 6A) is, in the context of monocots and in particular Poales, a
remarkable innovation. In all other Poales the embryo consists of a disc of undifferentiated cells,
which at germination differentiate into roots, shoots and leaves (Rudall et al., 2005). In the grass
seed, the embryo is already differentiated into a primary root, a shoot with leaf initials, and a
haustorial structure (scutellum), resulting in a remarkably complex and variable structure (Fig.
6A) (Gibson, 2009; Natesh & Rau, 1984). Kellogg (2000) very appropriately regards the grass
embryo as an example of heterochronic change, where either the embryo development was
accelerated, or the seed ontogeny delayed. At germination the roots and shoots are ready to grow,
and the scutellum is in place to absorb the nutrients from the endosperm. Such a precocious
embryo may reduce the time it takes for the plant to be established. This could be the key
innovation that allows flowering within one year of germination. Consequently, many grasses

have the reproductive biology of annuals or biennials, and the persistence biology of perennials.

(b) Polyploidy and apomixis

Polyploidy is one of the traits associated with invasive species (Pandit, Pocock & Kunin, 2011;
te Beest et al., 2012), and polyploids are also more likely to survive and be ecologically
successful if new niches are available (Van de Peer, Mizrachi & Marchal, 2017). This is
corroborated by the link demonstrated for Danthonioideae between long-distance dispersal and
polyploidy (Linder & Barker, 2014). One possible reason is that polyploidy reduces the effects of
genetic inbreeding in small, establishing populations (Rosche et al., 2017), thus increasing the
amount of additive genetic variance. Diploids may lose much genetic diversity due to inbreeding
during the first few generations after the establishment of new populations. A disadvantage of
polyploidy is that it can lead to the breakdown of self-incompatibility. However, grasses have a
unique S-Z two-locus gametic self-incompatibility system, which appears to be common to the
whole family (Li et al., 1997), and in which polyploids retain their self-incompatibility

(Baumann et al., 2000; Langridge & Baumann, 2008; Yang et al., 2008). A second reason for the
success of invading polyploids may be a result of wider ecological niches than in diploids (te

Beest et al., 2012). A third reason could be that polyploid grasses are often apomictic (Pullaiah
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& Febulaus, 2000), so leading to assured reproduction, while protecting the heterozygosity of the
lineage.

Polyploidy, and especially allopolyploidy, is extremely common in the grasses (Kellogg,
2015). Hunziker & Stebbins (1987) noted that more than 80% of grass species have a (recent)
polyploid history, compared to 280% for angiosperms in general (Van defet al., 2017).
Furthermore, proportions of (neo-)polyploids in the grasses are higher than in any other large
family, and all large genera have a majority of polyploids (Stebbins, 1985). Many polyploids
appear to be allopolyploids, and this could indicate rampant hybridization. Estep et al. (2014)
showed that allopolyploidy is extremely common in the Andropogoneae, indicating a link to the

diversification of this important clade of savanna grasses.

(c) Hygroscopic awns

Hygroscopic awns (Fig. 6B, C) may help plant the caryopses, presumably in better
microhabitats for germination and establishment than where the caryopsis landed (Peart, 1979;
Peart & Clifford, 1987), thus increasing the proportion of dispersal events resulting in successful
population establishment. Hygroscopic awns, which twist when the humidity changes, are unique
to the grasses and are found in 199 genera in Panicoideae, Danthonioideae and Pooideae
(Watson & Dallwitz, 1994, updated 2015). They have evolved several times and are evolutionary

labile, thus are also readily lost (Humphreys et al., 2011).

(3) Environmental flexibility

Although grasses occupy almost the complete range of angiosperm habitats (Fig. 1), the
specialization of grass lineages into different environmental niches results in an even distribution
in species richness from the equator to high latitudes (Visser et al., 2013, 2012). Ecological
specialists within these groups occupy a range of extreme environments, from aquatic habitats
(e.g. the floating grass Hygrooryza aristata Nees) to hyperarid deserts (Stipagrostigd zitellii
Léonard in White, 1983), high altitudes [Pentameris minor (Ballard & C.E.Hubb.) Galley &
H.P.Linder may be the highest plant on Mt Kilimanjaro] to coastal dunes [e.g. marram grass,
Ammophila arenaria (L.) Link], and deep shade of the forest understorey (e.g. Oplismenus
burmannii) to sunny savanna (e.g. Themeda triandra). There are even several resurrection grass
species from southern Africa (Gaff & Ellis, 1974) and Australia (Gaff & Latz, 1978). There are
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few habitats without grasses, such as marine and epiphytic habitats (although there are epilithic
grasses). Grasses are rare in some biomes, such as tundra, sandy deserts, succulent thickets, dry
forests and shrublands. In some densely forested biomes, such as evergreen montane forests,
grasses occur in disturbed areas (e.g. Chionochloa in the New Zealand Nothofagus forests).
Below we explore five trait-systems that likely contribute to this wide range of habitat tolerance.
Such long-term evolutionary lability may be correlated with short-term plasticity, an attribute of
successful invaders (Moles et al., 2012). We expect that environmental flexibility may be

predicted to be the result of trait diversity, rather than of any particular trait.

(a) Frost tolerance

Grasses probably evolved in a tropical, frost-free environment (Clayton, 1981; Edwards
& Smith, 2010), and frost tolerance has evolved several times (Preston & Sandve, 2013). The
largest frost-tolerant clade is Pooideae (Clayton, 1981), but the trait also evolved in the
Danthonioideae (Humphreys & Linder, 2013), and other lineages, including Alloteropsis
(Lundgren et al., 2015; Osborne et al., 2008), Pennisetum and Cleistogenes (Liu & Osborne,
2008). The biochemical basis of frost tolerance has been elucidated for the Pooideae (Sandve &
Fjellheim, 2010; Sandve et al., 2011; Vigeland et al., 2013). Frost tolerance enables Pooideae to
colonize the vast steppe regions, and is, at least in Danthonioideae, linked to significant range
extension (Humphreys & Linder, 2013; West et al., 2015) during the cooling Neogene. Based
on distributional data, frost tolerance is found in Cyperaceae, Juncaceae, Typhaceae, probably in
Eriocaulaceae, Xyridaceae, but not in Restionaceae, Anarthriaceae, Ecdeiocoleaceae,
Flagellariaceae, Joinvilleaceae, Thurniaceae, Bromeliaceae and Rapateaceae. Massslikely f

tolerance evolved numerous times, not only in grasses but across the Poales (Fig. 5).

(b) Photosynthetic mode

The repeated shifts in photosynthetic mode framoCZ (Christin, Freckleton &
Osborne, 2010; Christin et al., 2009; Christin et al., 2008) have allowed grasses to be highly
productive over a wide climatic range (Long, 199%) p@otosynthesis is generally associated
with cool growing seasons or humid conditions (thus temperate climates and shady tropical
forests), and ©with hot, and often arid or dry, growing seasons (thus seasonally dry tropical

climates) (Sage, 2004). The transitions frogtdCCs photosynthesis within grasses were
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associated in 18 of 20 cases with a shift into a drier climate (Edwards & Smith, 2010), and C
lineages have overall been more likely to transition from mesic to arid nichesztgaou@s

(Osborne & Freckleton, 2009). In addition to its direct effects on plant productivity (Atkinson et
al., 2016), @ photosynthesis is also associated with a lower stomatal conductance than the C
type (Bjorkman, 1971) with potential benefits for plant hydraulics in open, sunny environments
that cause high rates of evaporation (Osborne & Sack, 2012). The carbon-concentrating
mechanism of €plants means that, for a given investment in the carbon-fixing enzyme Rubisco,
they achieve higher rates of photosynthesis across a range of temperatures (Long, 1999). Since
Rubisco can account for 30% of leaf nitrogen gsfecies, this underpins greater photosynthetic
nitrogen-use efficiencies insGhan G plants (Long, 1999). In Panicoideae lineagesafr@sses
(including Andropogoneae), accelerated catalysis by Rubisco has further enhanced nitrogen-use
efficiency (Ghannoum et al., 2005). In combination, these traits giyda@ts the potential to
allocate larger proportions of plant nitrogen to roots in infertile habitats, and to greater leaf area
development in fertile or disturbed habitats (Long, 1999). In grassg@hdisynthesis is

associated with approximately 50% greater allocation of growth to roots during plant
establishment in comparison with the @pe, with important implications for rooting depth and
access to water and nutrients (Atkinson et al., 2016). In Alloteropsis semiadglants allocate

more growth to both below-ground storage and sexual reproduction thanzthkeinr@erparts,

pointing to a shift in life-history strategy enabled by the greater carbon availability in therC
(Ripley, Abraham & Osborne, 2008). Evidence therefore suggestsibab@synthesis

improves carbon-uptake efficiency with respect to limiting soil resources (especially water and
nitrogen) across a range of habitats, giving grasses greater access to alternative developmental
and life-history strategies than the {@pe. In the case of A semialata, these advantages probably
enabled a rapid expansion of the ecological niche whenipatBway evolved (Lundgren et al.,
2015).

(c) Flexible growth forms

The diversity of degrees of persistence of culms, and possibly aerial rhizomes, may allow
grasses to develop growth forms that enable them to survive annual defoliation (such as in
grasslands or highly seasonal climates), continuous defoliation [resulting in lawn grasses

(Hempson et al., 2015)], and competition with perennial vegetation such as heathlands (Linder &
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Ellis, 1990) or forest (e.g. bamboos). This may be related to the relatively labile shift between
intra- and extravaginal innovation buds (Fig. 7A-B) clear distinction between intra- and
extravaginal innovation buds is difficult in the other Poalean families (Fig. 5). With intravaginal
buds, the tillers are adjacent and the plant forms a bunch grass. Extravaginal buds may lead to
spreading rhizomes and to lawn grasses with well-spaced tillers (Fig. 7), although some
extravaginal species may also form tussock grasses. Phenotypic plasticity is also common, with
many grass species able to alter the height, angle, branching structure, and rooting characteristics
of their culms depending on environmental conditions [e.g. facultative lawn grasses (Hempson et
al., 2015)].

