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GENERAL INTRODUCTION

The Cape Floristic Region (CFR, Goldblatt & Manning 2000) lies in the southwestern Cape,
South Africa, and is known for its high species richness and endemism (Goldblatt & Manning
2002). This Mediterranean-type climate region receives winter rainfall that averages between 250
and 650 mm annually over most of the region but reaches an average of more than 1000 mm in
the mountains of the southwest and southern Cape (Cowling et al. 1992, Rebelo et al. 2006,
Manning 2007). Average daily temperatures during midwinter vary between 7 and 15°C
(Manning 2007). During midsummer, average daily temperatures vary between 15 and 25°C
(Manning 2007), although temperatures frequently exceed 30°C. The mountains in the region
consist mainly of erosion-resistant sandstones and quartzites, resulting in highly oligotrophic
soils (Deacon et al. 1992). Heavy rain during winter causes further nutrient leaching (Deacon et
al. 1992). The soils are generally acidic and coarse-grained and nitrogen and phosphorous are
critical limiting nutrients in this system. In addition, the vegetation is fire-prone (Bond 1984),
with fires being important for nutrient cycling in this highly oligotrophic environment (Stock &
Lewis 1986a). The landscape of the CFR is highly heterogeneous, with variation in space and
time of soil nutrient availability (Richards et al. 1997), rainfall, temperature, and disturbances
such as fire, resulting in a diverse number of microhabitats. The summer drought, a transient
period of water and nutrient availability in winter and spring as well as nutrient poor soils of the

Cape Floristic Region pose complex physiological challenges for plants.

The CFR consists of a number of vegetation types, including fynbos, renosterveld, strandveld,
karroid shrubland, forest and thicket (Rebelo 2006). The most common vegetation of the CFR is
fynbos and is generally described as an evergreen, sclerophyllous shrubland because shrubs are
common. Three growth forms are actually prevalent in the CFR: shrubs, graminoids and
geophytes. Growth form diversity is not very high in fynbos, with many structurally and
functionally similar species often belonging to the same genus (Cowling et al. 1996). Various
plant adaptations have evolved that allow plants to cope with the harsh environmental conditions

of the CFR.



Below-ground adaptations to nutrient-poor conditions in the CFR are common. Several families
of plants native to this Mediterranean-type ecosystem, including Cyperaceae (dauciform roots),
Restionaceae (capillaroid roots), Proteaceae and Fabaceae, produce root clusters during periods
of high water availability that enhance nutrient uptake by increasing total root surface area and by
releasing organic acids, which mobilise P from insoluble complexes thereby increasing its
availability (Lambers et al. 2006). Symbiotic associations with mycorrhiza also facilitate nutrient
uptake and are common in ericas in the Cape as well as other nutrient-poor heathland
Mediterranean systems (Lamont 1982, Allsopp & Stock 1993). Legumes growing in this region
form symbiotic associations with nitrogen-fixing bacteria in root nodules and thus obtain

atmospheric-derived nitrogen (Stock & Lewis 1986b).

Above-ground adaptations to nutrient-poor conditions are also prevalent. Sclerophyllous leaves
are a conspicuous feature of fynbos (Stock & Allsopp 1992) as well as other Mediterranean-type
ecosystems of the world. Sclerophylly has advantages for nutrient use efficiency in nutrient-poor
environments (Orians & Solbrig 1977, Stock et al. 1992), is correlated with other leaf
characteristics, such as leaf longevity, and is believed to enhance carbon return per unit of
nutrient invested (Orians & Solbrig 1977, Westoby 1998, Aerts & Chapin 2000). There is also
considerable variation in leaf width and numerous narrow-leaved plants including members of
the protea (Proteaceae), erica (Ericaceae), daisy (Asteraceae), legume (Fabaceae), jujube
(Rhamnaceae), fibre-bark (Thyme-laeaceae) and blacktip (Bruniaceae) families. In Proteaceae
narrow leaves transpired at faster rates than wider leaves, which may be important for enhancing
nutrient mass-flow to plants during the wet winter and spring months (Cramer et al. 2008, Yates
et al. 2010). Some plants, such as sundews and bladderworts, are carnivorous and obtain nutrients

by trapping and digesting insects (Lamont 1982).

During summer in the CFR, rainfall is low and temperatures often exceed 30°C. Furthermore, the
hot, dry conditions are exacerbated on days when wind is negligible. Since water is scarce, latent
heat loss is unfeasible and plants must rely on sensible heat loss for cooling. Narrow Proteaceae
leaves shed more heat through sensible heat loss than wider leaves and may be adaptive for hot,
dry conditions (Yates et al. 2010). Sclerophylly also has advantages for drought tolerance
through its effect on xylem cavitation (Salleo et al. 1997). Geophytes and annuals employ an

avoidance strategy to cope with summer drought in the CFR. Some shallow-rooted plants are



thought to shut down physiological function during these hot, dry months. Importantly, the low
water availability during summer drought also leads to nutrient-poor conditions because nutrients

are not readily available.

The strong seasonality and winter rainfall of the CFR result in a transient period of nutrient
availability in the wet winter and spring months during which capitalisation of resources is
crucial for plants. Asynchronous growth patterns allow plants to cope with the variation of
nutrients in time (Stock et al. 1987). Cluster roots are short-lived and coincide with the period of
nutrient availability (Shane & Lambers 2005). Flowering times of certain plants result in seed
germination coinciding with the wet winter months when germination is favourable. The fynbos
is a fire-prone vegetation type and the post-fire environment is nutrient-rich with the added
benefit of other vegetation being cleared (Bond 1984). Some plants, e.g. some Restionaceae,
produce dormant seeds that respond to fire-linked environmental cues and germinate just after
fire (Bond 1984). Other fire-survival strategies include resprouting and serotiny (Bond 1984).
The summer drought, nutrient-poor soils and transient period of nutrient and water availability
present challenges for plants and various structural and functional adaptations have evolved to

enable plants to cope under these severe conditions.

While shrubs in the CFR tend to have fine, narrow, sclerophyllous leaves (Stock & Allsopp 1992,
Yates et al. 2010), many graminoids have photosynthetic, cylindrical culms with no leaves,
greatly reduced leaves or leaves that no longer function in photosynthesis. The prevalence of
leafless photosynthetic culms is a striking feature of the CFR. Restionaceae, several Cyperaceae
and some Poaceae, families that are well represented in this vegetation type, have cylindrical
culms with no leaves, leaves that are greatly reduced or leaves which are present only at certain
times of the year and during the post-fire succession sequence. A few species do produce leaves,
in addition to culms, as part of their adult form. Other Fynbos genera that have photosynthetic
branches and little or no leaf photosynthesis include Psoralea (Fabaceae), Lebeckia (Fabaceae),
Heliophila (Brassicaceae), Limonium (Plumbaginaceae), Polygala (Polygalaceae), Anginon
(Apiaceae), Centella (Apiaceae) and Athanasis (Asteraceae). In some species, such as Erica
(Ericaceae) and Gnidia, Lachnaea, Struthiola and Passerina (Thymelaceae), leaves of some

plants are tightly adpressed to the branches, seemingly mimicking a culm structure. Despite the



abundance of these photosynthetic culm and culm-like structures in the CFR, the adaptive

physiological significance of these structures in this region has not yet been investigated.

In most Cape Poales, culms carry out almost all of the photosynthetic function. Culm structures
fulfil the role of photosynthesis in all Restionaceae and some Cyperaceae and Poaceae in the
CFR, but certain species produce leaves when they are young, as part of their adult form and/or
after fire. In Restionaceae leaves tend to be needle-like and considerably thinner than the culms.
Species of Cyperaceae that produce leaves tend to have triangular-shaped (in cross-section), long
leaves and Poaceae generally produce lanceolate, flat leaves. The prevalence of species with
notable stem net photosynthesis is high in habitats with high PPFD (photosynthetic photon flux
density) and high heat, such as tropical dry woodlands, tropical thorn woodland, deserts and
chapparal (Gibson 1983, Nilsen 1992). Stem photosynthesis has been shown to be an adaptation
for extended photosynthesis during stress conditions as it shows greater tolerance of water stress
than leaf photosynthesis, although is limited to lower photosynthetic rates compared to leaves
(Nilsen 1992). In addition, thick leaves are suggested to be adaptive under dry and/or infertile
conditions, with a high cost of replacing transpirational water loss associated with thicker
photosynthetic organs (Givnish 1978, 1979). Thus, culms may be adaptive for the summer
drought conditions in the CFR, however, the significance of producing leaves at certain times is
unclear. I was interested in investigating the evolutionary and ecological significance of culm
photosynthesis as well as that of leaf production. Poales in the CFR provides a propitious group
on which to work because the group is common in the CFR and displays a range of leaf and culm

photosynthetic structures, from solely culm photosynthesis to predominantly leaf photosynthesis.

Approximately 841 Poales species occur in the CFR and occupy a diverse range of habitats
(Goldblatt & Manning 2000). Poales are generally wind-pollinated with simple flowers. The CFR
has been a hotbed of radiations, with radiations of many Cape floral clades dated to the Middle
Miocene (Linder 2005, Verboom et al. 2009). Poales originated during the Cretaceous (Bremer
2002, Janssen & Bremer 2004, Linder & Rudall 2005), with the major lineages of Poales
diversifying in the mid- to late Cretaceous and most Poales groups diversifying during the
Cenozoic (Linder & Rudall 2005). During the Cretaceous, the climate was perennially wet and
warm and ancestral Poales are suggested to have occupied wet, warm, nutrient-poor, sunny

habitats (Linder & Rudall 2005). Since 65 MYA (million years ago), significant changes in



climate have taken place (Zachos et al. 2001). During the Paleocene and late Eocene
temperatures began to increase and the climate was less seasonal (Zachos et al. 2001). From 50
MYA (mid- to late Eocene) temperatures began to drop and climatic fluctuations occurred
(Zachos et al. 2001). The climate during the Mid-Miocene was tropical to sub-tropical and mesic
with no dry season (Zachos et al. 2001, Linder & Hardy 2004). Approximately 8-10 MYA (late
Miocene) the glaciation of Antarctica and upwelling of cold waters near southern Africa brought
about a highly seasonal climate with summer-arid and winter rainfall Mediterranean-type
conditions in the Cape (Zachos et al. 2001, Linder & Hardy 2004). However, there is evidence
that summer drought and the fynbos vegetation established 19.5 MYA (Early Miocene) and that
the fire regime set in approximately 15 MYA during a period of cooling following the Mid-
Miocene Climatic Optimum when aridification and open habitats increased (Bytebier et al.
2011). Chase et al. (2009) provide evidence for a recent period of pronounced aridification 3500
to 300 years BP. One proposal for radiation in the Cape is that this climate change led to the
extinction of tropical flora, allowing formerly heathy, montane vegetation to occupy those
habitats (Linder & Hardy 2004). It is suggested that during the Neogene, Poales diversified into
seasonally dry habitats as well as fire-prone vegetation (Linder & Rudall 2005). While the culm
photosynthetic structure is common in this group and has been suggested to be adaptive for
nutrient-poor soils and seasonal drought (Linder & Rudall 2005), studies assessing the origin and
functional and ecological significance of this structure are lacking. Furthermore, the importance

of producing leaves during certain periods is not clear.

Within Restionaceae, all species have evergreen, cylindrical, photosynthetic culm structures, with
some species having additional leaf photosynthesis. The African Restionaceae are common in the
CFR and often form the dominant element of the vegetation, occupying the niche normally filled
by grasses in other biomes (Linder 1984). The family Restionaceae consists of ca. 490 species
and is mostly spread through the southwestern tip of southern Africa and southern Australia
(Linder 2000), with outliers north into Indochina, tropical Africa and South America. The
African Restionaceae (subfamily Restionoideae, Briggs & Linder 2009) radiated since the
Eocene in the GCFR and includes some 350 species (Linder et al. 2005), thus constituting one of
the largest Cape clades. The term Greater Cape Floristic Region (GCFR, Born, Linder & Desmet
2006) is used to include both fynbos and succulent karoo biomes. Almost all of the species are
endemic to this region (Goldblatt & Manning 2000). Restionoideae occupy a diverse array of

habitats, from permanently waterlogged wetlands to dry karroid shrubland. In addition to relying



on culms entirely for photosynthesis, there is considerable variation in the diameter of
Restionoideae culms, ranging from Imm to 3cm in diameter. Boundary layer thickness is
dependent on culm diameter and influences gas and heat exchange (Nobel 2005). Yates et al.
(2010) demonstrated the consequences of varying leaf width (and thus boundary layer thickness)
for gas and heat exchange in Cape Proteaceae and found narrow leaves to transpire and lose heat
more rapidly than broader leaves. It is unclear whether theoretical principals of boundary layer
dynamics apply to culm structures, which would result in wide and narrow culms having
different gas and heat exchange rates. High transpiration rates associated with structures having
thin boundary layers, such as narrow culms, may be advantageous in nutrient-poor conditions
because transpiration drives mass-flow of nutrients towards the roots (Cramer et al. 2008).
Alternately, narrow culms and thin boundary layers may allow increased sensible heat loss and

be adaptive for summer drought conditions.

Restionaceae are unusual in that they rely entirely upon evergreen culm structures for
photosynthesis and display considerable variation in culm diameter. Furthermore, the culm
anatomy of Restionaceae is highly diverse and rather unusual. The basic organisation of the
various tissues is constant through the whole family. The Restionoideae, in particular, with ca.
354 species, have highly diverse culm anatomic forms including numerous forms of stomatal
architecture, epidermal cell wall thickening, epidermal hairs and papillae, varying sizes of sub-
stomatal chambers, thickening of the sclerenchyma and chlorenchyma cavities (Linder 2000).
Radiations in the Restionoideae began during the Late Miocene and Late Oligocene, when the
climate became more seasonal with summer drought and winter rainfall (Linder & Hardy 2004,
Linder 2005). Adaptation to fire and drought may have given an advantage to the Cape clades
over the tropical clades and rates of speciation were possibly limited by certain lineage-specific
traits, such as morphological adaptations (Linder & Hardy 2004). Adaptation to particular
microhabitats in the highly heterogeneous Cape may be a key driver of morphological
diversification and speciation in this region. The remarkable diversity of Restionoideae is
certainly suggestive of an adaptive role. Anatomical traits can function as innovations stimulating
major radiations: the recent radiation of a very large ruschioid clade (Aizoaceae) of 1563 species
in the Succulent Karoo has been linked to the evolution of wide-band tracheids, suggesting that
they may function to withstand water stress (Klak et al. 2004). The evolution of wide-band
tracheids may have facilitated invasion of the Succulent Karoo but other factors, such as limited

dispersal of seeds probably led to massive speciation in this clade (Givnish 2010). Restionoideae



anatomical traits have been interpreted as an adaptation to arid conditions (Gilg 1891) and may

have contributed to the radiation of this group. However, evolutionary and functional tests of

these ideas are still required.

The prevalence of photosynthetic culm structures is a striking feature of the CFR. Furthermore,

variation in culm diameter and anatomical structure is substantial. Since these traits are suggested

to be associated with the summer-arid, winter rainfall Mediterranean-type conditions in the Cape,

three chapters were set up to address the functional, evolutionary and ecological significance of

these different culm traits in this environment. Chapters have been written as papers and

questions, aims and hypotheses of each chapter are summarised as follows:

1.

Are culm structures adaptive for summer-dry conditions? 1 tested whether culm
photosynthesis and associated leaf loss in Cape Poales was an adaptation to summer-dry
climate conditions, which set in during the Mid-Miocene. I also assessed whether culms
and leaves functioned differently and explored the adaptive significance of producing
leaves at certain times. [ hypothesized that culm photosynthesis is adaptive for summer
drought, culm photosynthesis is different from leaf photosynthesis and that leaves are
produced by species associated with high seasonality and may facilitate capitalisation of
nutrients during periods of high nutrient availability.

What are the physiological consequences of variation in culm diameter within Cape
Restionaceae? I explored the influence of culm diameter on gas and heat exchange using
cylindrical culm replicas as well as Restionoideae. In addition, I tested whether the effects
of variation in culm diameter on gas and heat exchange were evident at an environmental
scale. To determine whether the environmental patterns and gas exchange correlates were
purely a function of culm dimension, I also assessed the structural co-variants of culm
diameter. I proposed that narrow culm diameters might facilitate water loss and carbon
assimilation in the wet winter and spring and sensible heat loss in summer.

Did the evolution of novel anatomical features facilitate occupation of seasonally arid
habitats brought about by mid-Miocene aridification? In addition, with reversion to wet
habitat conditions are these derived traits lost? I used correlative and experimental
methods to test which of the rich diversity of anatomical structures are linked to more arid
conditions, thus aiming to test the theory of anatomical adaptation in increasingly arid

conditions. Correlative methods were used over the whole Restionoideae clade to test for



functional association between aridity and the derived epidermal structures (thickened
cuticle and massively enlarged lateral epidermal walls), the stomatal position variation,
the variation in the development in the protective cells, the variation in the thickness of
the sclerenchyma cell walls, and finally in the formation of scattered cavities and solid
tissue, or indeed the loss of cavities, in the ground tissue. Secondly, I tested whether the

totality of anatomical novelties might be linked to greater drought tolerance.

REFERENCES

Aerts, R. & Chapin, F.S. (2000) The mineral nutrition of wild plants revisited: a re-evaluation of
processes and patterns. Advances in Ecological Research, 30, 1-67.

Allsopp, N. & Stock, W.D. (1993) Mycorrhizal status of plants growing in the Cape Floristic
Region, South Africa. Bothalia, 23, 91-104.

Bond, W.J. (1984) Fire survival of Cape Proteaceae — influence of fire season and seed predators.
Vegetatio, 56, 65-74.

Born, J., Linder, H.P. & Desmet, P.G. (2006) The Greater Cape Floristic Region. Journal of
Biogeography, 33, 1-16.

Briggs, B.G. & Linder, H.P. (2009) A new subfamilial and tribal classification of Restionaceae
(Poales). Telopea, 12, 333-345.

Bremer, K. (2002) Gondwanan evolution of the grass alliance of families (Poales). Evolution, 56,
1374-1387.

Bytebier, B., Antonelli, A., Bellstedt, D.U. & Linder, H.P. (2011) Estimating the age of fire in
the Cape flora of South Africa from an orchid phylogeny. Proceedings of the Royal Society
B, 278, 188-195.

Chase, B.M., Meadows, M.E., Scott, L., Thomas, D.S.G., Marias, E., Sealy, J. & Reimer, P.J.
(2009) A Record of rapid Holocene climate change preserved in hyrax middens from
southwestern Africa. Geology, 37, 703-706.

Cowling, R.M., Holmes, P.M. & Rebelo, A.G. (1992) Plant diversity and endemism. In: The
Ecology of Fynbos: Nutrients, Fire and Diversity. Ed: Cowling, R.M. Oxford University
Press, Oxford, UK.

Cowling, R.M., Rundel, P.W., Lamont, B.B., Arroyo, M.K. & Arianoutsou, M. (1996) Plant
diversity in Mediterranean-climate regions. TREE, 11, 362-366.

Cramer, M.D., Hoffmann, V. & Verboom, G.A. (2008) Nutrient availability moderates
transpiration in Ehrharta calycina. New Phytologist, 179, 1048-1057.



Deacon, H.J., Jury, R.M. and Ellis, F. (1992) Selective regime and time. In: The Ecology of
Fynbos: Nutrients, Fire and Diversity. Ed: Cowling, R.M. Oxford University Press,

Oxford, UK.

Gibson, A. (1983) Anatomy of photosynthetic old stems of non-succulent dicotyledons from
north American deserts. Botanical Gazette, 144, 347-362.

Gilg (1891) Beitrage zur vergleichende Anatomie der xerophilen Familie der Restionaceae.
Botanische Jahrbucher, 13, 541-606.

Givnish, T.J. (1978) Ecological aspects of plant morphology: leaf form in relation to
environment. Acta Biotheoretica, 27, 83-142.

Givnish, T.J. (1979) On the adaptive significance of leaf form. In: Topics in Plant Population
Biology (Eds. O. T. Solbrig, S. Jain, G. B. Johnson & P. H. Raven), pp. 375-407. Columbia
University Press, New York.

Givnish, T.J. (2010) Ecology of Plant Speciation. Taxon, 59, 1326-1366.

Golblatt, P. & Manning, J. (2000) Cape Plants. A conspectus of the Cape flora of South Africa,
National Botanical Institute.

Golblatt, P. & Manning, J. (2002) Plant diversity of the Cape Region of southern Africa. Ann.
Mo. Bot. Gard. 89, 281-302.

Janssen, T. & Bremer, K. (2004) The age of major monocot groups inferred from 800+ rbcL
sequences. Botanical Journal of the Linnean Society, 146, 385-398.

Klak, C., Reeves, G. & Hedderson, T. (2004) Unmatched tempo of evolution in Southern African
semi-desert ice plants. Nature, 427, 63-65.

Lambers, H., Shane, M.W., Cramer, M.D., Pearce, S.J. & Veneklaas, E.J. (2006) Root structure
and functioning for efficient acquistion of phosphorous: matching morphological and
physiological traits. Annals of Botany, 98, 693-713.

Lamont, B. (1982) Mechanisms for enhancing nutrient uptake in plants, with particular reference
to Mediterranean South Africa and Western Australia. The Botanical Review, 48, 597-689.

Linder, H.P. (1984) A phylogenetic classification of the genera of the African Restionaceae.
Bothalia, 15, 11-76.

Linder, H.P. (2000) Vicariance, climate change, anatomy and phylogeny of Restionaceae. In:
Under the microscope: plant anatomy and systematics. Eds: Rudall, P.J. and Gasson, P.

Linder, H. P. (2005) The evolution of diversity: the Cape flora. Trends in Plant Science, 10, 536-
541.

Linder, H.P. & Hardy, C.R. (2004) Evolution of the species-rich Cape flora. Phil. Trans. R. Soc.
Lond. 359, 1623-1632.



Linder, H.P. & Rudall (2005) Evolutionary history of Poales. Annu. Rev. Ecol. Evol. Syst. 36,
107-124.

Linder, H. P., Hardy, C. R. & Rutschmann, F. (2005) Taxon sampling effects in molecular clock
dating: an example from the African Restionaceae. Molecular Phylogenetics and Evolution,
35, 569-582.

Nobel, P.S. (2005) Physicochemical and environmental plant physiology. Academic Press, San
Diego, California.

Orians, G.H. and Solbrig, O.T. (1977) A cost-income model of leaves and roots with special
reference to arid and semi-arid areas. American Naturalist, 111, 677-690.

Manning, J. (2007) Field Guide to Fynbos. Struik, Cape Town.

Nilsen, E.T. (1992) The influence of water stress on leaf and stem photosynthesis in
Spartiumjunceum L. Plant, Cell and Environment, 15, 455-461.

Rebelo, A.G., Boucher, C., Helme, N.A., Mucina, L. & Rutherford, M.C. (2006) Fynbos biome.
In: The vegetation of South Africa, Lesotho and Swaziland. Strelitzia, vol. 19 (eds. L.
Mucina & M.C. Rutherford), pp. 52-219. Pretoria, South Africa: South African National
Biodiversity Institute.

Richards, M.B., Cowling, R.M. & Stock, W.D. (1997) Soil nutrient dynamics and community
boundaries in the Fynbos vegetation. Plant Ecology, 130, 143-153.

Salleo, S., Nardini, A. & Lo Gullo, M.A. (1997) Is sclerophylly of Mediterranean evergreens an
adaptation to drought? New Phytologist, 135, 603-612.

Shane, M. and Lambers, H. (2005) Cluster roots: A curiosity in context. Plant and Soil, 274,
101-125.

Stock, W.D. & Lewis, O.A.M. (1986a) Soil nitrogen and the role of fire as a mineralizing agent
in a South African coastal fynbos ecosystem. Journal of Ecology, 74, 317-328.

Stock, W.D. & Lewis, O.A.M. (1986b) Atmospheric input of nitrogen to a coastal fynbos
ecosystem of the south-western Cape Province, South Africa. South African Journal of
Botany, 52, 273-276.

Stock, W.D. and Allsopp, N. (1992) Functional Perspectives of Ecosystems: In: The Ecology of
Fynbos: Nutrients, Fire and Diversity. Ed: Cowling, R.M. Oxford University Press, Oxford,
UK.

Stock, W.D., Sommerville, J.E.M. and Lewis, O.A.M. (1987) Seasonal allocation of dry mass
and nitrogen in a fynbos endemic Restionaceae species Thamnochortus punctatus Pill.
Oecologia, 72, 315-320.

Stock, W.D., van der Heyden, F. and Lewis, O.A.M. (1992) Plant structure and function. In: The

10



Ecology of Fynbos: Nutrients, Fire and Diversity. Ed: Cowling, R.M. Oxford University
Press, Oxford, UK.

Verboom, G.A., Archibald, J.K., Bakker, F.T., Bellstedt, D.U., Conrad, F., Dreyer, L.L., Forest,
F., Galley, C., Goldblatt, P., Henning, J.F., Mummenhoff, K., Linder, H.P., Muasya, A.M.,
Oberlander, K.C., Savolainen, V., Snijman, D.A., van der Niet, T. & Nowell, T.L. (2009)
Origin and diversification of the Greater Cape flora: Ancient species repository, hot-bed of
recent radiation, or both? Molecular Phylogenetics and Evolution, 51, 44-53.

Westoby, M. (1998) A leaf-height-seed (LHS) plant ecology strategy scheme. Plant and Soil,
199, 213-227.

Yates, M.J,, Verboom, G.A., Rebelo, A.G. & Cramer, M.D. (2010) Ecophysiological
significance of leaf size variation in Proteaceae form the Cape Floristic Region. Functional
Ecology, 24, 485-492.

Zachos, J., Pagani, M., Sloan, L., Thomas, E. & Billups, K. (2001) Trends, rhythms, and
aberrations in global climate 65 Ma to present. Science, 292, 689-693.

11



CHAPTER 1

THE SIGNIFICANCE OF CULM AND LEAF STRUCTURES IN POALES FROM THE CAPE

FLORISTIC REGION

ABSTRACT

1.

