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Abstract A survey of 93 wetlands in six catchments
across the Maloti-Drakensberg is used to assess the
distribution of plant functional types across altitudinal
and wetness gradients. Altitudes range from 1,000 to
3,200 m a.s.l. Within each catchment, the wetlands
were selected to cover the complete range in altitude
and wetland types. In each of the selected wetlands,
vegetation was sampled in 3 by 3 m quadrats covering
the entire range of wetness represented in the wetland,
from temporarily wet to permanently inundated soils.
Plant species were allocated to one of 11 different
functional types (examples are C3 grasses, C4 sedges,
rosette plants, and shrubs), and the proportion of the
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vegetation in each sample occupied by each func-
tional type was calculated from the species’ abun-
dances. Canonical Correspondence Analysis shows
that “wetness” clearly has the highest impact on the
distribution of functional types, followed by altitude.
The most important plant functional types in wetlands
are grasses and sedges, however, at higher altitudes,
forbs (especially rosette plants) and bulbous plants
become a more prominent feature in the wetlands. The
total amount of graminoids gradually decreases with
altitude. The general trend is that sedges tend to
increase with increasing wetness and C; plants
(grasses and sedges) increase with increasing altitude,
but these effects are not independent. The distribu-
tions of C4 sedges and C, grasses along an altitudinal
gradient are quite different, and C, grasses grow
abundantly at much higher altitudes than C, sedges.
C, sedges are very scarce at the altitudes represented
in the Maloti-Drakensberg area, whereas C; grasses
occur in the permanently wet parts of the wetlands,
especially at higher altitudes (normally mostly occu-
pied by sedges). Shrubs are rare in wetlands and tend
to be an indication of disturbance. This study com-
plements previous studies on the distribution of
grasses and sedges at the lower altitudes within
KwaZulu-Natal, which found that at altitudes below
1,000 m a.s.l. C4 sedges were much more prominent,
while forbs and rosette plants were largely absent.
This confirms that C, as an adaptation to hotter and
warmer climates is sometimes a less favorable
metabolism in wet high altitude areas. At high
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altitudes, rosette plants and bulbous plants become
more competitive in wetlands, probably because
grasses and sedges present at these altitudes generally
grow smaller than they do in low altitude wetlands.

Keywords Functional composition -
Mountains - Photosynthetic pathway -
Graminoids - C4 metabolism

Introduction

The integrated conservation of large-scale ecosys-
tems requires an understanding of the determinants of
the structure and functioning of such systems (Ostfeld
et al. 1997). Since the presence of many interacting
species makes analyzing ecosystems potentially
extremely complex, there is a need to group together
species that perform a similar function in an ecosys-
tem. Different classification schemes and terminolo-
gies exist for grouping plants into functional groups
and there is no single commonly accepted classifica-
tion useful for all studies (Smith et al. 1997). Plant
functional types (PFTs) and guilds have been defined
as “a group of species that use the same type of
resources in the same way” (Smith and Huston 1989).
Plant functional types have been defined on the basis
of, inter alia, morphology, nutrient foraging strate-
gies, location of perennating tissues, physiology, and
life span (Boutin and Keddy 1993; Diaz and Marcelo
1997; Lavorel et al. 1997; Smith et al. 1997; Box and
Fujiwara 2005). Since form and function have an
evolutionary origin, many functional groups are
closely linked to their phylogeny, and hence can be
delineated taxonomically (Silvertown et al. 1997,
Ingrouille and Eddie 2006).

Classifying plants into functional groups is often
used as a means of explaining vegetation patterns
resulting from the environmental factors that struc-
ture a community. An ecological gradient or a
combination of ecological gradients can be described
in the form of changes in overall species composition
but many broad patterns elude us if we fail to look at
the changes in the contribution of broad functional
groups (Lavorel et al. 1997; Smith et al. 1997;
Weiher and Keddy 1999). Functional groups have
been applied particularly often in the context of
correlating vegetation to climatic gradients (Diaz and
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Marcelo 1997; Smith et al. 1997; Box and Fujiwara
2005). It has been suggested that the term functional
group should be used only in the specific situation
that the response of species to a disturbance is taken
into account (Smith et al. 1997; Lavorel et al. 1997).
In this way, the term can be differentiated from
several other terms that refer to different aspects of
plant life cycles, environmental adaptations, and
growth forms, such as “structural guilds”, “ecolog-
ical species”, “character syndromes”, “functional
guilds”, and many others, but at the same time, it is
acknowledged that “functional type” is the most
broadly used term, and that form and function are
often linked in ecology (Smith et al. 1997; Box and
Fujiwara 2005).