Bamboos compete successfully with forest trees in aseasonal climates by developing a
certain woodiness (Clayton, 1981) (albeit without secondary thickening). The plants persist over
decades as dense stands in forest. At the other extreme are annuals, where the species are present
only during the rainy season, and so avoid the dry or hot season, a strategy suitable for
predictable seasonal climates (Humphreys & Linder, 2013).

The hemicryptophyte growth form (buds at or near the soil surface) is common in
grasses. This means that even perennial grasses do not need to retain aboveground biomass
through unfavourable conditispand can regrow from the base after defoliation. Ripley et al.

(2015) showed that fire-adapted species recover all their biomass within 60 days of defoliation,
and other grass species recovered some 50% of their biomass in this period. This may be a key
innovation for seasonal drought, fire, heavy grazing or cold: effectively having an annual above-

ground architecture on a perennial plant.

(d) Stomata and water relationships

In grass stomata the dumbbell-shaped guard cells are flanked by two subsidiary cells,
thus the whole stomatal complex includes four parallel cells (Hetherington & Woodward, 2003).
This paracytic stomatal complex is typical of the Pe&lesnmelinalesZingiberales clade
(Rudall, Chen & Cullen, 2017). In grasses a rapid stomatal response to changing moisture
regimes has been demonstrated (numerous references in Franks & Farquhar, 200@. Franks
Farquhar (2007) demonstrated that in Triticum aestivum L. stomatal opening required a massive
contraction in the subsidiary cells, and they postulated that this was achieved by shifting

potassium ions between the guard and the subsidiary cells. The resulting stomata are both larger
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and can respond more rapidly to changing environmental conditions. Raissig et al. (2017)
identified the genetic regulators of grass subsidiary cells, and used these to generate mutant
grasses withnormal two-celled stomata. The wild type of Brachypodium distachyon (L.)
P.Beauv. (with four-celled stomata) grew faster, the stomata opened wider, and responded more
rapidly to changing light intensity, than the mutants witbrmal two-celled stomata. Thus, the
wild-type phenotype leads to a higher photosynthetic rate at a smaller water loss. These
advantages are further fine-tuned by differences in stomatal size (affecting the closure speed),
leaf width (influencing the rate at which leaves can roll up) and stomatal densities, among arid
and mesic habitat lineages (Liu & Osborne, 20H&therington & Woodward (2003) suggested

that these efficient stomata may have contributed to the grass success in the aridifying Neogene
world, giving the grasses a competitive edge in a water-limited environment. However, it is not
known whether the paracytic stomata in the other commelinid families show a similar

physiological pattern.

(e) Rooting systems and resource competition

Grasses grow in the complete rangésoil’ environments, from standing water to Sahara
sand. Although grasses lack unigue root innovations, this remarkable range may be achieved by
variation in the rooting architecture, the presence of mycorrhizae, and the development of a
rhizosheath (sandsheath). According to Hartnett et al. (2013) these three mechanisms
complement each other in the southern African semi-desert Kalahari: mycorrhizal associations
(which were found in all investigated Kalahari grasses) are more common and so probably more
important in infertile soils with good rainfall. A finely divided root system is better developed in
fertile, arid soils. Consequently, the degree of root branching varies inversely with the degree of
mycorrhizal association. Finally, rhizosheaths (thick sandy sheaths held together by hair-like
epidermal structures and mucilage that coat the full length of every root on the plant) are better
developed in sandier soils in more arid conditions than in fine-textured soils in wetter conditions.

Grasses generally produce a dense mass of finely divided roots (Kellogg, 2015;
Kutschera & Lichtenegger, 1982), and investigations in a seasonal savanna show that grass roots
tend to concentrate in the top few centimetres of soil, which makes them effective at intercepting
incoming water and accessing available nutrients (February & Higgins, 2010; Scholes & Walker,

1993). This root morphology may be linked to having an expendable above-ground architecture,
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which does not require an extensive deep root system to maintain subaerial biomass during
unfavourable conditions (Nippert et al., 2012).

Rhizosheaths probably improve water movement across theostiinterface (Hartnett
et al., 2013), but they have also been linked to improved P uptake. These structures have been
documented for the Australian Restionaceae, Cyperaceae, Anarthriaceae and Ecdeiocoleaceae
(Pate & Dixon, 1996; Pate & Meney, 1999), and also occur in the African Restionaceae (H.P.
Linder, personal observations). They are widespread in the grasses, and Bailey & Scholes (1997)
recorded them from most species in the Kalahari. Absence of rhizosheaths in the early-diverging
grass lineages, as well as in the Bambusoideae, may be due to their absence from arid, sandy
habitats.

(4) Ecological competitiveness

Ecological competitiveness includes the ability, first, to usurp resources from other
species, and, second, to transform the environment biotically. Consequently, habitats invaded by
grasses become more hostile for other plants, particularly restricting the growth and recruitment
of woody plants. Anthropocene grass invasions provide convincing evidence of the speed of
biotic feedbacks (Gaertner et al., 2014). D'Antonio & Vitousek (1992) suggest that invasive
grasses transform environments by outcompeting tree and shrub seedlings for light, water and
nutrients, as grasses can form a dense sward [Bond, 2008; February et abuPakd see
O'Connor (1995) for an exception]. Environmental transformation also results from biotic
feedbacks that engender chronic disturbance (Brooks et al., 2004). First, grasses can increase fire
frequency (D'Antonio, Stahlheber & Molinari, 2011; D'Antonio & Vitousek, 1992). Fire
exclusion demonstrates that, without fire, grasses are often out-competed by tree saplings (Bond,
2008; Bond, Midgley & Woodward, 2003; Bond, Woodward & Midgley, 2005; Scheiter et al.,
2012). Second, increased plant consumption and trampling by mammalian herbivores acts to
keep systems open (Charles-Dominique et al., 2016; Clayton, 1981). Both fire and grazing are
facilitated by spatially continuous populations of grasses (Archibald & Hempson, 2016). Wind
pollination may be an essential trait for very large, contiguous, populations. Wind-pollinated
plants cannot be pollen limited in open habitats, whereas pollinator saturation has been
demonstrated for biotically pollinated species, at least for cultivated fields (Holzschuh et al.,
2016).
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(a) Flammability and fire-tolerance

Leaf chemistry, and plant architecture, as well as rates of growth and decomposition alter
the flammaubility of grasses, thereby influencing fire spread and frequency (Fernandes & Cruz,
2012; Schwilk, 2015). Generally, plants with high leaf C:N ratios (tannins) and volatile oils and
resins ignite more readily (Belcher et al., 2010; Pausas et al., 2016), and fine leaves arranged
with a low bulk density can increase flammability (Schwilk, 2003).

Grasses, like all Poales and most monocots, have no woody tissue [except, arguably, the
woody bamboos (Clayton, 1981)]. The absence of woody tissue reduces the energetic costs of
resprouting post-fire, contrary to the situation in most eudicots and all trees. It also means that a
high proportion of carbon is invested in photosynthetically active tissue; this enables grasses to
regain productivity rapidly after defoliation. The grass growth form is thus well adapted to
pulsed resource availability (Bond, 2008) such as seasonal rainfall and frequent fire. The
common hemicryptophyte habit sees perennating buds buried, either in the soil or in a dense
tussock base, where they are protected against fast-burning fires, typical of grasses (Pausas,
Keeley & Schwilk, 2017). The rates of curing and decomposition affect how much dead plant
material is available at any time. Andropogoneae, and a few other cladea hglvéannin
content (Ellis, 1990) and these are thought to slow decomposition. Curiously, tannins or tannin-
like substances are almost universally present in the Poales, but are absent in many grass lineages
(Ellis, 1990), and the presence of tannins in the Andropogoneae is almost certainly a secondary
gain.

The composition of ground-layer species of savannas is influenced by fire frequency,
indicating that some species (mostly Andropogoneae) cope better with a high fire frequency
(Forrestel, Donoghue & Smith, 2014; Visser et al., 2012). These fire-tolerant species commonly
have a caespitose architecture where buds are nested about dense leaf bases. Evidence
demonstrates variability both in flammability (Simpson et al., 2016) and rates of resprouting

post-fire (Ripley et al., 2015) of co-occurring grass species.
(b) Grazing

Grasses respond to grazing both with defences and with a biology enabling survival in the

face of constant defoliation. The remarkably diverse silica bodies in the epidermal short cells
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(Metcalfe, 1960) are usually interpreted as herbivore defence (Mithofer & Boland, 2012), and
may operate by abrading the chewing apparatus, or by diverse other means (Hunt et al., 2008).
Although silica sand is common in the Poales, and much simpler silica bodies occur in some
Restionaceae and Thurniaceae (Cutler, 1969), complex silica bodies, with a wide range of
shapes, are unique to grasses. Similarly, the presence of tannins in Andropogoneae (Ellis, 1990)
could be interpreted as defence. Finallyg@sses may have a lower digestibility than C

grasses, due to a higher fibre content (Gibson, 2009).

Nevertheless, the ecological dominance of highly palatable grass species is generally
maintained by heavy grazing (McNaughton, 1979). Arber (1934) suggested that grasses were
well adapted to survive grazing due to a tillering habit and the ability of the leaves to elongate
from the base. Grazing tolerance is also associated with a high investment in below-ground
reserves, growth forms which enable plants to retain leaves close to the ground, innovation buds
below the soil surface, and strong root systems preventing uprooting (Diaz et al., 2007).
Consequently, caespitose bunchgrasses (Fig. 7B) are less resistant to grazing than rhizomatous or

stoloniferous grasses (Fig. 7A, C) (Coughenour, 1985; Mack & Thompson, 1982).

