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1 Introduction

The conservation of our world's biodiversity is regarded as dispensable for the exis-
tence of mankind (UNEP, 1995).

Plant and animal species provide sources of food, bre, medie and fuel; the
biological diversity of these species assures a great variety cbkegical services such
as the sustainment of fresh water, soil fertility and micro-clirate, the mitigation of
oods and droughts, the pollination of crops and the control bagricultural pests, to
name but a few. It maintains the resilience of ecosystems to alions in environ-
mental conditions and to perturbations (Cardinaleet al., 2006; Moore, 2005; Tilman,
2000; Kunin & Lawton, 1996) and as a result a ects the sustainaliy of a region's
economical development. Especially the developing coursi depend economically on
agro-ecosystems, which re ects the fact that employment, outp and export are di-
rectly linked to the ecological functioning of ecosystems (R&ngs, 2006). Further, bio-
diversity bears in itself a potential for commercial use with rgard to bioprospecting -
the exploration and marketing of genetic and biochemical seurces in plant or animal
species for medicinal and biotechnological purposes, whichparticularly a potential
source of income for some less developed countries (Chapineltlal., 2000; Wynberg,
2002). Apart from these economical considerations, biodivengis worth protecting for
ethical and aesthetical reasons alone, factors which in turregerate pro tably in terms
of eco-tourism.

Although they are of such vital importance for mankind, the diersity of species
and species composition is endangered. According to a speciesaelationship based
estimation of Wilson (1992), 27,000 species become extinct aatly, which corresponds
approximately to one species per every twenty minutes. Saie2q06) states a rate of
8,000 species per year. However, the genetic resources of theisgeare irrecoverably
lost and with it potential substances of pharmacological or témological interest. Main
causes for the extinctions of species are transformations anedstructions of habitats,
mostly for food production, overexploitation of resources, froduction of neophytes
and the resulting displacement of indigenous species and clim&hange (Myers, 2003;
Gisladottir & Stocking, 2005; Delbaere, 2005; Perrings, 2000

The global signi cance of biodiversity was recognised and therayving concern
regarding its protection acknowledged in 1992 with Agenda ZUNCED, 1993). Since
then, major research projects have been launched and strategjifor the protection of
species diversity developed. Hotspots of biodiversity were idead (Myers et al., 2000)
that are most threatened and in need of protection, since the pmentage of endemic
species is exceptionally high in these areas and also jeopardibg enhanced habitat
loss and transformation. Amongst them are the Cape Region and tl&icculent Karoo
of South Africa.

Further ecosystems need to be conserved since they provide theameof existence
for a large and rapidly growing proportion of the populatiorin arid and semi-arid areas
like in the African savannas (Scholes & Archer, 1997). The vast ylands are partic-
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ularly vulnerable to overexploitation and climate changeand are threatened by the
phenomenon of deserti cation (Akhtar-Schuster & Martius, 2008 Bush encroachment
and erosion already led to a severe decline in the productivitf rangelands (de Klerk,
2004; Kempf, 1997); the occurrence of degradation patchesdicates catastrophic shifts
between ecosystem states (Rietker&t al., 2004). In numerical values, MacKinnon &
MacKinnon (1986) stated a habitat loss of 46 % for Namibia aloneccording to Wyn-
berg (2002) in South Africa 26.5 % of the terrestrial landsurfachas been transformed
or heavily degraded. The need for a better understanding of @cesses and the rela-
tion of feedback-mechanisms on di erent scales as well as aterlisciplinary exchange
and collaboration has been diagnosed by several authors (Rietk et al., 2004; van de
Koppel et al., 2002; Watzold et al., 2006). Since biodiversity is highly related to geo-
diversity (Leser & Nagel, 2001), it was postulated that especigllabiotic factors have
to be included into these considerations.

Soil, as one major factor of terrestrial ecosystems, is to a greattent determined
by geology, topography and climate and therefore re ects thcombined e ects of abi-
otic factors on biodiversity. The other way round, soil propdres are directly a ected
by biotic factors as well as anthropogenic use. Impacts of ldnse and climate change
on ecosystem stability might therefore be predicted by investgions of mutual depen-
dencies between pedo- and biodiversity, an approach recgrtthken by Petersen (2008).
The understanding of the interactions on various spatial scaeopens the door to the
derivation of sustainable management practices under a vatyeof natural conditions.
Especially investigations of soil patchiness on the small scaley instance the role of
soil crusts as a major factor a ecting rainfall in Itration, might lead to a better un-
derstanding of erosion and other degradation processes (MillsRey, 2004b). Despite
the relevance of soils within the biodiversity discussion, few search groups address
this issue and diversity of soils and soil properties as well as thénteractions with
vegetation still have a low signi cance within ecology and bidiversity research (llanez
et al,, 2005).

The project Biodiversity Transect Monitoring Analysis in Southern Africa (BIOTA
South), which is funded by the German Federal Ministry of Eduation and Research,
addresses the above-mentioned issues (see www.biota-afrigg.olts rst phase was
launched in January 2000 as a contributing research projeat the International Diver-
sitas programme, the goals of the United Nations Convention ond@liversity (UNCBD),
the United Nations Convention to Combat Deserti cation (UNCCD) and the Johannes-
burg Plan of Action of the World Summit on Sustainable Developmnt. The objectives
of this project are the assessment, long-term monitoring and csal analysis of changes
of biodiversity as driven by anthropogenic landuse or climatehange as well as the iden-
ti cation of biotic and abiotic drivers and processes. Investigtions are conducted on 35
standardised biodiversity observatories along a transect fronmé¢ Cape to the northern
border of Namibia, which covers di erent landuse types, rainthintensities and regimes
and important biomes. The design and investigation schemes ofetbe observatories al-
low longterm monitoring on the one hand, and a maximum data coparability between
various research disciplines. By interdisciplinary collabotin between natural scien-
tists, economists and ethnologists, predictions can be derivesljstainable management
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guidelines and restoration measures developed and tools fecsion making and action
deduced. Further, capacity building is part of the objecties.

This work was conducted in Phase Il of the BIOTA South projectrom 2003 -
2006. Embedded in the Subproject S02, "Edaphical diversitynd biodiversity in mutual
dependence", this work analyses the scale-dependent varldypiof topsoil properties
re ecting ecosystem patchiness in two biomes of southern Africdie southern Namib-
ian Nama Karoo and the northwestern South African Namaqualand. ffe research task
was approached by addressing the following key questions:

Which small-scale patterns occur in soilphysical and soilcheraigroperties? How
are they linked to larger scales?

What are the drivers of patterns?

Which processes lead to the development of soil patchiness?

To which degree di ers ecosystem patchiness in the studied bioste

What are the implications for landuse options, climate changand vulnerability?






2 Material and Methods

2.1 Study Areas and Integration in the BIOTA Research
Concept

The investigations were conducted on three sites along the BTA Southern Africa
transect (Fig. 2.1) and were part of an integrated research appach (www.biota-
africa.org).

The BIOTA transect ranges basically in
north-south direction from the Kavango in the
Republic of Namibia to the Cape in the Re-
public of South Africa, covering a broad range
of rainfall regimes as well as dierent geo-
logical and topographical units. In addition,
it comprises two minor transects in east-west
orientation from the coast to central parts of
Namibia. Along those transects, 35 standard-
ised long-term monitoring sites, so-called bio-
diversity observatories, were established, each
1 x 1 km in size, subdivided into a one hundred
hectare plots. Most of the observatories have
been established during Phase | of the BIOTA  celap _—
project (2000 - 2003); since then, researchers Nabaos
of various disciplines conducted their inves-
tigations, following standardised scales and
methods, which led to a dense and interdis-
ciplinary highly comparable data base which /‘
was available for this study. The examinations  Soebatsfontein
are supplemented by data from climate sta-
tions that had been established on 18 obser-
vatories.