Photosynthetic culm structures are highly prevalent in the Cape Floristic Region (CFR)
where they occur in Poaceae, Cyperaceac and Restionaceac. Many species have a
perennial, photosynthetic culm structure and some produce leaves when they are young,
as part of their adult form, during winter and spring and/or after fire. Despite culm
abundance and associated leaf loss, in both number and species richness, in the CFR, the
physiological and ecological advantages and evolutionary history of this type of structure
are not known.

I proposed that culm photosynthesis was an adaptation for summer drought and would be
associated with seasonal environments, thus explaining the ubiquity of culms in the CFR.
Alternately, 1 hypothesized that culm structures would have lower photosynthetic and
transpiration rates than leaves and that leaves would function in resource acquisition and
be produced by species associated with high seasonality and transient periods of high soil
moisture and nutrient availability.

To assess the evolutionary history of culms and leaves, a supertree was constructed for
CFR Poales, using published phylogenies. Differences in form and function were
compared between leaves and culms of Ehrharta ramosa (Poaceae), Ficinia bulbosa
(Cyperaceae) and Thamnochortus sporadicus (Restionaceae) sampled at the same locality
at the end of winter/early spring. Modelling was used to investigate differences in
environment between culm- and leaf-photosynthetic species.

Leaves were narrower and had higher specific areas than culms of the same species. This
was consistent among the three species of different families. Leaves had significantly
higher photosynthetic rates than culms on a per area and per mass basis. In
Thamnochortus sporadicus, leaves also transpired faster and had lower temperatures.
Leaf-photosynthetic species had the highest probability of occurrence in areas of high
seasonality, high temperature range, high summer temperature and high winter rainfall.

Culm-photosynthetic species were associated with wet, cold, aseasonal environments.
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Culm photosynthesis evolved prior to the Mid-Miocene and it is likely that the ancestral
lineage of Poales had both culm and leaf photosynthesis.

5. Culms were associated with aseasonal, wet environments and were not adaptive for
summer drought. We suggest that leaf photosynthesis facilitates effective capitalisation of
resources during periods of high resource availability through their enhanced assimilation
and transpiration. This may be an important strategy in highly seasonal areas in which
periods of water and nutrient availability are transient. Culms have higher carbon return
per nutrient invested and may represent a long-term, nutrient efficient structure that

allows persistence and perennial growth.

Keywords: Cape Floristic Region, culm, leaf, Restionaceae, Poales, seasonality

INTRODUCTION

The Cape Floristic Region (CFR) lies in the southwestern Cape and is known for its high species
richness and endemism (Goldblatt & Manning 2000). Three growth forms are prevalent in the
area: shrubs, geophytes and graminoids. Graminoids are represented by Restionaceae,
Cyperaceae and Poaceae, which generally have perennial above-ground parts. While shrubs in
the CFR tend to have fine, narrow, sclerophyllous leaves (e.g. Yates et al. 2010), many
graminoids have cylindrical, photosynthetic culms and no leaves or at least greatly reduced
leaves. The leaves of species belonging to Restionaceae have been reduced to sheaths and the
culms are the primary photosynthetic structure (Linder 1984). However, some Restionaceae
produce cylindrical, needle-shaped, leaf-like structures when they are young, as part of their adult
growth form and/or after fire. Similar photosynthetic culms and leaf-like structures are found in
some Cyperaceae. There are also some grasses in the CFR that have leafless culms, but which
produce lanceolate, flat leaves during winter or spring and/or after fire. In many plants in the
CFR, culms or stems have taken over the photosynthetic function of the leaves. The functional
link between plant form and environment is a recurrent theme in plant ecology and functional
biology (Orians & Solbrig 1977, Givnish, 1979, Givnish 1987, Mooney 1982, Ackerly & Reich
1999, Ackerly et al. 2002), with leaf traits and their potential role in carbon assimilation
receiving the most attention. Despite the abundance of photosynthetic culm structures in the Cape

flora, their adaptive significance, and the associated absence of leaves remains to be investigated.
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Species of Restionaceae are evergreen, sclerophyllous plants that occupy the niche normally
filled by grasses in other biomes (Linder 1984). Some Cyperaceae and Poaceae possess similar
plant traits. Sclerophyllous leaves are a conspicuous feature of fynbos as well as other
Mediterranean-type ecosystems of the world (Stock & Allsopp 1992). Sclerophylly has
advantages for nutrient use efficiency and drought-tolerance in nutrient-poor environments
(Stock et al. 1992, Salleo et al. 1997). Sclerophylly is correlated with other leaf characteristics,
such as leaf longevity, and is believed to enhance carbon return per unit of nutrient invested
(Westoby 1998). Specific leaf area (SLA, the ratio of leaf area to leaf dry mass) is associated
with sclerophylly and represents the trade-off between growth rate and leaf longevity, with
species with lower SLA having a slower relative growth rates but greater leaf life spans and
enhanced nutrient conservation (Orians & Solbrig 1977, Westoby 1998). Lower SLA thus
contributes to leaf longevity, nutrient retention and protection from desiccation and may be
minimized by producing a culm rather than leaves. Thick leaves are also suggested to be adaptive
under dry and/or infertile conditions (Givnish 1978, 1979). Thus, a culm structure may enhance
longevity, function in drought tolerance and nutrient efficiency and allow these plants to persist

during the dry summer months in the CFR.

While the sclerophyllous nature of the Restionaceae culm may enhance drought tolerance and
nutrient use-efficiency, the significance of leaf absence is not clear. The prevalence of species
with notable stem net photosynthesis is high in habitats with high PPFD (photosynthetic photon
flux density) and high heat, such as tropical dry woodlands, tropical thorn woodland, deserts and
chapparal (Gibson 1983, Nilsen 1992). Stem photosynthesis has been shown to be an adaptation
for extended photosynthesis during stress conditions as it shows greater tolerance of water stress
than leaf photosynthesis, although the associated photosynthetic rates are low compared to those
of leaves (Nilsen 1992). In several species, stems are the only photosynthetic organs active
during the hot summer months (Yiotis et al. 2008). For example, leaves and stems of Justicia
californica growing in the southern Sonoran desert, showed similar photosynthetic capacity and
diurnal patterns of photosynthesis and stomatal conductance, but stem photosynthesis was less
sensitive to water stress and was the only form of photosynthesis for seven months of the year
(Tinoco-Ojanuren 2008). Leaf photosynthesis seems to be more sensitive generally to
environmental stress than stem photosynthesis (Nilsen 1992, Tinoco-Ojanuren 2008). Thus,
culms may perform the photosynthetic function of leaves due to their enhanced photosynthesis

and greater tolerance of water stress during summer drought in the CFR.
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Poales originated during the Cretaceous (Bremer 2002, Janssen & Bremer 2004, Linder & Rudall
2005), with the major lineages of Poales diversifying in the mid- to late Cretaceous and most
Poales groups diversifying during the Cenozoic (Linder & Rudall 2005). Poales diversification
into more seasonal climates and fire-adapted vegetation occurred during the Late Miocene
(Linder & Rudall 2005). However, recent molecular evidence suggests that Poales diversification
began prior to the end-Miocene climate changes when climates were more mesic and less
seasonal than they are at present (Linder & Hardy 2004, Linder 2005, Verboom et al. 2009). The
CFR has been a hotbed of radiations, with radiations of many Cape floral clades dated to the
Middle Miocene (Linder 2005, Verboom et al. 2009). In the Cape, climatic changes during the
Miocene resulted in a seasonal climate with winter rainfall and summer-arid climate conditions
(Linder & Hardy 2004). One proposal for radiation in the Cape is that this climate change led to
the extinction of tropical flora, allowing formerly heathy, montane vegetation to occupy those
habitats (Linder & Hardy 2004). It is unclear whether culm or leaf photosynthesis was ancestral
in Cape Poales. The culm structure may have evolved as an adaptation to summer-dry
environments and could explain the success of Restionaceae, Cyperaceae and Poaceae in the

CFR.

In the CFR, all Restionaceae and several Cyperaceae and Poaceae possess reduced
photosynthetic leaves, or lack photosynthetic leaves, and are dependent entirely on culm fixation
of carbon. Curiously, some Restionaceae, Cyperaceae and Poaceae produce leaves when they are
young, as part of their adult form, during spring and/or after fire. Little is known about whether
culm or leaf photosynthesis was ancestral in Cape Poales. I proposed that culm photosynthesis
reflects adaptation to summer-dry conditions due to their sclerophyllous nature, and associated
drought tolerance and nutrient efficiency. Since leaves are produced during spring and after fire, I
proposed an alternate hypothesis that leaves function in resource acquistion during periods of
high nutrient availability, such as spring or after fire. I tested these hypotheses in three different
ways:

1) I mapped the evolution of these traits on a phylogeny of Cape Poales to determine
whether leaf or culm photosynthesis was ancestral and to evaluate whether the appearance
of culm photosynthesis coincided with the onset of summer-dry climates in the Cape
towards the end of the Miocene.

2) I compared gas and heat exchange and traits of leaves and culms in one species of each
family of Cape graminoids, with the expectation that leaves would be shorter-lived and

transpire and photosynthesize at faster rates than culms.
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3) I tested whether culm-photosynthetic species tended to be associated with summer-dry
environments and whether species with leaves were associated with high rainfall during

spring, when resource availability is high.

MATERIALS AND METHODS
CAPE POALES PHYLOGENY

Published phylogenies of Cape Poaceae, Cyperaceae and Restionaceae were used to generate a
supertree relating as many Cape graminoid taxa as possible. An Ehrharta phylogeny was
obtained from Verboom et al. (2004), while the phylogeny of danthonioid grasses was obtained
from Galley & Linder (2007) and Pirie et al. (2008). A Tetraria phylogeny was obtained from
Slingsby & Verboom (2006) while the placement of the other Cyperaceae was obtained from
Muasya et al. (2001), Simpson et al. (2007) and Muasya et al. (2009). For Restionaceae, the
Hardy et al. (2008) highest likelihood tree was used. Higher-level Poales relationships were
obtained from Bremer (2002) and Bouchenak-Khelladi et al. (2008). Species were stitched
together manually and branch lengths were not included. The placement of 460 species could be
inferred on a phylogeny. The supertree phylogeny was built using Mesquite V2.72 (Maddison &
Maddison 2010). The list of species can be found in Appendix Al.

CULM CHARACTER RECONSTRUCTION

We identified shifts between culm and leaf morphologies to determine whether these shifts
occurred repeatedly, in which clades shifts occurred and when shifts occurred. However, the
majority of Poales have neither solely photosynthetic culms nor leaves but a combination of the

two. For this reason we scored leafiness as follows:

1. Culm only

2. Culm with narrower, culm-like, cylindrical leaves

3. Culm with a few large, broad, flat leaves

4. Thin culm with small, scarce, flat leaves

5. Mostly leafy, leaves broad and flat, thin non-photosynthetic reproductive culms

I found that this classification system sufficiently described all Poales species sampled.

Herbarium samples (Bolus Herbarium, University of Cape Town) of all Poaceae and Cyperaceae
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species on the supertree were assessed and scored for leafiness. For Restionaceae, information on
whether species produced leaves was obtained from “The African Restionaceae: an IntKey
identification and description system” (Version 2, Linder 2004). Since we were interested in
determining when the loss of leaves occurred, the classification system was simplified so that all
species with leaves (categories 2-5) were separated from species possessing only a culm structure
(category 1). Furthermore, we grouped species into functional categories; those having only culm
photosynthesis (1), culm and leaf photosynthesis (2-4) and predominantly leaf photosynthesis (5).
Character reconstruction was done using an ordered parsimony ancestral state model in Mesquite
V2.72 (Maddison & Maddison 2010). To assess when the loss of leaves first occurred, we
identified the node/s of leaf loss and then consulted dated Monocot phylogenies (Bremer 2002,
Janssen & Bremer 2004, Christin et al. 2008) to approximate the date.

TRAIT AND FUNCTIONAL COMPARISON OF CULMS AND EPHEMERAL LEAVES IN
POALES

During late Winter/early Spring (August 2010), plants of Ehrharta ramosa Thunb. (Poaceae),
Ficinia bulbosa Nees. (Cyperaceae) and Thamnochortus sporadicus Pillans. (Restionaceae) (n =
3) co-occurring in Bainskloof, Western Cape, South Africa were found which had both
photosynthetic culms and leaves. Plants were of similar size (20 cm in height) and flowering had
not yet begun. Leaves were lanceolate, and flat in E. ramosa and cylindrical in T. sporadicus and
F. bulbosa and, in all three species, were more fragile and shorter than the culms. Plants were
growing in sandy soil in a rocky area at an altitude of 1500 m that had received rain the previous
day. Culm and unrolled leaf diameters were measured using callipers. Culm and leaf samples
were collected from each specimen. For all culms and leaves of T. sporadicus and F. bulbosa,
photosynthetic area was estimated by measuring the length and diameter of the cylinders to
calculate the area. For E. ramosa, photosynthetic leaf area was measured using an LI-3000 Area
Meter (LICOR). Stomatal impressions were obtained by coating culm surfaces with clear nail
varnish, which was peeled off and examined at 400X magnification on a transmission light
microscope. Stomatal numbers in the field of view were counted expressed as stoma per mm’,
Samples were then dried in an oven at 80°C for 48 h and then weighed. Specific culm area (SCA)
and specific leaf area (SLA) was calculated as the photosynthetic area (m”) per dry weight (kg) of
culm or leaf tissue. Gas exchange measurements were taken on culms and leaves of three

specimens of each species between 10:00 h and 13:00 h. Culm and unrolled leaf photosynthetic

17



rate (A), transpiration rate (E) and stomatal conductance (gs) were measured using an LI-6400
Portable Photosynthesis System (LICOR, Lincoln, NE, USA). Measurements were taken at a
saturating photon fluence rate of 1500 pmol quanta m™ s™ in a Licor LI-6400-02B cuvette set to
25°C and a CO, concentration set to 400 pmol mol™. After ca. 3 min equilibration in the cuvette,
measurements were recorded. Leaf and culm temperatures ranged from 20.2 to 22.4°C. Vapour

pressure deficit averaged 2.5 kPa. Temperature was calculated using energy balance equations.

CULM - ENVIRONMENT RELATIONSHIPS

To test whether leafy species were associated with different environmental conditions to species
with only culms we performed boosted regression trees analysis, which allows non-linear
modelling of a response variable to predictor variables. Distribution data of CFR Poaceae,
Cyperaceae and Restionaceae taxa, obtained from collections in the Bolus Herbarium, University
of Cape Town, were used to derive climatic variables. Distribution data were available for 218 of
the 460 species included in the Cape Poales phylogeny. Distributions of each taxon were overlaid
with 19 BIOCLIM climatic variables using the ARC Geographic Information System. Climatic
variables were obtained for each distribution point and then averaged for each species.
Environmental parameters included mean annual temperature, mean diurnal range (mean of all
the weekly diurnal temperature ranges, isothermality (mean annual temperature/ mean monthly
temperature range), temperature seasonality (temperature coefficient of variation - standard
deviation of the weekly mean temperatures expressed as a p ercentage of the mean of those
temperatures), maximum temperature of the warmest month, minimum temperature of the coldest
month, mean temperatures of the warmest, coldest, wettest and driest months, annual
precipitation, maximum precipitation of the wettest month, minimum precipitation of the driest
month, precipitation seasonality (precipitation coefficient of variation - standard deviation of the
weekly precipitation estimates expressed as a percentage of the mean of those estimates), and
precipitation of the warmest, coldest, wettest and driest months. These variables are biologically

meaningful as they include seasonality of climatic parameters, which is a key feature in the CFR.

We chose to use Boosted Regression Trees (BRT) analysis to determine the environmental
correlates of culms as it allows non-linear modelling of a response variable to predictor variables,

both of which can be either discrete or continuous (Elith et al. 2008). The response variable was
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binary, with species with only culms scored as 0 and species with leaves scored as 1. BRT
analysis also allows identification of predictor variables that most explain the distribution of a
response variable, which is extremely valuable in assessing environmental trait correlates (De’ath
& Fabricius 2000, Hastie et al. 2001, Elith et al. 2008). The BRT analysis was implemented
using the gbm package (version 1.6 -3.1, Ridgeway 2010) supplemented with the functions of
Elith et al. (2008) in R (version 2.11.0, R Development Core Team 2010). During the analysis
splitting events, described by a simple rule in a single predictor variable, create two homogenous
groups (Hastie et al. 2001). Splitting is then applied recursively until a large tree is built (Hastie
et al. 2001). Several trees are created using boosting techniques, with each successive tree
concentrating on the variation not explained in the previous tree (De’ath & Fabricius 2000,
Leathwick et al. 2006, Elith et al. 2008). We were interested in whether leafy species (2-5),
which were scored as trait present, were associated with different conditions to culm species (1),
which were scored as trait absent. In the model, a Bernoulli distribution (for the binary response
variable) with a bag fraction of 0.75, a tree complexity of 5 and a learning rate of 0.001 was used.
In our model, the optimal number of trees was found to be 2000. The number of splits in the tree
as well as interactions between variables is determined by tree complexity (Elith et al. 2008). The
learning rate determines the contribution of each tree to the model and thus the rate at which
predictive performance improves with the number of trees (Elith et al. 2008). A cross-validation
method in which the dataset is divided up into ten subsets, one of which is dropped before
building a tree, is used to determine optimal tree complexity and learning rate (Hastie et al.
2001). The omitted dataset is used as a dataset on which to test the model and each of the ten
subsets undergo this process, with the sum of deviances between subsets being used to evaluate
the predictive deviance of the model (Hastie et al. 2001). The predictive deviance provides a
goodness-of-fit measure between predicted and raw data and is expressed as a percentage of the
null deviance (De’ath & Fabricius 2000, Hastie et al. 2001, Leathwick et al. 2008). The relative
importance of predictor variables was assessed according to the method of Elith et al. (2008).
Partial dependence plots were created to display the influence of a p redictor variable on the
response variable after accounting for the average effects of all the other predictor variables
(Elith et al. 2008). Functions written by Elith et al. 2008 were used to assess the influence of

interactions between predictor variables.

RESULTS
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CULM/LEAF CHARACTER RECONSTRUCTION

When distinguishing between species with only culm photosynthesis (1) and those with leaf
photosynthesis (2-5), the common ancestor of CFR Poaceae, Restionaceae and Cyperaceae was
resolved as having leaf photosynthesis (Fig. 1). All species of Cape Poaceae and Cyperaceae are
leaf photosynthetic to some degree. Within Restionaceae, leaf photosynthesis has evolved on at
least ten independent occasions in four genera: Restio, Rhodocoma, Thamnochortus and Elegia.
The state of the ancestral Restionaceae was ambiguous. When species were classified according
to photosynthetic functionality (Fig. 2) the patterns became more complex. The ancestral
Restionaceaec was ambiguous, having either only culm photosynthesis or culm and leaf
photosynthesis. Most Ehrharta species had a combination of culm and leaf photosynthesis, with
predominantly leaf photosynthesis evolving in five taxa ona t least three occasions.
Photosynthesis in ancestral Ehrharta was ambiguous; either culm and leaf photosynthesis or
primarily leaf photosynthesis. The danthonioid grass ancestor was unambiguously leafy and
reversal to a combination of leaf and culm photosynthesis occurred in four Pentaschistis and two
Tribolium taxa on at least five occasions. Both culm and leaf photosynthesis were present in the
ancestral Cape Cyperaceae with predominantly leaf photosynthesis evolving in only 6 taxa:
Capeobolus brevicaulis, Cyathocoma hexandra, Ficinia trichodes, Ficinia ramosissima, Ficinia
esterhuyseniae and Isolepis fluitans. Overall, these results suggest that itis likely that the
ancestral Poales had a combination of culm and leaf photosynthesis. However, our sample of

Poales included only CFR taxa and is therefore biased by incomplete sampling of Poales.

The common ancestor of Poaceae, Restionaceae and Cyperaceae was reconstructed as leafy and
the node has been dated to approximately 110 MY (Bremer 2002, Janssen & Bremer 2004). The
common ancestor of Poaceae and Restionaceae, which has been dated to approximately 100 MY
(Bremer 2002, Janssen & Bremer 2004), was reconstructed as having leaves. In Restionaceae,
leaf photosynthesis was lost early on in the evolutionary history of the family, with almost all
species having culm photosynthesis. Restionaceae originated approximately 65 MYA (Linder et
al. 2003) and loss of leaves occurred near the basal split within Restionaceae, very early on in the
evolutionary history of this family, indicating that culm photosynthesis was present prior to the
onset of climate change during the Mid-Miocene. Pentaschistis and Tribolium originated
approximately 14 MYA (Verboom et al. 2006, Galley & Linder 2007) and are predominantly
leaf-photosynthetic. The Ehrharta, Shoeneae and Isolepis/Ficinia clades are older and have been
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dated to around 40-45 MYA (Verboom et al. 2003, Verboom 2006, Verboom et al. 2009). The

majority of species in these clades had both leaf and culm photosynthesis.

STRUCTURAL AND FUNCTIONAL DIFFERENCES BETWEEN CULMS AND LEAVES

Leaves produced by E. ramosa, T. sporadicus and F. bulbosa during spring have markedly
different structure and function compared with perennial culms of the same species. Furthermore
these trends were consistent for all three species. Superficially, the leaves looked cylindrical in
shape in T. sporadicus and F. bulbosa and flat in E. ramosa and were much smaller and more
fragile than the culms. Leaves of F. bulbosa and T. sporadicus were cylindrical in shape but
tended to be narrower in diameter and have higher specific area than culms of the same species
(Fig. 3). Leaves of E. ramosa were flat but narrow and lanceolate and had higher specific area
than E. ramosa culms. Leaves had higher photosynthetic rates than culms, although this was
significant only in E. ramosa and T. sporadicus (Fig. 4). For E. ramosa and F. bulbosa, leaf and
culm transpiration rates were similar. However, leaves of T. sporadicus transpired, on average,
five times faster than culms. When transpiration and photosynthesis were compared on a per
mass basis, significant differences between culms and leaves were still evident. Leaf and culm
temperatures were similar for both E. ramosa and F. bulbosa, but T. sporadicus leaves were
almost 4°C lower than culms, possibly due to evapotranspirational cooling. In all three species,

differences in the number of stomata per area between culms and leaves were not evident.

ENVIRONMENTAL CORRELATES OF CULM TRAITS

The functions fitted by the BRT model were all non-linear. The predictive deviance of the BRT
model, estimated using a cross validation process, was 71.8% indicating good fit between raw
values and values predicted from independent data (Leathwick et al. 2008). The fitted functions
show that leafy species occur most frequently in areas of moderate rainfall in the coldest quarter
of the year (Fig. 5a), high rainfall seasonality (Fig. 5b), and high rainfall in the wettest month of
the year (Fig. Sc). Leafy species were also mostly associated with areas where the temperature in
the warmest quarter of the year is high (Fig. 5d), temperature in the wettest quarter of the year is
high (Fig. 5e) and temperature range over the year is high (Fig. 5f). In contrast, leafless, culm
species occur where rainfall in the coldest quarter is high, rainfall seasonality is low and rainfall

in the wettest month is low. Areas in which culm species occur most frequently tend to have low
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temperatures during the warmest quarter of the year, low temperatures in the wettest quarter and

a relatively low temperature range over the course of the year.

The strongest interactive effects were found between isothermality and rainfall seasonality (Fig.
6a) and between isothermality and temperature in the warmest quarter (Fig. 6b). Leafy species
occurred most frequently in areas with both high isothermality and high rainfall seasonality.
Leafy species were also associated with areas of high isothermality and high temperature in the
warmest quarter of the year. By contrast culm species occur in areas with lower isothermality,

low rainfall seasonality and cooler temperature in the warmest quarter.

DISCUSSION

These results show that species with only culm photosynthesis were associated with wet, cold,
aseasonal environments. In addition, culm photosynthesis was present prior to onset of the mid-
Miocene climate change. Based on this evidence, we suggest that culms are not adaptive for
summer drought conditions. Culms are photosynthetic, evergreen structures that have low
specific area, implying that they are long-lived and have higher carbon return per nutrient
invested (Orians & Solbrig 1977, Westoby 1998). Sclerophylly is generally associated with
drought tolerance and nutrient efficiency (Stock, van der Heyden & Lewis 1992, Salleo et al.
1997), but since these structures occur in mesic environments, nutrient efficiency seems a more
likely explanation. Thicker photosynthetic structures often tend to be more sclerophyllous,
having low area per unit mass. [Thicker photosynthetic organs have been associated with infertile
and/or dry conditions because transpirational costs are larger when photosynthetic rates on poor

and/or dry soils are low (Givnish 1978, 1979). @ulm structures may represent at hicker

photosynthetic organ, and my data do show that culms tend to be more sclerophyllous, with
lower photosynthetic area per unit mass. In Restionaceae, culms had significantly lower
transpiration rates than leaves but occurred in mesic areas, thus supporting the economic findings
of thicker photosynthetic organs in infertile conditions (Givnish 1978, 1979). The soils of the
mountainous regions of the CFR are sandstone-derived and nutrient poor (Cowling & Holmes
1992) and culms may be an adaptation to nutrient-poor conditions. The higher carbon return per

nutrient invested for culm structures compared to leaves may be advantageous in this nutrient-
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poor environment. Future studies assessing the evolutionary and ecological associations of culm

photosynthesis and nutrients would be able to test this theory.

The conditions with which culms were associated are typical of high altitude arecas. While most
of the CFR receives high rainfall during winter, with little rain falling during the hot summer
months, the seasonality in some areas is not so well defined. Verboom et al. (2009) highlighted
that some high altitude environments receive moisture input from south-easterly winds during
summer, resulting in reduced summer water deficits in these areas, and also tend to have the
greatest species richness. These high altitude areas may act as refugia for taxa not well adapted to
the summer-arid, seasonal conditions of the rest of the CFR. This may be the case for culm-
photosynthetic species. Interestingly, culms are not as prevalent in the adjacent succulent karoo

biome, which tends to be drier with a more extreme summer drought period (Cowling 1998).