IV. TRAIT EVOLUTION AND SEQUENTIAL INVASIONS

The grasses most likely started their evolutionary history in the shady understorey of
forests, and diversified in this habitat through the first 20 Myr. Although the evidence is sparse,
there is some indication of grassy patches in these PalaeogeBé [8a) forests (Morley,
2000; Stromberg, 2011). They inherited wind pollination, a sympodial growth form and
paracytic stomata, and the ancestral grasses already had a precocious embryo and large starch
reserves (Fig. 5). The large embryo and starch reserves may have facilitated establishment in
dark forest understorey, and the four-celled stomatal apparatus, responding rapidly to changing
light, could also initially have been advantageous for exploiting light patches in forests. Defence
against herbivory appears to have shifted from tannins in the rest of the Poales, to silica bodies in
the grasses. The role of whole genome duplications (WGDSs) in the evolution of these traits is
still unclear. There is evidence for three WGDs in the grass genome. Their phylogenetic
placement was explored by McKain et al. (2016):‘taa event probably occurred early in
monocot evolution, between the divergence of the Alismatales and Asparagaissgrize

event occurred after the Poaleommelinid split; and th&ho event coincided with the origin
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of the grasses. Rho has been linked to a change in the starch biosynthesis process (Comparot-
Moss & Denyer, 2009), and has also been linked to duplicated MADS-box genes (a conserved
sequence motif) which might be associated with the evolution of the spikelet structure (Preston
& Kellogg, 2006).

The initial shift into open habitats could be as old as the common node of the BEP and
the PACMAD clades (Osborne & Freckleton, 2009), dated to the early Eocene, and linked to the
evolution of the tillering habit anid tussock formation (possibly a fire adaptation) and narrow
leaves (possibly a drought adaptation). The three basal lineages in the grasses are all extravaginal
(H.P. Linder & C.E.R. Lehmann, personal observations), so irrespective of the interpretation of
the position of the innovation buds in the other poalean families, there is a shift from extra- to
intravaginal at the common ancestor of the BERCMAD clade (Fig. 5).

The subsequent grass evolutionary history of grass may be interpreted as four invasions.
The first is the bamboo (re-)invasion of tropical forests; this is correlated with the evolution of a
woody habit. We do not explore this invasion in detail, but suggest that a further key innovation
may be semelparity, with delayed flowering. The mechanisms by which bamboos maintain
massive stands in the absence of fire deserve more attention. The second is the Gligdgene
Miocene G grass invasion into woodlands, which is known only from the fossil record. It is not
clear which clades contributed to this woodland invasion, and consequently it is difficult to
determine the facilitating traits. The third is the spectacular late MieBéneene invasion by
the G grasses (Edwards et al., 2010) into the tropics, largely by Andropogoneae. These
presumably replaced pre-existing @@asses, and possibly also the associated grassy woodlands
(Retallack, 1992). Andropogoneae have a suite of innovations that might increase burning
frequency: tannins, which slow leaf decay rates and cure rapidly, goito@synthesis with
high nitrogen-use efficiency, which maximizes productivity in high-light, seasonally moist, and
infertile soil environments. The fourth invasion was by the frost-tolerant Pooideae into the
northern steppes, during the Eoce@igocene transition (Sandve & Fjellheim, 2010). The
Pooideae invasion is matched in the Southern Hemisphere by the cold-tolerant Danthonioideae,
these have been dated to the late Miocene and Pliocene (Linder et al., 2013), but no supporting
fossil evidence is available.

The current success of the grasses is most likely the result of a complex set of traits,

which have accumulated throughout the history of the Poales. The first stage involved
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dispersal/establishment traits and stomata, which could be interpreted as allowing grasses to
exploit ephemeral forest gaps. The second set of traits dealt with surviving grazing, and were
probably associated with the Miocene woodland invasion. Finally, fire traits fuelled the invasion

of Cz grasslands and woody ecosystems bgi@sses. The inherited grazing traits allowed the
development of massive herbivore biomass, and the dispersal/establishment traits spread these
new grasses around the planet in the tropics. Such an accumulation of traits, gradually building a
set of functionalities that enhance dispersal, establishment, etc., might be a common feature of all
evolutionarily successful clades. The cumulative effect of these traits is that the efficacy of the
grasses as colonizers gradually improved through the Cenozoic. These traits result in the grasses
being remarkably polymorphic in their dispersal biology, to be able to survive founder events

both genetically and in terms of their population biology, being able to adapt to most habitats
open to angiosperms on Earth, and being able to outcompete (over a large part of the planet) the
other plants in those environments. This makes them the invaders from hell, bringing fire and

hungry herbivores in their baggage.

V.CONCLUSIONS

(1) The modern success of the grasses (global distribution, presence in almost all angiosperm
habitats, dominance over a large portion of the vegetated earth, and high species richness) can be
interpreted as the result of increasingly effective wavémweésions, resulting from the

evolution of appropriate traits.

(2) Grasses probably evolved in the late Cretaceous, with traits such as precocious embryos and
large starch reserves which may have allowed rapid establishment in rainforest light gaps. The
early evolution of the spikelet, and the floret with its awned lemma as dispersal unit, may have
facilitated a switch between epi- and endozoochory, and facilitated rapid dispersal. This, together
with the sympodial growth form and absence of above-ground woody investment, may have led
to the first grassy patches in the Eocene and Oligocene, although it is not clear what grass clades
formed these.

(3) In the second round of grass expansion and invasionstasses in the early and middle
Miocene probably formed a grassy woodland, and may have been facilitated by the tillering

habit, which is associated with fire survival. The taxa involved are still enigmatic.
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(4) The most recent (late Mioceri&liocene) round of invasions led to the formation of the C
savannas in mesic tropical regions, largely involving the Andropogoneae. A central innovation is
thought to have been the evolution afghotosynthesis, but this happened almost 20 Myr

earlier. A second innovation may have been the (re)-evolution of tannin synthesis. Both these
traits may result in more frequent fires, due to a greater productivity of flammable biomass, and
the preservation of this litter.

(5) In both Miocene and Pliocene invasions, the effective dispersability (thus not only the ability
to cross wide barriers such as oceans, but also to establish viable populations), may have been
central, facilitating a global response to global climate change. The traits facilitating this (a
precocious embryo and the awned lemma dispersal unit) evolved earlier.

(6) The physiological ability of the grasses to survive in such a very wide range of habitats
increases the possibility that, in some of them, the climatic conditions which they can exploit
(such as strongly seasonal climates) may evolve, allowing them to become dominant within
those ecosystems. Their high effective dispersability then allows them to become established in
equivalent biomes on all continents.

(7) The invasion paradigmtke Viking Syndromg is a productive paradigm under which to
explore the reasons for the success of grass. The predictions from the Viking syndrome might be

interesting to explore for other highly successful, species-rich, clades.

VI.ACKNOWLEDGEMENTS

This paper is dedicated to John William Bews and Agnes Arber, who did so much to
develop a holistic evolutionary, morphological, and ecological view of the grasses. S.A. was
supported by the Friedel Sellschop Fund at the University of the Witwatersrand. C.E.R.L. was
supported by the University of Edinburgh, H.P.L. was funded by the University of Zurich,
D.M.R. acknowledges support from the DST-NRF Centre of Excellence for Invasion Biology

and the National Research Foundation, South Africa (grant 85417).

VII. REFERENCES

AGNEW, A. D. Q. & A.ux, J. E. C. (1970). Plant dispersal by hares (Lepus capensis L.) in Kenya.
Ecology51, 735-737.

25



ANDERSON T. M., SCHUTZ, M. & RIsCH, A. C. (2014). Endozoochorous seed dispersal and
germination strategies of Serengeti plants. Journal of Vegetation S2ErG6-647.

ARBER A. (1934). The Gramineae. A Study of Cereal, Bamboo, and Grass. Cambridge
University Press, Cambridge.

ARCHIBALD, S. & HEMPsSON G. P. (2016). Competing consumers: contrasting the patterns and
impacts of fire and mammalian herbivory in Africa. Philosophical Transactions of the
Royal Society B-Biological Scienc&31.

ARCHIBALD, S., LEHMANN, C. E. R., ®MEZ-DANS, J. L. & BRADSTOCK, R. A. (2013). Defining
pyromes and global syndromes of fire regimes. Proceedings of the National Academy of
Scienced10, 6442-6447.

ATKINSON, R. R. L., MockFORD, E. J., BENNETT, C., CHRISTIN, P-A., SPRIGGSE. L.,

FRECKLETON, R. P., THOMPSON K., REES M. & OsSBORNE C. P. (2016). C4
photosynthesis boosts growth by altering physiology, allocation and size. Nature Plants
2, 16038.

BAILEY, C. & SCHOLES M. (1997). Rhizosheath occurrence in South African grasses. S. African
Journal of Botan3, 484-490.

BALDWIN, B. G., ®LDMAN, D. H., KEIL, D. J., RTERSON R., ROSATTI, T. J. & WALKEN, D. H.
(2012). The Jepson Manual: Vascular Plants of California, 2nd edn. . University of
California Press, Berkeley.

BAUMANN, U., UTTNER, J., BAN, X. & LANGRIDGE, P. (2000). Self-incompatibility in the
grasses. Annals of BotaB$, 203-209.

BEER, C., REICHSTEIN, M., TOMELLERI, E., QAIS, P., ING, M., CARVALHAIS, N., RODENBECK,

C., ARAIN, M. A., BALDOCCHI, D., BONAN, G. B., BONDEAU, A., CESCATTI, A., LASSLOR
G., LNDROTH, A., LOMAS, M., LUYSSAERT, S., MARGOLIS, H., OLESON, K. W.,
RouPsARD O., VEENENDAAL, E., Viovy, N., WiLLIAMS , C., WOODWARD, F. |. &
PAPALE, D. (2010). Terrestrial gross carbon dioxide uptake: global distribution and
covariation with climate. Sciee 329, 834-838.

