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STRUCTURE AND FUNCTION OF

THE NAMIB DUNE GRASSLANDS:
CHARACTERISTICS OF THE ENVIRONMENTAL
GRADIENTS AND SPECIES DISTRIBUTIONS.

b R. I. YEATON*
w . Desert Ecological Research Unit, P.O. Box 1592, Swakopmund 9000

South West Africal Namibia

SUMMARY

(1) Associations of perennial grasses on dune slopes in the Namib Desert were studied
across a complex environmental gradient from the Atlantic Ocean (west) to the base ofthe
Great Escarpment of Africa (east).

(2) The number of storms with measurable precipitation increased from the sea inland.
In contrast, the rate of sand movement decreased from the west to the east.

(3) The standing crop of the perennial grasses and the rate at which Stipagrostis
sabulicola, a species found across the dune fields, recharged its xylem water potentials
increased inland as a result of the former gradient of increasing rainfall.

(4) Complex environmental gradients also occurred over each dune slope. The rate of

-+~ sand movement increased from the edge of the inter-dune valley to the top of the dune.
However, the moisture gradient was more complex and is poorly understood. There
appears to be interflow of soil moisture within the dune such that the upper dune is drier
than the mid-dune. At the base of the dune, there is a reduction of soil moisture due either.
to increased compaction of the sand and subsequent increased surface run-off or, as a
result of the closeness of the hard inter-dune svbstratum, to a smaller sand volume from
which roots can extract water.

(5) In consequence, the average standing crops for perennial grasses are greatest in the
central portions of the dune slope across the dune fields.

(6) These geographical and local environmental gradients influence the number of
= species of perennial grasses found forming associations across the dune fields as well as
their growth strategies and distributions over a dune slope.

(7) The number of perennial grass species forming associations increases from a single
species in the western dunes to four species in the east. Species establishing predominantly
from rhizomes are found where rates of sand movement are highest (i.e. in the western
dunes and on the upper sections of the dune slope). In contrast, species establishing
predominantly from seed are found in the eastemmost dunes and at the bases of the dune
slopes.

(8) There is an inverse correlation between density of!he vegetauon and the rate of sand
movement. Thus, the ultimate factor controlling the st: unes and the

dynamics of these grasslands is the amount of rainfall Wthh in turn, determines the

oA LU LU

establishment of new individuals from seed.

TIV

INTRODUCTION

The sand dunes of the Namib Desert support from one to several species of perennial
! grasses. The most diverse and dense coverage of these grasses occurs on the sides of dunes
in the easternmost section of the dune fields where rainfall is relatively high. Towards the

* Present address: Department of Botany, University of Venda, P/Bag X2220, Sibasa, Venda, South Africa.
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lower rainfall areas in the west, the grasses decrease rapidly in their densities and species
composition. The grasses constituting these assemblages are indigenous species, which
have had the opportunity to interact with each other and evolve as natural associations,
unlike species in many present-day grasslands (Biswell 1956; Fowler & Antonovics 1981).
In addition, these grasslands are relatively simple in structure. Low rainfall restricts the
successional patterns normally associated with sand dunes (Cowles 1899; Salisbury 1952;

" Moll 1972; Weisser 1978) to the grass stages only, so that the effects of woody plants on
_grasses is rarely a problem (Gause 1934; Ward & Cleghorn 1964; Strang 1969; Tiedemann

& Klemmedson 1973). Furthermore, because the Namib dune fields are so great in area,

extending as much as 140 km inland, sea spray and its accompanying salt and nutrient

inputs, which often affect the germination and establishment of many coastal dune species

"(Oosting, & Billings 1942; Ranwell 1958; Seneca 1972) are also not important in the ~
- organization of these grasslands. Finally, the huge extent of the Namib Desert dune fields

covers a long, complex environmental gradient in comparison with inland dune systems- .
much smaller in area (Chadwick & Dalke 1965; Wood et al. 1978; Barnes & Harrison
1982). Thus, several different combinations of perennial grasses may be found forming
associations in the Namib Desert over such environmental gradients, and comparison of
these associations can -elucidate the factors affecting the structure and dynaniics of
grasslands generally.

This study describes the general characteristics of local and geographical environmen-
tal gradients and the structure of four perennial grassland associations occurring on the
sides of dunes over the east-west rainfall gradient in the south-central Namib Desert.