For investigations of small scale variabil-
ity of soil properties, three sites along the
transect were selected that cover dierent Fjg 21: BIOTA Southern Africa
parts of the rainfall regime and also address transect with observatory locations
di erent key questions. Those are as follows:



2 Material and Methods

Gellap Ost and Nabaos  The observatories Gellap Ost and Nabaos are two
adjacent twin observatories in the Nama Karoo of southern Nami@j approx. 30 km
southeast of the city Keetmanshoop. The Nama Karoo is a term dedung a dwarf
shrub savanna highly adapted to aridity with low densities of grsses, dwarf shrubs and
sporadic small trees. Annual rainfall is low; a mean of approx. @5mm/a is spent as
summer rainfall from February to April (BIOTA weather data: www.biota-africa.org).
Parent material for the development of soils is clay shist and pdominant texture is
loamy sand. Soils have been classi ed as Cambisols, Regosols anatdsols (Petersen,
2008).

While the Gellap Ost Observatory is part of a governmental reseeh farm with
low stocking densities, the Nabaos Observatory belongs to comnaliland of the Nama
and is characterised by strong overgrazing due to rotationalraging (Kuiper, 2000;
Akhtar-Schuster, 2002; Kuiper & Meadows, 2002). The impact ohese di erent land-
use systems on the rangelands is strikingly presented by a sharp trast in vegetation
cover and composition along the fenceline; while land on theekap side shows a high
coverage with grasses, including the economically most valuakiodder plant Stipa-
grostis uniplumis on the Nabaos commonage, perennial grasses cannot establish due
to the heavy grazing pressure. The veld appears bare during dsgason; only after
rain events mass germination of annual species turns the rateyed green and provides
biomass with high fodder quality (Wolkenhauer, 2003).

Soebatsfontein  The Soebatsfontein Observatory is located in the Succulent Ka
roo of Namaqualand, approx. 30 km east of the atlantic coast lirend 80 km south of
the city Springbok. Despite very low annual rainfall of 130 mmmostly spent during
August and September, Namaqualand is characterised by and fansofor its very di-
verse vegetation consisting to 50% of succulent plants and geophytes (Desmet, 2007).
4,849 species have been described in this area 40% of which ademic (Hilton-Taylor,
1996). Thus, Namaqualand has the status as a biodiversity hotspahd is regarded as
a high priority region for conservation measurements (Myerst al., 2000).

Soils are derived from granitic and gneissic parent materiadéd of sandy to loamy
texture. The high spatial sequence of vegetation and soil pattes on the small scale
is amongst other things related to the occurrence of "heuwgts" (Afrikaans: "little
hills"). The genesis of heuweltjies is not completely discowst yet (see Chapter 3.3.4),
most authors regard them as fossil termite mounds that have bedransformed by
mammal activity and geochemical processes after climate clygn However, soils at the
margin of heuweltjies contain hard, biogene silicic crusts gorbank” or "hardpan™)
and calcareous crusts (calcretes) resulting in soil classi catioas Durisols and Cal-
cisols. Additional soil types identi ed by Petersen (2008) are Gabisols, Arenosols and
Leptosols. Further causes for the high pedo- and biodiversity ertopographical vari-
ability (alternating ats and mountain slopes) as well as the m uence of fogs because
of the nearby ocean (Esler & Cowling, 1993).
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The area is used for communal live stock grazing. Erosion rins cigullies and
heuweltjies reduced in vegetation cover indicate a degraitan of the veld and thus the
endangerment of biodiversity and rangeland quality.

2.2 Field Methods
2.2.1 Field Campaigns

Field work was conducted from 2004 to 2006 in ve eld campaitg:
02/2004 - 03/2004. Six weeks eld campaign in Namibia and SdutAfrica. Se-
lection of study sites, development of work concept.

08/2004 - 10/2004. Eight weeks eld campaign in Namibia and $ith Afria, focus
on Namaqualand

02/2005 - 04/2005. Ten weeks eld campaign in Namibia and SdutAfrica, focus
on Nama Karoo

08/2005 - 09/2005. Six weeks eld campaign in Namibia and SdutAfrica, focus
on central Namibian thornbush savanna

08/2006 - 09/2006. Six weeks eld campaign in Namibia and SdutAfrica. Fi-
nalisation of eld work on all study sites

2.2.2 General Approach

The investigations are based on the assumption that landscapesndae described as
nested units in four di erent scales as follows:

D1: landscape; dimension approx. 1 to several Knfe.g. Succulent Karoo)

D2: habitat = landscape subunit; 1000 M to < 1 kn? (i.e. mountain top with
outcrops, slope, ats)

D3: mesostructures = habitat subunit; several rito 1000 n? (i.e. heuweltjie
centre, rivier (dry river bed), rock fringe below outcrops)

D4: microstructures = mesostructure subunit; dm to m? (i.e. open soil, soil with
biological soil crusts (BSC), soils below shrub canopies)

The underlying working hypothesis presumes that parametriatios between structures
of the same D-unit are similar within di erent units of the supeior hierarchical level.
That means that soil areas covered by biological soil crusts (B$ on the D3-unit

"heuweltjie centre" show di erent physico-chemical propeties to biocrusted soils in
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the D3-unit "matrix" between the heuweltjies; comparing eals of the two BSC-sites
with adjacent open soil samples, however, will reveal that ohbitzed di erences will be
of the same magnitude on the heuweltjie centre and the matriunit.

To test this hypothesis, sample collection was conducted accord to the following
procedure:

De nition of the subunits on four scales for each observatory

Selection of representative small scale study sites in the magnie of approx.
10 x 10 to 50 x 50 m. These represent the most extensive D3-units

Tachymetric survey of the sites (approx. 3000 coordinates 00 X 10 m) including
the survey of all D3 and D4-structures as well as the location eampling and
test-sites

Mapping of perennial plants, erosion structures and soil crustsavattribute func-
tion of the tachymeter

sampling (2.2.3)
conduction of eld tests (2.2.5, 2.2.6)

laboratory analysis (2.3)

2.2.3 Basic Soil Data

The standard observation of soil types on an observatory scale agpthe transect has
been investigated by Petersen (2008) since the beginning of BI® Phase | and was
used as background data for basic assumptions concerning the @gpt of the eldwork
and the interpretation of the derived data sets. This standard cedure for the assess-
ment of soil inventory on the observatories comprised the consttion of soil pits 4
m south of the centre point of 20 to 25 hectare plots following standardised ranking
order. For the practical application of the ranking procedte, a computer programme
was designed, which determined a priority listing of all 100 €6 of an observatory
following the input of the habitat unit of each hectare. The smpling procedure is a
strati ed sampling with random distribution within strata. In a ddition, the programme
works with the D Hondt highest number method. As the ranking orer is based on
the square root of the habitat size, the rarer habitat units ontie square kilometre are
uprated. In the same rank, on average 20 areas were botanigathonitored, in order
to obtain information on plant diversity and coverage withinthese plots.

The soil pits were photographed and the soil was described and gaed according
to the BIOTA standard procedure as described in Petersen (2008)he samples were
analysed in Germany with regard to a set of standard parametersde Tab. 2.1).
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Deep Prole Data In addition to the BIOTA soil assessment data, on every
small scale study site one soil pro le was dug, described and samptedierive informa-
tion on soil properties in depth. An overview of main soil propéies and classi cation
of reference pro les for most D3-units is provided in the Appeatix (A.1 and B.1).