Wetland plants can be grouped into several
functional types. Boutin and Keddy (1993) recognize
three basic functional types, namely matrix species,
interstitial species, and ruderals, based on a number
of measured traits. Several traits, such as floating
leaves and aerenchyma in the stem, are specific
adaptations to wetlands (Cronk and Fennessy 2002;
Keddy 2000), and many different lineages of vascular
plants have acquired these traits and conquered this
habitat. The most abundant families of wetland plants
are the grasses (Poaceae) and sedges (Cyperaceae)
together with some smaller monocot families (Kotze
and O’Connor 2000; Thompson and Hamilton 1983).
Many of these species are clonal, sprouting at the
base, and they form the bulk of what Boutin and
Keddy (1993) refer to as “matrix species”. Grasses
and sedges differ in their basic morphology, with
most sedges having closed leaf sheaths that are
attached to the stem at the base level, giving them a
basal “rosette” of narrow leaves and grasses having
open leaf sheaths attached to nodes on the stem, so
that the leaves are further apart. In general, sedges
tend to occur in the wetter parts of the wetland
whereas grasses tend to dominate toward the drier
end of the spectrum.

Both grasses and sedges have evolved C4 metab-
olism in parallel multiple lineages (Sage 2004;
Osborne and Beerling 2006; Christin et al. 2008). It
is generally thought that a C, metabolism is more
adapted for hot, semi-arid to arid high-light environ-
ments (e.g., Li et al. 1999; Osborne 2008), yet many
C, plants occur in wetlands (Keeley 1998; Kotze and
O’Connor 2000). A more nuanced view on the origins
of the C4 metabolism is necessary as it may have
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evolved independently in response to different envi-
ronmental conditions.

In this study, we investigate the contribution to the
overall vegetation cover of various functional groups
in wetlands in high altitude areas of South Africa.
The Maloti-Drakensberg area in the central-eastern
part of South Africa receives rainfall in the form of
warm moist air from the Indian Ocean that cools
down when rising up a high mountain escarpment and
this has resulted in a large number of wetlands
occurring at a range of altitudes (Sieben et al. in
prep.). We investigated the distribution of plants with
different morphologies and different metabolisms (C;
vs. C4 plants) along an altitudinal gradient (across the
mountain range), along which many climate variables
that directly affect plant growth vary, and along
small-scale gradients in soil wetness within wetlands
of the Maloti-Drakensberg range.

These distribution patterns will reveal the rele-
vance of specific growth forms and types of metab-
olism as a strategy for adaptation to wetland habitats
at different altitudes. This is particularly relevant in
monitoring high-altitude wetland ecosystems in the
face of wetland degradation and imminent climate
change. It also will give additional insights into the
evolutionary history of some of the strategies that are
particularly successful in such habitats. The gradient

analysis expands on the study by Kotze and
O’Connor (2000) by extending the altitudinal range
right up onto the Maloti-Drakensberg escarpment,
and by including additional functional types (i.e.,
rosette plants, forbs, shrubs, and submerged aquat-
ics), which tend to be more abundant at the higher
altitudes (Van Zinderen Bakker and Werger 1974;
Backeus and Grab 1995).

Methods

Vegetation relevés were located in 93 wetlands across
all altitudinal zones in six catchments distributed at
intervals along the Maloti-Drakensberg range
(Fig. 1). Maps were consulted to examine where
wetlands were located within these catchments and
an attempt was made to visit all wetlands within a
catchment. Within each wetland, several vegetation
units could be recognized across the wetness gradient
and for each of them at least one vegetation relevé
was recorded using the Braun-Blanquet method
(Westhoff and van der Maarel 1978). In most cases,
wetland vegetation occurs in discrete units but, in
some cases, a transitional zone between two units is
present. A homogeneous relevé of 3 by 3 m was
chosen to represent the vegetation unit as a whole.