STUDY AREAS

Four primary study areas and one subsidiary study area were established on the west-
facing sides of linear sand dunes in the south-central Namib Desert. The primary study
areas were located at I)La;a_}lauey (23°35’S, 15° 00’ E) 48 km from the sea; at Noctivaga

Escarpment The sub31d1ary study area is loc¢1ted at Visitor’s Dune, adjacent to Gobabeb
(23°34’ S, 15° 03’ E) and 58 km inland on the Kuiseb River. These five sites were used to
characterize abiotic factors and their changes across the east-west environmental
gradient.

General characteristics of this section of the Namib Desert and of a sand dune are given
in Seely (1978a) and Robinson & Seely (1980). Few weather records exist for four of these
five study areas. Visitor’s Dune is adjacent to Gobabeb, which is the site of a weather
station, and for which some records exist and are summarized (Seely & Stuart 1976).
Annual precipitation for selected sites are 13 mm for Swakopmund on the coast, 25 mm
for Gobabeb, 58 km inland, and 87 mm for Ganab, 112 km inland and near the base of the
Great Escarpment (Nieman, Heyns & Seely 1978; Lancaster, Lancaster & Seely 1984).
These records are based on the penod 1967-74 for Swakopmund, 1962-81 for Gobabeb,
and 1967-81 for Ganab.

One or more species of perennial grasses were present at each of these study areas.

Stipagrostis sabulicola Pilg., a large mound-building species with a multiple branched and

vigorous rhizome, is the only perennial grass species present at Nara Valley and at
Visitor’s Dune on the dune slopes. This species also occurs on the upper dune slopes of all
the other study areas to the east. Towards the east, two species are added at the Noctivaga
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study area, Stipagrostis cf. namaquensis (Nees) Trin. & Rupr., a shrubby sE§cies with a
long, creeping rhizome, and Centropodium glaucum Nees, a tufted grass VYlth a stout,
woody rhizome. These three species plus Stipagrostis Iutescgns (Nees) Trin. & R.up.r.
comprise the association over the dune slope at Bushman’s Cerl(?S. The latter species is
similar in growth form to S. sabulicola and S. cf. namaquensis but is more compact. Four
species comprise the perennial grassland association on the Far East Dune. as weu.
However, some major changes in species composition are observed. Stipagrostis
sabulicola and S. lutescens are present still but S. cf. namaquensis and C. glauca are
replaced by Cladoraphia spinosa (L.f.) Trin., a species with hard', spiny, bushy | t_g_f_t; anfi
Stipagrostis ciliata Desf., a densely tufted grass which covers the 1nter-d}1ne valleys in this
area and extends far up the dune slope as well. Some woody plant species are al‘so found
on these dune slopes, but usually at very low densities. These are notably Trianthema
hereroensis Sch_inz in.the western dunes and Hermannia minimifolia M. Holzhz.immer and
Kohautia ramosissima Bremek. in the wetter eastern dunes. Finally, after relatively heavy
rains, annual species of grasses and forbs are found on the dune slopes, increasing in their
species richness from the western to the eastern dunes.

METHODS

Measurement of local and geographic environmental gradients

Several factors which might affect the west-facing slopes of sand dunes were studied
directly or indirectly over the east-west environmental gradient. Thesg factors are
rainfall, the pattern of soil moisture distribution over a dune slope after rain, the rate of
sgnd movement and the compactness of the sand. In addition, biotic assays of local and
geographic patterns in soil moisture were obtained. .

The gradient for rainfall was inferred by regressing the number of storms with
measurable precipitation (>2 mm) recorded during 1980-82 against the distances that
the rain gauges were located from the sea inland to the base of the Great Escarpment (data
from Lancaster, Lancaster & Seely 1984).

Soil moisture availability over the Far East dune slope was measured on 20 April 1983,
ten days after rains had passed over the area. Five small pits, spaced 1 m apart along the
contour of the dune slope, were dug at 30-m intervals up the dune slope and the depth to
the wet sand zone measured. These measurements were repeated on 22 April 1983 and 13
May 1983. Mean values and their standard errors were calculated for each zone on the
dune slope and for each day that data were collected. In addition, sand samplejs were
taken on 21 April 1983 from the 30-m and 120-m levels on the dune slope for gravimetric
determination of water content. Ten replicate samples, at 2 cm below the surface, in the
upper, middle and lower portions of the wet sand, and at a point below the wet sand, were
taken in each of these two zones. Student’s ¢-tests, using arcsin transformations (Steel &
Torrie 1960), were used to determine differences in soil-water content within and between
sand-levels in these two zones of the dune slope.