From our CFR Poales supertree and by consulting dated Poales phylogenies, we found that a
combination of culm and leaf photosynthesis may have been present in the common ancestor of
Cape Poaceae, Cyperaceae and Restionaceae, which can be dated to the mid to late Cretaceous
(Bremer 2002, Janssen & Bremer 2004). While our phylogeny was biased as it included only
CFR taxa, this ancestral form may be likely. All Restionaceae were culm-photosynthetic.
Restionaceae originated approximately 65 MYA (Linder, Eldenas & Briggs 2003) and loss of
leaves appears to have occurred near the basal split within Restionaceae, very early on in the
evolutionary history of this family. Intriguingly, tufty, leaf-like structures were subsequently
regained on ten independent occasions in this family. Danthonioid grasses were predominantly
leaf-photosynthetic and had a younger origin, while Ehrharta and Cyperaceae had mostly culm-
and leaf-photosynthetic species and were older. In Thamnochortus (Restionaceae), the ancestral
node was resolved as culm-photosynthetic and the combination of leaf and culm photosynthesis
evolved on at least two occasions and was found in approximately 50% of species. Differences in
gene function and/or regulation may explain the production of different leaf forms, and possibly
culm structures, over evolutionary time (Hay & Tslantis 2006). In Cardamine hirsuta the
presence of class I KNOTTED]1-like homeobox (KNOX) proteins are required for the leaf to
show a dissected leaf form, whereas absence of these KNOX proteins in Arabidopsis thaliana, a
close relative of C. hirsuta, results in a simple leaf form (Hay & Tslantis 2006). Linder & Mann

(1998) found evidence for an ancestral habitat with higher rainfall in the genus Thamnochortus
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and that coastal and summer-dry habitats were derived within the genus. This suggests that
ancestral culm photosynthesis may have been associated with higher rainfall and the derived
culm and leaf photosynthetic state may have been associated with summer-dry habitats. This
provides evidence that evolution of leaf photosynthesis could have been in response to summer-

arid, seasonal conditions. What are the advantages of leaf photosynthesis?

While all Restionaceae produce culms, approximately 9% of species produce leaf-like structures
that are tufty, cylindrical and thinner than the culms. Leaf photosynthesis is common in Poaceae
and Cyperaceae. In T. sporadicus (Restionaceae) and F. bulbosa (Cyperaceae), leaves were
narrower, shorter and more fragile than culms. Leaves of E. ramosa (Poaceae) were flat and
lanceolate. Compared to leaves of the same species, culms had lower specific area than leaves.
This was consistent in all three species. Specific area is linked to longevity (Westoby 1998), and
the high specific area of leaves is indicative of reduced longevity. The physiological functioning
of culms and leaves was quite different. Leaves had significantly higher rates of photosynthesis
than culms, both on a per area and a per mass basis. For T. sporadicus, leaves also had
substantially higher rates of water loss and lower temperature (Fig. 4). L eaf-photosynthetic
Poales were associated with warmer, more seasonal environments. In the Cape the mostly
sandstone-derived soils are highly nutrient leached and winter rainfall causes further nutrient
leaching (Cowling & Holmes 1992). Rain falls mostly during winter, creating a short window of
opportunity at the end of winter and early spring in which surface water availability enhances
nutrient availability. We suggest that leaf production represents a short-term nutrient acquisition
strategy whereby leaves that are shorter-lived and have lower carbon return per nutrient invested
are produced during periods of high resource availability. Despite the lower nutrient efficiency of
leaf production compared to culm production, leaves facilitate efficient capitalisation of resources
during these temporary conditions through their higher photosynthetic and transpiration rates.
However, the cost of producing leaves is high and would only be advantageous when resources
are not limiting. In Thamnochortus punctatus, root and rhizome development occurred during the
wet winter months while culm elongation occurred in the spring to summer period (Stock et al.
1987). Interestingly, this species does produce leaf-like structures and while no mention of these

was made in the study, this asynchronous growth pattern corroborates our findings.
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Culm structures may represent a longer-term strategy in which the rigid, nutrient efficient
structure with its high carbon return per nutrient invested of culms enables persistence and
perennial growth. They may also fulfil the role of assimilation when resources are limiting and
leaf production is not feasible. Culms may also function to provide structural support and
increased height while simultaneously assimilating carbon. Many species with culm
photosynthesis also occur in windy environments and are wind pollinated. The shape, rigidity and
height of the culm structure may improve structural integrity during windy events and enhance
pollen capture. Restionoideae culms tend to sway in the wind, which may prevent wind-induced
cavitation. The Cape experiences very strong south-easterly winds during Spring that cause
considerable damage. Thus, the significance of culm structures in the cape may be due to
multiple factors. Further studies investigating the effectiveness of culms in relation to wind

would be most interesting.
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FIGURE LEGENDS:

FIGURE 1: Reconstruction of culm photosynthesis (black) and evidence of leaf photosynthesis
(red). Ambiguous branches are shown in orange. Species in the collapsed clades can be found in
Appendix Al. The Restionaceae ancestor was reconstructed as ambiguous, but evidence of leaf
photosynthesis was lost early in the history of Restionaceae, but subsequently evolved on a

number of occasions.

FIGURE 2: Reconstruction of functional photosynthesis. Solely culm photosynthesis is show in
black. A combination of culm and leaf photosynthesis is shown in blue. Species having
predominantly leaf photosynthesis are shown in green. Where species are not shown, their names

can be found in Appendix Al.

FIGURE 3: Structural differences between culms and ephemeral leaves of E. ramosa, F. bulbosa
and T. sporadicus. The horizontal line shows the median, the bottom and top show the 25™ and
75t percentiles and whiskers show the interquartile range. Significance is shown by ** for a =

0.05 and * for a =0.1. Samples were collected in late winter/early spring.

FIGURE 4: Physiological differences between culms and leaves of E. ramosa, F. bulbosa and T.
sporadicus. The horizontal line shows the median, the bottom and top show the 25" and 75"
percentiles and whiskers show the interquartile range. Significance is shown by ** for a = 0.05

and * for a = 0.1. Measurements were taken at midday in late winter/early spring.

FIGURE 5: Partial dependence plots for the six most important environmental predictors in the
boosted regression trees (BRT) model. These plots illustrate the frequency of occurrence of leafy
species with particular environmental parameters while all other environmental predictors are

held at their average values.

FIGURE 6: Plots of the two strongest interactions among environmental predictor variables.
Plots show the interactive effects of these variables on the probability of occurrence of leafy

species.
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CHAPTER 2

ECOPHYSIOLOGICAL CONSEQUENCES OF VARIATION IN CULM DIAMETER

ABSTRACT

1.

Culms of varying diameter are highly prevalent in the Cape Floristic Region, where
oligotrophic soils, fire, winter rainfall and summer drought present challenges for plant
survival.

I proposed that narrow culm diameters might facilitate water loss in winter and sensible
heat loss in summer and be adaptive for nutrient-poor and summer drought conditions.
Alternately narrow culm diameters might reduce water flux and improve sensible heat
loss and function solely in drought tolerance during summer. Since surface area: volume
ratios increase with decreasing culm diameter, I expected narrow culms to have higher
specific area and lower construction costs, whereas broad culms would have lower
specific area, be more costly to produce and be longer-lived.

The influence of culm diameter on water and heat loss of filter paper cylinders and the
culms of 16 Cape Restionaceae was explored. For filter paper cylinders I also investigated
the influence of wind on water loss and cooling. In addition, I investigated culm
allometric relationships for 39 Restionaceae species grown in aco mmon garden.
Correlations between specific area, stomatal and tissue density, plant height and culm
diameter were assessed and compared. All correlations were assessed using
phylogenetically independent contrasts. I then explored whether the consequences of
culm diameter for water and heat loss were ecologically significant by evaluating the
response of culm diameter to climate using boosted regression trees as well as
phylogenetically independent contrasts.

Water loss decreased significantly with increasing filter paper cylinder diameter. For filter
paper cylinders, the influence of culm diameter on water loss was evident at slow and
faster wind speeds. When wind was absent, mixed and forced convection occurred and
diameter influenced cooling. At winds greater than 0.5 m s, cylinder diameter had little
influence on cooling. Similar trends in water loss with increasing diameter were found for
Restionaceae culm diameters, for both transpiration and photosynthesis. On average,
narrow culms (ca. 0.1 mm) transpired and photosynthesized 8 and 9 times faster,

respectively, than broad culms (ca. 4.5 mm). Culm temperature showed a positive
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logarithmic relationship with culm diameter, however, the temperature difference
between the narrowest and broadest culms was only 2°C. Culm diameter was positively
correlated with height and followed a negative power curve with specific area. Boosted
regression trees analysis showed that narrow culms were associated with moderate
minimum and maximum summer temperatures and received a very high proportion of
their rainfall during spring, with little rain falling during winter and autumn.

5. Variation in culm diameter has important consequences for gas and heat exchange. Our
data showed that narrow culms were associated with enhanced water loss as well as
carbon assimilation. The prevalence of narrow culms in areas where most rain falls during
spring suggests that narrow culms may be adaptive for seasonal conditions in which rapid
transpiration and assimilation are advantageous. Rapid transpiration may be important for
driving nutrient mass-flow to the roots of plants that take up most of their nutrients during
spring from nutrient impoverished soils. While narrow culms had slightly improved
sensible heat loss, they were associated with cool summers, indicating that the benefits of
reduced diameter for cooling may not be substantial enough to influence physiological

functioning.

Keywords: boundary layer, culm, diameter, photosynthesis, Restionaceae, specific culm area,

temperature, transpiration.

INTRODUCTION

Gas and heat exchange influence the important physiological processes of photosynthesis,
transpiration and temperature regulation, and may be key to understanding the adaptive
significance of variation in culm diameter. Culm diameter has important consequences for gas
and heat exchange through its effect on boundary layer thickness (Nobel 2005). The size of the
still air boundary layer surrounding photosynthetic structures depends on the size of the plant
structure, shape, wind speed and surface modifications (Schuepp 1993, Nobel 2005). The still air
boundary layer influences the movement of air around the plant structure and the conductance of
gases in and out of the structure (Nobel 2005). Although culms are photosynthetic structures that
differ structurally from leaves, both are influenced by boundary layer dynamics. In Restionaceae,
the leaves have been reduced to form sheaths and the culms are almost entirely responsible for

photosynthesis (Linder 2000). The culms are evergreen and are mostly cylindrical. Within
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Restionaceae, there is considerable variation in culm diameter, ranging from very narrow culms 1
mm in diameter, such as in Elegia filacea and Restio gaudichaldianus, to wide culms up to 3 cm
in diameter, such as in Cannamois grandis, Ceratocaryum argenteum and Rhodocoma gigantea.
While the influence of leaf size on plant physiological functioning has been assessed at both a
leaf (Givnish, 1979, 1987, Parkhurst & Loucks 1972, Nobel 2005, Nicotra et al. 2008, Yates et
al. 2010) and ecological (reviewed by Givnish 1987, MacDonald et al. 2003) level, culm
diameter variation has received no attention. Empirical tests determining the physical principles
of water loss from culms of varying size (Nobel 2005) to assess the influence of boundary layer
on water loss and temperature as well as the adaptive significance of variation in culm diameter

for plant ecophysiology are lacking.

For cylinders, a laminar boundary layer exists upwind of the structure, while downwind the air
becomes turbulent, making evaluation of the boundary layer size and influence more challenging
than for planar structures (Nobel 2005). Despite these complexities, boundary layer thickness (d)
of a cylinder is approximated by d = a Od/n, where a = 5.8, d is culm diameter in m and n is the
wind speed in m s™ (Nobel 2005). Wind thus affects boundary layer size, and at high wind speeds
the thickness of the boundary layer is reduced, diminishing its influence on gas and heat
exchange. While boundary layer thickness does influence gas movement into and out of the leaf
by creating resistance, stomatal conductance also plays a crucial role in gas exchange (Martin et
al. 1999, Nobel 2005). The relative extent to which stomatal conductance and boundary layer
conductance control transpiration is evaluated using the Omega factor (€2), which varies between
0 and 1 (McNaughton & Jarvis 1983). When boundary layer conductance is high, as for thin
boundary layers, Q is close to 0 and stomata are the principal controllers of the transpiration rate.
Conversely, thick boundary layers greatly reduce potential conductance, such that changes in
stomatal opening have little influence on the transpiration rate. By implication, structures with
thin boundary layers facilitate tighter control of gas exchange through regulation of stomatal

conductance.

Given the influence of culm diameter on boundary layer thickness and its consequences for gas
and heat exchange, variation in culm diameter may be the consequence of adaptation to

contrasting physical environments, analogous to the relationship between variation in leaf
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dimension (diameter of the largest circle that can be drawn in the leaf) and environmental
conditions. The association of small-leaved species with arid environments has been attributed to
their close coupling to ambient air temperatures (Gates et al. 1968). Within Cape Proteaceae,
narrow leaves shed more heat through sensible heat loss and have the ability to transpire rapidly,
features that are advantageous during hot dry summers as well as during wet winters (Yates et al.
2010). Leaf dissection in Cape Pelargonium was associated with high assimilation rates and low
water use efficiencies, which are suggested to promote carbon gain and water delivery during
periods of high soil moisture (Nicotra et al. 2008). At the environmental level, small leaves tend
to occur at high altitudes and in areas with low mean annual precipitation, low mean annual
temperature and poor soil fertility (reviewed by McDonald et al. 2003). Since boundary layer
dynamics affect every structure, we expect to see similar physiological and environmental
patterns with variation in culm diameter. The cylindrical shape of culms, however, implies

different scaling relationships to those of leaves, which may complicate environmental patterns.

Since surface area: volume ratios increase with decreasing culm diameter, narrow culms would
be expected to have higher specific area while broad culms would have lower specific area.
Specific area is associated with sclerophylly, a trait that is common in Mediterranean-type
ecosystems (Stock & Allsopp 1992). Sclerophylly has been linked with nutrient-limitation
through its reduction in loss of nutrients at senescence (Orians & Solbrig 1977). Sclerophylly has
also been shown to have advantages for drought tolerance through its effect on xylem cavitation
(Salleo et al. 1997). Since culm diameter variation influences specific area, we may expect to see
similar ecological patterns for culm specific area as those shown for leaf specific area. The
relationship between specific area and leaf longevity represents a trade-off, with species with
lower specific area having slower relative growth rates but longer leaf life spans and enhanced
nutrient conservation (Givnish 1978, Westoby 1998, Aerts & Chapin 2000). Even though culms
are cylindrical and have different scaling relationships to leaves, the underlying scaling principals
and trade-offs between culm photosynthetic area and mass could be the same. Thus, functional
correlates of culm diameter may be due to the relationship between culm diameter and specific

arca.

Restionaceae (subfamily Restionoideae, Briggs & Linder 2009), with variable culm diameters

and occupying a diverse array of habitats, provides an appropriate system for examining the

47



functional consequences of variation in culm diameter. The environmental conditions of the Cape
Floristic Region pose complex physiological challenges for plants. The substrate in this area is
highly heterogeneous and includes sandstone, quartzite, granite, shale and limestone, most of
which tend to be highly oligotrophic. Furthermore, many parts of the region receive high
precipitation during winter, which, combined with the skeletal soils, results in further nutrient
leaching (Cowling 1992, Cowling & Holmes 1992). With most of the precipitation falling during
the winter months, a narrow period of enhanced nutrient availability exists. During summer, high
temperatures and low precipitation may produce substantial water and temperature stress in
plants and low water availability impedes nutrient uptake. Summer drought, coupled with
nutrient-poor soils and a limited period of nutrient availability pose complex challenges for plants
and culm diameter variation may have adaptive significance in this region through its

consequences for plant physiological functioning.

I investigated the functional consequences of variation in culm diameter within Cape
Restionaceae. 1 hypothesized that higher transpiration and photosynthesis as well as enhanced
sensible heat loss in narrow culmed species facilitates nutrient acquisition and assimilation when
nutrients are available as well as cooling during the hot summer months. Since boundary layer
dynamics strongly influence plant gas exchange, I expected to find similar physiological and
environmental patterns with variation in culm diameter as has been shown for variation in leaf
size. To corroborate theoretical perspectives on the influence of culm diameter variation on gas
and heat exchange, I assessed the physical effects of diameter variation on evaporative water loss
and cooling using filter paper cylinders. The influence of wind on water and heat loss was also
explored using filter paper cylinders. 1 then tested whether the influence of culm diameter
variation on gas and heat exchange could be detected in Restionaceae culms of varying diameter.
In addition, I explored whether the effects of variation in culm diameter on gas and heat
exchange were evident at an ecological scale. To determine whether the environmental patterns
and gas exchange correlates were purely a function of culm diameter, I also assessed the

structural co-variants of culm diameter.

MATERIALS AND METHODS
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QUANTIFICATION OF THE RELATIONSHIP BETWEEN CYLINDER DIAMETER AND
WATER AND HEAT LOSS AT VARYING WIND SPEEDS

I made culm replicas by wrapping pieces of filter paper around plastic irrigation cylinders of
equal length (10 cm) and varying diameter (0.5 cm to 3 cm). The plastic inner tubes prevented
water loss from the inner cylinder tube. Filter paper cylinders were saturated with water, placed
vertically in water-filled petri dishes (1 cylinder per petri dish) and petri dishes and cylinders
placed in a laminar flow chamber. The chamber was set to four different wind speeds; 0, 0.5, 1.0
and 1.5 m.s”' but a number of wind speed measurements were taken for each sample and
averaged. Cylinders and petri dishes were weighed at time intervals during drying and the rate of
water loss per area (mmol m™ s™') was plotted against both diameter (cm) and boundary layer
thickness (mm). During the time intervals six measurements of wind speed were taken using an
Anemometer (Airflow Instruments, TSI Instruments Ltd., UK). Surface temperatures of the
cylinders were measured using an LS infrared thermometer (Optris, Berlin, Germany). Ambient
temperature was 21.8 + 0.16°C. Measurements were taken at very low irradiance (ca. 5 pmol m™
s™). To assess cooling, the difference in cylinder temperature and ambient temperature AT) was

calculated. Using the Reynold’s and Grashof numbers, we calculated the extent of free and
forced convection occurring for each wind speed (Nobel 2005). The Reynold’s number (Re) is a
dimensionless number that describes the flow characteristics around an object of particular
boundary layer thickness. The Grashof number (Gr) describes the tendency for free convection.
The ratio Re”/Gr indicates forced convection/free convection and experiments have revealed
thresholds for free, mixed and forced convection (Nobel 2005). To compare evaporation for
planar leaf-type surfaces and cylinders, water loss-dimension curves for flat filter paper leaf-
replicas were obtained from Yates et al. (2010). Dimension directly correlates with boundary
layer thickness and was used for this comparison. For cylinders, diameter is the same as
dimension but for leaves dimension is the diameter of the largest circle that can be drawn in the
leaf. While Yates et al. (2010) measured water loss at different temperatures and our study
assessed water loss at varying wind speeds, differences in curves could be compared between

cylinders at 20°C and minimal wind and leaf-replicas at 20°C and minimal wind.

PLANT CULTIVATION
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Plants of 16 Restionaceae species (n = 3) of varying culm dimension were from Kirstenbosch
Nursery, Cape Town. The plants were approximately 3.5 years old and had been grown from
seed in 2 L plastic bags containing a 1:1 mixture of sand and compost. All species occur in the
winter rainfall region of the Western Cape, South Africa. Species were selected for their variation
in culm dimension and, where possible, variation in dimension within each of the four genera.
Culm dimension ranged from 0.1 mm in the narrow Restio similis to 4.5 mm in the broad, hollow

culms of Elegia fistulosa. Species and diameters can be found in Appendix Al.

GAS EXCHANGE AND TEMPERATURE MEASUREMENTS

Plants were maintained in a greenhouse with a temperature of 25°C and moved to a temperature-
controlled growth chamber set to 20°C with a light : dark photoperiod of 14:10 hand an
irradiance of 1000 pumol m? s two weeks prior to gas exchange measurement. Measurements
were taken two weeks prior to flowering. Culm photosynthetic rate (A), transpiration rate (E),
stomatal conductance (gs) and temperature were measured using an LI-6400 Portable
Photosynthesis System (LICOR, Lincoln, NE, USA). A needle-leaf chamber (LI-6400-05 conifer
chamber) was used to accommodate sufficient culm area and to allow the boundary layer effects
on gas and heat exchange to be included. Measurements were taken at the base, mid and top of
each culm. Measurements were taken at chamber irradiance of 1000 pmol quanta m? s”'. The
cuvette was set to a temperature of 25°C and a CO, concentration of 400 pmol mol™'. After ca. 3
min equilibration in the cuvette, measurements were recorded. Culm temperatures ranged from
24.1 to 26.6°C. Vapour pressure deficit averaged 1.78 kPa. Culm temperature was calculated

using energy balance equations.

CULM SAMPLE COLLECTION

Culm samples of 39 Restionaceae species (n = 3) of variable culm diameter were sampled from
Kirstenbosch Botanical Gardens. Plants had been grown in a mixture of sand and compost in a
common garden. All species harvested occur naturally in the winter-rainfall region of the
Western Cape, South Africa. Where possible, both male and female specimens of each species
were collected. Sampling took place during winter in 2009. These plants were sampled to include

a larger number of species for assessing the structural co-variants of culm diameter.
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CULM TRAIT MEASUREMENTS

Culm trait measurements were taken on the plants used for gas exchange as well as the samples
collected at Kirstenbosch Botanical Gardens. Stem basal diameter and height of each culm were
measured prior to harvesting. Culm sections approximately 2.5 cm in length were taken just
above the base, at two-thirds of the culm and at the top (3 cm from the tip) of the culm. Length,
diameter at the bottom and diameter at the top of each section were measured with a calliper. For
hollow species, the diameter of the inner diameter was also measured. Length and diameter were
used to calculate area. Stomatal impressions were obtained by coating culm surfaces with clear
nail varnish, which was peeled off and examined at 400X magnification on a transmission light
microscope. Stomatal numbers in three fields of view were counted, averaged and expressed as
stoma per m’. Stomatal density could not be obtained for Thamnochortus cinereus due to
extensive hairs on the culm surface. Culm sections were dried in an oven at’€0for 48 h and

then weighed. Tissue density (kg m™) was estimated using the weight of the section divided by
its calculated volume. For hollow sections, the volume used excluded the inner hollow volume
and thus constituted only tissue volume. Specific culm area (SCA, m’ kg™") was calculated as the
photosynthetic area per dry weight of culm. Species and average trait values can be found in

Appendix A2.

STATISTICAL ANALYSIS

Phylogenetic trees describing the relationships among the 16 species used in the gas exchange
experiment and the 39 species sampled at Kirstenbosch Botanical Gardens were obtained by
pruning unsampled taxa from the Hardy et al. (2008) highest likelihood tree. Raw branch lengths
were obtained from the highest likelihood tree. To control for phylogenetic trait covariance,
relationships amongst traits were evaluated using phylogenetically independent contrasts (PIC,
Felsenstein 1985) as implemented in the PDAP:PDTREE module (Version 1.15; Midford,
Garland and Maddison 2009) of Mesquite (Version 2.72, Maddison & Maddison 2010). Since
PIC correlations apply to linear relationships, non-linear curves were log-transformed prior to
PIC analysis. For trait relationships, curve parameters were estimated using non-linear least
squares regression in R (version 2.11.0, R Development Core Team 2010). For the gas exchange
and trait data, measurements were taken at 3 places along each culm: base, mid and upper.
Curves were initially fitted to base, mid and upper values separately and the curve parameters

compared, using Student’s t-tests, to assess whether they were significant differences in functions
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obtained from samples of different positions. Values from the base, mid and top of the culms

were averaged for the PIC analysis.

CULM TRAIT-ENVIRONMENT CORRELATIONS IN RESTIONACEAE

Average basal diameter values were obtained for 248 species from The African Restionaceae: an
IntKey identification and description system (Version 2, Linder 2004). Climatic variables were
derived from distribution data of Restionaceae taxa, which were based on collections in the Bolus
Herbarium, University of Cape Town. Distributions of each taxon were overlaid with climatic
variables using the ARC Geographic Information System and filtered using a 1’x 1’ grid to
exclude redundancy. For each species, ranges of climatic variables were obtained from these grid
cell values. Environmental variables included altitude, continentality (measure between
continental and coastal climates, characterized by temperature range and indicates the tendency
for the land to experience more thermal variation than water - moisture input moderates coastal
climates and they have lower continentality), mean annual precipitation (MAP), A-pan
evaporation (evaporation potential of open water, originally measured as evaporation from a
Class A evaporation pan expressed over an average day), temperature in the hottest and coldest
months and rainfall seasonality (proportion of rainfall during each of the four seasons). Minimum
and maximum values are useful as they represent the extremes of the conditions experienced by
each species and provide insights into climatic tolerances. Environmental variables for South
Africa were obtained from the South African Atlas of Hydrology and Climatology, Computing
Centre for Water Research (CCWR), University of Natal (Schultze 1997). Altitude was computed
by a Digital Elevation Model obtained from CCWR, University of Natal.

To assess the correlations between basal diameter and climate, PIC analysis was performed using
a tree relating the 248 species, obtained by pruning unsampled taxa from Hardy et al.’s (2008)
published maximum likelihood tree. To assess the non-linear responses of culm diameters to
environmental predictor variables, we used boosted regression tree analysis, implemented using
the gbm package (version 1.6 -3.1, Ridgeway 2010) supplemented with the functions of Elith,
Leathwick &Hastie (2008) in R (version 2.11.0, R Development Core Team 2010). We were
interested in the response of culm dimension to environmental variables, and BRT analysis
allows non-linear modelling of a response variable to predictor variables as well as identification

of predictor variables that most explain the distribution of a response variable (De’ath &
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Fabricius 2000, Hastie et al. 2001, Elith et al. 2008). To investigate the adaptive significance of
culm diameter variation, we identified environmental variables that best explained the variation
in culm diameter. In the model, a Gaussian distribution (for the continuous response variable)
with a bag fraction of 0.75, a tree complexity of 5 and alearning rate of 0.001 was used.
Predictive deviance of the model was used to provide a goodness-of-fit measure between
predicted and raw data and is expressed as a percentage of the null deviance (De’ath & Fabricius
2000, Hastie et al. 2001, Leathwick et al. 2008). The relative importance of predictor variables
was assessed according to the method of Elith et al. (2008). Partial dependence plots, which
display the influence of a predictor variable on the response variable after accounting for the
average effects of all the other predictor variables, were produced to visualise the results of the

model.