BELCHER, C. M., YEARSLEY, J. M., HADDEN, R. M., MCELWAIN, J. C. & REIN, G. (2010).

Baseline intrinsic flammability of Earth's ecosystems estimated from paleoatmospheric
oxygen over the past 350 million years. Proceedings of the National Academy of Sciences
of the United States of Ameridd®7, 22448-22453.

26



BJORKMAN, O. (1971). Comparative photosynthetic CO2 exchange in higher plants. In
Photosynthesis and photorespiration (ed. M. D. Hatch, C. B. Osmond and R. O. Slatyer),
pp. 18-32. Wiley-Interscience, New York.

BLASS, C., RONNENBERG K., TACKENBERG, O., HENSEN I. & WESCHE K. (2010). The relative
importance of different seed dispersal modes in dry Mongolian rangelands. Journal of
Arid Environments74, 991-997.

BLATTNER, F. R. (2006). Multiple intercontinental dispersals shaped the distribution area of
Hordeum (Poaceae). New Phytolodié®, 603-614.

BonD, W. J. (2008). What limits trees in C-4 grasslands and savannas? Annual Review of
Ecology, Evolution, and Systematig8s, 641-659.

BonD, W. J., MDGLEY, G. F. & WOODWARD, F. I. (2003). The importance of low atmospheric
CO2 and fire in promoting the spread of grasslands and savannas. Global Change
Biology 9, 973-982.

BonD, W. J., WbODWARD, F. I. & MIDGLEY, G. F. (2005). The global distribution of ecosystems
in a world without fire. New Phytologid65, 525-537.

BONNEFILLE, R. (2010). Cenozoic vegetation, climate changes and hominid evolution in tropical
Africa. Global and Planetary Chang2 390-411.

BOUCHENAK-KHELLADI, Y., MUTHAMA, A. M. & LINDER, H. P. (2014a). A revised evolutionary
history of Poales: origins and diversification. Botanical Journal of the Linnean Society
175, 4-16.

BOUCHENAK-KHELLADI, Y., SLINGSBY, J. A., VERBOOM, G. A. & BoND, W. J. (2014Db).
Diversification of C4 grasses (Poaceae) does not coincide with their ecological
dominance. American Journal of Botal8i, 300-307.

BOUCHENAK-KHELLADI, Y., VERBOOM, G. A., SAVOLAINEN, V. & HODKINSON, T. R. (2010).
Biogeography of the grasses (Poaceae): a phylogenetic approach to reveal evolutionary
history in geographical space and geological time. Botanical Journal of the Linnean
Societyl62, 543-557.

BRASSAC J. & BLATTNER, F. R. (2015). Species-level phylogeny and polyploid relationships in
Hordeum (Poaceae) inferred by next-generation sequencing and in silico cloning of

multiple nuclear loci. Systematic Biolo@y, 792-808.

27



BROOKSM. L., D'ANTONIO, C. M., RCHARDSON, D. M., GRACE, J. B., KEELEY, J. E.,
DIToMASO, J. M., HoBBS, R. J., BELLANT, M. & PYKE, D. (2004). Effects of invasive
alien plants on fire regimes. Bioscierigt 677688.

CHARLES-DOMINIQUE, T., DavIEs, T. J., HEMPSON G. P., BEZENG,B. S., [nRu, B. H.,
KABONGO, R. M., MAURIN, O., MUASYA, A. M., VAN DER BANK, M. & BOND, W. J.
(2016). Spiny plants, mammal browsers, and the origin of African savannas. Proceedings
of the National Academy of Sciences of the United States of AmgiR;aE5572-E5579.

CHEN, Y., RANDERSON J. T.,vAN DER WERF, G. R., MORTON, D. C., MU, M. Q. & KASIBHATLA,
P. S. (2010). Nitrogen deposition in tropical forests from savanna and deforestation fires.
Global Change Biolog$6, 2024-2038.

CHRISTIN, P. A., BESNARD, G., SAMARITAN, E., DUVALL, M. R., HODKINSON, T. R.,
SAVOLAINEN, V. & SALAMIN , N. (2008). Oligocene CO2 decline promoted C-4
photosynthesis in grasses. Current Biolt8y37-43.

CHRISTIN, P-A., FRECKLETON, R. P. & GsBORNE C. P. (2010). Can phylogenetics identify
C4origins and reversals? Trends in Ecology & Evolu#i5mn403-409.

CHRISTIN, P-A., PETITPIERRE B., SALAMIN , N., BUCHI, L. & BESNARD, G. (2009). Evolution of
C4 phosphoenolpyruvate carboxykinase in grasses, from genotype to phenotype.
Molecular Biology and Evolutio@6, 357-365.

CHRISTIN, P-A., SPRIGGS E., GsBORNE C. P., SROEMBERG C. A. E., 9\LAMIN, N. &
EDWARDS, E. J. (2014). Molecular dating, evolutionary rates, and the age of the grasses.
Systematic Biolog¥3, 153-165.

CLAYTON, W. D. (1981). Evolution and distribution of grasses. Annals of the Missouri Botanical
Garden68, 5-14.

CLAYTON, W. D., VORONTSOVA M. S., HARMAN, K. T. & WILLIAMSON, H. (2015). GrassBase
the online world grass flora. Royal Botanic Gardens Kew, Kew.

CoMPAROT-M0sSS S. & DENYER, K. (2009). The evolution of the starch biosynthetic pathway in
cereals and other grasses. Journal of Experimental B60a2¢81-2492.

Cook, G. D. & Dias, L. (2006). It was no accident: deliberate plant introductions by Australian
government agencies during the 20th century. Australian Journal of Betaf§1-625.

CopPg T., GRAY, A. J., TEBBS, M. & ASHTON, P. (2009). Grasses of the British Isles. Botanical
Society of the British Isles, London.

28



COUGHENOUR M. B. (1985). Graminoid responses to grazing by large herbivores: adaptations,
exaptations, and interacting processes. Annals of the Missouri Botanical Gay8&2-
863.

CUTLER, D. F. (1969). Juncales. In Anatomy of the Monocotyledons, volume 4 (ed. C. R.
Metcalfe), pp. £357. Clarendon Press, Oxford.

D'ANTONIO, C., STAHLHEBER, K. & MOLINARI, N. A. (2011). Grasses and forbs. In Encyclopedia
of Biological Invasions (ed. D. Simberloff and M. Rejmanek), pp—280. University of
California Press, Berkeley and Los Angeles.

D'ANTONIO, C. M. & VITOUSEK, P. M. (1992). Biological invasions by exotic grasses, the
grass/fire cycle, and global change. Annual Review of Ecology and SysteB3 &

87.

DAEHLER, C. C. (1998). The taxonomic distribution of invasive angiosperm plants: Ecological
insights and comparison to agricultural weeds. Biological Conservédjdt67-180.

DAvVIDSE, G. (1987). Fruit dispersal in the Poaceae. In Grass systematics and eetutibnR.
Soderstrom, K. W. Hilu, C. S. Campbell and M. E. Barkworth), pp-133.

Smithsonian Institution Press, Washington.

DAz, S., LAVOREL, S., MCINTYRE, S., FALCZUK, V., CASANOVES, F., MILCHUNAS, D. G.,
SKARPE, C., RUSCH, G., STERNBERG M., NOY-MEIR, |., LANDSBERG, J., ZHANG, W.,
CLARK, H. & CAmMPBELL, B. D. (2007). Plant trait responses to grazing - a global
synthesis. Global Change Biolo#9, 313-341.

DousT, A. N., MAURO-HERRERA M., FRANCIS, A. D. & SHAND, L. C. (2014). Morphological
diversity and genetic regulation of inflorescence abscission zones in grasses. American
Journal of Botany01, 1759-1769.

DUNNING, L. T., LIABOT, A.-L., OLoFssoN J. K., SuiTH, E. K., VORONTSOVA M. S., BESNARD,

G., SmpPsoN, K. J., LUNDGREN, M. R., ADDICOTT, E., HANDASYDE, T., GALLAGHER, R.
V., CHU, Y., PENNINGTON, R. T., CHRISTIN, P-A. & LEHMANN, C. E. R. (in press). The
recent and rapid spread of Themeda triandra. Botany Lattpress.

EDWARDS, E. J., BBORNE C. P., SROMBERG, C. A. E., TH, S. A., BonD, W. J., (HRISTIN,

P-A., Cousins A. B., DuvALL, M. R., Fox, D. L., FRECKLETON, R. P., GIANNOUM, O.,
HARTWELL, J., HIANG, Y., JANIS, C. M., KEELEY, J. E., KELLOGG, E. A., KNAPP, A. K.,
LEAKEY, A. D. B., NELSON, D. M., SAARELA, J. M., \GE, R. F., 3LA, O. E., S\LAMIN,

29



N., StiLL, C. J., TPPLE, B. & CoNsORTIUM, C. G. (2010). The origins of C-4 grasslands:
integrating evolutionary and ecosystem science. Scig2®&;,&687-591.

EDWARDS, E. J. & SuiTH, S. A. (2010). Phylogenetic analyses reveal the shady history of C-4
grasses. Proceedings of the National Academy of Sciences of the United States of
Americal07, 2532-2537.

ELuis, R. P. (1990). Tannin-like substances in grass leaves. Memoirs of the Botanical Survey of
South Africa59, 1-80.

EsTeER M. C., McKAIN, M. R., VELA DiaZ, D., ZHONG, J., HODGE, J. G., FODKINSON, T. R.,

LAYTON, D. J., MALCOMBER, S. T., RASQUET, R. & KELLOGG, E. A. (2014).
Allopolyploidy, diversification, and the Miocene grassland expansion. Proceedings of the
National Academy of Sciencé4l, 15149-15154.

FAO (1995). Dimensions of Need: An Atlas of Food and Agriculture. Food and Agriculture
Organization of the United Nations, Rome, Italy.