The slope angles for a series of 30-m contiguous line transects, from the edge of the
inter-dune valley to the top of the dune, were measured with an inclinometer and then
plotted to determine the shape of each dune. Rates of sand movement were measured z.lt
monthly intervals from October 1983 to June 1984 for five dunes over the geographic
gradient. On each dune five sets of ten poles each were placed in the sand. The set's of poles
were not located randomly but were placed at the slipface, in the major vegetation zones
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down the dune slope, and on the fringing edge of the inter-dune valley. The poles in each
set were placed in two rows of five, the rows 5 m apart and the poles in each row at 5-m
intervals as well. Sand movement for a pole was measured as the distance from the top of
the pole to the sand level at its base and relative to that from the measurements made in
the previous month. The absolute rate of sand movement (i.e. sign of difference ignored)
was calculated for each set of poles on the dune slope. Poles that were lost by either burial
or sand deflation were replaced and new baseline measurements made. Hence, in some
months fewer than ten poles were included in the average. As a result the ratesof sand
movement are underestimated for the upper sets of poles where sand instability is the
greatest. Mean values and their standard errors for the eight months in which
measurements were taken were calculated for each set of poles on each dune.
Comparisons of sand movement between the base and top of each dune and within these
zones between adjacent study areas over the east-west gradient were made. A t-test was
applied to a logarithmic transformation of the average daily rate of sand movement
recorded over. the eight-month period for each of the ten poles in a set.

- Soil compactness was measured at Nara Valley and Far East Dunes using a hand
penetrometer modified for use in sand by the addition of a disc, 10 mm in diameter, at its
point. The measurements were taken at 30-m intervals from the edge of the inter-dune
valley to the top of the dune. Means and standard errors were obtained for each set of
measurements made over the dune slope. These data were treated statistically with a
Mann-Whitney U-test (Siegel 1956). Points at the base of the dune (0 m) were compared
with the middle (150 m) and the middle with the top (300 m) over a dune and for similar
points between the two dunes.

To characterize further the east-west environmental gradient and the local environ-
mental gradient occurring over the dune slope, several biotic assays were made. Daily
patterns of xylem water potentials were measured for Stipagrostis sabulicola at Nara
Valley, Noctivaga and Far East Dunes in the same one-week period (11-18 April, 1984)
using a Scholander-type pressure chamber (Ritchie & Hinckley 1975). At each site the
Xylem water potentials for one stem from each of five individuals were measured hourly
over the daylight hours and until midnight. Thereafter, samples were taken at 02.00 h and
the sequence begun again at 06.00 h. Due to logistic problems the full 24-hour series could
not be obtained at Noctivaga Dune; however, the important inflection points of the daily
pattern were monitored. Measurements were also made of ambient air temperatures at
the same time. These values were then regressed against xylem water potentials. A strong
negative linear relationship was observed between temperature and mean xylem water
potential. As a result, the regression coefficients for these relationships were compared
statistically between adjacent study areas over the east—west gradient. These measure-
ments yield a bioassay of the east-west environmental gradient as a function of moisture
availability in the dune. On a local scale, xylem water potentials for S. cf. namaquensis, a
species with a wide distribution over the dune slope, were measured at the upper and lower
parts of its range at Bushman’s Circles Dune. The latter bioassay gives an indication of
soil-moisture availability in the mid-dune slope region. Stipagrostis ciliata at the Far East
Dune was studied to determine the pattern of soil moisture availability on the lower dune
slope. This species ranges from the mid-dune slope area into the inter-dune valley. One
hundred individuals each in the upper; middle and lower portions of its range over the
dune slope were selected randomly and the number of individuals with green stems
recorded. Results were treated in a 2 x 3 contingency table.
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Measurement of species distributions