RESULTS

EFFECT OF CYLINDER DIAMETER ON WATER AND HEAT LOSS OF FILTER PAPER
CYLINDERS WITH VARYING WIND SPEEDS

Based on data from filter paper cylinders, the physical relationship between water loss and culm
diameter followed a negative power relationship. Evaporation increased with increasing wind
speed. With minimal wind (no detectable wind movement), there was 4.5-fold variation in
evaporation across the range of diameters examined (Fig. 1a) whereas at the highest wind speed
(1.3 m s™") the variation range was 4-fold. As wind speed increased, boundary layer thickness as
well as variation in boundary layer thickness was reduced (Fig. 1b). With minimal forced
convection, estimates of boundary layer thickness, based on the equations of Nobel (2005),
varied from 1.3 mm to 3.2 mm while at the highest wind speed boundary layer thickness varies
from just 0.4 mm to 0.9 mm. The large reduction in boundary layer thickness and variation with
increasing wind speeds did not result in reduced effects of variation in boundary layer on
evaporation. Heat loss of filter paper cylinders was greater for narrow cylinders, with narrow
cylinders being just 1°C warmer than ambient while wide cylinders were 2 °C warmer than
ambient (Fig. 1c). At higher wind speeds, the effect of boundary layer thickness on cooling was
reduced. Although irradiation was minimal, the water used was slightly warmer than the ambient

temperature, resulting in filter paper being warmer than ambient.
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With no wind, six of the 18 samples had mixed convection, while for the other 12 samples forced
convection occurred (Fig. 2). Free convection only occurs at Re’/GR close to 0.1, and despite
reducing wind movement in the chamber as far as possible, free convection did not occur. With
increasing wind speed, the rate of water loss per unit diameter increased but then levelled off
(Fig. 3). Thus the effect of wind speed increased up to a certain point, after which further
increases in wind speed have little effect. This levelling off occurs at quite a low wind speed (ca.
0.4 ms™') and at this wind speed the effects of variation in boundary layer thickness on water loss
were still evident. Boundary layers of cylinders differ from those of planar leaves due to their
cylindrical shape. For the same dimension and wind speed (diameter for cylinders and for planar
leaves the diameter of the widest circle that can be drawn in the leaf) cylinders tend to have
thicker boundary layers (Fig. 4a). The difference in boundary layer size between leaves and
cylinders increased with increasing dimension. Water loss curves were similar for filter paper
cylinders and planar leaf-replicas and both were fitted with power functions (Fig. 4b). Since the
ambient temperature was 20°C when measurements for cylinders were taken, the leaf-replica
curve at 20°C and minimal wind and the cylinder curve at 0 m s could most readily be
compared. This cylinder water loss curve was steeper than the leaf-replica curve, indicating that
water loss for culms of dimensions greater than 0.5 cm is extremely low and increases very
rapidly for dimensions less than 0.5 cm. The leaf-replica curve levelled out more gradually, and
the decrease in water loss with increasing dimension was less pronounced. With increasing wind
speed (for leaf-replicas) and temperature (for cylinders), cylinder and planar leaf-replica water

loss curves were remarkably similar.

GAS EXCHANGE AND CULM TEMPERATURE VARIATION WITH RESTIONACEAE
CULM DIAMETER

For Restionaceae of varying diameter, transpirational water loss showed a negative power trend
with culm diameter (Fig. 5a). This pattern was evident both within individuals and species and
between species. Culm diameter decreased with increasing distance from the base, as did water
loss. On average, the narrowest culms (0.02 cm) transpired eight times faster than did the widest
culms (0.45 cm) (Fig. 5a). Water loss per stoma followed a similar negative power function,
suggesting that the differences in water loss with different diameters are not ar esult of
differences in stomatal control (Fig. 5b). Water loss from culms was lower than that of filter

paper cylinders because filter paper water loss represents unhindered evaporation from a surface,
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whereas for culms water loss occurs only through stomata. The influence of boundary layer
thickness was also evident for CO, exchange where the narrowest culms photosynthesized nine-
fold faster than the widest culms (Fig. 6a). Very narrow culms also had significantly higher
conductances compared to wide culms (Fig. 6b). Narrow culms had culm temperatures 2°C lower
than broad culms (Fig 7a). There was no correlation between culm diameter and stomatal density
(Fig. 7b), indicating that the gas exchange results were not due to differences in stomatal density,

but rather the influence of boundary layer thickness on gas conductance.

CULM ALLOMETRY

Height was strongly correlated with basal diameter and followed a positive power curve (Fig. 8a).
A doubling in height required a 2.5-fold increase in culm basal diameter. The relationship
between basal diameter and SCA (taken near the base) followed a negative power curve, with
narrow culms having very high SCA values (Fig. 8b). Above 5 mm basal diameter, SCA levels
off and further increases in diameter produced little change in SCA. There was no correlation
between culm dimension and stomatal or tissue densities nor SCA and stomatal or tissue
densities. Correlations of samples taken at two-thirds the length of the culm and the top of the

culm did not differ from those of samples taken at one-third the length of the culm.

ASSOCIATION OF CULM DIAMETER WITH CLIMATE

PIC analysis indicated that basal culm diameter was significantly correlated with maximum
continentality, the proportion of rain in spring, autumn and winter as well as minimum altitude
(Table 1). Basal diameter increased with increasing maximum continentality. Narrow culms
tended to have a low maximum proportion of rain in spring and autumn and a high minimum
proportion of rain falling in winter. Narrow culms were also correlated with high minimum
altitude. The predictive deviance of the BRT model, estimated using a cross validation process,
was 64.8 % indicating good fit between raw values and values predicted from independent data
(Leathwick et al. 2008). Maximum continentality was the most influential predictor, with narrow
culmed species occurring at low maximum continentality values, which tend to be nearer the
coast (Fig. 9a). Species with very narrow culms tended to occur in areas with moderate maximum
and low minimum summer temperatures (Figs. 9 ba nd c). These species received alarge

proportion of rainfall during spring (Fig. 9d), low amounts in winter and very little falling during
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autumn (Figs. 9 e and f). Since three of the six most influential variables were to do with what
proportion of rain fell in which season, rainfall seasonality plays an important role in the response

of basal culm diameter.

DISCUSSION

The African Restionaceae are widespread in the CFR and form a dominant structural component
of the vegetation. The family includes approximately 350 species (Linder et al. 2005) that occupy
a variety of habitats, from valley bottoms, streambanks, wetlands and high altitude habitats to dry
karroid shrubland. While all Restionaceae produce evergreen, cylindrical culms, the variation in
culm diameter is considerable, ranging from 1 mm to 3 cm. We investigated the functional
consequences and adaptive significance of variation in culm diameter and found considerable
evidence showing that variation in culm diameter significantly influences plant physiological

functioning and may be adaptive for particular environmental conditions.

Cylinder diameter significantly influenced water loss, demonstrated for both filter paper cylinders
as well as Restionaceae culms. The relationship between culm diameter and water loss was
described by a negative power curve, with the narrowest culms (0.02 cm) transpiring eight times
faster than the broadest culms (0.45 cm) (Fig. 5a). For culm diameters less than 0.1 cm,
transpiration increased rapidly with decreasing diameter. However, for culms greater than 0.1 cm,
variation in transpiration was not considerable. Thus, the strong influence of culm diameter on
water loss is significant only for the narrowest culms. Both stomatal and boundary layer
conductance determine transpiration rate, and despite stomatal control of transpiration, the
influence of boundary layer on water loss was still evident (Fig. 5b). High transpiration rates
could be dangerous for plants and could lead to reduced leaf water potential (Lambers et al.
1998). But narrow culms have an ability to lose water rapidly and also to tightly control their
transpiration rate because for narrow culms stomatal conductance is less than boundary layer
conductance and any change in stomatal conductance has an impact on transpiration. Wider
culms have lower boundary layer conductances and changes in stomatal conductance have less of
an influence on transpiration. Similar results have been reported for leaf dimension variation in

Cape Proteaceae (Yates et al. 2010). What is the adaptive significance of high transpiration?
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Cape Restionaceae are generally found on sandstone-derived soils which are critically deficient
in plant nutrients, particularly nitrogen and phosphorous. In these environments, the ability to
transpire rapidly when water is plentiful may have crucial consequences for nutrient uptake.
Species with narrow culms received a very high proportion of rain during spring and rainfall
seasonality was an influential predictor of culm diameter. The strong rainfall seasonality in the
CFR results in a transient period of nutrient availability, because nutrient uptake is only possible
when water is plentiful. Transpiration drives the movement of water and dissolved nutrients
through the soil towards the roots by mass-flow (Barber 1995). Cramer et al. (2008)
demonstrated a nutrient-transpiration link, where transpiration rates were found to be higher in
nutrient-constrained Ehrharta calycina plants. The strong link between water and nutrient flux
has been highlighted by Cramer et al. (2009). Recent research has revealed that nutrient
availability may be a highly important environmental cue in regulating the degree of stomatal
aperture (Desikan et al. 2002, Dodd et al. 2003). In Thamnochortus punctatus, root and rhizome
development occurred during the wet winter months (Stock et al. 1987), demonstrating that
nutrient uptake occurs during this time. Thus, the ability to transpire rapidly when water is
plentiful may significantly enhance nutrient uptake and thus a plant’s competitive advantage in
this nutrient-poor, seasonal environment. We propose that narrow culm diameters facilitate high
transpiration rates and are adaptive for highly seasonal, nutrient-poor environments that receive

most of their rainfall during spring.

A negative power curve was also found for the relationship between culm diameter and
photosynthesis (Fig. 6a). Since boundary layer thickness influences movement of gases into and
out of the leaf, this result was not unexpected. However, the influence of boundary layer on CO;
uptake was not found in Cape Proteaceae (Yates et al. 2010), which may have been because of
complex leaf structures and also because photosynthesis is biochemically regulated. High carbon
assimilation concomitant with rapid transpiration during transient periods of high water
availability, such as spring, would enable efficient capitalisation of available nutrients. Excess
carbon could be stored and used at a later stage. Additionally, during spring temperatures are
favourable for photosynthesis. Thus, while water and nutrients may be available during winter,
transpiration and photosynthesis are temperature-dependent processes and may not be favourable
during the colder winter months. While temperatures may be favourable during summer, water is
limited and high assimilation rates may not be feasible. In Thamnochortus punctatus, culm

elongation occurred in the warmer, but drier, spring to summer period (Stock et al. 1987),
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demonstrating an asynchronous growth pattern that supports our theory of capitalisation of
nutrients when nutrients are available, storage and use when needed. Nicotra et al. (2008) showed
that leaf dissection in Cape Pelargonium was associated with high assimilation rates and low
water use efficiencies, which are suggested to promote carbon gain and water delivery during
periods of high soil moisture (Nicotra et al. 2008). We propose narrow culms facilitate high
assimilation rates during spring, enabling efficient capitalisation of resources when they are

available, which is an adaptive strategy in this highly seasonal environment.

Culm diameter influences cooling through its affect on boundary layer thickness in two ways;
heat lost through evapotranspirational cooling (latent heat loss) and convective and conductive
heat loss (sensible heat loss) (Nobel 2005). Both the filter paper cylinder experiment and the
culm gas exchange measurements revealed that, in the absence of wind, heat loss was improved
for narrow diameters. But in both cases this may have been largely due to evapotranspirational
cooling rather than sensible heat loss. If evapotranspirational cooling, which would be higher for
narrow culms, was excluded the differences in temperature between narrow and wide culms and
cylinders would certainly be nullified. Unfortunately, assessing the contributions of latent and
sensible heat loss to cooling is tricky and sensible heat loss may be important on hot windless
days when transpirational cooling is not feasible. For Restionaceae culms, a difference of 2°C
was shown between the narrowest and broadest culms when wind was minimal. An elevated leaf
temperature 6°C higher than ambient in Abies amabilis, a subalpine forest tree, was shown to
have no significant impact on carbon gain during the growing season (Martin et al. 1999). The
2°C difference in temperature between the narrowest and the broadest Restionaceae culms is
unlikely to significantly influence temperature-dependent plant physiological function.
Furthermore, we have shown that narrow-culmed species were associated with cool summers
(Figs 9b and c). The difference in temperature of 2°C between broad and narrow culms and the
evidence that they are associated with cooler summers suggests that narrow culms are not

adaptive for hot summer conditions.

Boundary layer thickness has been proposed to play a role in cooling when wind is negligible and
‘free convection’, caused by density differences associated with the temperature gradient across

the boundary layer, dominates heat loss (Roth-Nebelsick 2001). When wind is present, ‘forced
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convection’ dominates heat loss (Roth-Nebelsick 2001). When temperatures are high and wind is
low, evapotranspirational cooling could be disadvantageous and the improved sensible heat loss
of narrow culms may facilitate improved culm cooling. In the absence of wind, water loss from
filter paper cylinders in the laminar flow chamber led to cases of mixed and forced (30 and 60 %
of samples, respectively) convection (Fig 2.). Based on these results, we suggest that free, and
even mixed, convection would be rare in nature, in agreement with Roth-Nebelsick (2001). As
wind increases above 0.5 m s, forced convection increases and variation in culm diameter
becomes less significant for cooling. High wind speeds have also been proposed to nullify the
effects of variation in boundary layer thickness on water loss by reducing the thickness of the
boundary layer surrounding as tructure. While increasing wind speed increased water loss,
variation in water loss with diameter was still evident. Furthermore, as wind increases, water loss
increased but then levelled off. From this evidence, we propose that increasing wind speed
increases water loss to a certain point (0.4 m s™ in our experiment), after which further increases
in wind have no effect on water loss. In addition, we propose that wind does not nullify the

effects of variation in diameter on evaporative water loss.

Variation in culm dimension influences the whole plant, through its effect on boundary layer
conductance, which alters movement of gases in and out of the leaf as well as heat exchange.
Narrow culmed species tend to be shorter than wider culmed species (Fig. 8a). These plants may
occur in the vegetation understory where wind is negligible and the high boundary layer
conductance associated with narrow culms may be crucial for transpiration and photosynthesis.
Narrow culmed species also had higher SCA values. For leaves, specific area has been linked to
relative growth rate, resource allocation and growth strategies (Poorter 1989). Species with high
specific area tend to have af ast relative growth rate but are shorter-lived. The higher
photosynthetic rates of narrow culmed species may also be linked to faster growth rates. It is not
clear whether narrow and broad culmed species have vastly different life spans and life-history
strategies. There are several other potential functions of culms that have not yet been explored.
Restionaceae are wind pollinated and the culm structure may play a role in pollen collection from
the wind. Restionaceae also occur in extremely windy environments and the culm structure may

prevent damage, and potential loss of photosynthetic tissue, during windy periods.
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Culms reflect adaptations to various ecological conditions, as do leaves (Givnish 1987).
Exploring the biophysical consequences of plant structure helps us to understand how plants cope
and thrive under particular environmental conditions. This study has shown that variation in culm
diameter has important consequences for gas and heat exchange. Our data suggest that narrow
culms function to enhance water loss and assimilation during spring when water and nutrients are
available and temperatures are favourable for photosynthesis. While stomata control water and
CO, exchange to alarge extent, we suggest that reduced boundary layer resistance achieved
through narrow culm dimensions confers a capacity for water loss and CO, uptake when water is
plentiful. An important aspect of reduced boundary layer resistance is that it confers greater plant
control on water and CO, exchange. This enhanced control facilitates water loss and assimilation
when water is plentiful, but reduced water loss during summer and autumn when water

availability is low, which may be particularly important in highly seasonal environments.
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FIGURE LEGENDS

FIGURE 1: Variation in water and heat loss with varying filter paper cylinder diameter and
boundary layer thickness. a) the physical relationship between cylinder diameter and evaporation
measured gravimetrically at four different chamber wind speeds in a laminar flow chamber.
Evaporation was fitted with negative power functions using Non-linear Least Squares (NLS)
Regression [0 ms™: 4.02x %7 r=0.99,05ms™: 12.15x *®r=0.87,1.0ms": 1326 x *® r=
0.98, 1.3 ms™: 14.36 x "' r =0.96 where x = cylinder diameter (cm). P < 0.001 for all slopes
and intercepts] b) relationship between cylinder boundary layer thickness and evaporation,
demonstrating the decrease in boundary layer thickness and variation with increasing wind speed.
¢) Variation in the difference between paper temperature and ambient temperature (DT) with
cylinder diameter. DT was fitted with straight lines using NLS Regression [0 m s™': 0.25%* (x) +
0.91%** r=0.65,0.5ms™: 0.07 (x) + 0.75*** r=0.23, 1.0 ms™: 0.004 (x) + 0.42** r = 0.01, 1.3
ms™:0.005 (x) + 0.44%* r = 0.95 where x = cylinder dimension (cm). For **: P < 0.01, ***: P <
0.001] d) Variation in DT with boundary layer thickness illustrating the decrease in boundary

layer thickness and variation with increasing wind speed.

FIGURE 2: Slope of the ratio of forced convection to free convection, Re*/Gr, with varying
boundary layer thickness in minimal wind. The horizontal line, y = 10, indicates the threshold
between mixed and forced convection. Free convection occurs only when Re?/Gr is less than 0.1.
A negative power curve was fitted using NLS regression [y = 114.56%%% x “2%%#% where x =

boundary layer thickness (mm). r = 0.97. For *** P <0.001].

FIGURE 3: Slope of evaporation per cylinder diameter increases with increasing wind speed but
then levels off. A logarithmic function was fitted using NLS Regression [y = -1.16** log(x) -
8.0329*** where x = wind speed. r = 0.99. For ** P <0.01, ***: P <0.001]

FIGURE 4: a) Theoretical difference in boundary layer thickness between a leaf and a cylinder of
the same dimension, calculated with a velocity of 1 m s”'. While leaves and cylinders have the
same scaling component for boundary layer thickness, cylinders have thicker boundary layers

due to their shape. b) Comparison of dimension-water loss curves for filter paper cylinders and
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planar leaf-replicas. Cylinder water loss was measured at 20°C. Water loss curves for leaf-
replicas were obtained from Yates et al. (2010) and had been measured with minimal wind and
irradiance. Culm replica curves: 4.02x%77 12.15x%76,13.26x%%,14.36x %" at 0, 0.5, 1.0 and 1.3
ms’, respectively. Leaf-replica curves: 57758, 7.07x%%8 12.51x%™ at 8, 20 and 30°C,

respectively.

FIGURE 5: Variation in evaporation with culm diameter. Measurements were taken at the base,
mid and top of each culm. Curve parameters for each slope were compared using a Student’s Test
to assess differences. For both evaporation and stomatal water flux curve parameters did not
differ significantly (P > 0.05) for the 3 curves and one curve, for all positions, was fitted (dashed
line). a) Variation in transpiration (E) with culm diameter (CD) measured on intact, well-watered
plants with the Licor infra-red gas analyser with block temperature set to 25°C. A negative power
function was fitted [E = 0.58*** CD '0'64***] b) Evaporation expressed per stoma. A negative
power function was fitted [E = 6.43%** CD %] For *** P < 0.001. The ahistorical
correlation coefficient, r, as well as the historical (PIC) correlation coefficient and P-value are

shown.

FIGURE 6: Variation in photosynthesis and stomatal conductance with culm diameter (CD).
Measurements were taken at the base, mid and top of each culm and then averaged for each
species. Curve parameters for each slope were compared using a S tudent’s Test to assess
differences. For both photosynthesis and stomatal conductance, curve parameters of the 3 curves
did not differ significantly (P > 0.05) and one curve, for all positions, was fitted (dashed line). a)
Variation in photosynthesis (A) with culm diameter (CD) was fitted with a negative power
function [A = 1.61*** CD 7 ***]_ b) Stomatal conductance variation with culm dimension. A
negative power function was fitted [Conductance = 0.03*** CD 071 k] For *** P < 0.001.
The ahistorical correlation coefficient, r, as well as the historical (PIC) correlation coefficient and

P-value are shown.

FIGURE 7: a) Variation in culm temperature with culm diameter (CD). Culm temperature was

measured on intact, well-watered plants with the Licor infra-red gas analyser with block
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temperature set to 25°C. Measurements were taken at the base, mid and top of each culm. Curve
parameters for each slope were compared using a Student’s Test to assess differences. Curve
parameters of the 3 curves did not differ significantly (P > 0.05) and one curve, for all positions,
was fitted (dashed line). A positive power function was fitted [Temperature =2 7.2*** CD
0.023*** For *** P < (.001]. The ahistorical correlation coefficient, r, as well as the historical
(PIC) correlation coefficient and P-value are shown. b) There was no significant correlation

between culm dimension and stomatal density.

FIGURE 8: Culm structural relationships of 39 species collected from a common garden. a) The
relationship between culm basal diameter and height was non-linear and followed a positive
power curve. b) The relationship between culm basal diameter and SLA followed a negative
power curve. Historical (PIC) correlation coefficients (r) and P-values are shown. Error bars

indicate standard error.

FIGURE 9: Partial dependence plots for the six most influential variables on culm basal diameter
in the BRT model. Functions illustrate the response of culm diameter to a particular

environmental variable while all other predictor variables are kept at their average values.
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TABLE 1: PIC correlation results for the response of basal diameter to climate variables. Basal
diameter values for 248 species were obtained from Intkey (Linder 2004). * indicates
significance at the alpha = 0.05 level, *** at alpha < 0.001.

r P-value
Minimum MAP -0.023 0.359
Maximum MAP 0.069 0.139
Minimum Altitude -0.114 | * 0.036
Maximum Altitude 0.004 0.471
Minimum proportion of rain in Summer 0.022 0.361
Maximum proportion of rain in Summer 0.025 0.346
Minimum proportion of rain in Autumn -0.007 0.454
Maximum proportion of rain in Autumn 0.267 | * 0.000
Minimum proportion of rain in Winter -0.194 | *** 0.001
Maximum proportion of rain in Winter -0.071 0.131
Minimum proportion of rain in Spring 0.058 0.181
Maximum proportion of rain in Spring 0.144 | * 0.011
Maximum temperature in the hottest month -0.008 0.449
Minimum temperature in the hottest month -0.054 0.195
Minimum temperature in the coldest month -0.010 0.435
Maximum temperature in the coldest month 0.096 0.065
Minimum Apan -0.084 0.093
Maximum Apan 0.014 0.410
Minimum Continentality -0.047 0.229
Maximum Continentality 0.125 | * 0.025




APPENDIX

Al. Species used for the gas exchange measurements. Gas exchange measurements were taken at
the top, mid and base of the culm and diameters (cm) are shown here, in descending order of

diameter at the base.

Diameter | Diameter | Diameter

Species base mid top

Elegia fistulosa 0.45 0.34 0.23
Elegia capensis 0.33 0.33 0.09
Thamnochortus spicigerus 0.32 0.30 0.14
Rhodocoma capensis 0.31 0.31 0.17
Elegia tectorum 0.30 0.20 0.12
Elegia cuspidata 0.30 0.25 0.12
Restio subverticellatus 0.27 0.24 0.04
Restio paniculatus 0.25 0.20 0.09
Restio tetragonus 0.24 0.21 0.14
Rhodocoma foliosa 0.22 0.18 0.05
Restio multiflorus 0.22 0.16 0.01
Restio quadratus 0.21 0.16 0.08
Thamnochortus fraternus 0.18 0.16 0.13
Thamnochortus insignis 0.16 0.14 0.09
Restio festuciformis 0.15 0.14 0.02
Restio similis 0.11 0.06 0.02
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A2. Culm trait measurements for 39 Restionaceae grown in a common garden. Trait

values are shown for samples taken at one-third of the length of the culm. Stomatal

density could not be obtained for Thamnochortus cinereus due to extensive hairs on

the culm surface.
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CHAPTER 3

THE EVOLUTION OF NOVEL ANATOMICAL TRAITS IN RESTIONOIDEAE
(RESTIONACEAE) FACILITATED OCCUPATION OF ARID HABITATS

ABSTRACT

1.

Diverse culm anatomical features found in African Restionaceae, such as
multiple forms of stomatal architecture, epidermal cell wall thickening,
epidermal hairs and papillae, varying sizes of sub-stomatal chambers,
thickening of the sclerenchyma and tannins, have been associated with

xerophily, but the adaptive significance of these traits remains unknown.

. I hypothesised particular anatomical traits are adaptations to xerophily and

that the evolution of these novel anatomical traits facilitated movement to arid
climate and habitat conditions. In addition, I postulated that with reversion to
wet conditions, these derived traits would be lost.

I used correlative and experimental methods to test which of the rich diversity
of anatomical structures were linked to more arid conditions and whether the
evolution of particular traits was associated with arid conditions. Boosted
regression trees were used to explore the correlation between the number of
derived traits (as an indication of specialisation) and environmental variables
and to identify the most influential environmental predictors of anatomical
specialisation. In addition, I performed Fisher’s Tests of association of each
anatomical trait with 30 habitat types. Because our environmental data
consisted of categorical habitat and continuous climate variables, two types of
evolutionary test were used. Evolutionary associations of anatomical traits and
habitats were tested using the Contingent States Test, as well as variations
thereof. Phylogenetically Independent Contrasts (PIC) were used to evaluate
the association of derived features with climate variables. The influence of
anatomy on physiological functioning was investigated by taking gas
exchange measurements of 16 Restionaceae species.

Anatomically specialised species (i.e. those with many derived anatomical
traits) were associated with arid conditions, including high continentality, high

A-pan evaporation and low rainfall, especially during autumn and spring.
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Correlative tests showed that derived traits had evolved contingent upon and
concurrent with shifts to arid habitats. Furthermore, derived traits were lost
with movement back to wet habitats (three times more significant reversals in
derived traits occurred with shift to wet compared to dry habitats).
Phylogenetically Independent Contrast correlations also showed that derived
traits, such as thickened lateral epidermal walls, ground tissue with scattered
cavities and slightly sunken stomata, were correlated more with arid than wet
climate conditions, further corroborating the evolutionary habitat tests.
Anatomical traits influenced gas exchange and therefore play arole in plant
physiological functioning.