Topsoil Data  Most data for the determination of small scale variability of sd$
and interaction with plants was derived from topsoil analysiaccording to another stan-
dardised procedure referred to as minipro le sampling. Five mipro les were sampled
on each D4 unit to assure statistical signi cance. Sampling was mducted in three
layers, 0-1, 1-5 and 5-10 cm in depth to identify in-depth vaations and pedodermis
e ects described by Mills (2003). In total, 861 soil samples wersampled.

2.2.4 Tachymetric Survey

For the survey of small scale topography, a tachymeter of the tgpLeica TCRP 1201
was used. A tachymeter is a kind of theodolite and capable of s dhe greek word
indicates - rapid measurements (Petrahn, 1996). The prindp of this survey system is
the simultaneous high precision measurement of angle by usingentralised dual axis
compensator and the higly accurate determination of the distece with laser techniques.
Since the tachymeter is motorised and equipped with an autortia target recognition
system, a power search function and a remote control unit, it isgssible to run the
survey in one-"man" operation. For this purpose, a re ector,n this case a prism, is
xed to a bar with a de ned length and an attached level. The ogrator places the
re ector bar on the point to be measured, levels it and activas the measurement with
the remote control. During the measurement process, a coaxialyisible infrared laser
beam is sent out from the device, re ected by the prism, captuckby a sensitive photo
receiver and then converted into an electrical signal (Leic2007b). After this signal
was digitalised and recorded, the distance is determined by ares of modern phase
measurement techniques. Simultaneously, both, the horizomtand vertical angle are
measured based on a coded glass circle and two CCD arrays that e the codes
into relative angle information. These informations are adtonally corrected by the
tilting-axis error that is determined beforehand and storedn the instrument, and the
momentary component of the vertical-axis tilt, transverse tdhe line of sight (Bayoud,
2007).

Within 1 - 2 seconds, depending on the setting, the measurementcismpleted, as
indicated by an audible signal. Moreover, it is possible to prade each measuring point
with an attribute, which makes it possible to not only measure tpography, but also
connect this data to the distribution of plant species, rocks, esion gullies and other
features of interest.

The threedimensional data is stored either within an internainemory or a compact
ash card. With the o ce software "Leica Geo O ce (LGO)", data m ay be exchanged
between the instrument and a PC and exported in a wide range of &8 formats.
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The accuracy of the measurements is high; when handled cothgcthe accuracy
of angle measurement in this tachymeter type meets 0.3 mgon i corresponds to
0.5 mm deviation on 100 m. Concerning distance measurementsg ficcuracy achieves
2 mm + 2 ppm or 4 mm on 1000 m, respectively (Leica, 2007a).

2.2.5 Determination of Gravimetric Water Content (GWC) aft er Rain
Events

On selected D4-units on the Soebatsfontein and Gellap Ost Obsatories, it was pos-
sible to determine the water content of topsoils directly aftea rain event. For this

purpose, samples of the de ned volume were taken with short cosamplers, immedi-
ately wrapped into plastic bags to avoid drying, and weighednder eld conditions as
soon as possible. However, errors remain due to di erent samplitigmes. Sampling was
only conducted after rain events, that followed longer dry péds, so that the initial

water content of the soil could be regarded as negligible. Fber, the sampling was
conducted down to the wetting front.

After the moist weight was determined, the samples were dried.ufing summer
this was done by putting the samples in their bags into plasticdxes with a transparent
lid whose bottoms had been carpeted with black plastic folly. @mperature was con-
trolled with a eld thermometer. With this method, a minimum of 70 C was reached
and samples dried for at least 5 hours. In other cases, drying undeld conditions was
not possible and the samples had to be exported to Germany andelliwithin a drying
oven. Here, drying was conducted at a temperature of 185. To determine the error,
some selected soil samples were wetted, dried at €0 weighed and dried further at
105 C. Deviations between the moisture content calculated aftedrying at 70 C and
105 C ranged between 0.1 and 0.3 percent and were therefore retg as negligible.

The gravimetric water content was calculated in mm instead gfercent by weight
since this measure facilitates a comparison with the amount cinfall.

2.2.6 Single Ring In ltration

A plastic ring of 14 cm in diameter of 14 cm, a height of 15 cm andhattached cm-scale
was placed on a planar area of the topsoil unit to be tested. If @sent, coarse sand
particles around the ring were removed by using a hand brush oreve blown away.

Afterwards, the surface was slightly moistened with a water spraye

Gypsum or crack ller was used to x the ring on the prepared soil stiace. Water
was carefully lled into the ring by using a plastic foly to avod slaking. The lling height
depended on the in Itration rate and was based on experiencé general, the tests
should have been comparable regarding lling height (zone$ @onstant in Itration rate
of the di erent tests should have more or less the same ponding gkt). The height of
the water column should be rather small because it had an in ueroon the in ltration
rate, even if to a minor degree.

10
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In de ned intervals, the water level was read using the scale antbted down. The
test was normally run on seven spots within one soil unit.

The test proved fairly applicable on Gellap and Nabaos, but had s restrictions
on the Soebatsfontein study site when testing D4-units. On strongkloped areas such
as heuweltjies, it was di cult to nd enough suitable test sites with a rather smooth and
planar surface. At times, a compromise was reached by extenditing test area beyond
the range of the actual study site but without disposting into nek units. Also, the
D4-unit "plant canopy"” could not be tested in most cases since théwarf shrubs were
on the one hand too small, to allow to place the ring below its own, and on the other
hand too large, to impose it on them. However, despite these di dties in Itration
rates could be determined on 15 D4-units on Soebatsfonteini{&pter 4.4.11).

11
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2.3 Laboratory Methods

All soil samples were analysed with regard to the BIOTA standard prcedure (Tab.
2.1) which comprised the analysis of

pH-Value in H,O and CaCh-extract
electrical conductivity

organic and inorganic carbon

total N

total element contents

Selected soil samples were additionally analysed for

exchangeable cations
plant available K and P
texture analysis

Tab. 2.1 : BIOTA laboratory methods for the standard analysis of soils

Sample Preparation

Parameter Description Reference
Sample Samples with large amounts of stones are-
preparation sieved to 2 mm in the eld, the relation of

in the eld stone to ne earth is determined by an elect

tronic scale (0.1 g sensitivity) in the eld.
All other samples are transported to the lab
without further preparation

Sample Field samples are air dried, crushed and-
preparation sieved to 2 mm (= ne earth fraction). A
in the lab sub sample is ground to<0.06 mm with a

vibration disc mill (Conrad TS 100). If nec-
essary, samples are dried with 105C in a

drying oven.