The distribution of each species over a dune slope was measured in a series of quadrats
positioned along the contours of the dune. Ten quadrats were measured in each zone,
beginning along the contour 10 m from the apex and proceeding at 20-m intervals along
the contours down the dune slope to the inter-dune valley. Quadrat size varied depending
on the size and abundance of the perennial species present. The large but low density
individuals of Stipagrostis sabulicola were measured in 10 m x 10 m quadrats, while the
more abundant large individuals of S. lutescens, S. c.f. namaquensis and Cladoraphia
spinosa were measured in 2 m x 10 m quadrats. The very abundant, small species, S. ciliata
and Centropodium glaucum, were measured in 1 m x 1 m quadrats. Each individual plant
covered a.roughly circular area and its size was measured as the diameter of that area.
When individuals were noticeably elliptical in the area covered, the long axis of the ellipse
and the axis at right angles to it were measured and the average of the two taken as the size
of the individual. A series of at least twenty-five individuals of each species with different
diameters were harvested at sand level and their standing crops determined. Power curves
were fitted to these data and the biomass of each individual present in a quadrat
extrapolated from these curves. Then for each species the total biomass present in a
quadrat was summed and averaged over the ten quadrats sampled at that level on the
dune slope. These data were obtained for each of the four primary study areas. Species
distributions over a dune slope were represented by the proportional occurrence of each
species over the dune slope.

The diameters of all plants found within the area delineated by each set of poles, used
to measure rate of sand movement at various points on each dune, were also obtained and
converted to basal area. The basal areas were summed and the total basal area per 100 m?
calculated. These values were then plotted against the average monthly rate of sand
movement for that set of poles to determine if density of vegetation has any effect on rates
of sand movement or vice versa.

RESULTS

Local and geographic environmental gradients

The number of storms per year with measurable precipitation increases with increasing
distance from the sea (Fig. 1, =069, P<0:01). The total amount of precipitation
measured during the two-year period does not show any significant correlation with
increasing distance from the sea.

Approximately ten days after a rainfall of unknown amount at Far East Dune, the top
of the wet sand layer was very close to the surface in the upper and central sections of the
duneslope and much deeper in the lower section close to the inter-dune valley (Fig. 2).
Two days later the top of the wet sand layer was very close to the surface over the entire
dune slope. Progressively the wet sand layer was located at greater depths over the entire
dune slope, with no wet sand layer present in the uppermost section of the dune.
Measurement of the water content of this wet sand layer at 30 m (lower dune slope) and at
120 m (centre of dune slope) distance from the inter-dune valley gave values ranging from
1:5% to 2:6% in contrast to the 0-4% to 0:9% range measured for the dry sand
immediately above and below this zone. The distribution of this water content varied
significantly along the slope with the 120 m site having significantly more moisture present
in the upper portion of the wet sand layer than the centre and lower portions (upper
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FiG. 3. Dune shape and rates of monthly sand movement over the dune slqpq al five study S}tes

located along an east-west environmental gradient in the Namib Desert. Dissimilar superscnpls.

indicate significant differences (P <0-05) in the rates of sand movement between dunes. Symbols:
(----- ) rate of sand movement; (——) shape of dune.

portion of wet sand layer versus centre, (= 2:45, d.f.=18, P<0-05; upper portion versus
lower, t=6-01, d.f.= 18, P<0-001), while the site 30 m up the dune slope from the inter-
dune valley had significantly more moisture in the centre port.ion of the wet sand layer
than in the upper and lower portions of this band (centre portion versus upper, t=2:77,
d.f. =18, P<0-02; centre versus lower, =376, d.f.= 17, P<0-01). Comparison of the
sand moisture content between the 120 m and 30 m sites yielded signiﬁcaptly more
moisture in the centre and lower portions of the wet sand layer at the 30 m s1t§ (Qentre,
(=411, d.f.=18, P<0-001; lower, ¢=3-00, d.f.=17, P<0-01) while no significant
difference was found in the upper portions. o

The rates of sand movement as well as the shapes of each dune are given in Fig. 3. The
five dunes can be divided into three groups based on analysis of the daily rates ot." san’d
movement for each post at the base and at the top of the dune. Nara Valley and VlStOI.' s
Dune are similar in their rate of sand movement at the base and top of the dune, while
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FiG. 4. Relationship between plant density and the monthly rates of sand ‘movement along an
east-west environmental gradient in the Namib Desert. *

Noctivaga and Bushman’s Circles are also similar but with lower rates of sand movement
at the base than Nara Valley and Visitor’s Dune. Far East Dune has the lowest rates of
sand movement of all the sites, both at the base of the dune and at its top. A significant
negative logarithmic relationship between the basal area per 100 m? of the vegetation
located within each set of ten poles and the rate of sand movement was also noted (Fig. 4;
r=0-79, P<0-01).