FEAKINS, S. J., [EVIN, N. E., LIDDY, H. M., SERACKI, A., EGLINTON, T. |. & BONNEFILLE, R.

(2013). Northeast African vegetation change over 12 m.y. Gedlh@95-298.

FEBRUARY, E. C. & HGGINS, S. I. (2010). The distribution of tree and grass roots in savannas in
relation to soil nitrogen and water. South African Journal of Bot&én§17-523.

FEBRUARY, E. C., HGGINS, S. ., BoND, W. J. & SNVEMMER, L. (2013). Influence of competition
and rainfall manipulation on the growth responses of savanna trees and grasses. Ecology
94, 1155-1164.

FERNANDES P. M. & CRuz, M. G. (2012). Plant flammability experiments offer limited insight
into vegetation-fire dynamics interactions. New P hytolotet 606-609.

FORRESTEL E. J., DDNOGHUE, M. J. & SvITH, M. D. (2014). Convergent phylogenetic and
functional responses to altered fire regimes in mesic savanna grasslands of North
America and South Africa. New Phytologi3, 1000-1011.

FOXCROFT, L. C., PrSEK, P., RCHARDSON, D. M., GENOVES|, P. & MACFADYEN, S. (2017). Plant
invasion science in protected areas: progress and priorities. Biological Invé&ions
1353-1378.

FRANKLIN, D. C. (2004). Synchrony and asynchrony: observations and hypotheses for the
flowering wave in a long-lived semelparous bamboo. Journal of BiogeogBaphy3-

786.

30



FRANKS, P. J. & FARQUHAR, G. D. (2007). The mechanical diversity of stomata and its
significance in gas-exchange control. Plant Physiold@y 78-87.

GAERTNER, M., BIGGS, R., TE BEEST, M., Hul, C., MOLOFSKY, J. & RICHARDSON, D. M. (2014).
Invasive plants as drivers of regime shifts: identifying high-priority invaders that alter
feedback relationships. Diversity and Distributi@ds 733-744.

GAFF,D. F. & ELLIS, R. P. (1974). Southern African grasses with foliage that revives after
dehydration. Bothalid1, 305-308.

GAFF, D. F. & LATZ, P. K. (1978). Occurrence of resurrection plants in Australian flora.
Australian Journal of Botar6, 485-492.

GHANNOUM, O., BvANS, J. R., Giow, W. S., AADREWS T. J., ®NROY, J. P. &VON
CAEMMERER, S. (2005). Faster rubisco is the key to superior nitrogen-use efficiency in
NADP-malic enzyme relative to NAD-malic enzyme C4 grasses. Plant Physi8@gy
638-650.

GiBsON, D. J. (2009). Grasses and Grassland Ecology. Oxford University Press, Oxford.

GOETGHEBEUR P. (1998). Cyperaceae. In The families and genera of vascular plants. IV.
Flowering plants. Monocotyledons (ed. K. Kubitzki), pp.4490. Springer, Berlin.

GPWG (2001). Phylogeny and subfamilial classification of the grasses (Poaceae). Annals of the
Missouri Botanical Garde88, 373-457.

HARTNETT, D. C., WILSON, G. T., OrT,J. P. & &TSHOGQ M. (2013). Variation in root system
traits among African semi-arid savanna grasses: Implications for drought tolerance.
Austral Ecology38, 383-392.

HEMPSON G. P., ARCHIBALD, S., BOND, W. J., LIS, R. P., RANT, C. C., KRUGER F. J.,

KRUGER L. M., MOXLEY, C., ONEN-SMITH, N., PEEL, M. J. S., ™IT, . P. J. & MCKERS,
K. J. (2015). Ecology of grazing lawns in Africa. Biological Revi®@s979-994.

HETHERINGTON A. M. & WOODWARD, F. I. (2003). The role of stomata in sensing and driving
environmental change. Natu424, 901-908.

HOETZEL, S., DUPONT, L., SCHEFUSS E., ROMMERSKIRCHEN F. & WEFER G. (2013). The role of
fire in Miocene to Pliocene C-4 grassland and ecosystem evolution. Nature GeoScience
1027-1030.

HoLzSCHUH, A., DAINESE, M., GONZALEZ-VARO, J. P., MUDRI-STOINIC, S., REDINGER, V.,

RUNDLOF, M., SCHEPER J., WICKENS, J. B., WICKENS, V. J., BOMMARCO, R., KLEUN, D.,

31



POTTS, S. G., RBERTS S. P. M., 81ITH, H. G., MLA, M., VUIIC, A. & STEFFAN-
DEWENTER I. (2016). Mass-flowering crops dilute pollinator abundance in agricultural
landscapes across Europe. Ecology Lett6r4228-1236.

HONDA, E. A. & DURIGAN, G. (2016). Woody encroachment and its consequences on
hydrological processes in the savannah. Philosophical Transactions of the Royal Society
B: Biological Science871.

HoweLL, C. (2008). Consolidated list of environmental weeds in New Zealand. Department of
Conservation, Wellington.

Hul, C. & RICHARDSON, D. M. (2017). Invasion dynamics. Oxford University Press, Oxford.

HUMPHREYS A. M., ANTONELLI, A., PRIE, M. D. & LINDER, H. P. (2011). Ecology and
evolution of the diaspore "burial syndrome". Evolutéin 1163-1180.

HUMPHREYS A. M. & LINDER, H. P. (2013). Evidence for recent evolution of cold tolerance in
grasses suggests current distribution is not limited by (low) temperature. New Phytologist
198, 1261-1273.

HUNT, J. W., DEAN, A. P., WEBSTER R. E., DHNSON G. N. & ENNOS, A. R. (2008). A novel
mechanism by which silica defends grasses against herbivory. Annals of Bo2any
653-656.

HUNZIKER, J. H. & STEBBINS, G. L. (1987). Chromosomal evolution in the Gramineae. In Grass
Systematics and Evolution (ed. T. R. Soderstrom, K. W. Hilu, C. S. Campbell and M. E.
Barkworth), pp. 179187. Smithsonian Institution Press, Washington.

INDA, L. A., SEGARRA-MORAGUES J. G., MULLER, J., EETERSON P. M. & CATALAN, P. (2008).

Dated historical biogeography of the temperate Loliinae (Poaceae, Pooideae) grasses in
the Northern and Southern Hemispheres. Molecular Phylogenetics and Evé tion
932-957.

Jacoss, B. F., KINGSTON, J. D. & JAcoss, L. L. (1999). The origin of grass-dominated
ecosystems. Annals of the Missouri Botanical Gai@&rb90-643.

JANZEN, D. H. (1984). Dispersal of small seeds by big herbiverkdiage is the fruit. American
Naturalist123, 338-353.

KEELEY, J. E. & RUNDEL, P. W. (2005). Fire and the Miocene expansion of C-4 grasslands.
Ecology Letters3, 683-690.

32



KELLOGG, E. (2015). Families and Genera of Flowering Plants, volume Xlll: Poaceae. Springer,
Berlin.

KELLOGG, E. A. (2000). The grasses: a case study in macroevolution. Annual Review of Ecology
and Systematic31, 217-238.

KIDDER, D. L. & GIERLOWSKI-KORDESCH E. H. (2005). Impact of grassland radiation on the
nonmarine silica cycle and Miocene diatomite. Palah<s.98-206.

KUTSCHERA L. & LICHTENEGGER E. (1982). Wurzelatlas mitteleuropéischer Grunlandpflanzen.
1. Monocotyledoneae. Fischer, Stuttgart.

LANGRIDGE, P. & BAUMANN, U. (2008). Self-incompatibility in the grasses. In Self-
Incompatibility in Flowering Plants. Evolution, Diversity, and Mechanisms (ed. V. E.
Franklin-Tong), pp. 278287. Springer, Berlin.

LEVICK, S., STTERFIELD, S., ROSSITERRACHOR, N., HUTLEY, L., MCMASTER, D. & HACKER, J.
(2015). Monitoring the distribution and dynamics of an invasive grass in tropical savanna
using airborne LIDAR. Remote Sensifngb117.

L1, X., PAECH, N., NIELD, J., HAYMAN, D. & LANGRIDGE, P. (1997). Self-incompatibility in the
grasses: evolutionary relationship of the S gene from Phalaris coerulescens to
homologous sequences in other grasses. Plant Molecular Be#lpg23-232.

LINDER, H. P. (1991). A review of the southern African Restionaceae. Contributions from the
Bolus Herbariuni3, 209-264.

LINDER, H. P. (1998). Morphology and the evolution of wind pollination. In Reproductive
Biology (ed. S. T. Owens and P. J. Rudall), pp-135%. Royal Botanic Gardens, Kew.

LINDER, H. P., ANTONELLI, A., HUMPHREYS A. M., PRIE, M. D. & WUEST, R. O. (2013). What
determines biogeographical ranges? Historical wanderings and ecological constraints in
the danthonioid grasses. Journal of Biogeograioh$21-834.

LINDER, H. P. & BARKER, N. P. (2014). Does polyploidy facilitate long-distance dispersal?
Annals of Botanyi13, 1175-1183.

LINDER, H. P. & E.LIS, R. P. (1990). Vegetative morphology and interfire survival strategies in
the Cape Fynbos grasses. Both20a91-103.

LINDER, H. P., RABOSKY, D. L., ANTONELLI, A., WUEST, R. O. & CHLEMULLER, R. (2014).
Disentangling the influence of climatic and geological changes on species radiations.
Journal of Biogeographl, 1313-1325.

33



LINDER, H. P. & RUDALL, P. J. (2005). Evolutionary history of Poales. Annual Review of Ecology
Evolution and Systemati@&6, 107-124.

Liu, H. & OsBORNE C. P. (2015). Water relations traits of C-4 grasses depend on phylogenetic
lineage, photosynthetic pathway, and habitat water availability. Journal of Experimental
Botany66, 761-773.