Bulk density Drying of 100 ml-samples with 105C, sub- | Core method
sequent weighing of soil material by an eleg-Blake
tronic scale (0.1 g sensitivity) 1965

Color For ne earth: with  MUNSELL SOIL | Munsell

COLOR CHART, on wet and dry material | 2000

Lfor samples taken in 2006 this data is missing due to a breakdown of the XRF-arygsator. It is
planned to still conduct the analysis, however, for this work the data was unavaildle. A ected are 45
samples on Soebatsfontein (three D4-units below plant canopies) and all samples &febaos

12
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Laboratory Methods

Parameter Description Reference
pH-value Preparation of two soil suspensions by addi- PSA,
tion of aqua demin or 0.01 M CaGl with a | ISO 10390
1:2.5 relation (10 g dry weight + 25 ml so-
lution). Measurement with a pH-electrode
after 1 hour with repeatedly stirring of the
suspension
Electrical Measurement in the aquademin-solution -
conductivity (see pH-value) with a conductivity sensor
(EC) Additional preparation of a 1:5 solution
Total A ne-ground sample (about 0.7 g) is com{ SSLMM-
amount busted at high temperatures (900C) with | 6B4a,
of nitrogen oxygen, the released gases are separatelbO 13878
(TN) and cleaned from water, and the NQis re-
duced to N,. The N, is measured by thermal
conductivity (vario MAX, Elementar Anal-
ysensysteme
Total A ne-ground sample (about 0.7 g) is com{ SSLMM-
amount busted at high temperatures (900C) with | 6A2e
of carbon oxygen, the released gases are separated

(TC)

and cleaned from water, and the CO is oxir

dised to CO,. The CO, is measured by ther-
mal conductivity (vario MAX, Elementar
Analysensysteme

A ne-ground sample (0.1 - 2.0 g) is heated -
and treated with 5% HCI in a closed system,

The released CQ is introduced in dilluted
NaOH, where the amount of carbon is mea
sured by determining the change of electri
cal conductivity (Westho -Apparatur).

Amount  of
inorganic
carbon
(TIC)
Amount  of
organic car-
bon (TOC)

The TOC is calculated by TC-TIC
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Parameter

Description

Reference

Particle size
distribution
(PSD)

With a dried sample of ne earth a pre-
test on the PSD is conducted: if the over;
standing water of a soil/ water suspension

is clear, the analysis is done only acc. to a).
All other samples are analysed acc. to a)

and b). Procedures of pre-treatment:

Addition of HCI to remove carbonates
(in case of pH in HO > 7.4)

Addition of Na4sP,0; to improve dis-
persion of particles

Ultrasonic treatment

a) 300 g pre-treated ne earth is washed
from ne-grained particles by repeated ad-
dition of Na,P,0O- and ultrasonic treatment
until the supernatant is clear. The dried

sample is sieved through a set of sieves

(2000, 630, 200, 125, 63m). The weight of

each fraction is measured on an electronjc

scale (0.01 g sensitivity)
b) 30 g of pre-treated ne earth is di-
luted in a 1 | sedimentation cylinder with

NayP,07 solution. The suspension is shaken

overnight. After predetermined intervals,
aliquots of 10 ml are removed with 4
pipette, with depth and time being based
on Stokes' law. The aliquots (representing
particle sizes< 63,< 20,< 6.3< 2 m) are
dried (105 C) and weighed on an electronic
scale (1 mg sensitivity).

PSA

Elemental
composition
(XRFA)

14

A mixture of 8 g ne-ground sample and
1.6 g of HWC-wax is lled into a die of

20 mm and pressed with 200 kN into a
tablet. The tablet is inserted into a X-Ray
uorescence spectrometer (Phillipps PWH
1404). The total concentration of the ele-
ments Al, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn,
Na, Ni, P, Pb, S, Si, Sr, Ti and Zn is deter-
mined by X-Ray spectroscopy.

Kikkert
(1983)
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Parameter

Description

Reference

Exchangeable
cations and

The exchangeabel cations are removed with-

an excess of ammonium (5 g of air-drie

d

cation ex- soil, ve extractions with 25 ml 1 M NH,ClI
change each) and are quantied by atomic ab-
capacity sorption and atomic emission spectroscopy
(CEC) (AAS).
The ionic strength of ammonium is reduced
to 0.01 M NH,Cl and the adsorbed NH ex-
tracted with 1 M KCI afterwards. The con-
centration of NH, is measured by photom-
etry; the CEC is corrected for the soluted
proportion of NH,.
ammonium 5 g of air-dried ne-earth are extracted with | Helmke
acetate- ammonium acetate two-fold (25 ml each} & Sparks
exchangeable brought up to 50 ml as the nal volume). | (1996)
cations For each step of extraction of the sample
is shaken (30 min) and centrifuged (2000
rpm for 10 min). The extracted cations are
guanti ed by atomic absorption and atomic
emission spectroscopy (AAS).
Water sol- 30 g of air-dried ne earth are mixed with| PSA (# 13)
uble anions 30 ml water, shaken for 1 h and cen-
and cations trifuged. The supernatant is decanted ang

(1:1 extract)

ne- ltrated (0.45 m cellulose-acetate |-
ter). The ltrate is divided in two bottles; to
the one for the cation analyses conc HNQO
is added to prevent precipitation of salts.
The cations are measured with AAS anc
AES, the anions by anion chromatography
(IC). From the ion balance, the concentra-
tion of soluted carbonate/ bicarbonate is
calculated
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References of Tab. 2.1

Abbreviation

Reference

HdB

ISO 10390

ISO 13878

MUNSELL

PSA

SSLMM

WRB

Blake
(1965):

Helmke
& Sparks
(1996):

Kikkert
(1982):

Alaily, F. (2000) : Carbonate und Salze. In: Handbuch der Bo-
denkunde. Ecomed Verlag, Chapter 2.1.5.5

Deutsches Institut far Normierung e.V. (DIN) (2005): DN I1SO
10390: Boden-pH Wert. In: Handbuch der Bodenuntersuchung,
Abschnitt 3.5.1a. Wiley-VCH Weihnheim, Beuth Verlag

Deutsches Institut far Normierung e.V. (DIN) (1998): DN
ISO 13878: Boden-Gesamitsticksto , Verbrennung. In: Handbuch
der Bodenuntersuchung, Abschnitt 3.4.1.58a. Wiley-VCH Weihn
heim, Beuth Verlag

UNITED STATES DEPARTMENT OF AGRICULTURE (ED)
(2000): Munsell Soil Color Charts. New York, Gretag Macbeth

REEUWIJK, L. P. VAN (ED.) (2002): Procedures for Soil Anal-
ysis, 6th Edition. International Soil Reference and Informabn
Centre, Wageningen: 101 pp.

US DEPARTMENT OF AGRICULTURE, NATIONAL SOIL
SURVEY CENTER (ED.) (1996): Soil Survey Laboratory Meth-
ods Manual. Soil Survey Investigations Report No. 42, Version
3.0, Washington: 693 pp.

FAO-ISRIC & ISSS (EDS) (1998): World reference base for doi
rsources. World Soil Resources Report 84, Rome. 88 pp.