The compactness of the sand increased gradually upslope at the Far East Dune (Mann—
Whitney U-tests, bottom versus middle, P<0-002; middle versus top, P<0-002). In
contrast, sands of the middle section of the Nara Valley dune are more compacted than
those at its base or at its top (P < 0-002 for both cases). Comparisons between the Far East
and Nara Valley dunes at the bottom, middle and top show no significant differences in
sand compaction in the middle of the dunes but significantly greater compaction at the
Far East Dune at its base and top than at Nara Valley (P <0-002 for both cases).

Biotic assays of the east-west environmental gradient demonstrate access to more
subsurface water at sites progressively inland from Nara Valley (Fig. 5). The pattern of
daily xylem water potentials for individuals of Stipagrostis sabulicola located in the upper
sections of the dune slope across the dune fields shows more rapid recharging of the plants
at the Far East Dune after sunset than is found at Nara Valley. In addition, xylem water
potentials reach their lowest values at Nara Valley. Noctivaga Dune is intermediate, in its
daily pattern of xylem water potentials, between Nara Valley and Far East Dune. There is
a significant negative linear correlation between temperature and xylem water potential (r
ranges from 0-92 to 0-94, P <0-001) at each of the three sites (Fig. 6). Comparison among
the regression coefficients shows significantly greater slopes from west to east across the
dune fields (Nara Valley versus Noctivaga, t=2-33, d.f. =35, P <0-05; Noctivaga versus
Far East, =371, d.f. =33, P<0-001) indicating the more rapid recharging of the plants
to the east. Local measurements of xylem water potentials during the heat of the day over
a dune slope were made for S. cf. namaquensis in the upper and lower portions of its range
at Bushman'’s Circles. Xylem water potentials were —2-11 MPa in the upper part of the

dune and — 117 MPa in the lower (=411, d.f.=8, P<0:01). Finally, on the long, low-
angled Far East Dune, the number of S. ciliata individuals with photosynthetically active
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F1G. 5. The daily course of change in xylem water potentials for Stipagrostis sabulicola at the Far
East, Noctivaga and Nara Valley dunes in the Namib Desert. Error bars indicate +2 S.E., n=5.

tillers decreased from the upper portion of its range to a point adjacent to the inter-dune
valley (Table 1, y*>=32-3, P<0-001).

Species distributions

Allometric growth curves for the six species of grasses fitted power curves in which a
constant value was multiplied by approximately the square of the plant diameter. Based
upon these data the average biomass for perennial grasses was found to decrease from the
eastern to the western study area (Table 2). The study areas are again grouped, as in the
case of rates of sand movement, into Nara Valley and Visitor’s Dunes, Noctivaga and
Bushman’s Circles, and the distinctive Far East Dune. Over the Far East Dune slope, the
area with the greatest standing crop, above-ground biomass is low at the top of the dune,
increases gradually to relatively high values at mid-dune and then decreases downslope to
the inter-dune valley (Fig. 7).

The species distributions across the dune fields show an increase from one species on the
westernmost dune to a maximum of four species on the two easternmost dunes (Fig. 8).
S‘Eﬁ};o&iﬁs sabulicola is the only species present on the dune slope at Nara Valley and, as
species are added to the associations to the east, is restricted to the upper zones of the dune
slope where the rates of sand movement are greatest. The three species present at
Noctivaga Dune are clearly zoned over the dune slope (Fig. 8b) with Centropodium
glaucum at the base of the dune replaced upslope by S. cf. namaquensis at mid-dune and
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F1G. 6. Relationship betw.een ambient temperature and xylem water potentials at (a) Nara Valley
(westernmost dune stufiled), (b) Noctivaga (central study area) and (c) the Far East Dune
(easternmost dune studied) in the Namib Desert. Symbols: @, Nara Valley; x, Noctivaga; O, Far
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TA‘BLE. 1. The number of individuals of Stipagrostis ciliata with green tillers at a
point just below the Cladoraphia spinosa zone (upper) in the middle of the zone of
distribution ol“S. ciliata (middle) and at the lower edge of the latter’s distribution
next to the inter-dune valley (lower) on the Far East Dune, Namib Desert.
Number of individuals at