Liu, M. Z. & OsBORNE C. P. (2008). Leaf cold acclimation and freezing injury in C-3 and C-4
grasses of the Mongolian Plateau. Journal of Experimental B68ady61-4170.

LONG, S. P. (1999). Environmental responses. In C4 Plant Biology (ed. R. F. Sage and R. K.
Monson), pp. 215249. Academic Press, San Diego.

LUNDGREN, M. R., BESNARD, G., RPLEY, B. S., LEHMANN, C. E. R., GIATELET, D. S., KYNAST,

R. G., NAMAGANDA , M., VORONTSOVA M. S., HALL,R. C., RIA, J., GSBORNE C. P. &
CHRISTIN, P-A. (2015). Photosynthetic innovation broadens the niche within a single
species. Ecology Letteds, 1021-1029.

MAcK, R. N. & THoMPsON J. N. (1982). Evolution in steppe with few large, hoofed mammals.
The American Naturalist19, 757-773.

MAGALLON, S., G®OMEZ-ACEVEDO, S., S\NCHEZ-REYES, L. L. & HERNANDEZ-HERNANDEZ, T.

(2015). A metacalibrated time-tree documents the early rise of flowering plant
phylogenetic diversity. New Phytologigd7, 437-453.

MAURIN, O., DavIES, T. J., BDRROWS J. E., DARU, B. H., YESSOUFOY K., MUASYA, A. M., VAN
DERBANK, M. & BOND, W. J. (2014). Savanna fire and the origins of the ‘underground
forests’ of Africa. New Phytologis04, 201-214.

MCcGLONE, M. S. (2001). The origin of the indigenous grasslands of southeastern South Island in
relation to pre-human woody ecosystems. New Zealand Journal of E@5lab 5.

McKAIN, M. R., TANG, H., MCNEAL, J. R., Ar'YAMPALAYAM , S., Davis, J. |.,DEPAMPHILIS, C.

W., GIVNISH, T. J., RRES, J. C., SEVENSON D. W. & LEEBENSMACK, J. H. (2016). A
phylogenomic assessment of ancient polyploidy and genome evolution across the Poales.
Genome Biology and Evolutiody 1156-1164.

MCNAUGHTON, S. J. (1979). Grazing as an optimization proeegsass ungulate relationships in

the Serengeti. American Naturalisit3, 691-703.

34



MCNAUGHTON, S. J., @STERHELD M., FRANK, D. A. & WiLLIAMS , K. J. (1989). Ecosystem-
level patterns of primary productivity and herbivory in terrestrial habitats. Naddre
142-144.

METCALFE, C. R. (1960). Anatomy of the Monocotyledons I. Gramineae. Clarendon Press,
Oxford.

MILTON, S. J., &GFRIED, W. R. & DEAN, W. R. J. (1990). The distribution of epizoochoric plant
species- a clue to the pre-historical use of arid Karoo rangelands by large herbivores.
Journal of Biogeographly7, 25-34.

MINAYA , M., HACKEL, J., NAMAGANDA , M., BROCHMANN, C., VORONTSOVA M. S., BESNARD,

G. & CATALAN, P. (2017). Contrasting dispersal histories of broad- and fine-leaved
temperate Loliinae grasses: range expansion, founder events, and the roles of distance
and barriers. Journal of Biogeograpiy 1980-1993.

MITHOFER, A. & BOLAND, W. (2012). Plant defense against herbivores: chemical aspects.
Annual Review of Plant Biolog§3, 431-450.

MoLES, A. T., HORESMORENQ, H., BONSER S. P., WARTON, D. I., HELM, A., WARMAN, L.,
ELDRIDGE, D. J., WRADO, E., HEMMINGS, F. A., REICH, P. B., AVENDER-BARES, J.,
SEABLOOM, E. W., MAYFIELD, M. M., SHEIL, D., DJIETROR J. C., BRI, P. L., ENRICO, L.,
CABIDO, M. R., SETTERFIELD, S. A., LEHMANN, C. E. R. & THomMSsON, F. J. (2012).
Invasions: the trail behind, the path ahead, and a test of a disturbing idea. Journal of
Ecology100, 116-127.

MORALES, V. F. (2014). Taxonomy, distribution and functional traits in Themeda Forssk.
(Poaceae), University of Edinburgh.

MORLEY, R. J. (2000). Origin and evolution of tropical rain forests. Wiley, Chichester.

MORLEY, R. J., MORLEY, H. P. & RESTREPGPACE, P. (2003). Unravelling the tectonically
controlled stratigraphy of the West Natuna Basin by means of palaeo-derived Mid
Tertiary climate changes. In 29th IPA Proceedings vol. 1.

NATESH, S. & Rau, M. A. (1984). The embryo. In Embryology of Angiosperms (ed. B. M. Johri),
pp. 377443. Springer-Verlag, Berlin.

NIPPERT, J. B., WEME, R. A., CCHELTREE, T. W. & CRAINE, J. M. (2012). Root characteristics of
C-4 grasses limit reliance on deep soil water in tallgrass prairie. Plant a38%5@&85-
394.

35



NixoN, K. C. (1993). CLADOS. Published privately, New York.

O'CoNNOR, T. G. (1995). Acacia karroo invasion of grassland: environmental and biotic effects
influencing seedling emergence and establishment. Oecdl0gi@214-223.

OLIVERAS, |., GIRARDIN, C., DOUGHTY, C. E., ®HUANA, N., ARENAS, C. E., Q.IVER, V.,
HuAasco, W. H. & MALHI, Y. (2014). Andean grasslands are as productive as tropical
cloud forests. Environmental Research Letfers

OsBORNE C. P. & FRRECKLETON, R. P. (2009). Ecological selection pressures for C-4
photosynthesis in the grasses. Proceedings of the Royal Society B-Biological Sciences
276, 1753-1760.

OsBORNE C.P. & SAcK, L. (2012).Evolution of C-4 plants: a new hypothesis for an interaction

of CO2 and water relations mediated by plant hydraulics. Philosophical Transactions of
the Royal Society B-Biological Sciencg&7, 583-600.

OsBORNE C. P., WTHE, E. J., BRAHIM, D. G., GLBERT, M. E. & RIPLEY, B. S. (2008). Low
temperature effects on leaf physiology and survivorship in the C3 and C4 subspecies of
Alloteropsis semialata. Journal of Experimental Bota®)y1743-1754.

OwWEN-SMITH, N. (2013). Contrasts in the large herbivore faunas of the southern continents in the
late Pleistocene and the ecological implications for human origins. Journal of
BiogeographylO, 1215-1224.

PAGANI, M., CALDEIRA, K., BERNER R. & BEERLING, D. J. (2009). The role of terrestrial plants
in limiting atmospheric CO2 decline over the past 24 million years. N46@;,685-U94.

PANDIT, M. K., Pocock, M. J. O. & KuNIN, W. E. (2011). Ploidy influences rarity and
invasiveness in plants. Journal of Ecol@§y1108-1115.

PATE, J. S. & DXON, K. W. (1996). Convergence and divergence in the southwestern Australian
flora in adaptations of roots to limited availability of water and nutrients, fire and heat
stress. In Gondwanan heritage: past, present and future of the Western Australian Biota
(ed. S. D. Hopper, J. A. Chappill, M. S. Harvey and A. S. George), pp2289Beatty
and Sons Chipping Norton, NSW.

PATE, J. S. & MENEY, K. A. (1999). Morphological features of Restionaceae and allied families.

In Australian rushes. Biology, identification and conservation of Restionaceae and allied

families (ed. K. A. Meney and J. S. Pate). University of Western Australia Press, Perth.

36



PausaAs, J. G., AESSIO G. A., MOREIRA, B. & SEGARRA-MORAGUES J. G. (2016). Secondary
compounds enhance flammability in a Mediterranean plant. Oecdl8gid03-110.

Pausas, J. G., KEELEY, J. E. & SSHwWILK, D. W. (2017). Flammability as an ecological and
evolutionary driver. Journal of Ecolod@5, 289-297.

PEART, M. H. (1979). Experiments on the biological significance of the morphology of seed-
dispersal units in grasses. Jourmal of Eco®gy843-863.

PEART, M. H. & CLIFFORD, H. T. (1987). The influence fo diaspore morphology and soil-surface
properties on the distribution of grasses. Journal of Ecalbgy69-576.

PELLEGRINI, A. F. A., HOFFMANN, W. A. & FRANCO, A. C. (2014). Carbon accumulation and
nitrogen pool recovery during transitions from savanna to forest in central Brazil.
Ecology95, 342-352.

PETERSON P. M., ROMASCHENKO, K. & JOHNSON G. (2010). A classification of the
Chloridoideae (Poaceae) based on multi-gene phylogenetic trees. Molecular
Phylogenetics and Evolutidb, 580-598.

POINAR, G. C. & CoLuMBUS, J. T. (1992). Adhesive grass spikelet with mammalian hair in
Dominican amber 1st fossil evidence of epizoochory. Experiedisa 906-908.

PRASAD, V., STROMBERG, C. A. E., AIMOHAMMADIAN , H. & SAHNI, A. (2005). Dinosaur
coprolites and the early evolution of grasses and grazers. S8Hhdel 771180.

PRESTON J. C. & KELLOGG, E. A. (2006). Reconstructing the evolutionary history of paralogous
APETALA1/FRUITFULL-like genes in grasses (Poaceae). Gen&iiés421-437.

PRESTON J. C. & S\NDVE, S. R. (2013). Adaptation to seasonality and the winter freeze.
Frontiers in Plant Scienek

PuLLAIAH , T. & FEBULAUS, G. N. V. (2000). Embryology and apomixis in grasses. Regency
Publications, New Delhi.

PURUGGANAN, M. D. & FULLER, D. Q. (2009). The nature of selection during plant
domestication. Naturé57, 843-848.