Blake, G. R. (1965) : Bulk density. In: C. A. Black (ed.) Meth-
ods of Soil Analysis, Part 1. Physical and Mineralogical Proper-
ties, Including Statistics of Measurement and Sampling. ASA-
SSSA, Agronomy Monograph 9: 374 - 390

Helmke, P. A. & Sparks, D. L. (1996) : Alkali Metal Prop-
erties. In: Bartels, J. M. (Ed.): Methods of Soil Analysis. Part 3.
Chemical Methods. Soil Science Society of America, Inc., Madi
son, Wisconsin. pp. 551

Kikkert, J. (1982) : Practical geochemical analysis of variable

composition using X-ray uorescence spectrometer. Spectrochim
ica Acta Vol. 38 b, No 5/6, pp. 809 - 820, 1983
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Texture Classes  All statements concerning particle size distribution refer tohe
German texture classi cation (Ad-Hoc-Arbeitsgruppe Boden, 2005This classi cation
de nes the following fractions of ne earth (particles< 2 mm) with regard to particle
sizes:

fraction | sub-fraction  shortform diameterin pm diameter in mm
clay C <20 <0.002
silt Si 2t0 <63 0.002 to < 0.063
fine silt fSi 2t0<6.3 0.002 to < 0.0063
medium silt mSi 6.3t0 <20 0.0063 to < 0.02
coarse silt cSi 20to < 63 0.02 to < 0.063
sand S 63 to < 2000 0.063t0<2.0
fine sand fS 63 to < 200 0.063to <0.2
finest fine sand ffS 63 to <125 0.063t0 <0.125
coarse fine sand cfS 125 to <200 0.125t0<0.2
medium sand mS 200 to < 630 0.2t0<0.63
coarse sand cS 630 to < 2000 0.63t0<2.0

Tab. 2.3 : Overview on texture classes

2.4 Statistical Methods
2.4.1 Analysis of Variance (ANOVA)

General Information and Application Within this work data sets are ar-
ranged in a way that each soil sample has been analysed with redjdo di erent
parameters or dependant variables (e.g. pH, organic carboa) which each value can
be referred to a certain sampling depth and four nested scales. &ldi erent scales
and the sampling depths are in statistical terms referred to asdependent variables or
factors (D1, D2, D3, D4 and Layer). These are in turn subdivided intdevels (e.g. D4
in the levels biological soil crust, open soil, plant canopy andkead shrub; the sampling
depth into layer 0-1 cm, 1-5 cm, 5-10 cm).

To nd a pattern in data sets that are this complex, Analysis of Vaiance (ANOVA)
is a suitable tool since this statistical method allows the simudineous control of several
independent factors. Di erent forms of ANOVA exist; in a so-calld one-way ANOVA,
several levels of the same factor are compared. If the e ectschimteraction of more
than one factor are to be tested, a two-way ANOVA including two fetors or a multiple
factorial ANOVA including more than two factors are applicabé.
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Generally, ANOVA comprises two analysis steps: the partitioningfasquare sums
and signi cance tests (F-tests). While the former is not subjecteto any restrictions,
ANOVA postulates certain assumptions for the F-test to ensure souneésults and data
interpretations. These comprise

independence of variables
normality of data sets

variance homogeneity

Further, a two-way or multiple factorial ANOVA may only be applied if all factors and
levels are combinable with each other.

The restrictions provoke some problems for the application &NOVA on the data
set in focus. In many cases, normality of the data set is not given @lata distributions
were identi ed as bimodal, skewed or exponential (see 4.6). tyéndications are given
that the F-test may still lead to a valid result: according to vaying studies summarised
in Bortz (2005), the normality assumption may be disregarded a®ng as variance
homogeneity is valid. As a rule of thumb, variance homogengitmay be accepted as long
as the ratio of the largest group variance to the smallest grou@xiance is not exceeding
1.5. Further, ANOVA is even regarded by some authors as robust dgat the violation
of the homogeneity assumption, when the sample sizes of the gre@pe equal. However,
no strong evidence has been found in literature that would seeuan application of
the F-test to the data sets of this study. Therefore, additionahonparametric U-tests
were conducted to draw conclusions on signi cant di erencesdbween groups. For the
explanation of variance and hence the identi cation of pagrns within the data sets, the
square sum partitioning within ANOVA was deemed an appropriate mdus operandi.

Another problem that required adaption was the postulation o& free combination
of factors. In the present study, not every D4 unit had been sammlewithin each D3
unit, nor each D3 unit for each D2 unit since not all subunits ested within a superior
group and because only the most signi cant units were chosen fornsgling to keep
the sampling amount processable; therefore, only parts of thehale data set could
be analysed in this manner and it was sometimes necessary to metige factors D3
and D2-scale into the factor "site". Yet, where the applicatio of a two- or three-way
ANOVA was possible, this yielded the advantage of not only analysy main e ects
such as the contribution of e.g. D4 or D3-groups on the total veance, but also the
interdependenciedbetween factors (e.g. contribution of the integrative e ecof D4*D3-
units on the total variance or in other words: D3-dependent vaability of D4-units).

Basic Principle of Square Sum Partitioning In a one-factorial data set, the
data is divided into groups by one factor, e.g. D4-unit, intdhe three levels biocrust,
open soil and shrub canopy. For each group n = ve samples of thest cm of soil are
given. The independent variable may be organic carbon conte
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In a rst step, the square sum of the total data set is calculated ashe sum of
squared deviations of each single value from the total mean:

XX —
SSot = Xmi ) (2.1)
i=1 m=1
with SS,: = square sum of the total data set, i = index of factor levels, n =

number of values m = index of values within factor levels] = mean of total data set
and x = value,

In a next step, it should be determined how much the factor D4 ctnibutes to the
variability within the total data set. If the three factor levels were the only variance
generating sources, all values within the same level would beetlsame. However, in
reality, this is not the case. To estimate the contribution of he levels (e.g: BSC) to
overall variability, the ideal assumption is approached by eshanging the single values
with the mean of the level, which is regarded as the best estiman for the e ect of
the three levels on the parameter. When the square sums of thedéare summed up,
the square sum of the factor is derived:

xo
SSac=n (A T)? (2.2)

i=1

B with SS,c = square sum of factor, n = number of values, i = index of factor legls,
A = mean of level a andT = mean of total data set.

As a last step, the so-called error or residual variance is calctdd. The part of the total
variance that is based on the D4-units is substituted by a residuipart of variance that
is independent of the regarded factor D4 and may be referred bther variables such
as microtopography, distance to plants, location on or next téormer plants and so on.
To determine the contribution of the residual variance on tal variance, the degree of
di erence of values within a group is calculated. This is asaved by calculating the
di erence of the individual value from the level group mean rad squaring the result.
Thus, an error variance for each level is calculated. Summing the residual square
sums of the three levels results into the residual square sum of tfaetor:

XX _
SSes = (Xmi  A)? (2.3)

i=1 m=1

with SSes = square sum of residual variance, i = index of factor levels, n = rmber
of values, x = value, m = index of values within factor levelsA = mean of level and
T = mean of total data set.
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In the end, ANOVA delivers the following data:

SS.t = variance of the total data set
SSac = variance of the groups within the whole data set

SSes = residual variance that is to be explained by other factors thn those being
included into the analysis.

SSac and SSes sum up to SR:. The three values can be used for explanation of
variance in the whole data set.

Although the signi cance test within ANOVA is disregarded within this study, its basic

principle should be brie y mentioned here as well: by dividig the square sums through
the degrees of freedom, the variance is derived. In accordanwith the standard error

of the mean, under the null hypothesis, group variance is a goatimation of the

residual variance. Based on this assumption, F is calculated aatio of the two:

F = V arfac :V arres (2.4)

with Var,. = factor variance and Vares = residual variance

F is then compared with an empirically determined E; -value considering the degrees
of freedom and the set probability error. Depending on F beinigrger or smaller than
Feit » the null hypothesis or the alternative hypothesis are accegd.

Square sum partitioning in multifactorial ANOVAs Multifactorial
ANOVAs allow to assess the contribution of several factors on the it variability
simultaneously. As in the one-way ANOVA, square sums and residual varices of
the di erent factors are calculated, but moreover the inteactions between the factors
are also determined. As an example for the present study, a two-wANOVA would
be the appropriate method to reveal that organic carbon coant is increased below
plant canopies compared to open soil, but only in the layer 0-dm. Thus, it can be
concluded that the factor D4 (di erentiation into open soil and plant canopies) may
have a layer-depending e ect on organic carbon content.