Far East Dune with
Green tillers  No green tillers

Zone of distribution
of S. ciliata

Upper 42 58
Middle 17 83
Lower 0 100

TABLE 2. Average biomass of perennial grasses occurring at a series of dune sites in
the Namxb Desert. The number of storms represents an extrapolation of the data
from Fig. 1 for the number of storms with measurable precipitation recorded during
1980~82. n=the number of zones sampled at 20-m intervals down the dune slope.

Number of storms Average biomass

Dune 1980-82 (gm~? Standard error n
N.ara Valley 36 101 34 14
Visitor’s Dune 44 149 58 6
Noctivaga 58 54-4 93 14
Bushman'’s Circles 68 72:9 9-8 11
Far East Dune 10-0 4489 64:6 14
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the latter replaced by S. sabulicola at the top. At Bushman’s Circles a fourth species, S.
lutescens, is added to the association at the base of the dune and overlaps extensively with
the distribution of C. glaucum. Finally, S. ciliata covers an extensive portion of the lower
and middle dune slopes at the Far East Dune, intruding from the inter-dune valley (Fig.
8d). The presence of this species compresses the distributions of the other three species
forming the association to the uppermost sections of the dune where S. lutescens is

replaced upslope by Cladoraphia spinosa and the latter replaced by the ubiquitous S.
sabulicola at the very top of the dune. =

DISCUSSION

Rainfallin this region of the Namib Desert is very low (Seely 1978b) but increases towards
the Great Escarpment. Due to the sporadic nature of desert rainstorms, records for
precipitation show no clear pattern of increasing rainfall with increasing distance from the
sea (Lancaster, Lancaster & Seely 1984). This failure is primarily due to the short period
over which records have been maintained. Because a storm may pass either directly over a
rain gauge or only fringe it, widely disproportionate amounts of precipitation may be
recorded. This factor, coupled with the low frequency of storms in desert areas generally,
will influence greatly the yearly averages obtained at a site such that they may only be
representative of the actual rainfall when very long-term records are available. Thus, to
illustrate this potential gradient for the Namib Desert, it was necessary to correlate the
number of storms with measurable precipitation recorded over two years with distance
from the sea at which the rain gauge was located, and assume that the number of storms
directly reflected the amount of rain received at a site over the long term. The pattern of
increasing number of storms with increasing distance from the sea, coupled with long-
term data for sites on the coast and inland, indicate that a gradient of rainfall does exist.
This inference is confirmed by the xylem water potentials of Stipagrostis sabulicola at the
tops of dunes across the dune fields. These plants can recharge their tissues each night on
the soil moisture stored deep within each dune. Griffin (1973) suggests that water
potentials higher than —0-6 MPa indicate that oaks in the foothills of the Sierra Nevada
of central California are rooted in the water table. Stipagrotis sabulicola has values much
greater than this. Furthermore, the rate of recharge is greatest at the Far East Dune where
rainfall is presumed higher and lowest at Nara Valley, the westernmost dune studied. In
addition, each population monitored maintained itself at a higher water potential from
west to east across the dune fields. It has been suggested that rainfall is accumulated and
stored better within sand dunes than in the more compacted soils of inter-dune valleys
(Chadwick & Dalke 1965; Pavlik 1980). Finally, the standing crops measured across the
dune fields increase towards the east demonstrating again more establishment and growth
over time from west to east as a result of increasing rainfall.
There also is a decreasing gradient in soil moisture availability on a local scale over a
dune slope, at least from the middle of the dune to the top. It appears that there is
redistribution of water down the dune slope after rain, even though the water content of
the sand was below field capacity, a situation which Bagnold (1954) considered unlikely.
In any event, the uppermost section of the dune is drier than those sections downslope. A
comparison of the xylem water potentials for S. cf. namaquensis shows that water
potentials are significantly lower during the heat of the day in the upper section of this
species’ range on the dune slope at Bushman’s Circles than it is in the lower section.
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Ambient temperatures would be strongly correlated with the saturation deficit of the air
and consequently the transpiration rate. This effect is most likely the cause of the low
water potentials recorded at high ambient temperatures for S. cf. namagquensis and S.
sabulicola. In contrast, moving downslope to the inter-dune valley at the Far East dune,
the population of S. ciliata has progressively fewer individuals with photosynthetically
active tillers. The root systems of S. ciliata are very shallow and take up water rapidly
when the upper layers of the sand are irrigated (unpublished data). Soil compactness may
be important here as surface run-off is greater and infiltration lower in more compact soils
(Etherington 1982). Stipagrostis ciliata may have less access to subsurface moisture
downslope under such circumstances.