Fig. 1 Map of the study
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Table 1 Functional groups as they have been defined in the present study

Functional ~ Description Taxonomy Physiology Examples
type
C; grasses Graminoids in tufts or mats with Poaceae C3 Festuca caprina, Poa binata,
leaves consisting of a blade and Merxmuellera macowanii,
sheath attached to nodes on a stem Leersia hexandra
C, grasses Graminoids in tufts or mats with Poaceae C4 Themeda triandra, Eragrostis
leaves consisting of a blade and plana, Miscanthus capensis,
sheath attached to nodes on a stem Andropogon appendiculatus
C; sedges Graminoids with leaf sheaths all at ~ Cyperaceae, Juncaceae C3 Eleocharis dregeana,
base level, mostly in three rows, Schoenoplectus decipiens,
sometimes leaf blades running up Carex acutiformis, Isolepis
the stem angelica
C, sedges Graminoids with leaf sheaths all at ~ Cyperaceae C4 Kyllinga pauciflora,
base level, mostly in three rows, Fimbristylis complanata,
sometimes leaf blades running up Cyperus fastigiatus,
the stem Bulbostylis schoenoides
Other Graminoids, mostly leafless. Typha  Eriocaulaceae, Xyridaceae, C3 Eriocaulon dregei, Restio
graminoids  capensis stands out as a very Restionaceae, Typhaceae sejunctus, Xyris capensis,
distinct growth form. Typha capensis
Bulbous Plants with underground parts Asphodelaceae, Hyacinthaceae, = C3 Kniphofia caulescens,
plants swollen in bulb, corm or tuber, Orchidaceae, Iridaceae, Cyrtanthus breviflorus,
strap-shaped leaves all at base level ~ Colchicaceae, Amaryllidaceae Disperis wealii,
Rhodohypoxis rubella
Aquatics Plants with floating or underwater Gunneraceae, Lentibulariaceae,  C3 Gunnera perpensa,
leaves, large amount of aerenchym  Polygonaceae, Marsileaceae, Persicaria decipiens,
in the stem Aponogetonaceae, partly Limosella inflata,
Scrophulariaceae Aponogeton junceus
Forbs Broad-leaved herbaceous plants with Most Dicotyledonous families C3 Senecio gregatus, Geranium
soft stems and with leaves arranged multisectum, Euphorbia
along the stem striata, Epilobium salignum
Creepers Broad-leaved herbaceous plants with Most Dicotyledonous families C3 Lobelia angolensis, Galium
horizontal stems, either trailing on thunbergianum, Crassula
the ground or twining through dependens, Trifolium
vegetation thunbergianum
Rosette Broad-leaved herbaceous plants with Mostly Asteraceae, some small C3 Senecio polyodon,
plants most leaves at base level families Helichrysum mundtii,
Haplocarpha nervosa,
Scabiosa columbaria
Shrubs Woody plants, often with small stiff Asteraceae, Rosaceae, Lamiaceae, C3 Leucosidea sericea, Leonotis

leaves

several other families

ocymifolia, Rhus discolor,
Erica alopecurus

The group of “other graminoids” is a small group of graminoid taxa that do not fit nicely within any of the other graminoid groups
and can be regarded as a “remnant” group

Several environmental variables were determined for
each relevé. This has resulted in a database of 257
vegetation relevés.

All plant species were recorded with a Braun-
Blanquet cover abundance value, which was later
converted into a percentage value, and each species
was allocated to one of 11 different functional
groups, following the classification in Table 1.
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Sedges and grasses were subdivided into C3 and C4
types, following the literature (Gibbs Russell et al.
1991; Bruhl and Wilson 2007). Sedges and grasses
have also been subdivided into tuft (short or no
rhizomes) and mat (long rhizomes or stolons) form-
ing species, but this subdivision has not been used in
all analyses. Especially in sedges, it is not always
clear how to allocate species to either a tuft or a mat
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growth form. The proportion of each plant functional
group in each plot was calculated by subdividing the
total cover of a certain functional group by the total
cover of all plant species.

Wetlands have been grouped into different hy-
drogeomorphic types (Kotze et al. 2006; Ewart-Smith
et al. 2006). In the Maloti-Drakensberg area, the
following wetland types have been recognized:
bedrock pools, pans (depressions), valley bottom
wetlands, valley-head seepages, slope seepages,
footslope seepages, and floodplains. A wetness index
was allocated on the basis of the occurrence of
hydromorphic characters of the soil. Mottling, gley-
ing, and peat formation are all phenomena that occur
when the soil is at least temporarily wet, and on the
basis of these characters, a soil can be characterized
as non-wetland, temporary, seasonal, or permanently
wet, or a transition between those categories (Kotze
et al. 1996). Clay content of the soil was estimated on
a scale ranging from 1 to 8 using the field method of
Ball (1986) and the organic matter contents was
assigned to one of three classes on the basis of the
blackness and feel of the soil: mineral non-humic,
mineral humic, and organic (the last class consists of
peaty soils, which have a fibrous to clayey feel in the
hand, and the water expressed from some soil
squeezed in hand is not murky, as in a clay soil).