In the following, a summary of the principle will be provided kre by using the
above-mentioned example of a two-factorial ANOVA. For a detagld description of the
single calculation steps and further reading, Bortz (2005) suggested.

As in the one-way ANOVA, the total square sum of the complete data setki
determined. This value re ects the variability of all values.

Hereafter, the data set is modi ed in a way that assumes that all v@ability is gen-
erated exclusively by the two factors by mean di erences beten their corresponding
levels. In the one-way ANOVA, the mean of the data within each levevas regarded as
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an estimation for the factor e ect on variability. Here, the sane is done but instead of
the mean of each level, the means of so-called cells are usedelhaomprises all values
that have the same factor combination. According to the above emtioned example
with the factors D4 and Layer, one cell would e.g. consist of wads that can be referred
to both, open soil and sampling layer 0-1 cm.

Analogues to one-way ANOVA, the single values are exchanged withet corre-
sponding cell means and with this modi ed data base square sumsaralculated again.
The result is a square sum that envelopes the two factors invotéeThe square sum of
residual variance is derived by calculating the di erence ahdividual values from the
cell mean and squaring the result.

As a next step, the square sum of the two factors is calculated septaly as in
equation 2.2. No di erence exists in terms of modus operandi the one-way ANOVA.
Considering that no interactions as described above occur ihd data set, the sum
of two factor square sums would equal the cell square sum. Howewénis must not
necessarily be the case: sometimes the sum of the factor square sigriess than the
cell square sum. From such a phenomenon it must be concluded thatvariability
component exists which is neither explainable by the level$ factor A (di erentiation
into plant canopy and open soil) nor by levels of factor B (vaing sampling depths)
alone, but by their combination.

For the determination of these interactions, the individual alues are substituted
by empirical determined cell means. These values are compareith an expected mean
that would occur if only the two factors are exhibiting an e ect on variability in the
data set. The derived square sum is called square sum of interaatio

On summary, in a multiple factorial ANOVA, the following square sums are ob-
tained:

square sums of the single factors
square sum of the residual variance
square sum of the varying interactions

total square sum.

The square sums of the single factors, residual variance and irgetions sum up to
the total square sum. When multifactorial ANOVAS are applied by stéistical programs
such as SPSS, these square sums are listed in a table with their egponding variances,
F-values and signi cances. In addition, it was of interest in tis study to compare
the square sums of the individual levels as a measure of varidgilthat is based on
particular environmental units such as patches of biologitaoil crusts.
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2.4.2 Mann-Whitney U test

The Mann-Whitney U test is a non-parametric test that assesses wiedr two indepen-
dent groups (A, B) have been drawn from the same population. Theull hypothesis
HO implies that the two sample groups have the same distributionna therefore belong
to the same population.

In a rst step, the observations made within both groups are comhbed and ranked
in order of increasing size. If HO is correct, it would be expedehat each sample of one
group would ideally follow one sample of the other, for examgpin the orderababababa
An order slightly deviating from this rank such asababaababwould be accepted to
verify HO, since it is highly probable that such an order develeaga randomly although
the two groups belong to the same population. If the order is singly divided into the
two groups such asaaaabbbh it is assumed improbable to be random which leads to
a rejection of HO. In other words, the alternative hypothesis Hlsiaccepted when the
probability that a score from A is larger than a score from B is grater than one-half
or

p(A>B)>05

Practically, U is determined by the calculation of the numbe of how often a
sample of one group precedes a sample of the other within the karfhe probability
of obtaining a given U in a group of n A's and m B's is the solution foa certain
recurrence relation involving n and m. Recurrence tables " been computed to give
the probability of U for groups up to n = m = 8. At this point the d istribution is
almost normal, therefore for samples above 20 there is a googagximation using the
normal distribution.

If the null hypothesis has a direction (for instance, BSCs raisthe pH value of
topsoil in comparison to matrix soil), a one-tailed test is appéd. Here, it is tested,
whether A> B or A < B. In a two-tailed test, HO is accepted when A = B. Since all
data values are ordered in ranks, the U-test is robust against egtme values (Mann &
Whitney, 1947; Siegel, 1956).

2.4.3 Cluster Analysis

Cluster analysis is an exploratory analysis tool that serves theurpose of sorting dif-
ferent objects into groups in a way that di erences within a tuster are minimal and
di erences between clusters are maximal. For this work, a higrchical cluster analysis
(HCA) was applied. Within this method, each object is regardedhitially as one indi-

vidual cluster. In a second step, a pairwise distance is calculdtbetween all objects
and those with the smallest distance are merged to one cluster. Withat procedure,

the number of clusters is reduced by one. Subsequently, the r@imng n-1 clusters are
again compared and those with the minimal distances combined bne cluster. With

every step the number of clusters is reduced by one until all adigts are merged.
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Distance is the basic criterion for any clustering. After each agegation, the de -
nitions of distances between the single objects and clusters/kdo be de ned anew. For
this purpose several methods can be applied. In trengle linkageprocedure (SPSS:
"nearest neighbour"), the distance between two clusters is datmined by the pair of
nearest objects between clusters. In the proceducemplete linkage(SPSS: "furthest
neighbour"), the opposite is the case and the distance of two slers is determined
as the maximal distance of two objects of each cluster. In the gredureaverage link-
age (SPSS: between-group linkage) used in this work, the distanoé two clusters is
determined as the mean of the distances between all pairs ofjedis.

As a measure of similarity or distance, respectively, the squaredi€lidean Distance
was selected. This is calculated as:

xXo
i y)?

i=1

or in other words the sum across variables (from i = 1 to n) of the s@red di erence
between the score on variable i for the one case (Xi) and the scom ariable i for
the other case (Yi). In addition, a z-standardisation was appl@to the data set before
conducting the cluster analysis to equalise the e ect of varidés measured on di erent
scales. By doing this, SPSS standardised all of the variables to ame= 0 and variance
=1.

The cluster solution was graphically summarised in a dendrogram a diagram
that lists cases or objects in a column on the left linked by a cdai cation tree. On top, a
horizontal axis depicts the distance between clusters whenay are joined (Wiedenbeck
& Zall, 2001; Bortz, 2005).

2.4.4 Box-and-Whisker Diagrams

For graphical illustration of results in this work, often Boxand-Whisker diagrams were
used such as in Fig. 2.2. These diagrams indicate the followingasstical measures:
boxes: interquartile range which contains 50% of values; whesik: highest and lowest
values< 1.5 times the box length; circles: min/ max values> 1.5 times the length
of box. The line through the boxes (here missing) depicts the mian. Alternatively,
mean values are depicted by asterisks.

2.4.5 Standardisation procedures

One focus of this work was to analyse the e ect of D4-units suctsaiologically en-
crusted or plant canopy areas on topsoils. For this purpose, thepen soil unit was
regarded as control unit and compared to the data of another£unit within the same
D3-unit. For such analysis several data pairs were used and it aced by times that
all, independent of their a liation to superior scales in the herarchical system, showed
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Fig. 2.2 : Example for the standardisation of the data pairs with regard to pHy20: brown
boxes represent Open Soil, grey boxes BSC data. On the leftriginal data distribution; on
the right: after standardisation. Site abbreviations see Tab. 4.1.

the same trend. This was for instance the case in the comparison agen soil with

biologically encrusted soil as shown in Fig. 2.2, where in ve @ix cases the pH-value
was increased on crusted sites. Often, the observed trends werdyamall and not

statistically con rmable when only regarding single data pas due to small sample
numbers of n = 5 for each D4-unit and layer. Therefore, a prodare was conducted
to analyse such e ects in a combined data set after the site-specidi erences were
eliminated by standardisation.