Alternatively, S. cilata may have a longer period over which to grow at points in its
upper range when interflow is occurring from the upper dune to lower levels. Unlike the
distribution of standing crop across the dune fields this variable up a dune slope is
confounded by differerices in growth forms between species. The only notable difference
in standing crop over the Far East Dune is a reduction in the biomasses in the areas
adjacent to the inter-dune valleys. Here, the volume of sand in which each grass individual
can root is reduced because of the proximity of solid substrata beneath. The growth forms
of grasses are restricted to those perennial species with small canopies and shallow root
systems or -to annual species. Furthermore, proximity of these solid substrata to the
dune’s surface may lead to a more rapid drainage of subsurface soil moisture (Spalding
1909) making the lower sections of dunes, with long gentle slopes and compacted sands at
their base, drier towards the inter-dune valley.

The negative relationship between density of plants and rates of sand movement across
the dune fields suggest that rate of sand movement is only a proximate factor in the
determination of the species composition of these associations. Windspeeds are very
similar across the dune fields (N. Lancaster, personal communication). Wind speeds are
greatest at the tops of dunes (Salisbury 1952). As a result, species found where rates of
sand movement are high are restricted to those that are best able to produce seed before
burial, Because seeds are rapidly buried in areas where sand is moving rapidly (Maun
1981; Hewett 1970), these species persist in such sites by growing predominantly
vegetatively (e.g. Stipagrostis sabulicola and S. cf. namaquensis) or by acting as an annual
or biennial and reaching reproductive age rapidly. The former case is more frequently
observed. Plants with rhizomatous growth are more successful at establishing in moving
sands (Olson 1958; Malakouti, Lewis & Stubbendieck 1978) and their vegetative growth
may be stimulated by sand deposition (Wagner 1964). Plants reproducing from seed in
areas of rapidly moving sand can only do so when rainfall events are frequent. Hence, the

rainfall. Persistence of species in these dune fields, particularly where rate of sand
movement is low, is dependent upon the establishment of new individuals from seed. All
species in this grassland produce viable seed even if they persist by vegetative growth in
areas of rapidly moving sand. A single rainfall of at least 10 mm is necessary for
germination of this seed (Seely 1978b). Establishment of individuals and their subsequent
growth initiates a process of stablization of the dune. Mound-building by species such as
S. sabulicola is the first step in this process. Such mound-building serves to slow the rates
of sand movement as sand accumulates at the base of each individual (Grieg-Smith,
Gemmell & Gimingham 1947; Willis et al. 1959; Gibbens et al. 1983). In areas of higher
rainfall, such as the Far East Dune, t?rgatq of sand movement is reduced by the frequency
aLwhich S. ciliata and Cladoraphia spinosa establish from seed on the dune slqpe. More
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sand movement on the lower slopes is recorded for those dunes to the west as a result of
reduced rainfall and subsequently lower rates of seed germination and establishment

Only Centropodium glaucum reproduces predominantly from seed at the base of"
Bushman’s Circles and Noctivaga dunes. Further west, at Nara Valley, most establish-
ment of new individuals of S. sabulicold is by vegetative propagation as,it is throughout
tbe .dune ﬁf{lc‘ls. The replacement of C. spinosa by S. cf. namagquensis, a species occupying a
similar position on the dune slope below S. sabulicola, on Bushman'’s Circles Dune may be
due to the lower levels of rainfall there, which limit the germination and establishment of
the former species from seed and favour the establishment of S. cf. namagquensis by
vegetative propagation.
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