5. The evolution of novel anatomical traits probably facilitated occupation of a
wide range of habitats, particularly arid conditions created during the mid
Miocene climate change, explaining the ubiquity of Restionaceae in the Cape.
Furthermore, these adaptations have significantly contributed to the diversity
in form and function of this clade. Similar trends have been found in
Australian Proteaceae, suggesting that microevolutionary processes such as

these may play a significant role in adaptive radiations.

Keywords: anatomy, adaptation, Cape flora, climate change, culm, Restionaceae,

selective regime

INTRODUCTION

Traits are considered ‘adaptive’ to a particular selective regime when they enhance
performance in a way that increases survival or reproduction within that selective
regime and when their evolution has been driven by that selective regime (Gould &
Vrba 1982, Baum & Larson 1991). Testing for function identifies a trait as aptive
within a particular selective environment, but fails to distinguish whether the
evolution of that trait was powered by that selective environment (i.e. it is adaptive to
that selective environment) or by another (exaptive traits — aptive traits that differ in
their historical genesis i.e. they evolved under a different selective regime) (Gould &
Vrba 1982). Phylogenetic congruence between trait evolution and a measured

performance advantage provides evidence that the trait has evolved through natural
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selection (Greene 1986) and the possibility of defining the selective regime, i.e. a set
of factors that influence the action of natural selection on the trait (Baum & Larson
1991), makes this aspect of the study of adaptation feasible. Identifying adaptations
and understanding their evolutionary history is important because it gives an
indication of why the particular trait arose. Furthermore, these traits can lead to

adaptive radiations and facilitate occupation of new habitats.

Radiations in a lineage are defined as adaptive when speciation is associated with
phenotypic and ecological divergence (Schluter 1996). Thus, lineages in which
adaptive radiations have occurred have highly diverse morphologies and functions
(Losos & Miles 2002), compared to non-adaptively radiated lineages in which species
are similar, and replace each other spatially rather than ecologically (Rundell & Price
2009). Adaptive radiations typically occur when new resources become available and
novel adaptive traits facilitate utilization of these new resources. Novel traits can
facilitate innovative exploitation of the environment and allow movement of lineages
to a new adaptive zone (Baum & Larson 1991). While phylogenetic data are often
used to provide evidence of adaptive radiation, assessing the evolutionary and
functional links between phenotype and environment is a more direct, but less
commonly used, method (Losos & Miles 2002, Harmon et al. 2003, Verboom et al.
2004). Verboom et al. (2004) provided evidence for an adaptive radiation in
Ehrharta, a group of grasses that radiated in the arid Cape region, by identifying
morphological forms that allowed the evolution of an annual habit on more nutrient-
rich soils. Anatomical traits can also function as innovations stimulating major
radiations: the recent radiation of a very large ruschioid clade (Aizoaceae) of 1563
species in the Succulent Karoo has been linked to the evolution of wide-band
tracheids, suggesting that they may function to withstand water stress (Klak et al.
2004). It is also possible that the radiation of the PACCAD clade of grasses (Kellogg
2000, 2001) was linked to the repeated origin of C4 photosynthesis based on the
curious grass leaf anatomy, and that this in turn drove the anatomical diversification
of grass leaves (Metcalfe 1960). Thus, anatomical traits can play a significant role in

adaptation to novel environments and may lead to adaptive radiations.

81



Adaptation to particular environments in the highly heterogeneous Cape may be a key
driver of morphological diversification and speciation in this region. The Cape
Floristic Region (CFR), which lies in the southwestern Cape, has an extraordinarily
high number of species, 9000 in just 90 000 km? as well as high endemism (Goldblatt
& Manning 2000). This region has been a hotbed of radiations, with radiations of
many Cape floral clades dated to the Middle Miocene (Linder 2003, 2005, Verboom
et al. 2009). While environmental correlates of some of these radiations have been
studied, our knowledge of the underlying adaptive, or non-adaptive, process is
limited. A study by Ellis, Weis & Gaut (2006), which found evidence that phenotypic
divergence in Argyroderma (Aizoaceae) had arisen in response to habitat selection
and flowering phenology, is one of the few studies investigating these underlying
processes. More recently, Rymer et al. (2010) investigated mechanisms of speciation
in the Gladioulus carinatus (Iridaceae) species complex by evaluating differences in
spatial occurrence, phenology, floral morphology, genetic isolation and genomic
selection. Furthermore, several Cape clades have unusual structures - ericoid leaves
with rolled margins, hairy and sclerophyllous leaves, leaf succulence, bladder cells,
needle-like or highly dissected leaves, tannins and other secondary metabolites — that
are superficially treated as adaptations (Linder et al. 2010). In addition, there is a
remarkable richness of geophytes, also attributed to their increased ability to tolerate
the summer dry conditions (Proches et al. 2005a, Proches et al. 2005b). Despite the
abundance of peculiar structures in the Cape and the phylogenetic evidence for
adaptive radiations in many Cape clades, there have been few critical tests (but see
Verboom et al. 2004, Yates et al. 2010) demonstrating the function and historic

origins of these structures.

The African Restionaceae (subfamily Restionoideae, Briggs & Linder 2009) is a
suitable group in which to investigate the potential role of anatomical adaptation in
supporting an adaptive radiation. The subfamily includes some 350 species, which
have radiated since the Eocene in the Cape Floristic Region (Linder et al. 2005), thus
constituting one of the largest Cape clades. Almost all of the species are endemic to
the Greater Cape Floristic Region (GCFR, Born et al. 2006), which includes both
fynbos and succulent karoo biomes. The family Restionaceae consists of ca. 490

species and is mostly spread through the southwestern tip of southern Africa and
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southern Australia (Linder 2000), with outliers north into Indochina, tropical Africa
and South America. The whole family is wind pollinated, with relatively simple
flowers. The Restionoideae are typical of the common fynbos vegetation of the CFR,
is often the dominant element (Taylor 1978, Rebelo et al. 2006), and occupy a diverse
array of habitats, from permanently waterlogged wetlands to dry karroid shrubland.
The culm anatomy of Restionaceae is rather unusual, as these are not only evergreen
and persistent, but also the main photosynthetic organ in the family. The basic
organisation of the culm (with a central ground tissue with embedded vasculature, a
sclerenchymatous ring encircled by a parenchyma ring, and an outer green
chlorophyllous ring) (see Fig. 1) is constant through the whole family. The
Restionoideae, in particular, with ca. 354 species, have highly diverse culm anatomic
forms ranging from the large, hollow culms of several Elegia species to the highly
sclerified, narrow culms of Restio karooicus. Elaborate forms of stomatal architecture,
epidermal cell wall thickening, epidermal hairs and papillae, varying sizes of sub-
stomatal chambers, thickening of the sclerenchyma and chlorenchyma cavities (Van
Greuning & Van der Schijff 1973) are just some of the curious anatomical features
that have evolved within this group (Gilg 1891, C utler 1969, Botha 1982, Linder
1984).

The remarkable culm anatomy of Restionaceae has generally been interpreted as a
response to aridity (Gilg 1891, Cutler 1969, Linder 2000, Pfitzer 1870). Studies in the
19" century sought narrative explanations for these unusual structures, often with
reference to functional investigations. Two sets of functions have been proposed. The
first, most commonly invoked function is to reduce transpiration. Protective cells
enclosing the substomatal cavity have been suggested to slow down water loss in arid
conditions (Gilg 1891). Such substomatal cavities increase CO, uptake (Roth-
Nebelsick 2007) by conducting the gas past the thick and impervious cuticle deep into
the chlorenchyma. In the Restionoideae the protective cells lining the substomatal
cavities are cuticle-lined (Linder 2000), which functions in reducing transpiration
(Roth-Nebelsick 2007). The variety of stomatal architectural forms in Restionaceae,
from stomata protruding on tubercles to sunken stomata, may also be associated with
regulating transpiration rate (Jordan et al. 2008), but their effects are not always so

obvious (Roth-Nebelsick 2007). A second function might be to provide mechanical
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strength, and this has been applied to the protective cells, ribs and false pillar cells, as
well as the sclerenchyma sheath (Pfitzer 1870, Gilg 1891, Cutler 1969, Linder 2000).
Ribs and pillar cells were proposed to prevent drought-induced damage from
spreading through the culm (Pfitzer 1870) and to prevent loss of structure in arid
conditions by providing mechanical strength (Gilg, 1891). In dry conditions,
Restionaceae culms experience huge tensile forces (Moll & Sommerville 1985, van
der Heyden & Lewis 1989) and mechanical strength may be crucial in maintaining
culm structural integrity. A third set of explanations might be associated with the
requirement to maximize transpiration when water is available, in order to optimize
the mass-flow harvesting of soil nutrients (Cramer et al. 2009). Support for these
explanations has been found in the convergent evolution of certain anatomical traits in
African and Australian Restionaceae, associated with the occupation of more
seasonally droughted habitats (Cutler 1972, Linder 2000). Thus, several of these
anatomical traits have been speculated to function in drought tolerance, but

correlative and experimental tests are lacking.

Here I used correlative and experimental methods to test which of the rich diversity of
anatomical structures are linked to increasingly arid conditions, thus attempting to
detail the proposal of Cutler (1972) and Linder (2000) of gradual adaptation in
increasingly arid conditions. In particular, I used correlative methods over the whole
clade to test for functional association between aridity and the derived epidermal
structures (thickened cuticle and massively enlarged lateral epidermal walls), the
stomatal position variation, the variation in the development in the protective cells,
the variation in the thickness of the sclerenchyma cell walls, and finally in the
formation of scattered cavities and solid tissue, or indeed the loss of cavities, in the
ground tissue. I also directly tested the gas exchange rates of different culm
anatomical types on a small subset of species. Secondly, I tested whether the totality
of anatomical novelties might be linked to greater drought tolerance, and the extent to
which this could be associated with the evolution and persistence of the species
diversity within the Restionoideae. I hypothesised that particular anatomical traits are
adaptations to xerophily and that the evolution of these novel anatomical traits
facilitated movement to arid climate and habitat conditions. In addition, I postulated

that with reversion to wet conditions, these derived traits would be lost. This reversal
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test is important because loss of atrait in response to a s elective regime reversal

corroborates the hypothesis that the trait is an adaptation to that selective regime.

MATERIALS AND METHODS
PHYLOGENY AND CLASSIFICATION

The Hardy et al. 2008 highest likelihood tree, which was based on plastid DNA
sequence variation and morphological data, was used for ancestral state reconstruction
of anatomical and habitat traits and historical tests of association. Taxonomy follows
for the Restieae (Linder & Hardy 2010) and for the Willdenowieae (Linder 1985,
except for additions). Species for which DNA sequence data were lacking were
placed into resolved positions using morphology, a method that placed these taxa

quite accurately (Hardy et al. 2008).

RESTIONACEAE CULM ANATOMICAL CHARACTERS

Detailed anatomical descriptions of each character were taken from the African
Restionaceae Intkey identification and description system (Linder 2004). Each species
was checked against the comprehensive slide collection at the Institute for Systematic
Botany, University of Zurich. These sections had been prepared by boiling culm
internodes in soapy water. Mid-internode transverse sections were cut by hand
microtome at 10-20 pum, stained with safranin, which stains phenolics red, and Alcian
blue, which stains cellulose blue, and mounted in DPX or Canada Balsam. Only one
specimen was studied per species. Forty five anatomical characters which were
variable were scored as discrete characters from culm cross-sections of 274
Restionaceae species (see Table 1 for a list of traits). The terminology for the various
anatomical structures follows Cutler (1969). A description of the anatomical
characters is also given online
(http://www.systbot.unizh.ch/datenbanken/restionaceae/restionaceae.php).  Derived
anatomical features were identified by mapping anatomical traits over ar ooted
phylogeny, using ACCTRAN and DELTRAN parsimony reconstruction implemented
in MacClade Version 4.08 (Maddison & Maddison 2005). Modifications ranged from

the production of secondary metabolites in different tissues to drastic structural
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changes of the stomata, the epidermal layer as well as the shape of the culm (see Fig.

2).

HABITAT VARIABLES

Habitat characterizations for each species were based on field observations at
numerous localities made by HPL over a period of close to three decades, as well as
label information on some 10 000 herbarium specimens. Each species was scored as
present/absent in a series of habitat types, as defined by the protocol of Linder (2005).
Categorical habitat data simplifies the environmental conditions experienced by the
plants substantially, particularly for testing the functional link between anatomy and
environment. The different habitat types were grouped into categories (Table 2).
Habitats in the water availability category were further simplified as dry or wet (Table
2). Fine-scale habitat categories may not be biologically meaningful for the plants and
they create fewer cases, possibly causing statistical bias. Although our study focused
on wet versus dry habitat variables, we ran analyses of correlated evolution on all
habitat variables to assess whether water availability was a significant driver of

anatomical adaptation compared with other habitat attributes.

CLIMATE VARIABLES

Climatic variables were derived from distribution data of Restionaceae based largely
on the collections in the Bolus Herbarium, University of Cape Town. Using the ARC
Geographic Information System, distributions of each taxon were overlaid with
climatic variables and filtered using a 1’ x 1° grid to exclude redundancy. For each
species the minimum and maximum values for each climatic variable were obtained
from these grid cell values. Environmental variables included altitude, continentality,
mean annual precipitation (MAP), A-pan evaporation (evaporation potential of open
water, originally measured as evaporation from a Class A evaporation pan over a
period of one day), temperature in the hottest and coldest months and rainfall
seasonality (rainfall during the four seasons). Minimum and maximum values are
useful as they represent the extremes of the conditions experienced by each species
and provide insights into species’ climatic tolerances. Environmental variables for

South Africa were obtained from the South African Atlas of Hydrology and
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Climatology, Computing Centre for Water Research (CCWR), University of Natal
(Schultze 1997). Altitude was computed by a Digital Elevation Model and also
obtained from CCWR. These variables were chosen a priori to include major
environmental factors and to limit redundancy of factors, consequently potential

correlation among the variables was not investigated.

STATISTICAL TESTS

The statistical analyses of the anatomical attributes was complicated by the need to
include both categorical and continuous predictors and the incorporation of
phylogenetic information. The tests described below were structured to explore the
ahistorical and historical associations of derived traits as well as to accommodate both

types of environmental data:

TABLE 3. Details of correlative tests of anatomical traits and environmental

variables.
Test Hypotheses Phylogeny | Categorical | Continuous
Boosted Species with unusually No Yes Yes
Regression | high numbers of derived
Trees traits are associated with

arid conditions
Fisher’s Specific anatomical traits | No Yes No
Exact are aptations to specific

habitats
Fisher’s The evolution of specific | Yes Yes No
Exact anatomical traits was

contingent or concurrent

upon arid habitat types
Independent | Specific anatomical traits | Yes No Yes
Contrasts are associated with

particular climate

variables
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We used boosted regression trees (BRT) to determine whether species with unusually
high numbers of derived anatomical traits (as an indicator of the degree of anatomical
specialisation) were more commonly found in arid habitats and climate. The majority
of species had less than six derived anatomical traits (Fig. 3). BRT analysis was
implemented using the gbm package of Ridgeway (2010 version 1.6 -3.1) and
supplemented with the functions of Elith et al. (2008) carried out in R (version 2.11.0
R Development Core Team 2010). BRT analysis is a form of non-linear modelling
used to identify the response of a variable to various predictor variables and to
identify predictor variables that most explain the distribution of a response variable
(De’ath & Fabricius 2000, Hastie et al. 2001, Elith et al. 2008). Advantages of
applying this type of analysis include accepting both categorical and continuous
variables that do not require data transformation, handling missing data points and
outliers, fitting non-linear models and accounting for interactions between predictor
variables (De’ath & Fabricius 2000, Friedman & Meulman 2003). We were interested
in determining the response of derived anatomical traits to habitat and climate
conditions (a total of 47 predictor variables) to explore in which habitat species with
highly modified anatomies occurred. For each species, the numbers of derived traits
were summed to give a response variable that indicated the degree of
specialisation/derivation. In the model, a G aussian distribution (for the continuous
response variable) with a tree complexity of 5 and a learning rate of 0.001 was used.
The relative importance of predictor variables was assessed according to the method
of Elith et al. (2008). Partial dependence plots, which display the influence of a
predictor variable on the response variable after accounting for the average effects of

all the other predictor variables, were produced to visualise the results of the model.

We tested the relationship between specific derived anatomical traits and specific
(categorical) habitats with a series of Fisher’s Exact Tests, thus identifying potential
aptations. BRT analysis indicated how the number of derived traits of each species
was accounted for by the various environmental variables but failed to reveal the
association of individual derived traits with the various habitat types. In this test we
took neither phylogenetic effects nor interactions among the anatomical attributes into
account (the latter could be detected with a regression type approach, but it would be

infinitely complex). The numbers of significant associations with anatomical traits
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was counted for all habitat types to show which habitats had the most significant
anatomical associations. In addition, the number of significant habitat associations for
anatomical traits falling within each tissue type were counted to indicate which types

of tissue had the strongest associations with habitat types.

We explored the evolutionary relationship between the categorical habitat
characteristics and the anatomical traits with a series of tests constructed to determine
which anatomical traits that had evolved in response to changes in selective regime,
thus eliminating exaptations but including adaptations and nonadaptations.
Nonadaptations were eliminated by assessing losses in response to reversals in
selective regime, assuming that non-functional traits would be lost. The evolutionary
association of the derived anatomical characters with habitat types can be reduced to

three questions, each with a subtle variation in test:

1. Was the evolution of a particular anatomical character (0®1) contingent upon
the particular habitat (habitat state = 1) [Contingent States Test, (Sillén-
Tullberg 1993)]

2. Did the evolution of a particular anatomical character (0®1) occur
concurrently with a shift in habitat (0®1) [Concurrent Shift Test]

3. Was reversal of a particular anatomical character (1®0) contingent upon a

certain habitat (habitat state =1) [Contingent Reversal Test]

To answer these questions, ancestral states of categorical habitat and anatomical
variables were reconstructed using parsimony optimization as implemented in
MacClade v. 4.08 (Maddison & Maddison 2005), under both ACCTRAN and
DELTRAN resolving options. Contingent States Tests were performed to assess
whether a state transition in an anatomical character is equally likely in a cer tain
habitat (Sillén-Tullberg 1993). For the Contingent States Test, the number of origins
(0®1) and the number of places with no change (0®0) for branches with presence or
absence of the habitat variable were counted (Sillén-Tullberg 1993) (Fig. 4). These
counts were then tested for significance using Fisher’s Exact Test, in which the null
hypothesis stated that the evolution of state 1 (gain in an anatomical attribute) was
equally likely to originate under either habitat condition i.e. presence or absence of a

particular habitat (Sillén-Tullberg 1993). To test for concurrent shifts in states, the
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number of origins (0®1) and the number of places with no change (0®0) for
branches with shift (0®1) or no shift (0®0) of the habitat variable were counted. To
test whether reversals in anatomical characters were contingent upon particular
habitats for the Contingent Reversal Test, the number of reversals (1®0) and the
number of places with no change (0®0) for branches with presence or absence of the
habitat variable were counted. For all habitat types the numbers of significant
contingent states, concurrent shifts and contingent reversals of derived anatomical
features within those habitats were counted. These counts were summed for habitat
types falling under dry or wet, corrected for the number of habitat types within each
category and were then compared. In addition, we counted the number of significant
shifts, either contingent, concurrent or contingent reversals in all habitats for each
tissue type to determine whether certain tissue types had been modified in response to
water availability more than other habitat types over the evolutionary history of

Restionaceae.

The main disadvantage of the Contingent and Concurrent States Tests was that only
one tree topology could be used. Different topologies may produce different patterns
of character evolution and the concurrent or contingent change with habitat may differ
for some branches thus altering the results if a sufficient number of branches change
state. Problems in statistical testing also arose for traits with either a very small or a
very large number of changes on the tree. For traits with only one origin, statistical
testing is not possible, while traits that are plastic and have had alarge number of
changes on the tree are more likely to yield statistically significant changes. However,
traits with only one origin may also be lost several times, allowing the converse of the
initial hypothesis to be tested in a statistically meaningful way (Galley & L inder
2007). Our modification of the Contingent States test, the Concurrent Shift Test, was
less biased towards traits with several origins and identified very specific cases of

shift in anatomical trait and habitat occurring simultaneously.

To assess whether the evolution of individual anatomical features was associated with
particular types of change in continuous climate variables, independent contrast

analyses (PIC, Felsenstein 1985) were performed using Phylocom v. 4.1 (Webb et al.
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2008). For discrete anatomical traits, contrasts in the continuous climatic parameters
could only be calculated on a limited set of nodes, i.e. those across which the state of
the binary anatomical character changed. The sister-taxa (monophyletic) set of nodes
was used. Statistical significance across multiple contrasts was evaluated using a one-
sample t-test having a mean contrast =0 as its null (Webb et al. 2008). Significant
correlations were scored as arid or mesic, based on whether average environmental

values (from the PIC analysis) were higher or lower for presence of the derived trait.

EXPERIMENTAL METHODS

Sixteen Restionaceae (three plants per species) with different culm anatomies were
obtained from Kirstenbosch Nursery, Cape Town. The plants were of similar age and
had been grown from seed in 2 L plastic bags containing a 1:1 mixture of a sand and
compost. Species were selected for their variation in anatomical features. A list of

species and their anatomical traits can be found in Appendix Al.

Plants were maintained in a greenhouse with a temperature of 25°C and moved to a
temperature-controlled growth chamber set to 20 °C with a light : dark photoperiod of
14:10 h and an irradiance of 1000 pmol m? s™' two weeks prior to gas exchange
measurement. Photosynthetic rate (A), transpiration rate (E), stomatal conductance
(gs) and temperature of culms were measured using an LI-6400 Portable
Photosynthesis System (LICOR, Lincoln, NE, USA). A needle-leaf chamber was used
to accommodate sufficient culm area and to allow the boundary layer effects on gas
exchange to be included. Measurements were taken near the base of the culm.
Measurements were taken at chamber irradiance of 1000 pmol quanta m> s. The
cuvette was set to a temperature of 25°C and a CO, concentration of 400 pmol mol™.
After ca. 3 min equilibration in the cuvette, measurements were recorded. Culm
temperatures ranged from 24.1 to 26.6°C. Vapour pressure deficit averaged 1.78 kPa.
Culm temperature was calculated using energy balance equations. Stomatal
impressions were obtained by coating culm surfaces with clear nail varnish, which
was peeled off and examined at 400X magnification on a transmission light
microscope. Stomatal numbers in the field of view were counted five times for each

individual, averaged and expressed as number per mm”. Culm diameter was measured
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with callipers. Culm area was estimated using the diameter and height of a culm
section from each individual. Culm sections were dried in an oven at €0 for 48 h

and then weighed. Specific culm area (SCA) was calculated as the photosynthetic area
(m?) per dry weight (kg) of culm. Correlations between gas exchange and culm trait
variables and derived culm anatomical features were assessed using phylogenetically
independent contrasts for discrete and continuous variables (PIC, Felsenstein 1985)
implemented in Phylocom v. 4.1 (Webb, Ackerly and Kembel 2008) (as above). A
phylogenetic tree relating the 16 species used in the gas exchange experiment was
obtained by pruning the Hardy et al. 2008 highest likelihood tree. Contrasts were
between species with the anatomical trait and species lacking the trait and
investigated whether species with or without the trait had higher or lower values of

the continuous gas exchange or culm trait variable.

RESULTS
ANATOMICAL VARIATION

All culm tissue types (epidermis, chlorenchyma, parenchyma, sclerenchyma and
central ground tissue) show variation within the Restionoideae (Table 1). Most traits
are evolutionary labile: of the 34 derived traits, under ACCTRAN optimisation only
five evolved just once, the average number of times they evolved is 14.3, with the
most labile trait being the presence of sand in the central ground tissue, which evolved
40 times. There are also numerous reversals, under ACCTRAN: in total 745 reversals
in 23 of the 45 traits, ranging from a minimum of 0 to a maximum of 44 (loss of
tannin from the epidermis), giving an average per trait of 16.6 losses. Ancestral traits
tended to be most common and had the highest number of trait reversals. Very few
traits were genus specific, such as a double epidermal cell layer in Elegia, with most
arising in a number of different genera. Culm shape shifted nine or ten times
(ACCTRAN and DELTRAN resolving options, respectively) with reversals being
uncommon (once under the ACCTRAN resolving option). The most modified tissue
type is the epidermis, with variation in the epidermal cell layers, the outer epidermal
walls thickened, the lateral cell walls wavy and thickened, and with variation in the

surface ornamentation of the epidermal cells. The most labile anatomical attributes
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are the secondary metabolites, such as tannins, silica bodies and silica sand, which

seemed to be readily gained or lost..

SPECIES WITH HIGH NUMBERS OF DERIVED TRAITS WERE ASSOCIATED
WITH ARID CONDITIONS

The predictive deviance of the BRT model, estimated using acr oss validation
process, was 61.5%, indicating good fit between raw values and values predicted from
independent data (Leathwick et al. 2008). Assessment of the contribution of predictor
variables to the model shows that climate moisture parameters are the strongest
correlates of the number of derived anatomical traits in a species (Fig. 5). Species
with unusually high numbers of derived anatomical traits tended to occur either at
very low or very high maximum continentality (Fig. SA) and were associated with
intermediate to high A-pan evaporation values (Fig. 5B). Rainfall seasonality was an
influential predictor, with species with high numbers of derived traits receiving a high
proportion of their rainfall in summer and very little in autumn and spring (Figs. 5C,
D and F). Furthermore, these species were associated with very low maximum mean

annual rainfall (Fig. 5E).