For all localities, climate variables were included
in the data analysis, so that the influence of climate
on the vegetation composition could be assessed
more directly than by using altitude as a surrogate for
many of these (Korner 2006). The climate data are
interpolated values at a resolution of 1’ by 1’ of a
degree, derived from a network of recording stations
using regression-type approaches (Schulze 2006; for
method of interpolation, see Dent et al. 1987). A list
and explanation of the climate and environmental
variables that have been used in the analysis is given
in Table 2. An important question is whether the grid
cell size used to resolve climate data is sufficiently
small to be able to correlate vegetation patterns with
climate at the small sampling scale used in the study.
If this is not the case, altitude itself may be the best
surrogate to explain vegetation patterns in the wet-
lands of the Maloti-Drakensberg range. Some inter-
action variables, which are the product of two
different variables, are considered and forward
selection is used to find out which ones of these
can be retained.

The wetlands in the Maloti-Drakensberg are
subject to various types of disturbances, such as
grazing and fire. Although no recently burnt sites
were sampled, the wetlands in the present study may
vary with respect to the grazing pressure that they are
subject to.

The pattern of joint variation between altitude and
all climate variables was initially investigated using a
standardized principal component analysis (PCA;
Hill 1973; Jongman et al. 1987) to reveal multicol-
linearity and redundancy in the data. Thereafter, the
influence of environmental and climate variables on
the functional composition of the wetlands was
examined by means of canonical correspondence
analysis (CCA; ter Braak 1986; ter Braak and
Prentice 1988) using the program CANOCO 4.5
(ter Braak and Smilauer 2002). A sub-set of variables
that were most strongly related to the main pattern of
variation in functional composition was identified
using forward selection based on a Monte Carlo
permutation test (n = 499) to select significant
variables (P-value for conditional effect <0.05), with
the initial order of variables for selection based on a
ranking of the marginal contribution of each variable
in the CCA.

Regression tree analysis (RTA) was used to
identify variables that had the greatest influence on
the relative abundance (%) of each functional group
in the wetlands surveyed. Regression trees are
binary decision trees for numerical response vari-
ables, showing at each dichotomy the explanatory
variable which best divides the data into relatively
homogeneous groups (Breiman et al. 1984; De’ath
and Fabricius 2000). RTA is a non-parametric
approach that does not seek to identify a single
dominant structure—viz. a general model—in the
data (as in CCA), but rather aims to reveal multiple
structures in heterogeneous data by identifying the
hierarchy of context dependent (i.e., interactive)
effects of explanatory variables. Importantly, RTA,
unlike generalized (additive or linear) modelling, is
not subject to the statistical problems caused by
multicollinearity arising from correlated explanatory
variables, which was the case in the environmental
and climate data set used in the present study.
Regression trees were developed for each functional
group, using the default settings in CART v. 6.0
(Salford Systems 2006), with all measured environ-
mental and climate variables (Table 2) supplied as
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Table 2 Environmental variables recorded for every plot

Variable

Explanation

Wetland type

Altitude

Wetness index

Organic matter index

Texture index

Hydrogeomorphic Unit, either Valley bottom wetland, Floodplain,
Depression, Footslope seepage, Slope seepage, Valleyhead seepage

Altitude, measured in meters above sea level

Index based on estimation of hydroperiod by means of soil hydromorphic
features, 1 = no wetland, 2 = temporary wet, 4 = seasonally
wet, 6 = permanently wet

Index based on estimation of organic matter contents by means
of soil color, 1 = mineral soil, 2 = dark brown humic or vertic
soils, 3 = peat or peaty soils

Index based on particle size distribution estimated in the field,
1 = coarse sand/gravel, 2 = sand, 3 = loamy sand, 4 = sandy loam/silt,
5 = loam, 6 = clay loam/peat, 7 = loamy clay, 8 = clay

As given by Schulze (2006), one value per 1’ by 1’ min squares (about 1.7 by 1.7 km)

Frost Days

MAP

Humidity July
Humidity January
Solar radiation
Evaporation July
Evaporation January