PYSEK, P., DANIHELKA , J., S\DLO, J., (HRTEK, J., CHYTRY, M., JAROSIK, V., KAPLAN, Z.,
KRAHULEC, F., MORAVCOVA, L., PERGL, J., STAJEROVA, K. & TICHY, L. (2012).
Catalogue of alien plants of the Czech Republic (2nd edition): checklist update,

taxonomic diversity and invasion patterns. Pre8fial55-255.

37



RAISSIG, M. T., MATOS, J. L., GQL, M. X. A., KORNFELD, A., BETTADAPUR, A., ABRASH, E.,
ALLISON, H. R., BADGLEY, G., VOGEL, J. P., EERRY, J. A. & BERGMANN, D. C. (2017).
Mobile MUTE specifies subsidiary cells to build physiologically improved grass stomata.
Science355, 1215-1218.

REGALADO, L., GONZALEZ-OLIVA, L., FUENTES |. & OVIEDO, R. (2012). Plantas invasoras en
Cuba. Bisse®, 2-21.

RETALLACK, G. J. (1992). Middle Miocene fossil plants from Fort Ternan (Kenya) and evolution
of African grasslands. Paleobiolo#§, 383-400.

RICHARDSON, D. M. & PYSEK, P. (2012). Naturalization of introduced plants: Ecological drivers
of biogeographic patterns. New Phytolodi86, 383-396.

RiICHARDSON, D. M., PYSEK, P., REIMANEK, M., BARBOUR, M. G., PANETTA, F. D. & WESsT, C. J.
(2000). Naturalization and invasion of alien plants: concepts and definitions. Diversity
and Distributions, 93-107.

RICHARDSON, D. M. & REIJMANEK, M. (2004). Conifers as invasive aliens: a global survey and
predictive framework. Diversity and Distributioh8, 321-331.

RIPLEY, B., VISSER V., CHRISTIN, P-A., ARCHIBALD, S., MARTIN, T. & OSBORNE C. (2015).

Fire ecology of C3 and C4 grasses depends on evolutionary history and frequency of
burning but not photosynthetic type. Ecol@$y 2679-2691.

RIPLEY, B. S., ABRAHAM, T. I. & OsSBORNE C. P. (2008). Consequences of C-4 photosynthesis
for the partitioning of growth: a test using C-3 and C-4 subspecies of Aloteropsis
semialata under nitrogen-limitation. Journal of Experimental Bosany705-1714.

ROMASCHENKO, K., GARCIA-JACAS, N., FETERSON P. M., ORENG R. J., MLATERSANA, R. &
SUSANNA, A. (2014). MiocenePliocene speciation, introgression, and migration of Patis
and Ptilagrostis (Poaceae: Stipeae). Molecular Phylogenetics and Evalytizy-259.

RosAs C. A., ENGLE, D. M., SHAw, J. H. & PALMER, M. W. (2008). Seed dispersal by Bison
bison in a tallgrass prairie. Journal of Vegetation Sciéc&69-778.

RoscHE C., HENSEN |., MRAZ, P., DURKA, W., HARTMANN, M. & LACHMUTH, S. (2017).

Invasion success in polyploids: the role of inbreeding in the contrasting colonization
abilities of diploid versus tetraploid populations of Centaurea stoebe s.l. Journal of
Ecologyl05, 425-435.

38



ROSSITERRACHOR, N., SETTERFIELD, S., FERDINANDS, K. & ELLIOTT, L. P. (2013). Northern
Territory Weed Risk Management User Guide. Northern Territory Government, Darwin.

RUDALL, P. J., GEN, E. D. & QULLEN, E. (2017). Evolution and development of monocot
stomata. American Journal of Botal@4, 1122-1141.

RUDALL, P. J., SuppPY, W., CUNNIFF, J., KELLOGG, E. A. & BRIGGS B. G. (2005). Evolution of
reproductive structures in grasses (Poaceae) inferred by sister-group comparison with
their putative closest living relatives, Ecdeiocoleaceae. American Journal of Batany
1432-1443.

Ruiz-SANCHEZ, E. & S0SA, V. (2015). Origin and evolution of fleshy fruit in woody bamboos.
Molecular Phylogenetics and Evolutidt, 123-134.

SAGE, R. F. (2004). The evolution of C-4 photosynthesis. New P hytola§ist341-370.

SANDVE, S. R. & FELLHEIM, S. (2010). Did gene family expansions during the Eoeene
Oligocene boundary climate cooling play a role in Pooideae adaptation to cool climates?
Molecular Ecologyl9, 2075-2088.

SANDVE, S. R., KOSMALA, A., RuDI, H., RIELLHEIM, S., RaPACZ, M., YAMADA, T. & ROGNLI, O.

A. (2011). Molecular mechanisms underlying frost tolerance in perennial grasses adapted
to cold climates. Plant Scient80, 69-77.

SCHEITER, S., HGGINS, S. |., GBORNE C. P., BRADSHAwW, C., LUNT, D., RIPLEY, B. S., TAYLOR,

L. L. & BEERLING, D. J. (2012). Fire and fire-adapted vegetation promoted C4 expansion
in the late Miocene. New PhytologiEd5, 653-666.

SCHOLES R. J. & WALKER, B. H. (1993). An African Savanna: a synthesis of the Nylsvlei study.
Cambridge University Press, Cambridge.

ScHwiLK, D. W. (2003). Flammability is a niche construction trait: canopy architecture affects
fire intensity. American Naturalidi62, 725-733.

ScHwiILK, D. W. (2015). Dimensions of plant flammability. New Phytolo@i3, 486-488.

SHIPONENI, N. N. & MILTON, S. J. (2006). Seed dispersal in the dung of large herbivores:
implications for restoration of Renosterveld shrubland old fields. Biodiversity and
Conservatiorl5, 3161-3175.

SIMPSON, G. G. (1953). The major features of evolution. Columbia University Press, New York.

39



SimpPsoN, K. J., RPLEY, B. S., GiRISTIN, P. A., BELCHER, C. M., LEHMANN, C. E. R., HOMAS,

G. H. & OsBORNE C. P. (2016). Determinants of flammability in savanna grass species.
Journal of Ecology04, 138-148.

SORENG R. J., BETERSON P. M., ROMASCHENKO, K., DAVIDSE, G., ZULOAGA, F. O., IDzIEWICZ,

E. J., LGUEIRAS, T. S., Dnvis, J. I. & MORRONE O. (2015). A worldwide phylogenetic
classification of the Poaceae (Gramineae). Journal of Systematics and E\aButidii-
137.

SPRIGGS E. L., CHRISTIN, P-A. & EDWARDS, E. J. (2014). C4 photosynthesis promoted species
diversification during the Miocene grassland expansion. PloOQef&/722e97722.

STEBBINS, G. L. (1985). Polyploidy, hybridization, and the invasion of new habitats. Annals of
the Missouri Botanical Gardef, 824-832.

STROMBERG, C. A. E. (2005). Decoupled taxonomic radiation and ecological expansion of open-
habitat grasses in the Cenozoic of North America. Proceedings of the National Academy
of Sciences of the United States of Amerl€2, 11980-11984.

STROMBERG, C. A. E. (2011). Evolution of grasses and grassland ecosystems. Annual Review of
Earth and Planetary Scieng® 517544.

STROMBERG, C. A. E., WERDELIN, L., FrRiIS, E. M. & SARAC, G. (2007). The spread of grass-
dominated habitats in Turkey and surrounding areas during the Cenozoic: Phytolith
evidence. Palaeogeography Palaeoclimatology Palaeoe@30gl/8-49.

TE BEEST, M., LERouUX, J. J., RCHARDSON, D. M., BRYSTING, A. K., SUDA, J., KUBESOVA, M. &
PYSEK, P. (2012). The more the better? The role of polyploidy in facilitating plant
invasions. Annals of Botariy09, 19-45.

TRUEMAN, A. J. (2009). Minimising the risk of invasion in the Galapagos National Park by
introduced plants from the inhabited areas of the Galapagos Islands, Charles Darwin
University.

UNO, K. T., PoLISSAR, P. J., 4cksoN, K. E. & DEMENOCAL, P. B. (2016). Neogene biomarker
record of vegetation change in eastern Africa. Proceedings of the National Academy of
Scienced 13, 63556363.

VAN DE PEER, Y., MIZRACHI, E. & MARCHAL, K. (2017). The evolutionary significance of

polyploidy. Nature Reviews Genetit8, 411-424.

40



VAN DER WERF, G. R., RANDERSON J. T., GGLIO, L., CoLLATZ, G. J., MJ, M., KASIBHATLA, P.

S., MoRTON, D. C., DEFRIES,R. S., N, Y. & VAN LEEUWEN, T. T. (2010). Global fire
emissions and the contribution of deforestation, savanna, forest, agricultural, and peat
fires (19972009). Atmospheric Chemistry and Physi@s1170711735.

VIGELAND, M. D., SPANNAGL, M., Asph, T., PaiNA, C., RuDI, H., ROGNLI, O-A., FIELLHEIM, S. &
SANDVE, S. R. (2013). Evidence for adaptive evolution of low-temperature stress
response genes in a Pooideae grass ancestor. New P hytt#0gid60-1068.

VISSERV., CLAYTON, W. D., SMPSON, D. A., FRECKLETON, R. P. & GsBORNE C. P. (2013).
Mechanisms driving an unusual latitude diversity gradient for grasses. Global Ecology
and Biogeograph3, 61-75.

VISSER V., WILSON, J. R. U., BRowN, C., CANAVAN, K., CANAVAN, S., RsH, L., MAITRE, D. C.,
NANNI, I., MASHAU, C., OCONNOR, T., KUMSCHICK, S., RCHARDSON, D. M. & GROUP,
A.T.A. G. W. (2017). Grasses as invasive plants in South Africa revisited: patterns,
pathways and management. African Conservation and Biodiversity (Botimafiegss.