DERIVED TRAITS ARE ASSOCIATED WITH ARID HABITATS

Fisher’s Exact Tests of association between each anatomical trait and all habitat types
(aptations) showed that derived anatomical traits showed the highest number of
significant associations with habitat types that influence water availability, followed
by vegetation type and bedrock type, while least important were soil rockiness and the
presence of south-easter clouds (Fig. 6, all associations shown in Supplementary
Information S1). More derived features were significantly (Student’s T-test, P <0.05)
associated with dry habitats than with wet habitats (Fig. 7). Lateral and outer
epidermal wall thickening was associated with well-drained habitats. Hemispherical
culm shapes were associated with stream banks and valley bottoms. Species with
scattered cavities in the central ground tissue were also associated with mesic habitats

such as marshes, streambanks and cliff seeps.
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DERIVED TRAITS EVOLVED IN RESPONSE TO ARID CONDITIONS, WITH
TRAIT REVERSALS OCCURRING IN RESPONSE TO SHIFT BACK TO WET
CONDITIONS

Anatomical character evolution, under both ACCTRAN and DELTRAN resolving
options, mostly occurred concurrently with shifts in water availability, bedrock type
and vegetation type, with fewer shifts occurring concurrently with shift in soil
rockiness and south-east clouds (Fig. 6). The Contingent States Test yielded slightly
different results, with character evolution occurring mostly as a result of different
habitat rockiness, with very few shifts occurring in the categories of water
availability, bedrock type, vegetation type and south-east clouds. For both
ACCTRAN and DELTRAN resolving options, reversals in derived traits were

associated mostly with water availability.

When the number of significant shifts contingent on particular habitat types classified
as dry or wet were counted for all derived anatomical traits, more shifts occurred
under dry habitats (Fig. 7). By correcting for the number of habitats within dry and
wet, we found that 0.5 shifts occurred per dry habitat while only 0.2 shifts occurred
per wet habitat under both resolving options. The Concurrent States Test showed that
under the ACCTRAN resolving option, 2.5 shifts per habitat occurred concurrently
with shift to dry habitats, compared to only 1.2 shifts per habitat occurring
concurrently with shift to wet habitats. Results under the DELTRAN resolving option
conflicted with those under the ACCTRAN resolving option, with 2.2 shifts per
habitat occurring concurrently with shift to wet habitat and only 2 shifts per habitat
occurring concurrently with shift to dry habitats. Reversals occurred mostly with shift
back to wet habitat conditions under both resolving options. Under the ACCTRAN
resolving option, almost three times more reversals were contingent upon wet (1.4)
compared to dry (0.5) habitat conditions. Under the DELTRAN resolving option, 1
reversal per habitat occurred in dry habitat conditions while 1.2 reversals per habitat
occurred in wet habitats. Significant gains are detailed in Supplementary Information
S2 and S3 for ACCTRAN and DELTRAN resolving options, respectively. Significant

reversals are detailed in S4.
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Modifications of the epidermis and the presence of tannins in different tissue types
show the highest number of positive Fisher’s associations (11 and 12, respectively)
with different habitats, with modifications of culm shape, stomata, protective cells,
central ground tissue, silica sand and silica having fewer significant habitat
associations (Fig. 8). Anatomical modification contingent upon habitat only occurred
in the epidermis and with tannins. Thus, shifts in traits falling under different
categories of modifications were not contingent upon habitat type. Several anatomical
tissue types were significantly modified concurrently with shifts in habitat,
particularly stomata. A number of changes in culm shape, epidermis, tannin, silica
sand and silica also occurred concurrently with shift in habitat. Changes in anatomical
traits contingent upon reversal of habitat conditions occurred largely in the epidermal

tissue and the stomata.

DERIVED ANATOMICAL TRAITS ARE ASSOCIATED WITH ARID
CLIMATES

PIC correlations of derived, discrete anatomical traits and climate parameters showed
that derived anatomical features had significant associations with rainfall, evaporation
potential, altitude and temperature (Table 4). Of the total number of significant
associations, eleven were indicative of mesic conditions, while thirteen were
indicative of arid conditions. Lateral and outer epidermal cell wall thickening and
scattered cavities in the ground tissue were unambiguously associated with arid
conditions, while flat culms, thin sclerenchyma walls and solid central ground tissue
were unambiguously associated with mesic conditions. Papillae and slightly sunken
stomata were significantly correlated with both arid and mesic conditions. Although
this test incorporated the effects of phylogenetic history, it is unable to identify the
most influential variables and illustrate the response to various climate parameters as

the BRT analysis did.

A FUNCTIONAL ROLE FOR ANATOMICAL TRAITS

Our assessment of the functional significance of derived anatomical features was
limited to those features present in the 16 species included in our experiment.

Hemispherical culms had smaller diameters, lower photosynthetic rates and lower
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culm temperatures than did cylindrical culms (Table 5). Culms with no or scattered
cavities have lower SCA, transpiration and photosynthetic, but higher WUE and
stomatal density than hollow culms. Species with unthickened sclerenchyma cells had
higher stomatal densities and higher water use efficiencies. Unthickened outer
epidermal walls were associated with narrower culms, higher transpiration,
photosynthesis and stomatal density and lower WUE. Species with stomata sunken
half way down the epidermal layer had significantly lower stomatal densities and
slightly lower transpiration rates, although the latter was not significant. Species with
protective cells longer than the chlorenchyma (but not reaching the parenchyma) (i.e.
intermediate size substomatal cavity) had slightly lower transpiration rates compared
to species with protective cells reaching the parenchyma and alarge substomatal
cavity, although this was not significant. Species with an intermediate size
substomatal cavity had significantly lower photosynthetic rates and also had wider
culms with lower SCA values. These phylogenetically corrected tests show that
derived anatomical traits do influence culm gas exchange and therefore play a role in

function.

DISCUSSION

Consistent with the interpretations of Gilg (1891), we found evidence both of a
functional relationship between the anatomical attributes, and of adaptation to
drought, in most tissue systems of the culms in Restionoideae. Modifications of the
epidermis and stomata with change in habitat were most common. Three attributes of
the epidermides could be adaptive. Species with thickened outer walls tend to have
narrower culms, a higher stomatal density and, possibly because of that, higher
transpiration and photosynthetic rates, and reduced WUE. This is indicative of an
ability to control water loss, but an associated greater ability to maximize
transpiration when water is available. Species with thickened outer walls were then
also found in more arid climates, with a stronger continentality, indicative of drier
summers, and lower mean annual rainfall. This trait is phylogenetically surprisingly
conservative. The adaptive patterns in the epidermis are not surprising. This is the
anatomical tissue that comes into direct contact with environmental conditions so we
may expect a functional consequence of epidermis structure (Gilg 1891). However,

few studies have assessed epidermal thickening in response to environmental
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conditions. Cunningham et al. (1999) reported epidermal thickening in perennial
plants growing in low soil nutrients in southwestern Australia and suggested that it
may reduce herbivory and thereby lessen resource demand in nutrient depauperate
areas. Epidermal thickening can also be viewed as as trengthening strategy. The
evolutionary habitat associations of this attribute are more difficult to interpret. Outer
epidermal thickening evolved contingent upon habitats with no rock — these are deep
sandy soils, often waterlogged in winter and very dry in summer, thus consistent with
our model of maximizing transpiration when water is available, but controlling water
loss in summer. Reversals occurred contingent upon shift to more forested vegetation,
where summer drought stress is reduced. Habitat associations indicated that species
with outer epidermal wall thickening occurred on bedrock and well-drained habitats.
Further studies could assess the response of species with thickened outer epidermal
walls to water stress. Gas exchange measurements were taken on well-watered plants
and physiological function would be different under drought conditions and may shed
light on the adaptive nature of this trait. While the gas exchange data suggests
efficient functioning in arid conditions and habitat associations indicate that this trait
is associated with dry conditions, the evolution of epidermal thickening was not

correlated with dry habitats in African Restionaceae in general.

The patterns with the sinuose, thickened lateral walls are less clear, but also indicative
of drought tolerance, and they show a functional correlation with well-drained soils.
Maybe these curious structures are associated with mechanical strengthening.
Evolutionary and ecological trends in epidermal ornamentation were more complex,
and no clear patterns were evident. The vast majority of species have glabrous culms,
hairy culms evolving only once (in Thamnochortus), and the species are found in
most Cape habitats. Most species have more or less tuberculate (colliculate, rough)

culms, and again no particular habitat associations have been traced.

Since stomata control stomatal conductance and their morphology and behaviour
respond to av ariety of environmental signals, literature has focused on this
anatomical trait (see Zeiger et al. 1987). However, different stomatal architectural

types affect stomatal conductance in different ways and influence not only
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transpiration but also assimilation (Roth-Nebelsick 2007). Sunken and encrypted
stomata have conventionally been linked to dry climates due to their purported role in
reducing in transpiration (Hill 1998, Roth-Nebelsick 2007, Jordan et al. 2008),
however, crypts have been shown to have negligible influence on transpiration (Roth-
Nebelsick et al. 2009). Furthermore, they are found in both arid and mesic areas and
have been shown to allow CO, access deep in the mesophyll of the leaf (Hassiotou et
al. 2009). In Restionaceae species with slightly sunken stomata (seated half way
down the epidermal layer) had lower stomatal density, transpiration and assimilation
and higher water use efficiency compared to species with non-sunken stomata (Table
5). This is more indicative of species tending to slow transpiration, and being more
water-conservative, rather than optimising mass flow. Both slightly sunken stomata
and fully sunken stomata evolved concurrent with movement to Karroid vegetation.
These stomatal modifications and correlates are compatible with previous research
into different types of stomatal architecture that suggest that sunken stomata are an
adaptation to dry habitat conditions, which occur during the summer months in

Mediterranean-type ecosystems (Jordaan et al. 2008).

Protective cells flank the substomatal cavity and may be derived from the epidermal
or, most commonly, chlorenchyma tissue. Gilg (1891) suggested that these cells,
which are common to the Restionaceae, function to reduce water loss. These cavities
are cutinized. Roth-Nebelsick (2007) showed, using three dimensional computer
simulations, that the presence of a cuticle in the substomatal chamber not only
reduced transpiration, but also reduced conductance by 40%. Interestingly, this
reduced conductance affected only water vapour and not CO,. As all Restionaceae
have protective cells, correlative approaches do not inform on about their function.
However, there is variation in the relative length of these structures. Ancestrally in the
Restionoideae they reach through the chlorenchyma, so that the substomatal cavity
connects to the parenchyma ring. A reduction in the depth of the substomatal cavity
evolved concurrent with move to basalt habitats. Reversal of this trait back to long
protective cells that reach the parenchyma occurred with movement to marshes,
valley bottoms and dune thicket. Thus, while patterns in trait evolution were not clear,
reversals in protective cells tended to occur contingent on shifts back to wet habitats.

Species with intermediate length protective cells (i.e. intermediate size substomatal
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cavity) had slightly lower transpiration rates compared to species with very long
protective cells, although this was not significant. This may indicate that shortening of
the protective cells, and thus the substomatal cavity, is linked to dry conditions and
that long protective cells are adaptive for mesic conditions, where higher transpiration
is not maladaptive. Species with intermediate length protective cells had significantly
lower photosynthetic rates and also had lower SCA values, suggesting that they may
be slower growing and are longer-lived. Gilg (1981) proposed an alternative function
for protective cells: mechanical support of the epidermis in species with long
protective cells that reach down to the parenchyma layer. While our study did not
address this question specifically, the lower SCA value of species with intermediate
length protective cells indicates higher tissue structural cost per unit area, which may
reflect higher mechanical strengthening. This could be addressed by seeking
correlations with other mechanical structural cells, such as the pillar cells or

strengthened epidermal cells.

Ancestrally, Restionaceae have a sclerenchyma ring surrounding the central ground
tissue that was already interpreted by Gilg (1891) as a mechanical strenghthening
structure. For the Restionoideae the sclerenchyma cells were ancestrally very thick,
and the thickening has been reduced between 33 and 36 times (ACCTRAN and
DELTRAN, respectively). We show that the reduction in the thickening is
significantly linked to a reduction in the Apan values and continentality, and an
increase in the mean annual precipitation. Species with thin-walled sclerenchyma
cells are associated with convex seeps, and inspection of the phylogeny suggests that
this could be part of a general relationship to wetland habitats. Species with thin-
walled sclrenchyma had higher specific areas than those with thick-walled
sclerenchyma. Thus, the sclerenchyma ring may be a manifestation of sclerophylly.
Sclerophylly is common in Mediterranean-type ecosystems and has advantages for
nutrient use efficiency and drought-tolerance in nutrient-poor environments (Stock &
Allsopp 1992, Stock, van der Heyden & Lewis 1992, Salleo et al. 1997). Sclerophylly
has been linked with nutrient-limitation through its reduction in loss of nutrients at
senescence (Orians & Solbrig 1977). The relationship between specific area, which is
a measure of sclerophylly, and leaf longevity represents a trade-off, with species with

lower specific leaf area having slower relative growth rates but longer leaf life spans
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and enhanced nutrient conservation (Westoby 1998, Aerts & Chapin 2000). The
sclerenchyma ring may also be crucial for allowing the photosynthetic culm structure

to grow, and remain, upright.

The central ground tissue of the Restionoideae ancestrally had a single central cavity.
This was lost, leading to the absence of any cavity, some 25 times, and scattered
cavities evolved some 17 times. Species with solid culms had significantly lower
transpiration rates and higher water use efficiency than hollow culms. The
manifestation of higher transpiration rates in ancestrally hollow-culmed Restionaceae,
with derived traits being associated with lower transpiration, suggest that solid culms
may be adaptive in arid conditions. Solid culmed species also had larger diameters
than hollow culmed species. Interestingly, reversal of solid culms back to hollow
culms occurred contingent upon movement back to wet habitat conditions. During
summer drought, Restionaceae culms experience huge tensile forces (Moll &
Sommerville 1985, van der Heyden & Lewis 1989). Hollow culms may not have been
able to maintain structural integrity under these large forces and thus the evolution of
solid ground tissue and ground tissue with scattered cavities may be adaptive in dry

conditions.

The majority of African Restionaceae (74%) had up to six derived anatomical traits,
with far fewer (26%) having more than six derived traits. Species with unusually high
numbers of derived anatomical traits were most strongly associated with climate
moisture variables (Fig. 5). These species tended to occur in areas characterised by
particularly arid conditions, such as areas of high A-pan evaporation, low autumn and
spring rain and low maximum mean annual rainfall. Furthermore, we provide
different lines of evidence showing that the evolution of novel anatomic traits tended
to occur more under arid than mesic conditions. Reversals in anatomic traits from the
derived to the plesiomorphic condition occurred when habitat shifted from dry back to
wet habitat conditions, suggesting that since these traits were lost under the new

selective regime they are adaptive for the previous selective regime i.e. dry habitat.
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Our results are consistent with previous suggestions that Restionaceae occurred
ancestrally in wetland habitats that were not seasonally dry. Linder & Mann (1998)
found evidence for an ancestral habitat with higher rainfall in the genus
Thamnochortus and that coastal and summer-dry habitats were derived within the
genus. For Restionaceae, a simple ancestor with plesiomorphic anatomical traits is
suggested to have occurred in semi-aquatic habitats during the late Cretaceous, when
the climate was more mesic (Cutler 1979, Deacon et al. 1992). Evidence from
ancestral state reconstructions suggests a shift from wetlands to well-drained habitats
(Linder 2000, Linder & Rudall 2005). C utler (1979) postulated that similar
anatomical adaptations had evolved in both African and Australian Restionaceae in
response to increasing aridity, which was later corroborated using phylogenetic
evidence (Linder 2000). There is also substantial evidence for not only an ancestral
Poales in marshy, wet habitats (Linder & Rudall 2005) but also diversification of the
commelinid group (Poales and related orders) in this type of habitat (Givnish et al.
1999). Aridification during the Mid Miocene brought about summer-arid conditions
and Restionoideae, an ancestrally wetland lineage, evolved novel anatomical traits

that allowed occupation of the newly created arid habitats.

Derived anatomical traits in African Restionaceae have mostly evolved concurrently
with movement to arid habitats and there is substantial evidence suggesting that they
function in drought tolerance. While our study focused on individual anatomical
traits, the way in which these traits interact may be important in understanding their
influence on physiology and overall plant functioning (Russo et al. 2010). We
propose that diversification of culm anatomies has facilitated occupation of a diverse
range of habitats, thus explaining the ubiquity of this lineage in the Cape. Anatomical
trait evolution may thus have played an important role in the adaptive radiation of
Restionaceae, which occurred during the Late Miocene and Late Oligocene (Linder &
Hardy 2004), and gave Restionaceae as eclective advantage over other groups.
Although our results show that anatomical adaptation has facilitated occupation of
novel habitats, these adaptations have not been linked to diversification rates. Certain
anatomical attributes may have led to divergence in form and function, contributing to
high speciation rates as well as diversity within this clade. Although phylogenies can

provide evidence for adaptive radiations, identifying adaptive traits, their evolutionary
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history as well as their function is key to understanding plant radiations in response to

changes in environment.

102



REFERENCES

Aerts, R. & Chapin, F.S. (2000) The mineral nutrition of wild plants revisited: a re-
evaluation of processes and patterns. Advances in Ecological Research, 30, 1—-
67.

Baum, D.A. & Larson, A. (1991) Adaptation Reviewed: A Phylogenetic Methodology
for Studying Character Macroevolution. Systematic Zoology, 40, 1-18.

Born, J., Linder, H.P. & Desmet, P.G. (2006) The Greater Cape Floristic Region.
Journal of Biogeography, 33, 1-16.

Botha, D.J. (1982) The stem anatomy of Elegia stipularis Mast. Wetenskaplike
Bydraes van Potchefstroom Universiteit, 13, 1-8.

Briggs, B.G. & Linder, H.P. (2009) A new subfamilial and tribal classification of
Restionaceae (Poales). Telopea, 12, 333-345.

Cunningham, S.A., Summerhayes, B. & Westoby, M. (1999) Evolutionary
divergences in leaf structure and chemistry, comparing rainfall and soil
nutrient gradients. Ecological Monographs, 69, 569-588.

Cutler, D.F. (1969) Juncales. In: Metcalfe C.R., ed. Anatomy of the monocotyledons,
volume 4. Oxford: Clarendon Press, 1-357.

Cutler, D.F. (1972) Vicarious species of Restionaceae in Africa, Australia and South
America. In: Valentine, D.H. (Eds.), Taxonomy, phytogeography and
evolution. Academic Press, London, pp. 73-83.

Cramer, M. D., Hawkins, H. J. & Verboom, G. A. (2009) The importance of
nutritional regulation of plant water flux. Oecologia, 161, 15-24.

De’ath, G. & Fabricius, K.E. (2000) Classification and regression trees: a powerful
yet simple technique for ecological data analysis. Ecology, 81, 3178-3192.

Deacon, H.J., Jury, R.M. and Ellis, F. (1992) Selective regime and time. In: The
Ecology of Fynbos: Nutrients, Fire and Diversity. Ed: Cowling, R.M. Oxford
University Press, Oxford, UK.

Elith, J., Leathwick, J.R. & Hastie, T. (2008) A working guide to boosted regression
trees. Journal of Animal Ecology, 77, 802-813.

Ellis, A.G., Weis, A.E. & Gaut, B.S. (2006) Evolutionary radiation of “stone plants”
in the genus Argyroderma (Aizoaceae): Unravelling the effects of landscape,

habitat, and flowering time. Evolution, 60, 39-55

103



Felsenstein, J. (1985) Phylogenies and the comparative method. American Naturalist,
125, 1-15.

Friedman, J.H. & Meulman, J.J. (2003) Multiple additive regression trees with
application in epidemiology. Statistics in Medicine, 22, 1365-1381.

Galley, C. & Linder, H.P. (2007) The phylogeny of the Pentaschistis clade
(Danthonioideae, Poaceae) based on chloroplast DNA, and the evolution and
loss of complex characters. Evolution, 61, 864-884.

Gilg (1891) Beitrage zur vergleichende Anatomie der xerophilen Familie der
Restionaceae. Botanische Jahrbucher, 13, 541-606.

Givnish, T.J., Pires, J.C.,, Sytsma, K.J. (1999) Polyphyly and convergent
morphological evolution in Commelinales and Commelinidae: evidence from
rbeL sequence data. Molecular Phylogenetics and Evolution, 12, 360-385.

Goldblatt, P. & Manning, J.C. (2000) Cape Plants. A Conspectus of the Cape Flora of
South Africa. National Botanical Institute, Pretoria.

Gould, S.J. & Vrba, E.S. (1982) Exaptation — A missing term in the science of form.
Paleobiology, 8, 4-15.

Greene, H.W. (1986) Natural history and evolutionary biology. In: Predator-prey
relationships. Eds: M.E. Feder & Lauder, G.V. University of Chicago Press,
Chicago.

Hardy, C.R., Moline, P.M. & Linder, H.P. (2008) A phylogeny for the African
Restionaceae, and new perspectives on morphology's role in generating
complete species-level phylogenies for large clades. International Journal of
Plant Science, 169, 377-390.

Harmon, L. J., Schulte, J. A., Larson, A. & Losos, J. B. (2003) Tempo and mode of

evolutionary radiation in Iguanian lizards. Science, 301, 961-964.

Hastie, T., Tibshirani, R. & Friedman, J.H. (2001) The elements of statistical
learning: data mining, inference, and prediction. Springer-Verlag, New York.

Hassiotou, F., Evans, J.R., Ludwig, M. & Veneklaas, E.J. (2009) Stomatal crypts may
facilitate diffusion of CO2 to adaxial mesophylls in thick sclerophylls. Plant,
Cell & Environment, 32, 1596-1611.

Hill, R.S. (1998) Fossil evidence for the onset of xeromorphy and scleromorphy in

Australian Proteaceae. Flora of Australia, 16, 21-30.

104



Jordan, G.J., Weston, P.H., Carpenter, R.J., Dillon, R.A. and Brodribb, T.J. (2008)
The evolutionary relations of sunken, covered, and encrypted stomata to dry
habitats in Proteaceac. American Journal of Botany 95 (5): 521-530.

Kellogg, E. A. (2000) The grasses: A case study in macroevolution. Annual Review of
Ecology and Systematics, 31, 217-238.

Kellogg, E. A. (2001) Evolutionary history of the grasses. Plant Physiology, 125,
1198-1205.

Klak, C., Reeves, G. & Hedderson, T. (2004) Unmatched tempo of evolution in
Southern African semi-desert ice plants. Nature, 427, 63-65.

Leathwick, J.R., Elith, J., Chadderton, W.L., Rowe, D. & Hastie, T. (2008) Dispersal,
disturbance, and the contrasting biogeographies of New Zealand’s diadromous
and non-diadromous fish species. Journal of Biogeography, 35, 1481-1497.

Linder, H.P. (1984) A phylogenetic classification of the genera of African
Restionaceae. Bothalia, 15, 11-76.

Linder, H.P. (1985) Conspectus of the African species of Restionaceae. Bothalia, 15,
387-503.

Linder, H.P. (2000) Vicariance, climate change, anatomy and phylogeny of
Restionaceae. In: Under the microscope: plant anatomy and systematics. Eds:
Rudall, P.J. and Gasson, P. pp. 159-177. The Linnean Society of London

Linder, H.P. (2003) The radiation of the Cape flora, southern Africa. Biological
Reviews, 78, 597-638.

Linder, H.P. (2004) The African Restionaceae: an IntKey identification and
description system, version 2. Contributions of the Bolus Herberium, 20.
http://www.systbot.unizh.ch/datenbanken/restionaceae/restionaceae.php.

Linder, H.P. (2005) A protocol for the systematic documentation of the ecology of
Cape plants. South African Journal of Botany, 71, 201-210.

Linder, H. P. (2005) The evolution of diversity: the Cape flora. Trends in Plant
Science, 10, 536-541.

Linder, H.P. & Mann, D.M. (1998) Phylogeny and biogeography of Thamnochortus
(Restionaceae). Botanical Journal of the Linnean Society, 128, 319-357.
Linder, H.P. & Hardy, C.R. (2004) Evolution of the species-rich Cape flora. Phil.

Trans. R. Soc. Lond. 359, 1623-1632.

105



Linder, H.P. & Rudall (2005) Evolutionary history of Poales. Annu. Rev. Ecol. Evol.
Syst. 36, 107-124.

Linder, H.P. & Hardy, C.R. (2010) A generic classification for the Restioneae
(Restionaceae), southern Africa. Bothalia, 40, 1-35.

Linder, H. P., Hardy, C. R. & Rutschmann, F. (2005) Taxon sampling effects in
molecular clock dating: an example from the African Restionaceae. Molecular
Phylogenetics and Evolution, 35, 569-582.

Linder, H. P., Johnson, S. D., Kuhlman, M., Matthee, C. A., Nyffeler, R. & Swartz, E.
(2010) Biotic diversity in the Southern African winter-rainfall region. Current
Opinion in Environmental Systainability, 2, 109-116.

Losos, J.B. & Miles, D.B. (2002) Testing the hypothesis that a clade has adaptively
radiated: iguanid lizard clades as a case study. American Naturalist, 160, 147-
157.

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

Moll, E.J. & Sommerville, J.E.M. (1985) Seasonal xylem pressure potentials of two
South African coastal fynbos species in three soil types. South African Journal
of Botany, 51, 187-193.

Orians, G.H. and Solbrig, O.T. (1977) A cost-income model of leaves and roots with
special reference to arid and semi-arid areas. American Naturalist, 111, 677-
690.

Pfitzer, E. (1870) Beitriige zur Kenntnis der Hautgewebe der Pflanzen. II. Uber das
Hautgewebe einiger Restionaceae.  Pringsheim’s  Jahrbiicher  fir
wissenschaftliche Botanik, 7, 561-584.

Proches, S., Cowling, R. M. & du Preez, D. R. (2005a) Patterns of geophyte diversity
and storage organ size in the winter-rainfall region of southern Africa.
Diversity and Distributions, 11, 101-109.

Proches, S., Cowling, R. M., Goldblatt, P., Manning, J. C. & Snijman, D. A. (2005b)
An overview of the Cape geophytes. Biological Journal of the Linnean
Society, 87, 27-43.

R Development Core Team (2010) R: A Language and Environment for Statistical
Computing. R Foundation for Statsitical Computing, Vienna.

Rebelo, A. G., Boucher, C., Helme, N. A., Mucina, L. & Rutherford, M. C. (2006)

Fynbos biome. South African National Biodiversity Institute, Pretoria.