Max. Temperature July
Max. Temperature January
Min. Temperature July
Min. Temperature January
Heat Units July

Heat Units January

Average number of days of heavy frost per year, defined by a night with
an air temperature of 0°C or less, measured on a Stevenson screen
between 1.25 and 2.00 m above ground level

Mean annual precipitation in mm

Relative humidity (actual vapor pressure as a percentage of saturated
vapor pressure), average value for July

Relative humidity (actual vapor pressure as a percentage of saturated
vapor pressure), average value for January

1

Average daily solar radiation in M Jm™2 day~' as estimated

for each region by Schulze (2006)

Potential evaporation estimated from its A-Pan equivalent,
average value for July, measured in mm month™"

Potential evaporation estimated from its A-Pan equivalent,
average value for January, measured in mm month™"

Daily maximum temperature, average for July (in °C)
Daily maximum temperature, average for January (in °C)
Daily minimum temperature, average for July (in °C)
Daily minimum temperature, average for January (in °C)

Total amount of degree days by which the temperature exceeds

a threshold temperature of 10°C in July, expressed as degree days
Total amount of degree days by which the temperature exceeds

a threshold temperature of 10°C in January, expressed as degree days

Climatic variables from Schulze (2006)

potential predictors of the relative abundance of that the values for July (driest season) are correlated to

group.

Results

the values in January (wettest season). The wettest
areas in the Maloti-Drakensberg are located in the
Mlambonja and Umkomazi transects, both located in
KwaZulu-Natal. In this area, the change in altitude is
the highest and warm air from the Indian Ocean

A vegetation classification for the wetlands in the
Maloti-Drakensberg area can be found in Sieben et al.
(in prep.). A PCA analysis was conducted to observe
the collinearity between a large number of the
climatic variables. For many climatic variables,
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results in a high incidence of orographic rainfall here.
Both to the north (Klerkspruit river) and to the south,
there is actually much less rainfall than in the central
parts of the Maloti-Drakensberg. The incidence of
frost at the lower altitudes is most common in the
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southern parts of the Maloti-Drakensberg and the
Klerkspruit catchment. Altitude can be a good
surrogate here for climatic indices, especially, since
most climatic variables are only available at a very
coarse scale. It is worth to consider, however, in what
way climate is correlated to altitude, as there are
more complicated patterns (for example rain shad-
ows), especially, when considering a large stretch of a
mountain range (Korner 2006).

Patterns in the occurrence of functional groups
Canonical correspondence analysis

The results of the CCA (Fig. 2) show the arrange-
ment of the functional groups in multi-dimensional
space projected onto two ordination axes. A large part
of the climatic variables have extremely high infla-
tion factors and after stepwise selection only mean
annual precipitation (MAP), altitude and number of
frost days have been retained. Among the interaction
variables (products between two different variables),
only the product between wetness and number of
frost days has been retained. The sum of all canonical
eigenvalues is 0.925, while Total Inertia is 5.982;
therefore, 15.5% of all variation is explained by the
variables provided. Altitude and wetness, which are
the two most important variables (altitude is mostly

correlated to the first axis, whereas wetness is mostly
correlated to the second axis), together make up
58.4% of the explained variation.

It is conspicuous that several functional groups
only become prominent at higher altitudes. The total
cover of all graminoids (sedges, grasses, and other
graminoids) slightly decreases with altitude whereas
the total cover of forbs, especially rosette plants,
increases with altitude. Also, the proportion of
bulbous plants increases with altitude.

The functional types differ in their distribution
along the wetness and altitudinal gradients (Fig. 3).
When data from all habitats and altitudes are merged,
the most prominent functional types are C, grasses
(26.4%), C; sedges (22.1%), C5 grasses (15.6%), and
forbs (9.4%). When wetland relevés are arranged
along a gradient from temporary to permanent
inundation, an increasing trend is observed for
aquatics, bulbous plants, C; grasses, C3 sedges, and
graminoids, whereas a decreasing trend is observed
for C,4 grasses, forbs, and shrubs. C, sedges are most
common in seasonally wet habitats. With increasing
altitude, several functional types increase (bulbs, Cj
grasses, C3 sedges, graminoids, and rosette plants),
while others decline (C4 sedges and C, grasses).