VISSER V., WILSON, J. R. U., FsH, L., BROWN, C., GooK, G. D. & RCHARDSON, D. M. (2016).
Much more give than take: South Africa as a major donor but infrequent recipient of
invasive non-native grasses. Global Ecology and Biogeogr2jityr9-692.

VISSER V., WOODWARD, F. |., FRECKLETON, R. P. & (8BORNE C. P. (2012). Environmental
factors determining the phylogenetic structure of C4 grass communities. Journal of
Biogeographys9, 232-246.

VIVIAN -SMITH, G. & STILES, E. W. (1994). Dispersal of salt-marsh seeds on the feet and feathers
of waterfowl. Wetland44, 316-319.

WAGH, V. V. & JAIN, A. K. (2015). Invasive alien flora of Jhabua district, Madhya Pradesh,
India. International Journal of Biodiversity and Conservatioh27-237.

WATSON, L. & DALLWITZ, M. J. (1994). The grass genera of the world, 2 edition. C.A.B.
International, Cambridge.

WEPFER P. H. & LINDER, H. P. (2014). The taxonomy of Flagellaria (Flagellariaceae).
Australian Systematic Botardy, 159-179.

WHITE, F. (1983). The vegetation of Africa. Unesco, Paris.

41



WIENS, J. J. (2017). What explains patterns of biodiversity across the Tree of Life? New research
is revealing the causes of the dramatic variation in species numbers across branches of
the Tree of Life. Bioessayg®.

WUEST, R. O., ANTONELLI, A., ZIMMERMANN, N. E. & LINDER, H. P. (2015). Available climate
regimes drive niche diversification during range expansion. The American Natl8a|ist
640-652.

YANG, B., THOROGOODQ D., ARMSTEAD, |. & BARTH, S. (2008). How far are we from unravelling
self-incompatibility in grasses? New Phytolodig8, 740-753.

42



Table 1. Frequency of grasses (Poaceae) in global and regional lists of invasive alien species.
Regions are ordered by size. The lists used here vary in their comprehensiveness, in the criteria
used for labelling species as invasive, and whether the species are spreading only in
(semi)natural or in all habitats.

List name (organization or source) Region Area %
(million | grasses
km?)

100 of the Wald’s Worst Invasive Alien Species (IUCN) Global 6

59 of the ‘worst invasive plants in protected areas of the world” (Foxcroft et Global 12

al., 2017)

State Noxious Weeds (USA) (www.invasive.org) USA 9.83 14

32 ‘Weeds of National Significante Australia 7.69 9

(http://www.environment.gov.au/biodiversity/invasive/weeds/weeds/lists/

s.html)

Northern Territory Government Weed Risk Management System (Rossit Northern 1.42 31

Rachor et al., 2013) Territory,

Australia
Pretoria National Herbarium/BRAHMS South Africa | 1.22 11
The Jepson Manual: Vascular Plants of California, 2nd edn. (Baldwin et | California, 0.42 25-27
2012} USA
Plantas invasores en Cuba (Regalado et al., 2012) Cuba 0.11 16
Consolidated list of environmental weeds in New Zealand (Howell, 2008] New 0.27 13
Zealand

Catalogue of alien plants of the Czech Republic (2nd @¢iskk et al., 2012)| Czech 0.08 7
Republic

List of transformer plant species (Trueman, 2609) Galapagos | 0.01 23
Islands

Invasive plants species of La Reunion Island, Western Indian Ocean La Reunion | 0.002 10

(http://www.especesinvasives.fe)

Invasive alien flora of Jhabua district, Madhya Pradesh, India (Wagiin& J Jhabua 0.004 5

2015) district,

Madhya
Pradesh,
India

Two out of 32 land plants.

°Grasses comprised 17 out of 55 plant species scored as High or Very High inttieeiNoerritory Government
Weed Risk Management System (database accessed 19 May 2017).

30ut of 1050 naturalized alien taxa for South Africa, excluding taxa knotreinountry for < 10eas (L.
Henderson, personal communication, May 2017)

4173 alien grass species are conclusively invasive in CA, out of a totad-ef@binvasive vascular plant species.
5Grasses comprise 13% of all environmental weeds.

652 species oudf 322 are grasses, but the authors mention “many taxonomic issues” when listing grass taxa.

713 out of 130 species of invasive vascular plant species in native habitats (aZddsse2017).
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Table 2. Summary of traits and functions associated with invasiveness in grasses; a tick indicates
a postulated association between the trait (column) and the function (row). Traits and functions
are explained in detail in Section Ill, where the arguments for the postulated associations are also

presented.

Traits
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Fig. 1. Diverse grass habitats. (A) Olyra latifolia in Cameroonian forest understorey; (B)
Arundinaria alpina thicket in Cameroon; (C) alpine Chionochloa in New Zealand; (D)

Pentameris capensis in a permanent stream, South Africa; (E) Pentameris minor at 4000 m in the
Bale mountains, Ethiopia; (F) Pentameris oreophila in the mountains of the Western Cape,

South Africa; (G) Zebra in the Masai Mara savannah, Kenya; (H) Stipa in the Sahara, south of

Tamanrasset, Algeria. All photos: H.P. Linder.
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Fig. 2. Examples of palaeo- and anthropogenic grass invasions. (A) Acacia nilotica being burnt
in a Bothriochloa insculpta savanna grassland. (B) Andropogonoid savanna grassland in the
Kruger National Park, South Africa. (C) Red snowtussock grass (Chionochloa rubra) expansion
following human disturbance in New Zealand. (D) Gamba grass (Andropogon gayanus) in

Australia’s Northern Territory. (E) Pennisetum setaceum invasion on Hawaii. (F) Buffel grass
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(Cenchrus ciliaris) invasion in Arizona, USA. A,B: palaeo-invasions, C-F: anthropogenic
invasions. Photo credits: (A) S. Archibald; (B, C) H.P. Linder; (D) D.M. Richardson; (E) J.J. Le

Roux; (F) J.L. Betancourt.
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Fig. 3. Biogeographical history of Danthonioideae, showing the inferred dispersal routes, and the
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dated median age of the first radiations on each continent. Modified from Linder et al. (2013).
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Fig. 4. Distribution range of Themeda triandra compared to that of the whole genus,
demonstrating a pan-palaeotropical range. Data derived from Morales (2014) and Dunning et al.

(in press).

49



Typhaceae
Leaves wide; Biotic pollination_ .
- Bromeliaceae
Rapateaceae
Frost hardy: Annuals: Buds Gynoecium 1 carpel; - i
inh’avagina'l;Tann'lns absent C, photosynthesis Thurn[a{:eae
- Cyperaceae
| Silica absent / sand _‘I
—-— Jluncaceae
1l Tannins absent
| ';I Mayacaceae
Frost hardy; Annuals | Tannins absent .
< Eriocaulaceae
7 y | Biotic pollination J .
silica -~ Xyridaceae
absent I Annuals; Buds intravaginal; Silica bodies. I .
/ sand -- Restionaceae
Anarthriaceae
Flagellariaceae
. Joinvilleaceae
rhizosheath .
ST Ecdeiocoleaceae
1] ' Anomochloideae
Gynoecium pseudo; Grass | | Pharoideae
endosperm; Embryo precocious; —_—
Leaves wids; Tannins absent: Silica Puelioideae
complex; Rho whole genome Habit perennial: Leaves '
duplication Sete s 22 Ehrhartoideae
wide; Wood present

Grass spikelet fI |_| '__'{_ Bambusoideae

l Frogt hardy=Awn geniculate

———— Pooideae

g
- - 'l
Annoals; Leaves linear; Buds intravaginal I L

Aristidoideae

Panicoideae

icrairoideae

— Arundinoideae
Danthonioideae

Chloridoideae
Cy photosynthesis
120 & 100 80 50 40 20
% g
%,
Cretaceous ngaeogene Neogene

50



Fig. 5. Phylogeny of the Poales, based primarily on McKain et al. (2016) with details and ages
added from Bouchenak-Khelladi et al. (2014a). Note that the ages are approximate, as the errors
around the age estimates are substantial. The traits are mapped over the phylogeny with fast
parsimony implemented in CLADOS (Nixon, 1993); tips (e.g. families or subfamilies) were
scored as present for a derived trait if it occurred scattered or commonly in the tip, and not
necessarily common to all species (thus not all synapomorphies). The colour-coded ancestral
states are listed below; derived states are shown in the figygpersal traits (red): gynoecium
three-carpellaryspikelet absent or not grass-likEstablishment traits (blue): embryo normal;
endosperm not grasstypeawn none or straight (geniculate awns are variable in most clades
with them).Ecological flexibility traits (green): frost intolerant;photosynthesis Cs type (G
photosynthesis is not ancestral to any clade scored, &1Gvolved numerous timesigbit

perennial (annual habit evolved many times in each tip with annleségs narrow;wood

absenty hizosheath absent (rhizosheath presence is highly variaBlenpetitiveness traits

(black): buds extravaginal (see Section 111.4 for detailed discussiamyins present;

pollination wind (although the ancestral pollination mode of Poales is disputed, wind pollination
was likely inherited in grasses)lica as simple bodiegsenetic traits (purple): rho whole

genome duplication absent. Bold traits are unique transitions.
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Fig. 6. Simplified diagrammatic illustration of grass diaspores. (A) Longitudinal section through
the caryopsis. The hilum is the attachment of the seed wall. (B) One flower, with a two-keeled

palea and three-awned lemma, the central awn hygroscopie tuitsted base. (C)Wo-

flowered spikelet.
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Fig. 7. Basic, simplified growth forms of grasses. (A) With long rhizomes and extravaginal
innovation (in the insert). (B) Intravaginal innovation, with the tillers tightly bunched, forming a
bunchgrass (inset illustrates intravaginal innovati¢@) Plants with stolons, which spread
usually on the ground surface ampdant new tillers or tufts. The arrows indicate where

flowering culms were cut.
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