106



Ridgeway, G. (2010) GBM: Generalized boosted regression models. R package,
version 1.6-3.1. http://www.i-pensieri.com/gregr/gbm.shtml.

Roth-Nebelsick, A. (2007) Computer-based studies of diffusion through stomata of
different architecture. Annals of Botany, 100, 23-32.

Roth-Nebelsick, A., Hassiotou, F. & Veneklaas, E.J. (2009) Stomatal crypts have

small effects on transpiration: A numerical model analysis. Plant Physiology,
151,2018-2027.

Russo, S.E., Cannon, W.L., Elowsky, C., Tan, S. & Davies, S.J. (2010) Variation in
leaf stomatal traits of 28 tree species in relation to gas exchange along an
edaphic gradient in a Bornean rain forest. American Journal of Botany, 97,
1109-1120.

Rundell, R.J. & Price, T.D. (2009) Adaptive radiation, nonadaptive radiation,
ecological speciation and nonecological speciation. Trends in Ecology and
Evolution, 24, 394-399.

Rymer, P. D., Manning, J. C., Goldblatt, P., Powell, M. P. & Savolainen, V. (2010)
Evidence of recent and continuous speciation in a biodiversity hotspot: a
population genetic approach in southern African gladioli (Gladiolus;
Iridaceae). Molecular Ecology, 19, 4765-4782.

Salleo, S., Nardini, A. & Lo Gullo, M.A. (1997) Is sclerophylly of Mediterranean
evergreens an adaptation to drought? New Phytologist, 135, 603-612.

Schluter, D. (1996) Ecological causes of adaptive radiation. American Naturalist, 148,
S40-S64.

Schulze, R.E. (1997) South African Atlas of Agrohydrology and Climatology. Water
Research Commission, Pretoria, South Africa.

Sillén-Tullberg, B. (1993) The effect of biased inclusion of taxa on the correlation
between discrete characters in phylogenetic trees. Evolution, 47, 1182-1191.

Stock, W.D. and Allsopp, N. (1992) Functional Perspectives of Ecosystems: In: The
Ecology of Fynbos: Nutrients, Fire and Diversity. Ed: Cowling, R.M. Oxford
University Press, Oxford, UK.

Stock, W.D., van der Heyden, F. and Lewis, O.A.M. (1992) Plant structure and
function. In: The Ecology of Fynbos: Nutrients, Fire and Diversity. Ed:
Cowling, R.M. Oxford University Press, Oxford, UK.

Taylor, H. C. (1978) Capensis. Junk, The Hague.

Van der Heyden, F & Lewis, O.A.M. (1989) Seasonal variation in photosynthetic

107



capacity with respect to plant water status of five species of the Mediterranean
climate region of South Africa. South African Journal of Botany, 55, 509-515.

Van Greuning, J.V. & Van der Schijff, H.P. (1973) Chlorenchyma and sclerenchyma
in the culms of Willdenowia Thunb. and Hypodiscus. Berichte der deutschen
botanischen Gesellschaft, 86, 537-550.

Verboom, G.A., Linder, H.P. and Stock, W.D. (2004) Testing the adaptive nature of
radiation: growth form and life history divergence in the African grass genus
Ehrharta (Poaceae: Ehrhartoideae). American Journal of Botany 91, 1364-
1370.

Verboom, G.A., Archibald, J.K., Bakker, F.T., Bellstedt, D.U., Conrad, F., Dreyer,
L.L., Forest, F., Galley, C., Goldblatt, P., Henning, J.F., Mummenhoff, K.,
Linder, H.P., Muasya, A.M., Oberlander, K.C., Savolainen, V., Snijman, D.A.,
van der Niet, T. & Nowell, T.L. (2009) Origin and diversification of the
Greater Cape flora: Ancient species repository, hot-bed of recent radiation, or
both? Molecular Phylogenetics and Evolution, 51, 44-53.

Webb, C.O., Ackerly, D.D. & Kembel, S.W. (2008) Phylocom: software for the
analysis of phylogenetic community structure and character evolution. Version
4.0 URL: http://phylodiversity.net/phylocom/.

Westoby, M. (1998) A leaf-height-seed (LHS) plant ecology strategy scheme. Plant
and Soil, 199, 213-227.

Yates, M.J., Verboom, G.A., Rebelo, A.G. & Cramer, M.D. (2010) Ecophysiological

significance of leaf size variation in Proteaceac form the Cape Floristic
Region. Functional Ecology, 24, 485-492.
Zeiger, E., Farquhar, G.D. & Cowan, LR. (1987) Stomatal function. Stanford

University Press, Stanford, California.

108



FIGURE LEGENDS:

FIGURE 1: Light microscope images of cross-section through Staberoha ornate
showing the basic organisation of the culm. This basic organisation of tissues is

constant through the whole Restionaceae.

FIGURE 2: Light microscope images of cross-sections through Restionaceae culms
showing some of the intriguing anatomical features. a. Calopsis marlothii with
stomata sunken halfway down the epidermal layer and thickening of the outer
epidermal cell wall. b. Restio occultus with thickened outer epidermal cell walls, large
substomatal cavities, solid central ground tissue and tannin scattered in the
sclerenchyma and central ground tissue. c¢. Restio saxatilis with stomata born on
elongated epidermal cells, forming tubercles. d. Restio karooica with thickened
sclerenchyma cell walls and silica sand in the central ground tissue. e. The extremely
flattened culm of Platycaulos cascadensis. f. Rhodocoma arida, with thickened outer
and lateral epidermal cell walls and stomata sunken halfway down the epidermal
layer. g. Thamnochortus acuminatus with prominent epidermal hairs. h. Staberoha

ornata with epidermal papillae and deep substomatal cavities.

FIGURE 3: Histogram showing frequency of derived anatomical traits in African
Restionaceae. This is a skewed distribution, with fewer species having more than six

derived anatomical traits.

FIGURE 4: Diagram illustrating the various tests of association. Fisher’s Exact Test
was used to test the ahistorical association of anatomical traits with different habitats.
Counts for the three evolutionary tests of association were obtained from the
reconstructions of anatomical and habitat traits at each node of the Restionaceae
phylogeny. Fisher’s Exact Test was also used to test for significance of the three

evolutionary tests.

FIGURE 5: Partial dependence plots for the six most influential variables in the BRT

model. Functions illustrate the response of species with highly modified anatomies to
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a particular environmental variable while all other predictor variables are kept at their

average values.

FIGURE 6: Histograms showing the numbers of significant ahistorical (aptation) and
evolutionary associations found under each habitat category, using both ACCTRAN
(a) and DELTRAN (b) resolving options. Numbers represent the total number of
significant (a < 0. 05) associations (for the functional test) or shifts (for the
evolutionary tests) of derived anatomical traits with habitat types that fall into the
above habitat categories. Currently, derived traits tend to be strongly associated with
water availability. Evolution of derived traits tended to be contingent mainly upon
habitat rockiness. The evolution of derived anatomical traits mostly occurred
concurrently with shift in bedrock type, water availability and vegetation type.

Reversals in derived traits were predominantly dependent on water availability.

FIGURE 7: Histograms showing the number of significant associations of derived
anatomical features (ahistorical), concurrent shifts in states and contingent gains and
reversals in dry and wet habitat types. Numbers represent the number of significant
associations (for the ahistorical test) or shifts (for the evolutionary tests) of derived
anatomical traits with habitats that fall into the wet and dry water availability,
weighted according to the number of habitats within the wet and dry water availability
categories. For the historical tests, results for ACCTRAN (a) and DELTRAN (b)
resolving options are shown. More changes are currently associated with, and
historically arose contingent upon, dry habitats. For both ACCTRAN and DELTRAN
resolving options, reversals of derived features tended to be contingent upon wet

habitat conditions.

FIGURE 8: Histograms showing the numbers of significant ahistorical and
evolutionary associations found under each anatomical tissue type, using only the
ACCTRAN resolving option (DELTRAN results were similar). Numbers represent
the total number of significant (a < 0 .05) associations (for the ahistorical test) or

shifts (for the evolutionary tests) of derived anatomical traits with habitat types that
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fall into the above anatomical categories. High numbers of evolutionary shifts suggest

high plasticity of the particular tissue.
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GENERAL DISCUSSION

Plant morphology and ecophysiological function vary considerably and influence
plant growth rate, population dynamics, distributions and ecosystem functioning
(Givnish 1978, 1979, 1987, Ackerly et al. 2000). Also, ecophysiological function may
be influenced by morphology (Nobel 2005) and plant traits and function tend to be
correlated with particular environmental conditions (Reich et al. 1997). A variety of
plant traits, from biochemistry and gas exchange to structure, growth and allocation
potentially influence fitness and may undergo natural selection (Ackerly et al. 2000).
The study of adaptation involves firstly determining whether the trait has a function
within a particular selective environment and secondly determining whether the
evolution of the trait occurred within the particular selective environment (Gould &
Vrba 1982, Baum & Larson 1991). When traits enhance performance in a way that
increases survival or reproduction and when they have evolved through natural
selection for that particular function within the particular selective environment they
are considered ‘adaptive’ (Gould & Vrba 1982, Baum & Larson 1991). However,
interactions between traits can create complexities in studies of adaptation. The
importance of viewing plant phenotypes and adaptation as a combination of anatomy,
morphology, growth, physiology and life-history has been highlighted by this study.
Since culm structures are so prevalent in the CFR, I proposed that they were adaptive
for seasonal environments with winter rainfall and summer drought. I investigated
three different culm traits; culm shape, variation in size and anatomy. I found
functional, ecological and evolutionary evidence that culm structure, variation in size
of structure as well as culm anatomy were adaptive for particular environmental

conditions, but not highly seasonal environmental conditions in all cases.

Cylindrical, culm photosynthetic structures were associated with wet, aseasonal
environments, and tended to have lower photosynthetic and transpiration rates than
leaf photosynthetic structures. Culms had higher carbon return per nutrient invested
and represented a long-term, nutrient-efficient structure allowing persistence and
perennial growth. Thicker photosynthetic structures are generally associated with

infertile conditions because transpirational costs are higher when photosynthetic rates
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on nutrient-poor soils are lower (Givnish 1978, 1979). There are other potential
functions of culms that have not been explored. Restionaceae are wind-pollinated and
the cylindrical culm structure may be important for pollen capture. The culm structure
may also allow vertical growth while simultaneously assimilating carbon and
transpiring. Restionaceae are found in windy environments, and the culm structure
may lessen wind-induced damage. The culm structures tend to bend in the wind and
this may prevent damage. Leafy species may loose leaves in windy events, which may
severely impact the plants’ carbon assimilation. I found evidence that leaf
photosynthetic structures facilitate effective capitalisation of resources during periods
of high resource availability through their enhanced assimilation and transpiration.
While leaves may be costly to produce, the benefits of their higher assimilation and
transpiration may outweigh their production costs during periods of high nutrient and
water availability. Additional studies on leaf loss in other systems may enhance our

understanding of the adaptive significance leaf and culm photosynthetic structures.

The shape as well as the size of plant structures has important consequences for plant
physiological functioning through their effects on boundary layer conductance.
Models of stomatal conductance, photosynthesis and transpiration that include a
laminar boundary layer have been developed that demonstrated the significance of
boundary layer layers in influencing feedback loops which affect the regulation of
stomatal conductance and latent heat flux (Collatz et al. 1991). Furthermore the
effects of boundary layer conductance on transpiration, photosynthesis and heat
exchange are known from a theoretical perspective (Nobel 2005). Despite this, the
significance of boundary layer on plant function, evolutionary history and ecology has
not received adequate attention. Enquist (2002) provided theory linking plant form
and function using allometric scaling. While this theory takes size into account, it
ignores the influence of size and thus boundary layer, on plant physiological
functioning. The significant influence of boundary layer dynamics on plant gas and
heat exchange certainly deserves further attention and inclusion in studies of plant

function and adaptation.
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I demonstrated enhanced cooling, transpiration as well as carbon assimilation in
narrow culms with thinner boundary layers compared to broader culms with thicker
boundary layers. Narrow-culmed species were associated with areas that received a
high proportion of rainfall in winter and autumn. The ability of narrow culms, and
thus thin boundary layers, to transpire rapidly may be particularly advantageous in
nutrient-poor conditions because transpiration drives mass-flow on nutrients towards
the roots (Barber 1995). A nutrient-transpiration link was demonstrated for Ehrharta
calycina, where nutrient-constrained plants had higher transpiration rates than those
with adequate nutrient supply (Cramer et al. 2008). Cramer et al. (2009) highlighted
the strong links between plant water and nutrient flux. Several environmental cues
regulate stomatal conductance, one of which is nutrient availability. Recent research
has indicated that this cue, in particular, may be significant in regulating stomatal
aperture. Dodd et al. (2003) showed that stomatal closure was induced in nitrogen-
deprived plants due to changes in xylem sap concentration. Variation in Proteaceae
leaf dimension in the CFR has been shown to significantly influence transpiration,
with narrow leaves transpiring at faster rates than broad leaves (Yates et al. 2010).
Plants with narrow leaves are found on sterile podsols, in montane and cloudforest
with highly leached soils and in bogs (Givnish 1987) and variation in leaf width may
be an adaptation to nutrient-poor conditions (Yates et al. 2010). In the CFR, nitrogen
and phosphorous are critical limiting nutrients. Because phosphorous is sparingly
soluble, mass flow probably increases inorganic nitrogen uptake. The higher
assimilation rates of narrow culms may help fund nutrient and water uptake during
transient periods of high water and nutrient availability. Narrow culmed-species also
tended to be short and the enhanced transpiration and photosynthesis of narrow culms
may be crucial for survival in an understory where wind movement is low. While
narrow culms did have improved cooling, the temperature differences were not
substantial enough to be of major physiological and adaptive consequence. Studies
assessing correlations of culm width and environmental conditions at a global scale

may find similar trends to support these hypotheses.

While rapid transpiration may have benefits for nutrient acquisition, it can be risky.
High transpiration when water is scarce can lead to reduced leaf water potential

(Lambers et al. 1998). The ability to transpire only when water is plentiful, such as
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the wet spring months, and thus the ability to tightly control transpiration is crucial.
When boundary layers are thin, as for narrow culms, stomatal conductance is less than
boundary layer conductance and stomata are the overriding regulator of transpiration
(McNaughton & Jarvis 1983). For larger culms, stomatal conductance is more than
boundary layer conductance, and changes in stomatal conductance tend to have a
smaller effect on transpiration. The ability to tightly control transpiration would
certainly be advantageous during the hot, dry summers when water is scarce. The
influence of leaf resistance (i.e. boundary layer conductance) on stomatal control of
photosynthesis has been demonstrated experimentally for orange leaves (Citrus
sinensis). At lower leaf resistance (high boundary layer conductance) the ratio of
transpiration to photosynthesis decreased with decreased stomatal aperture, indicating
tighter control over water vapour loss than photosynthesis (Kriedemann 1971).
Correlation between dimension and photosynthetic rate was not found in Cape
Proteaceae (Yates et al. 2010), but was present in Restionaceae. Lack of correlation in
Cape Proteaceae may have been because of biochemical regulation of photosynthesis

and because photosynthesis is less tightly controlled than transpiration.

I found evidence for both a functional relationship between the anatomical attributes,
and of adaptation to drought, in most anatomical tissue systems of the culms in
Restionoideae. Anatomically specialised species (those with many derived traits)
were associated with arid conditions, including high continentality, high A-pan
evaporation and low rainfall during spring and autumn. Correlative tests showed that
many derived traits had evolved both contingent upon and concurrent with shifts to
arid habitat types. Furthermore, reversals in derived traits tended to occur with shifts
back to wet habitats. Occupation of a wide range of habitats, particularly arid
conditions created during the mid-Miocene climate change, may have been facilitated
by the evolution of novel anatomical traits. These adaptations have significantly
contributed to the diversity in form and function of this clade and may explain its
ubiquity in the CFR. This study has shown that anatomical traits can influence
physiological functioning. Further studies of individual traits are necessary. In
addition, tests of function under different environmental conditions e.g. water stress,

would provide knowledge of how particular traits may be important in coping with
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certain conditions. This thesis suggests that anatomical adaptation may have played a

significant role in adaptive radiations.

Culm photosynthetic structures were present before the mid-Miocene climate change
that created more seasonal conditions in the Cape. Culm photosynthetic structures
were also found to be associated with aseasonal conditions. Narrow culms were
associated with seasonal habitats that receive a high proportion of rain during winter
and autumn. Derived anatomical traits were associated with arid and seasonal
conditions. Both decrease in culm width and anatomical modifications may have
facilitated occupation of seasonal and/or arid environments created during the mid-
Miocene climate change. While leaf production could have facilitated effective
capitalisation of resources during periods of high resource availability through their
enhanced assimilation and transpiration, they may have been too costly to produce or
there may have been genetic constraints to producing leaves after they had been lost.
This demonstrates that a combination of traits may contribute to occupation of
particular habitats. Further evolutionary studies assessing changes in culm width over

time could shed light on this theory.

In all three tests of adaptive traits (culm shape, variation in culm diameter and
anatomical variation), the most influential environmental variable was rainfall
seasonality. The CFR experiences a M editerranean-type climate with dry summers
and high winter rainfall (Cowling 1992). In addition, the substrates of this area tend to
be highly oligotrophic, with rain causing further nutrient leaching (Deacon et al.
1992). Surviving the hot, dry summer months and capitalising on scarce nutrients
when they are available, typically during spring, were thought to pose challenges for
plants growing in this area. Leaf structures and narrow culms were strongly associated
with rainfall seasonality, in particular high rain during winter and spring, suggesting
that these traits are not adaptive for hot, dry summer drought conditions but rather for
nutrient and water acquisition when these resources are available. I suggest that traits
that allow efficient capitalisation of resources when they are available are strongly
selected for in this Mediterranean-type system. These traits may, in addition, be

exaptive for summer drought conditions. For example, the enhanced transpirational
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control and sensible heat loss of narrow culms may also be advantageous during hot,
dry summers. Anatomical specialisation was associated with arid conditions and
certain anatomical traits were found to be adaptive for drought conditions. Culm
anatomical modification may have allowed culm photosynthetic species to occupy
more seasonal, arid habitats formed during the mid-Miocene climate change. Further
studies testing the adaptive nature of traits in other Mediterranean-type areas could
corroborate these theories. In addition, investigation of the link between nutrients and

culm diameter and shape is necessary.

Leaves often reflect adaptations to various ecological conditions (Givnish 1987) and I
have shown that culm structures too display patterns with environmental conditions.
Furthermore, I have shown that adaptation may occur at various levels of culm
structural organization, from shape, variation in size of shape to anatomy. Rainfall
seasonality influenced the shape of the structure, the variation in size of the structure
as well as anatomy of these structures. However, complex interactions between these
various structural components may interact to influence plant physiological
functioning and thus patterns with ecological conditions. There are many other
aspects of the plants biology that we have not yet explored, such as rooting depth,

which may also contribute to the way these plants function within this region.

Phylogenies are often used to provide evidence for adaptive radiations, but I suggest
that identifying adaptive traits, their evolutionary history as well as their function is
key to understanding plant radiations in response to changes in environment. With the
increasing number of available phylogenies, testing both trait function and
evolutionary history within a particular selective environment becomes feasible. The
CFR is aspecies-rich region, where complex topography, heterogeneous substrates
and harsh climatic conditions may have played a role in trait evolution and radiation.
Understanding the evolutionary processes that led to the patterns in plant traits that we
see today enhances our understanding of radiation and niche evolution in the CFR and

contributes to understanding the extraordinarily high endemism in this area.
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APPENDIX

Table Al. List of species in CFR Poales tree, listed in onder of appearance in rees in Figs

1de 2. Species In collapsed clades have been listed with the clade name.

Antfochorig crinalis

Thawisoctiorus ke roadcg

Arihochorius pramingolius

Thawsectiorins miiri

Mevillea abieissima

Thanunechoring spieigerus

Arihochorius stagularis

Thanochoriug pamicilaing

Hypranliscies arisianis

Thawiiechiorius fraleriis

Canmanois zoilechrers

Thanmechorius plarisiechy

Thammnach
ortus Clade

Clasisaieols saundersii

Thanurochorius glaker

Catimaeais parviflore

Thanunechorius papyracens

Canmauiois arenicola

Thawtiechorius aeuminaine

Cergiocaryin flefilesime

Thastmechiortus fruticosus

Cergtocarvim fimiviatum

Thannoechorius pigidus

Cergocarvinn Xerophiliom

o

Thastiochiorius cirereis

L IE"":-'T-'M'EF_TJHF.‘ CRESPRIOELR M

Thanurechoring guheiess

Cergtocaryim padclriam

Thawisechiorfus erechis

L IE"":-'T-'M'EF_TJHF.‘ CAEEIIC I

Thanumochorius insignis

Willdenowia glamerala

Thawisectior we abemnarius

Willdewawia arescens

Thanuochorius pellincidus

Hyprawdlseus sovifanies

Thawtechoriue stokoed

Hyprandiseis Squantasis

Cannamas Ceratocarvum Clade

Thawsisectiorius diciosis

Muasierstella parparea

Thawtechorius fucens

Muasierstelia sparhalara

Thawtsechiortus scellechren

Canmennnis solrpeides

Thavrachortus platvplers

Canamois dol

Thanurechorius paateiaig

Sorovela ambigug

Thawtechorius bochmanngi

Plaryeandos galping

Thawiiectiorius alrasis

Platyranlos milawiinensis

Thannochoriug sporadicis

Plaryeandos mabonid sulsp ool

Thawiiecord e iiais

&
Plafyranlos aoutos & Thawumechorius gracilis
Plarnycanlos cascadensis |;_; Thanurechorius padcler
Plafyrandos callisractvis ;:_'_' Thawrachortus levynsioe
Platycanlos greeps ; Restfio perseverans
Platyandos compressis E" Restio fHifores
Platyeanlos mafor & (Resnin prerplexis
Plaryeandos depaupreration Restio aurealus
Plafyvandos suboonipressis Restio lusil _
Staberoiig siofoet Restio Miureus -
=
Srenberomiig pepnara | Restio sirabiier C‘
Staberoha acmnla _"'_.? Restio nodosis =
Sl cernua 0 |Restio prachevstachyis i
=
Sreeberia distechios T::- Restln capillars o
Sretberoiig Banksil 'E Restio cyutosis
Srbermia andisptcala r_% Restio patens

Srabervlia ornata

Restto occulius

Sretbermia vaginale

Restio Ivackiatis
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Festto vutineis Restio siebert =
=,
Restte insignis Festio sonantis T‘; T';
Festto olwewrus : Restio parthenooarpos B
Resilo inveleratus E |Restio vilis
Festto burchellis ':':_' Restin gossipines
Fesvlo pudvinaruy é Restin aridus
i
Restto fusiformis o2 |Resiio CapEH RS
Restto acocki Restio curvibracieatus
Resilo praeacuius Restin witfehergensis
Filodocoms vetbergensis Restio ocrealis
fheodncoma fruficosa Restin elslae
Fieodocomae alping Fesrio s
Fheodncoma follesa Restin elencharis
Fieodocoms gigantes Festto salvwverticelalus
Ehodoeomae arida Rt ielfTora
Fiendoca, GPEnE Restio esterfigsenine
Rieodocoms gracilis Restio leproclados
Restlo micans Restin sefiger .
Restto egregius Restio vernusiulus L
Restte levinsiae Restio distracing :_.
Restto pigildus Restio unispioans =
Restto andreceanns Restio pawdichaldioms i
Festlo teminlspics Restin nuligenig =
Fesvlo caldleala Restin carguitosis
Restto sl 'r: Restio circtunatin
Rewio allwiuberenlorus T |Resio curviFaniis “:":
Restto vigoratus ';':_' Restio duthiee =
Festlo ramosissimig é Restlo nais ':':_‘
i =
Resilo vimineus g |Restio pradensis =
i
Rerto radol i Restin spovadicis ﬁ"
Restto adpressus Restio pnpmacus
Festto durus Restio sacer
Festlo longlaristaiuy Restio ane ":
Restto salulosus Restin fen =
Restto roitboellioides Resrio wallichii ':':_‘
Restto paludosus Restio leniissimus =
Restto papiflosus Restio vividus o
Restto marlorhil Restio pillansii
Restto sofoenoides Restio corneolus ::E
Festo consiipaius Restio saroclados T.—'-:
Festto virgews Restio feprosfaclus I:':_‘
Fesvlo laniger = ":l' Kesrin efioncidus é
= i
Restto karoaicis ,:‘; _'; Restin nudiffons o

Restto coactilis

.FI‘I.

st clandestinig
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Restio inticews