A standardisation of the data was achieved by calculating the ean of the 5
samples of particular layers of the open soil part of each paind subtracting that
mean from each value from both, open soil and biocrusted data s&tus, the relation
of the BSC-data to the open soil data of each data pair remaindde same, while the
mean of each open soil data distribution was xed to the value re. Fig. 2.2 shows the
data before and after the standardisation procedure was concied.

2.4.6 A Note on D3-Variability Analysis in Soebatsfontein

During the analysis of D3-variability in Soebatsfontein (Chpter 4.4.2.3), a compli-
cacy was met in terms of the comparability of D3-units. Fig. 3 shows exemplary
D3-variability for the parameter pHy 0. Since sampling was undertaken with regard
to selected D4-scale, each D3-unit consists of several D4-uniteggented as single box-
plots. Since nature varies the composition of patterns in di ent habitats, D3-data sets
consist of varying compositions of D4-units. Also, due to data pressing purposes only
the most signi cant D4-units were sampled which already led to total of 495 soil sam-
ples and an approx. data base of 16,000 single values for Sosfmattein. Comparisons
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between Matrix D3-units and Heuweltjie-units for instance mg be therefore based on
a di erent composition of the comparative data sets in terms ob4-consideration.

D3-units:
10

_ Accum. Mountain Top Western Low. East. Mid-East.
D2-units: Zone Slope Sl Slope

D4-units: |:| Open Soil |:| BSC |:| Plant Canopy . Dead Shrub

Fig. 2.3 : Diagram visualising D4-unit composition of the D3-units samgded in Soebatsfontein:
exemplary for the distribution of pH 4 2o-values depicted as boxplots.

The author is aware of this constraint but decided to nevertiess conduct U
tests on these D3-groupings. D4-contents of the present D3-usire regarded as main
drivers of variability, thus justifying statistical comparisons without taking areal con-
tribution into account. If emphasising the areal representateness of single D4-units
under assumption of exclusive occurrence of the sampled units, @an may be derived
by weighting the data in accordance to areal distribution, buin this case no statistical
tests may be applicable due to the lacking sample number. Howeyvéhe signi cance
of D4-units on solil properties will be speci cally analysed intapters 4.4.3 and 4.4.5.

2.5 Soil Classi cation

Since the bulk of soil data was derived from topsoils only, a dsi cation of soils was
only required for the reference pro les speci ed in the Appeng (A.1 and B.1). These
were classi ed according to the World Reference Base for Soil$oeirces (IUSS Working
Group WRB, 2006) which is in accordance with the BIOTA standait procedure of soil
classi cation. A detailed explanation regarding the prefenmgce of this classi cation over
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other systems such as the USDA Soil Taxonomy (Soil Survey Sta, @6) is provided
in Petersen (2008).

2.6 Software

The statistical analysis was predominantly conducted with SP$15.0 for Windows, in
individual cases Origin 7.5G was used. Survey points were pessed to digital elevation
models (DEMs) with ArcGIS 9 software. The dissertation itself wasanpiled with
ATEX.

2.7 Satellite Data and GPS-Coordinates

Satellite picture data for digital elevation models was déred from Google Earthc.
Coordinates of the hectare plots within the observatories we derived from initial
DGPS surveys of all BIOTA observatories by a private company. &erence points of

small scale study sites taken in the eld were obtained from GPSadings (Garmin 12,
11+, 60).
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3.1 Analysing the Scale Dependent Variability of Soils - an
Introduction

Solil is a three dimensional body, whose composition is the resolt the soil forming

factors parent material, climate, topography, biota, timeand anthropogenic use (Jenny,
1941). The soil genesis factors lead to manifold soil forminggmesses that in turn result
in soil properties that vary widely in space and time. Since soi$ a continuum rather

than a single entity with a xed set of attributes (llanez & Boixadera, 2002), the
scale dependent heterogeneity of soil properties is consiadkproblematic with regard

to appropriate sampling strategies and quality of informatia (McBratney, 1992). Yet

its characterisation is essential to achieve a better understdimg of complex relations
between soil, environmental factors and land-use systems (Hmzet al., 1995; Yemefack
et al., 2005).

There are basically three ways of describing the qualitativend quantitative prop-
erties of soils in a given area: by taxonomy, by using classical sstics and by applying
geostatistics. Taxonomic variability or pedodiversity is expressed by the diversity of
soil classes in any soil classi cation system (McBratney, 1995). Hovez, the underly-
ing conditions that lead to the de nition of soil types and clases may vary and are
summarised by Lamp (1972) and Kneib (1989): morphogenetic syste such as the
German soil classi cation (Ad-Hoc-Arbeitsgruppe Boden, 2005) werderived from the
assumption that particular environmental factors lead to soiforming processes that
exhibit a characteristic composition of properties over timeSoils with the same pro-
le morphology and similar attributes are interpreted as soiltypes or classes with the
same genesis. Other systems are based on pragmatic-empirical apphes: classes are
de ned by diagnostic horizons with xed ranges of speci ed soiproperties. An ex-
ample for this classi cation is the American Soil Taxonomy (Sb6iSurvey Sta , 2006).
Most of the modern classi cations are combined systems, for instamthe international
World Reference Base for Soil Resources (IUSS Working Group WRE06) that orig-
inated in the legend description of the FAO's soil map of the wid (FAO-UNESCO,
1971-1981). The revised version distinguishes between 32 maiil gmups that may
be attributed with 179 soil units in the next lower order. For he identi cation of soil
units, 39 diagnostic horizons and 14 diagnostic properties ade ned by qualitative
and semiquantitative properties and intervals of physical ahphysicochemical values.
The binomial South African Classi cation System (Soil Classi caton Working Group,
1991) is based on profound survey information and uses combiiwgus of topsoil and
subsoil horizons to assign a soil to a speci ¢ soil form. As a next stepyther properties
lead to the determination of prede ned soil series.

The classi cation of soils according to one of the classi cation syems are usually
needed and used for soil surveys and the creation of maps. Depegdon the required
information, soil maps may be scaled di erently. A map on the faning scale for in-
stance is a helpful tool for agricultural purposes. Di cultiesof extrapolation from point
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to area information exist due to the above-mentioned fact thasoils change continu-
ally in space and time. Hence, boundary delineation of mappingnits is a matter of
prediction and may contain errors. The continuum issue was appached by hierar-
chical models of soil associations as summarised by Schmidt (1996 this concept,
as a rst step soil bodies have to be described that hold all attriltes of the soil to
be classi ed such as particular horizons and substrate layers alwas their spatial
con guration. This soil body is the basic unit for classi cation and is referred to as
pedon. The size of a pedon may vary between 1 to 1006.1vhile the pedon concept is
su cient for taxonomic purposes where soils are classi ed accairth to their property
combinations in nested hierarchical units, soil geography pasates its link to space to
describe a pedons distribution in a landscape. Therefore, sogagraphers work with
so-called polypedons as basic units that are de ned as the digttion areas of speci c
pedons. Further, di erent polypedons may be merged to pedagbs. In contrast to the
polypedon, pedotops are not strictly homogenous in the senseepicompassing areas of
only one pedon; they rather include embeddings of adjacent even stronger deviating
polypedons and allow edge e ects. They may be regarded as " ad' polypedons and
represent the actual basic unit of soil mapping. Higher hieraratal units encompass
the regular structure of several soil units with regard to overahing landscape factors
such as relief and groundwater (choric dimension), similar telencies of soil develop-
ment in even larger areas (regional dimension) and on globabses (zonal or geospheric
dimension).