In most cases, there is not a very clear distinction
between tuft and mat forming graminoids, although
in most cases, mat formers occur at lower altitudes

< Wetness
-
Typha
[
Aquati
qu: " Wet*Frost
C3 Grass (mat) Texture
.
. Graminoid
.A Organic
Depression Frostdays
C3 Sedge (mat) Bulb Altitude
C4 Sedge (mat) @ *
Floodplain /\
Valley bottom A\ @ C3 Grass (tuft)
C4 Grass (mat) “~ Valleyhead
¢ e L Cover FUNCTIONAL GROUP
C4 Sedge (tuft) SIbpe seep *
/\ Footslope seep ENV. VARIABLE
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O' ru A
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Fig. 2 Plot of centroids for plant functional types (black dots)
and environmental variables (arrows) along the first two axes
of a canonical correspondence analysis (CCA) of plant
functional type proportional data from 257 sample plots of

1.0

the wetlands of Maloti-Drakensberg, South Africa. Grasses and
sedges have been split up into tuft-formers and mat-formers.
See Table 2 for the explanation of environmental variables and
Table 1 for details of functional types
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Fig. 3 Distribution of the Functional Groups in Temporary wetlands
functional types across wetness 100

and altitude gradients in the 90

study area. See Table 1 for
details of functional types
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and wetter conditions than tuft formers. The only case
where there is a really clear distinction is among the
C; grasses. The group of “other graminoids” consist
of only four species, and among these, Typha
capensis is really distinct from the other three.

Distribution of C; and C4 plants

The distribution of C3 and C, metabolism is different
among sedges and grasses. Figure 4a—e shows the
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environmental variables that explain the occurrence
of the most relevant and distinct groupings (Cs
grasses, C; sedges, C4 grasses, C4 sedges, and rosette
plants) in the form of regression trees. From these
figures, it becomes clear to which environmental
variable the difference in dominance of each func-
tional type is most strongly linked.

C; grasses have a mean cover of more than 25%
in situations that have less than 179 Heat Units in
July (the coldest month), whereas in “warmer”
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situations, their contribution to the total vegetation is
much less (Fig. 4c). This implies a certain amount of
time that surpasses a threshold temperature of 10°C
(this is implied by the definition of Heat Units), and
the variable that expresses this is strongly correlated
to altitude.

For C; sedges, wetness is the most important
variable that determines their occurrence (Fig. 4d). In
seasonal to permanent wetlands, the average contribu-
tion of C; sedges is about 30%, whereas in temporary
wetlands, they generally do not exceed 15% in cover.

In the case of C, grasses, their occurrence in
wetlands is more complicated. They achieve high
cover values (40-60% on average) in cases where
wetlands are temporary and the Heat Units exceed
179 in the coldest month, but they are also common
in seasonal wetlands, where the Heat Units in the
coldest month exceed 259 (Fig. 4a). In all other
situations, their cover values are much less, so here,
there is a clear complementary effect between
altitude (which has an impact on the amount of heat
units in the coldest month) and wetness.

Fig. 4 Regression trees for (a)
the effect of climate and I
soil variables on the relative »35
proportion (%) of the main ————- Z". \""““".
functional types occurring Ef?f_* 314% | ij‘_;;o_*_zfz_"f_l
in 257 sample plots of the hest J;r[y \he 2t July
wetlands of the Maloti- - 179 o2
Drakensberg, South Africa: PYeeomeee
(a) Cy4 grasses, (b) Cy4 27.543.08 %
sedges, (c) C3 grasses, \:aness
(d) C; sedges, and (e) 80£285 % 50.0 £303 % 484148 % »45
rosette plants. At each n=1e n=ot n=58 / \
dichotomy the level of the
variable that best splits the 416:408% | |9.9£261%
preceding node is presented n=st n=a
(left branch for <level, right
br.anch for >level) along (b)
with the mean (+SE)
percentage of the functional heat January
type in each of the resultant \\)1373
non-terminal (broken N
rectangles) or terminal 2.4+ 067 % 21043 £222 % i
nodes (rectangles). See n=tes 0 T KT
Table 2 for explanation of humidity =15
environmental variables / \
used in the regression trees
92£2.08 % 33.1 % 1497 %
n=59 n=3
(©) (d)
hea July wetness
> 179 >35
27.1£3.70 % 10.0£1.37 % 107 £1.98 % 302£255%
n=52 n =205 n=110 n=147
@)
altitude
> 2450
122021 % 107 £177%
r=213 n=44
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C4 sedges occur mostly with high cover values in
those areas that have a large number of Heat Units in
the warmest month and that have dark or peaty soils
(Fig. 4b). These cover values are still highly variable
(between 15 and 45%), and have been found only in
three relevés. Indeed, this functional type rarely
reaches high cover values in the Maloti-Drakensberg
and the only species that really can become dominant
is Cyperus fastigiatus.