Restio guinguefiriag

-
Restin sivicius Restin similis ; =
Restio verrmcosin Restin distans é E
Featio pimilus Restio debiils
Restio mwarthergensis Askidinsperaia tesigne
Restin sefiinetns Asbidivspero onglformm
Restio seaberalus Askidinsperasia capdfalum j
Restio stokos! Askidlosperaia delicatidam &
Restio sudiTors Askidingperama albo-ariztetia I;:
Restio fulercidatio Askidlosperaia witidion E
Restio fesiuciformis Askidinsperama clarfaceam _.IIE—
Restio zaluensis Askidinsperaia andreasaniin ;.E
Restio pecullaris Askidinsperaa panicilaium —"":
Restio arciarus Askidinsperaa alticoliom =
Restin inconspiouns Askidinsperans rugosam
Resrio vallis-sinus Askidinsperaia esferiugzenia
Restin tecundus Elegia miicronaila
Restin deciplens e [Elegia cuspildata
Restio fragilis _‘.: Elegia acockil
Reatio implicaius C_. Elegia deusia
Restio collicilespermus = |Elegie micrecarpa _
Restio dodil var dodli _: Elegia verveauxii -
Resrio dodil var purpurascens o Elegia recia f
Restlo ingeny Elegila minda =
Reatin prirprirascens Elegia feciorum é
Festio involilus Elegia elephantina :
Restio dispar Elegia plapinii
Restio paludicela Elegia thyrsaidea
Featio commiinis Elegia asperiflora
Restin rarus Elegia plomerata
Restio degenerans Elegia caespiioza
Festio alticola Elegia inlermedia
Resrin disiichas Elegia facata -
Restio parvispicidug Elegia fixiulose =
Restio asperis Elegia coleura f
Restio pulcker Elegia pranadlsplcara =
Restio harveyi Elegia thyrsifera é
Reario hvalins Elegia sparhacea *
Festio versaniis Elegia rigida
Reatio impodiine Elegia exiensa
Restio paiicilaris Elegia amostia =
Restio tefragoniis Elegila racenoss é T'_-,‘;
Restio gueadraius Elegie persisiens =
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Elegia sipulars z _ |Elerfrarra fongifova
Elegia stovkoel Z |Ekrhara delicasila
Elegia squamoss Eferfrerrna triconre
Elegia awvaiflora Eferfurrsa eluirnea
Elegia ferestrata Eferferrta harhinodis
Elegila vaglnlate Ederdrarna tonbergil
Elegia filacea Elerfrarrsa villose
Elegia funcea Ederfrerrra longighona
Elegia equisetacea Eferfrrrsa mellicaldes
Elegia macrocarpa Eferfrarrsa calveina
Elegia exteruyseniae Eferfrrrsa prsilia
Elegia capensis Eferirarrta bravifolia
Elegia Inichingaril Mermmuellera arandinaceae
Elegia prominens Meromuellera decora
Elegila muiril Meramuellera lupuling
Elegia neesii Meromuellers vafa
Elegia gremdis Mermmuellera cieta cincia
Elegia apgregaia Merimuellera selaceas
Elegia ehracreais Pentaschiats elegans
Elegia deciplens Pempaschiais aliicola
Elegia hookeriana o+ Pentascilonis fofuoia
Restto pedicellams = [Pemtaschiis ool
Restto o aff pedicellans f Pentaschisis vigldissing
Fesvlo saluilis 2 [ Penraschusils viseldula
Restto confisis é Pentacchiats pusilia
Restto muiser 2 | Pensasehisrs arife subEp. Qg
Resito dizsivis FPentaschisiis amipla
Festto nuwelergensis Pemtaschisns coilescens
Resito Miarius Pendaechisils seandens
Resrio b fidus Pentascilans acieosg
Restto echinatus FPemtaschiais capensis
Festto marosiylis Pentaschiats argenfea
Restlo papyracens Pentaechicts palmdnensiy
Elerlurrfa dura Pentaschislis propens
Elerlrrrta microlaens Pentaschisis pyoropliila
Elerlurria rupestvls FPentaschisiis erfosiong
Elerlurrta setaceae . Penidaechiclls motea mesea
Elerlurria relimannl ‘1: Pemasciisis pallescens
Elerfrerrfa Famosa t Pemtasciisis pallide TWNI2
Elerlurria capensis E Pemraschiats arizitdoides
[=5

Ederirarra bulboig

FPendazciisiis risela

Elerdvrrta longifilia

FPentazciisiis veluting

Elerfrarfa ottosis

Pentasciisnis calctoala calel

Elrirarrfa erecta

FPentazciisnis densifilia

POACEAE
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Pentaechisns eckloi

Rifvnclospora Browid

Pentazchisiz aspera

Capenholivs Ivevicaulls

Pertaschisiz parala

Cyatfeocona Bexanara

Pentazchisns anana

Tetrariararia S VRN

Peditaschisns pallide CGI45

Tetrariararia fahviolaia

Penrazclistiz reilexa

Tetraria pitlansil

Petitaschisiis rapesivis

Tetraria microsiaohvs

Perraschisnis papifloss

Tetvaria hitrmanii

Penrazchiznz cirvhalosa

Tetraria crinifolia

Peraschisns glandulosa

Tetraria firscieta

Pentazclisiis sioniaig

Tetraria wshidata

Pentaechianis aivoldes

Tetraria capillacea

Pentazchisis tosrentella

Tetraria Texuesa

Pentaechisns venens

Tetraria Hrevmializ

Pentaccinsiz prewdopallesoens

Tetrrria ilangdaris

Cortaderia selloana

Teiraria LERITRIrERNer

Preudopentamenis caespitaia % Tetrrria Divolucrala
Preudoperiameris braclypiodiz B | Tetraria bromoides

L-
Preudoperiameris macraniia o |Wegsenheckio pdrctoris
Meramuellera dizticha E Sehoerus nigricans
Mermmuelleras stricta Flimebrisrlls couplanara
Sehizmus harbatis Bolboshoenus maritiones
Schismus seaberrimus Cyperus fenelfus
Trtbalinm brachziechyom Setrpoides thhergli
Tribalium untodae Hellmathia mesihianacea
Karroochioo fenella Teodepds marginala
Tribalinm ohtusifolium Fletnia trichodes
Triblinm oblirerion Flenta pnguioy
Tribadinm prosiliem Fieinia wristecivea
Karroocklog curva Flelnia vigida
Sohismus pleuropogon Flicinia veprens
Trbaltum acurifilorim Fletwie vanosizsdma
Tribanlinm wiricnlonem Fletwia polvsrackya
Tribalinm hispilaion Fielnia indica
Teibalinm cilliare Fielria grdomoniang
Tribalinm echingiim Fletwia laciniota
Chrvsiiey capensis Flielnia esterfisenioe
Cladium marizcus Ly |Fleteie herglana
Carpha glomerata E Flielnia distans
Schoenoxiphium ecklonii l::__'t' fenlepis sepulevalls
Schoenoriphium sparieum E Teodepis s
Sehoenoriphinm lefimani Et Leolepis revission
Trfanapailes solifaria | Cuperas laevigarus

Flelnia paradoxs

Cyperas longios

CYPERACEAE
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Prorews sicrelil

Teolepie Sudwilgii

Teolepis siviata

Teoleps fTultans

Teolepiz picdwewnda

feolepis prolifera

Tenlepiz digitaia

Teolepis setaces

Teolepiz dfaledica

feolepis vemusiula

Teolepris vervuculose

Teolepis cornia

Tetrariararia et

Tetraria ¢ IO

Tetraria syivarics

Tetraria brachyplovlila

Epischioenis quadrangularis

Tetraria bodisil

Tetraria CodtBaola

Tefraria crassa

Tetraria exilis

Tetraria cuspidaia

CYPERACEAE
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TABLES

TABLE I: Modifications of the different tissue types showing whether they were derived, the percentage of

specics in which they occur and the number of times they were independently gained or lost.

Mumber of camns

Mumber of reversals

Anatomy Anatomical feature .ﬁ.n-.:.l::.ua]- Dperics
Derived percentage | etran |deltran  |acctran |deltran
Culm shape hemispherical Dyerived 1.1 2 3 1 {
ERTE T Dyerived 4 1 1 il {
flattened Dyerived i [ & il {
roud Ancestral 949 i il L] ]
Epidermis 2 cells thick Dierived 15.7 1 1 1 I
| cell thick Aueestral B3 | | | I
lateral walls sinvouse and thickened Drerived 280 10 7 Il 13
lateral walls unthickened Aueestral T1.9 Il 13 10 17
outer walls thickened Drerived T4.5 2 5 ] 5
outer walls unthickened Aaeestral 255 ] 5 2 5
amoath Ancesiral JR.0 iz 43 i3 ]
aranular Dierived 0.7 1 1 il {
colliculaie Drerived Gl1.3 i3 20 i3 44
glabrous Ancestral G4 { il [ [
heairy Derived 1.5 | | i i
papillate Dierived 5.5 1l 1l il i
Stomata at the surface Ancestral 2491 5 il 14 19
alightly sunken Dyerived 5.5 1l 14 3 {
fully sunken Dierived L] 12 13 1 i
guard cells on top Ancestral a0 4 1 20 23
puarde cells inside Deerived 15.3 24 7 4 I
o tubereles Drerived 1.2 L& 20 3 I
ot on whbercles Aueestral HRT 3 | & 0
Chlorenchyma  [cavitics present Dierived i 15 15 il 0
cavitics absent Aaeestral 934 [ i 15 L5
Protective cells  |shorter than chlorenclymsa Dierived 1.3 k3 l& 2 {
lomegr than chlorenchyma Dierived 288 Erc il 13 L&
reaching down past the chlorenchyima Anpcestral G490 L& l& I8 8
cross bars present Dierived 1.1 2 2 il {
cross bars absent Ameestral GRG { ] 2 2
Sclerenchyma unthickened Dyerived ER R i3 40 19 12
thickened Ancestral T34 13 10 i3 ih
with regular large bulges Dyerived 2 5 5 il {
without regular large bulges Ancestral 974 i il 5 5
Central Ground  [solid Drerived 3BT 15 10 15 i1
Tissaue with scattered cavitics Drerived 216 17 20 5 2
with a single cavity Ancestral 464 14 10 il in
Tannin abaent Drerived 1865 i o 10 I
in the epidermis Ancestral 4.5 Il 2 e 33
in the pasenchyma Dierived 10.9 13 12 4 5
in the sclerenclyma Dierived 2535 7 A 10 3
in the central ground tissue Dierived 51 kil il in 8
Silica sand abaent Aaeestral T0.8 il 12 i 19
in the central ground tissue Dierived 34 40 b 15 4
in the chlorenchyma Derived 1.5 3 3 i i
in the pasenchyma Dierived 73 17 19 2 i
Silica bodies abigent Ancestral 7.9 1% ] 20 il
in the epidermis Dyerived 4 1 1 il {
in the chlorenchyma Dyerived 5.1 4 12 3 {
in the pasenchyma Dierived 18.4 7 i & 3
in the sclerenchyma Dierived [ 2 2 3 3
in the central ground tissue Deerived i3 4 4 il {
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TABLE 2 The different habitat types, grouped into categories, with the percentage of
species that occur in that habitat type. Within the water availability category, habitat
types were classified as dry or wet.

Habitat Category Habitat Types Percemtage
Buedrock type Sandstone B6.5
Shale 5.8
Silerete 7.3
Enon 0.4
Cavesand 0.7
Limwstons: 4.4
Acid coast 13.9
Alkaline coast N
Basalt 0.4
Rockiness NoRock G630
Pebbles 387
Bedrock 19.0
Water availability Well-drained dry 668
Seasonally damp sandplains dry T.7
Marshes Wil 1.1
Streambanks Wl 2
Convex Seeps Wl &.0
Wallev Bottoms wiel 20.1
Chft Seeps wel .6
Wegetation type Fynbaos 94.2
DuneThicket 2.6
Renosterveld .2
Montane Grasslamd 1.8
Karroid 0.4
Forest 0.4
South-cast clouds Present 17.2
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SUPPLEMENTARY INFORMATION

S1. Significant ahistorical habitat association for the 34 Jderived anatomical characters using Fisher's Exact

Test
Anatomy Feature Habitat Associations
Culm shap hemispherical Streambank Walley bottom
square
flattened Marshes Streambank SE Clouds
Epidermis 2 cells thick Acid coast Drune thicket
lateral walls sinuwouse and thickened  [Pebbles Well-drained
outer walls thickened Sileree Bedrock Wiell-draine:d
granular
colliculate
hairy
papillate Silerene Montane grasslamd
Stomata shightly sunken Montane grassland
fully sunken
guarde cells inside Sandstone Febbles Fvnbos
on tubercles Convex seep
Chlorenchyma  |cavities present
Protective cells  [shorter than chlorenchyma Marshes Dune thicken
longer than chlorenchyma SE Clouds
cross bars present 5E Clouds
Sclerenchyma  (unthickened Convex seep
with regular large bulges
Central Ground |selid
Tissue with scattered cavities Marshes Streambank CHift seep
Tannin ghsent Sandstone Suurvlakte Convex seep
in the parenchyma Pebbles SE Clouds
in the sclerenchyma Limestone Well-drained Dune thicken
in the central ground tssue Well-drained Fenostervield
in the central ground tissue
in the chlorenchyma Fenosterveld
in the parenchyma Marshes SE Clouds
in the epidermis Limesione Well-drained
in the chlorenchymma
in the parenchyma SE Clouds
in the sclerenchyma Bedrock Renosterveld

in the central ground tissue

127



o XA ETETRTS DMEE(] PUNOES [ROUD 201 WU
il | ELLLAR[ I3 20 10
Yooapag ISR pray eadranaged e g
mang  danE xaaunsy EILATI0 20 32U W]
spuprda g
e muazed au ug
STEIRY EILATI0 20 281 1]
PIRAIMEoUaY]  wagIng Aagpes,
daos xaaun MHEJAINNG  PMORIP-[]TA, NI SMEE(] UL ROuUa 28 U puRg BMIS
NG S PIRMAIMSOUNY PMORIP-||5, SH00]  MIKSPURS SMES(] PUROER [ROUS 281 U
PRAIE 0N BLLLAR[ MB35 20 W0
PIRAIE 0N LR L K| il | e aaged gy
THE|AITING ISR pray I RED | wPArEf,
EMILABD PRIMTIEDS 1M EGEET
PIOs( pumaany (RO
52Ny 2Fme] Imndoa s
MIASEE Yy paayanpun|  EmAgann)as
uasaad saeg 002
BULAIUXI0[ R[] 1250
esEg FULAR[ 2001 URL] B[S ][22 AT
YNNG 1SR03 Ry neasaad =angana|  Ewnipanaeogg
PRAIEOU Y SALAEE U
SpUEE S[A apaend
Py MHEAITIE LEgunE Apng
Py SR A] ISROD JUIEYY uguns Apydns BIRLLIO)E
15300 AHEPAINNE  NEISOE Y0y apeuched
Raney
Yorapag WG A, HMUPNE M MUDspURS apnAo
IR [MURLT
PEEIYDIL SR 32T
LR TR PMEIHIE] PUR DEN0MNLTE S][EM [RI218]
T smraapdg
e 35 PouMIEl
PlAIsmIny NI aaenbs
WA AI[EA [eaanelsiay adeys mpny
JEAL, SIS JHALINI ) 1531, Sa1ElS JUIBUIIu0 ) Kmojeny

ad &) an=sn o1 Surpaoase padnoad are sraemegd [Earmoieny uondo Furagosan
11 I IAIEIRYS [EMIUOTRE [3ea 10] (TUASUnmes 10 0amauod ) s (o0 0 eydie) 1ueaguFis @ paumano A yargs ul siegey AJue Suiaons sge], ‘78

128



dazs xaauny EIEIETS SMESI] PUNDIS [RINA3 01 U1
o BULAR U] 25 2T U
e Annaaed 2
1530 HUBQUIEANS SAEIERY BILAAU2I0 [ 2T
MHE|AINNE sppada 2
PIMAMsouay]  MELAINNG MEYS e Annaand au
EAEIERY BULAAU2I0 [ 2T
PRI S0uaY
dazs xanE0ny MHE|AINNS HInUpag MG MG SMES]] PUNDIS [ROUS3 301 Ul puRs BXIS
U EIAI] HUBQUIBDILE 2SN SMESI] PUNDIS [RONA3 301 Ul
Plaamsouay wonng Sages, HUBQUIEAIS B AN 2T Ul
HEys e Annaaed 2
wonng Sapes, dass xawwn MHE|AINNG ISB0D PIaY JAsgE WA |
EMILARD PAISTIEDS 1A anss|
PIMGE]  [pUmaany (RO
SIEIRRY 52Ny 2Fre] NS s
P pum BIEAYIIMINIE
a2 SIEq BR002
BIRLAI U0 WEL] 18500
rsey PULAT IO R INEME| 120 SATIINN]
V2N AU SAEIRRY JSROD IUTEY[Y s sapaes ELLALAU0]1
PIRAIM SO SA[ATIND W
PIRAIMS0NIY 1R g NS SPIEW S[|23 MpIEnE
Eai e e Py useg uzgung A
PIOLEEY L3 Aung] B 15RO IR Y U EII] uzguns Ay s BIELLOLS
15280 YIupag EIETRITS aeqquded
Kaney
PN HE PRSI PRTTRIP-[]24
Yorupag M PUMISpURS amnA o
IR[nUre s
PUESSRIE QB PUESSRIE JUBUGEY  TEIER Y20y PRI IEL SR 22N
EE] ] PN PR QEOONMTS S][EN [FIE]
Mg s T sy
pawane])
BRRREL LR IS MG aaenbes
Yarupag o GRIERN T E TR AS T ades mpny
152, LS 10800 ) PEA SHIELS AT AmajEny

ad &) an=sn o1 Furpaoase padnoad ae sremygs eanuoieny uondo Furaposal uengap s
I[HIN INYEIRYS [EUOTEUR Yaea 10 (IUASunes 0 warmawoa ) pogs (o0 wydpe) e musis @ paimnaso a1 g u segey AJuo Suiaogs sqe, g

129



ERH TR O

ans=1y _u=:a.nm [ENUA3 3y1 01
ELLLALMUIAL3] 28 13 W1
ewdyauaand 2 m

BUIAY LAY ) 01
siuupida 2p m

ey auaamd 24 m
BLIALSUAOY2 ) U1

daas ¥2A00)  UBQUIERNE  HFR[AUNNG 5303 daas waauo anssn) punoa® [ENuas A ul|  puns Baig
539034 HUBGUIEIS INSEL) PUNOLE [EIUS3 M8 U1
BLLLAL[MIAI2] 25 1 W1
ey auaamd 2 m
HYEjAInOG u2sgE LITILE ],
S IARD PRIANEDS 114 anssi]
WG A3[[EA 5349034 pEnr0.g wogoq A3 doass xaawo) Pos PInoary [Enus )
ST ASIE] JR|NED I
PR S (LA I A0 34
JURE2Id SITY S501D
13NN} SUNL WO A3 [[EA EE0D MYy a[eyS SANLIT]Y BLLA U0 |2 uel) 1o
TUIALILERIO[ LD R IHI0YS f122 2Am0a)004
Juzsaad SIIAED RIAYIUAE0]Y)
HHEAINNG FHE[AINNS CETRTEn T
NI} 2UNy] 1SEO0D Py ApISUL S[[33 apURnG
PUT[ESRIS JUTIUCRY 2oy uayuns Ay
urguns AppyEns RIBLLIONS
aeqded
Ay
daage ) puEquEang  yroapog PRo|) S JurquERng EnaLjed
IB|NUBLS
1500 PN S[[RM 13700
PlaaEMsOUIY EE0D MY 05| plRaLMsouIy 1SE0D PLaY 21015 PUIH Y} PUT ISNONULS S[[EMm [ELIE]
Yo sea 7] smuwspidy
pausgEf
aaenbs
prAsajsousy 21315 [erardsiuay|  adeys wns
UWEII[H(] WA MmIEa g ATIDIEUY

adA angsn o Surpaosoe padnoad aae savoeegs Eanooery suondoe TUIAj0SaL URIA) PUR UEDAIE IADUn
IAIEIRYD [EIMOIEUE YIEA 10] [ESraaay] Juafunuoy (g0 gs eydie) meayufis v parmado aiag gargs iy siegey Ajuo Sursoys sqel s

130



APPENDIX

0 | | [ | [ i SIS ST O T
0 0 0 [ | [ 0 STOTENET ST OU W |
0 0 I [ | [ i SIS ST 00 W |
1] 0 0 [ ] [ 0 LX) PUIGIR
0 0 0 [ 0 [ i} FISHAATS DU
I | 0 [ 0 0 0 SUGRTLY) 1%y
I 0 0 [ 0 0 ] SB[ AN 152y
0 0 0 [ [ 0 i} SIS O1j%2Y
I 0 0 [ 0 [ [ snyraponl ogsay
0 0 0 [ 0 0 [ s pnaned oy
0 0 0 [ 0 0 ] SR TR 0153y
0 0 0 [ 0 0 i} stuaofiangsal sy
I 0 0 0 ] [ 0 W3] B[
0 0 | 0 0 0 i propysyf PIEa)y
I 0 | 0 0 [ 0 myoprdsns msay
1] 0 1] ] ] [ ] snades pIFay
(s auaged

e : pupu| P SR
100 10U usyums ApysEns ) LR AS0NUIS reanaydsiuagg

(s pemapda PAIAIIEDS YILs ERTREN

FLUALAUA IO BIELIONS | BUIAIUAIA[IG [1es [eapds aleys wno
1310 10 PI[0S LN

(TN ERITO]]
B[] AATIIM O]

TEIA e

WMOLE AT8 DAIALID AA0) U208 UL S1TE0 [RIILLOIRLY
“AFoposAyd paousnpun EAMIANNE [RIWOIEUR JUAIA D IR £5a850 0] $310ads Sumo)[og ) 10] WAYR) A0 SJUALAINEEAL AFURYINA S0y [y

131



Figure 1

g

Anthochortuscrinalis
Anthochortus graminifolius

|_|: Nevillea obtusissima
Anthochortussingularis

| Hyp/Mas/Wil/Can/Cer Clade

Soroveta ambigua

Platycaulos Clade
Staberoha Clade

Thamnochortus karooica
{ Thamnochortus muirii

Thamnochortusclade

Thamnochortus acuminatus

Thamnochortusfruticosus

Thamnochortusrigidus

Thamnochortus cinereus
s T hamnochortus guthrieae

Thamnochortus glaber
{ Thamnochortus papyraceus

Thamnochortus erectus
Thamnochortusinsignis
Thamnochortusarenarius

—
Thamnochortus pellucidus
_|: Thamnochortus stokoei
Thamnochortusdumosus
—|_ Thamnochortuslucens
Thamnochortus schlechteri
I Thamnochortus platypteris
Thamnochortus punctatus
_|: Thamnochortus bachmannii
_|: Thamnochortus obtusus
Thamnochortus sporadicus
=== Thamnochortus nutans

b—— Thamnochortusgracilis
r— Thamnochortus pulcher

L—— Thamnochortuslevynsiae

Restioclade 1

— Rhodocomavleibergensis

_|: Rhodocoma fruticosa
Rhodocomaalpina

Rhodocomafoliosa

Rhodocomagigantea

Rhodocomaarida

Rhodocomacapensis

Rhodocomagracilis
— Restio micans

L Restio egregius



== Restiolevynsiae
L Restiorigidus
= _I Restio Clade 2
Restio longiaristatus
Restio Clade 3
E Restio Clade 4
Restiovilis
| ] Restio gossypinus
Restio aridus
Restio capensis
Restio curvibracteatus
— Restio wittebergensis
— Restio ocreatus
Restio elsieae
Restio hystrix
— Restiodeocharis
— Restio subverticellatus
— Restio triflora
Restio esterhuyseniae
Restio leptoclados
i Restio Clade 5

Restio Clade 6
Restio Clade 7

—l—._._
S Restio Clade 8

pr—— RESI0 paniculatus
Restio tetragonus
|: Restio quadratus
Restio Clade 9
Askidiosperma Clade
. Elegiamucronata
Elegiacuspidata
Elegia acockii
L Elegiadeusta

. ﬂ ElegiaClade 1

Elegiagalpnii
— L___ Elegiathyrsoidea
Elegiaasperiflora
L _: Elegiaglomerata
Elegia caespitosa
_-'—'—-—-_.J ElegiaClade 2
Elegiaextensa
————==—"__ | ElegiaClade3
Elegia squamosa
Elegiaatratiflora
—— Elegiafenestrata
Elegiavaginulata
Elegiafilacea
Elegiajuncea
Elegia equisetacea
Elegiamacrocarpa
Elegia esterhuyseniae
Elegiacapensis
Elegia hutchinsonii
ElegiaClade4
ElegiaClade5
Restio Clade 10
CAPE POACEAE
CAPE CYPERACEAE

Figure 1 continued 35



Figure 2

|

——

—
————— |

Anthochortuscrinalis
Anthochortusgraminifolius
Nevillea obtusissima
Anthochortussingularis

= Ehrharta

= Pentaschistis

Cortaderia

™ Schismus
Tribolium
Karoochloa

SMrisitrix capensis
Cladium mariscus
Capeobolus brevicaulis
Cyathocoma hexandra
Tetraria
Neesenbeckia punctoria
Schoenus nigricans
Fimbristyliscomplanata
Bolboschoenus maritimus
Cyperustenellus
Scirpoides thunbergii
Hellmuthiamembranacea
Isolepis marginata

L

b Ficinia

) Isolepis
L. Cyperus
Pycreus

Tetraria

5 Merxmuellera
5

Pseudopentameri
sMerxmuellera

Y

CYPERACEAE

RESTIONACEAE

POACEAE



Diameter (cm)

Specific Culm Area/Specific

Leaf Area (m? kg?)

ooa =

LT

s

-

&

a

a3

&

Ehrharta ramosa Ficinia bulbosa Thamnochortus sporadicus
* % *% ' *%
——— -
— |:.
R * % * %
—
I
Culm Leaf Culm Leaf Culm Leaf
37

Figure 3



Thamnochortus sporadicus

Ficinia bulbosa

Ehrharta ramosa

**

* %

o
&=

(1S W ‘00 Jowiw)
SsayuAsoloyd

(1S 2W O°H loww)
uoeJidsuel |

a
B

2o 2 =

(D )ainrredwel

L eaf

Culm

Leaf

Culm

L eaf

Culm

38

Figure 4



i
00 120 140 180 180
Rainfall in the wettest month

1
B

B0

a0

= 8 &8 3 8§ 8§
(Yuow 1s81BM B UI |RJURY)/

7 &

2 2

©

mn

Mm

©

5 E

‘©

NR

1 ] 1 ] ..U.

- g g g
— — (=3 =
(An1feuosess |ejurey)/

= I

BN

5

)

-mm

©

|mw

L

S B O+

" c

-mm

1 ] ] ] Dﬂm

2 g 2 g 2

1.10

g & 3 § 8

;|
(ebues aineledws] )/

(Jo1enb

=
=

g 2 8 & &
- = = = g

&

=

=
_1.

g & 3 8 B

(Jo1enb 1s9pjo0 By UL |feuted))  (Je1enb 1sswiem sy ul ainesed

2 M M M
Temperature range

a0

12 14 & 20
Temperature in the wettest quarter

i

8 ]
1S91eM 8y Ul auneledwa] )/

]

1R

14

Temperature in the warmest qual iex

12

39

Figure 5

wel)/



Figure 6
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 8
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