In a few other cases, strong relations have been
found between environmental factors, and the dom-
inance of certain functional groups: rosette plants
clearly become more dominant at the higher altitudes
(above 2,450 m a.s.l.) and even then they only attain
cover values of about 10% (Fig. 4e).

Discussion

The current distribution of various functional types
may be determined by adaptation to current ecological
conditions or it may represent remnants or refugia of
previous vegetation types. In some cases, it can be
argued that dominance of a certain functional type is
not created by adaptation of that type to a certain
habitat, but by “competitive release” within that
habitat, since the groups that are really well-adapted
to a certain habitat have less vitality or a lower cover
under certain circumstances. In other words, the
“typical” wetland plants that are to be expected
cannot cope well with the cold, therefore they are not
as vigorous as usual, which leaves a lot of niches open
in the wetland habitat at high altitudes. This may
explain the occurrence of more forbs and especially
rosette plants in high-altitude wetlands. Grasses and
sedges in these high altitudes are generally very low in
stature and this leaves a lot of niches open for forbs
and rosette plants that are common in the surrounding
dry alpine grasslands to evolve into wetland species.
In some cases, species that are common at low
altitudes, but only occur with low cover in wetlands,
can become quite dominant at high altitudes, as it is
easier to compete with other wetland plants here. An
example is Ranunculus meyeri, which is common
across all altitudes, but only achieves high cover
values at the higher altitudes.

Kotze and O’Connor (2000), dealing with the
lower altitudinal regions in the eastern regions of
South Africa, adjacent to the areas dealt with in the

@ Springer

present study, showed that with increasing altitude,
the proportional contribution to the overall number of
graminoid species per wetland decreased for C,
grasses and C, sedges and increased for C; grasses
and C; sedges. At all altitudes, the abundance of Cy4
grasses declined and C4 sedges increased from the
temporary to the permanent zone. C; grasses showed
a less straightforward trend. At altitudes lower than
1,800 m a.s.l., there was no significant difference in
the mean relative cover of C; grasses between any of
the wetness classes, but at the lowest altitudes, the
mean relative cover of the permanently wet zone was
significantly higher than the temporary zone, primar-
ily as a result of Phragmites australis and Leersia
hexandra, which are abundant in the permanently wet
areas. At higher altitudes, C; sedges were signifi-
cantly more abundant in the permanently wet zone
than in the temporarily wet zone, but at lower
altitudes C; sedges were generally of low abundance,
and the declining abundance across the wetness
gradient is less evident.

Grasses and sedges may be seen as the matrix
species that create the niches for many of the other
species in wetlands. At the lower altitudes, they are
certainly the most dominant functional types in
wetlands (Kotze and O’Connor 2000) and only at
higher altitudes have other functional types a chance
to achieve high cover. In the Maloti-Drakensberg
area, C; grasses and sedges generally occur at higher
(and colder) habitats and also in habitats with an
increased wetness as compared to C, taxa. Between
the two groups of C4 plants, C4 grasses seem to be
able to grow at much higher altitudes than C4 sedges.
In fact, C, sedges seem to be everywhere rare above
1,300 m a.s.l., whereas C, grasses can still be quite
dominant at 2,400 m a.s.l.; although, they tend to
occur there toward the drier edges of the wetland.
Even in cases found in literature, where C, plants
have adapted to the aquatic environment, it seems to
have an impact on associated traits, such as the Kranz
anatomy (Keeley 1998).

The difference in growth form in graminoids, tufts
versus mats, is not very significant in most groups,
but the tendency is for mat-formers to grow in wetter
habitats and lower altitudes than the tuft-formers. The
only group where this distinction is very important is
the C; grasses, but here mat-formers are only
represented by two species: Leersia hexandra and
Phragmites australis. These are the same two species
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that Kotze and O’Connor (2000) reported as common
across all the lower altitudes, but it seems to be an
unusual functional type in wetlands.

We can summarize our findings and those of Kotze
and O’Connor (2000) for the main functional groups
as follows:

— (5 grasses occur in most wetlands. At the higher
altitudes they occur across the wetness gradient,
whereas at altitudes lower than 1,800 m a.s.l.,
there are two common mat-forming species
occurring only in the wettest parts of the wetlands.

— (3 sedges are common in the wettest parts of
wetlands at altitudes above 1,000 m a.s.l., but are
replaced mostly by C4 sedges at the lowest
altitudes.

— C,4 grasses are common in the temporarily wet
zones of the wetland across all altitudes, but tend
to decrease at altitudes higher than 2,400 m a.s.l.

— C4 sedges occur mostly in the permanently wet
zones of wetlands at altitudes below 1,300 m a.s.l.

— Forbs and bulbous plants only become dominant
at the highest altitudes.

— Shrubs are unusual in wetlands and tend to occur
mostly at the driest edge of the wetlands.

The C, pathway, which is hypothesized to have
evolved in response to decreases in atmospheric CO,
over geological time scales (e.g., Collatz et al. 1998),
is a metabolic adaptation which greatly assists plant
survival under water stressed conditions (Teeri and
Stowe 1976; Ellis et al. 1980; Pearcy and Ehleringer
1984; Sage 2004). Among the Poales (including
grasses and sedges), C4 has evolved independently at
least 23 times (Christin et al. 2008) and reversals
from C4 to C; forms are known to occur in some
species (e.g., Alloteropsis; Ibrahim et al. 2009). C4
graminoids predominate over C; graminoids in
habitats characterized by high levels of irradiance,
high daytime temperatures, and low levels of water
availability. With increasing ambient temperatures
and decreasing humidity, C4 species increase in
abundance relative to C5 species. The main environ-
mental variable limiting C,4 plants appears to be low
temperature during the growing season (Teeri and
Stowe 1976; Ellis et al. 1980; Teeri et al. 1980).
There is a higher photosynthetic efficiency of C,4 taxa
in situations with high temperatures compared to C;
taxa (e.g., Sage 2004). Our data shows that at low
altitudes and drier habitats, there is a dominance of

C4 grasses and sedges, while C3 grasses and sedges
are more prominent at higher altitudes and wetter
habitats. These patterns can be seen from the present
study and similar observations on grass distribution
have been reported in Kenya (Tieszen et al. 1979).

It is quite commonly known that generally sedges
are better adapted to wet areas than grasses (Kotze
and O’Connor 2000; Thompson and Hamilton 1983).
At most altitudinal ranges in this study except the
lowest, C; sedges are most prominent in permanently
wet habitats, but it is noted that the percentage of Cy
sedges in the study area is low compared to the
percentage of C, grasses in the study area (Vogel and
Ellis 1978; Stock et al. 2004). Global sedge distribu-
tion shows that C; taxa are more common in
temperate areas while C, taxa are found in the
tropics (Govaerts et al. 2007). Three out of four tribes
of the Cyperaceae that have evolved the C; mecha-
nism are recorded in our study area (Abildgaardiae,
Eleocharidae, and Cypereae; Christin et al. 2008) and
within these tribes, the C, taxa comprise about 71%
of the species.

The decreased efficiency of C4 photosynthesis at
low temperatures (Kubien and Sage 2004) may
explain the reduction of C,4 taxa at higher altitudes.
Wetlands are generally located at valley bottoms
where the cold air sinks and where frost is very
common in winter. Therefore, plants from the wetter
parts of the wetland are likely to generally have more
stress to endure during the cold season than plants
from the drier parts of the wetland (especially, since
the cold season in the Maloti-Drakensberg is also the
dry season). The unusual distribution of C, taxa in
habitats which routinely experience freezing temper-
atures, such as the high Andes, has been attributed to
the evolution of freezing tolerance (Marquez et al.
2006) and such taxa are hypothesized to be occupying
habitats that were previously suitable for C4 plants
(Boom et al. 2001).

An ecological study on the distribution of C; and
C, taxa on an ecological gradient helps us to
understand the implications of this trait in evolution-
ary history. The lack of fully resolved phylogenies
and the need for a reconstruction of ancestral
photosynthetic mechanisms for various lineages fur-
ther limits the formulation of hypotheses on whether
multiple origins of the C, metabolism in the grass and
sedge families or reversals from C, to C; have
occurred. An increasing number of phylogenetic
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studies (e.g., Christin et al. 2008; Muasya et al. 2009)
and screening for photosynthetic mechanisms (e.g.,
Gibbs Russell et al. 1991; Bruhl and Wilson 2007)
will allow the interpretation of C4 evolution within a
phylogenetic context.
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