By use of a map with soil classes, statements can be made regarding gredodi-
versity of di erent areas and thus regarding the quality of ragelands, the persistence of
an ecosystem and so on. As presented exemplary by McBratney (193%)erent areas
of the same size may be ranked according to the number of di etteclasses, the relative
number of classes or the interfacial length of classes with oneo#imer, all measures of
taxonomic diversity. But is the pedon, the lowest mapping uniand the starting point
of a soil map, su cient to characterise an area of the size of a pghedon? Or is there
a variability of soil properties on the ner scale beyond the maping unit that signif-
icantly in uences ecological interactions that are not detctable through mapping on
pedon scales? Obviously there is one. Miehlich (1976) regarddssas natural bodies
that are inhomogenous per se and also suggests to use the temmiability for this
inherent property of soils. He concludes from this attribute tht "it is not very mean-
ingful to test for homogeneity, but rather to quantify the extent of inhomogeneity" to
compare and describe soils. In doing so, he proposes to evaluateatality of soils by
comparing the coe cient of variability of di erent soil bodi es, either of one or several
parameters. Further, Miehlich shows that variability is a mater of scale and whether
a soil - or to be more precise, a sample volume - may be regarded ambgeneous or
inhomogeneous is a matter of perspective. Based on his considiens on the deviation
from the ideal statistical arrangement (AviA), he derived a conept of superimposed
pattern complexes in which partial units of a soil body may clster with respect to
their local connection to larger units that vary less within han between each other.
The areas of similarity in turn may be regarded as one homogeamunit that di ers
from other clusters of a comparable volume. An example is giveéhat describes the
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pattern development of pedogenic iron from m3 to m® scale.

Gettlein & Stanjek (1996) analysed the micro-scale heterogeity of di erent pa-
rameters of soil solution and soil solid phase in a cambic podzolode. As a result,
they found out that spatial distributions of two parameters (H and sulphate) did not
correlate with soil horizon borders. Mills & Fey (2004c) and Beet al. (2006) consti-
tuted the concept of thepedodermfor arid and semi-arid environments signifying "the
thin layer of soil at the interface with the atmosphere, a few nlimetres to centimetres
thick, within which certain properties exhibit a marked vetical change in expression
sometimes not readily detected through eld observation” (Fg et al., 2006). Cheng
et al. (2004) highlight the importance of micro-scale heterogengiof soil properties in
semi-arid and arid landscapes, especially when degraded, ane tiact that only few
studies have focused on that topic. These all give a strong indt@a that in semi-arid
environments investigations should not exclusively be conded in pedon or polype-
don units, but also on single soil properties, on even smaller scaée®sl uncoupled from
horizon borders to further improve the understanding of ecostem processes.

This variability of soil properties may be described by measures and tests of clas-
sical statistics such as variance3?), standard deviation (SD), coe cient of variation
(CV), range and gquartile (Loan & Kausch, 1998; Webster & Oliver,1990; Ehrenberg,
1986). Basic requirement is the de nition of a main unit or thescale of examination, re-
spectively. As proposed by Miehlich (1976), for soil scienti ¢ adervations a scale must
be de ned in which soil units are regarded as homogenous anduather di erentiation
must be neglected. Instead of homogeneity, the author propogég term equality of a
soil body if its "inhomogeneity does not exceed a preset limit spi ¢ to the objectives
of the investigation". The description of soil variability with classical statistics regards
single parameters and aims to identify interactions betweethem. The approach to
integrate several parameters on a prede ned scale to form usitvith the same set of
properties is calledparametric pedodiversity and requires the application of complex
statistical tools (Petersen, 2008).

However, the adequate description of soils either in the sense akénomic pedo-
diversity or parametric variability remains an issue. Therefae, a speci ¢ branch of soil
science developed, pedometrics, that seeks to solve the comtimuproblem from the
mathematical angle. This subject is de ned as "the applicatin of mathematical and
statistical methods for the study of the distribution and genesi®f soils" (Heuvelink,
2003) and aims to create tools that help to improve classi catn and mapping of
soils on the one hand side and to understand and predict pedodis#y on the other
(Yaalon, 2003). In this eld of research, oftengeostatistics are used, a discipline of
classical statistics that was developed in the 1970ies for migirpurposes, mainly by
G. Matheron as reviewed in Akin & Siemes (1988). Journel (1988e nes geostatistics
as a branch of statistics specialising in the analysis and modedi of spatial variabil-
ity in earth sciences. According to Webster & Oliver (1990), geaatistics enables the
researcher "to predict the values of properties from those others and to estimate
the values at unsampled places or larger areas from values s@&d at the sampling
sites”. Geostatistical methods postulate speci ¢ sampling schem@a/ebster & Oliver,
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2001) whereas in classical statistics, values of di erent sampijrplaces are treated as
though they were spatially uncorrelated (Diet al., 1989).

Ilanez & de Alba (1999) distinguish explicitly between the spi#al variability of
soil properties and soil taxa. They suggest an assessment of taxonomedodiversity
by diversity indices and distribution models, while variabiliy of soil properties may be
analysed and described by means of geostatistical tools. Morepv@aldana & llanez
(2004) could show that pedodiversity derived of taxonomic uts obtained di erent
results on terraces of the Henares River in Spain than soil vabidity that had earlier
been analysed on the same sites with geostatistical tools by Sahdaet al. (1998). Some
research activities aim at the combination of taxonomic andgrametric pedodiversity
to achieve soil maps with better informative values, for instace for GIS applications,
in the modelling of water ow and contaminant transport and ewironmental impact
assessment. Rogowski & Wolf (1994) combined soil survey attributaad kriged over-
lays of measured data of the parameters bulk density and hydrei conductivity. By
doing this, they achieved a soil map that includes aspects of ttatribute continuity
and the variability from geostatistical analysis.

In accordance with Itanez & de Alba (1999), this work distingishes between
the classi catory approach and the analysis of the variabilityof soil properties. A soil
classi cation on observatory basis conducted by Petersen (2008)used as a basis data
set for ner scaled studies with focus on the variability of maily topsoil properties and
their mutual dependencies with biota and topography. The ulting description of soil
and vegetation patterns, the derivation of eco-functions ahidenti cation of processes
in those semi-arid environments might be regarded as a supplemntery research to the
pedological approach that will lead to a better understandig of arid and semi-arid
ecosystems. Since the investigations described here were cotetion a scale ranging
from cn? to ha-size and are thus of ner resolution than on the observatgrscale (1
km?), they are in the following referred to as small scale observatis in line with
habitual language use.

3.2 Understanding the Signi cance of Scale

It is agreed by several authors that in ecology the question ofae is a fundamental
issue for research purposes, connecting population biology ammbgystems science as
well as basic and applied ecology (Levin, 1992; Ludweg al., 2000; Wiens, 1989). The
concepts of scale and pattern are closely linked (Hutchinson,53®; the identi cation

of pattern is the key to the identi cation of scales (Powell, 289), and both are the
entee to predictions and ecological models that are requad for the development of sus-
tainable management practices in arid and semi-arid ecosysterfLudwig & Tongway,
1995; Ludwiget al., 1999).

Each ecosystem features a number of species of which each erpess its environ-
ment on a range of scales leading to a complexity of processes s and functional
interactions. Scaling properties di er among di erent kinds of organisms, di erent kinds
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of environments, and time periods (Ludwiget al., 2000). Van de Koppelet al. (2005)
describe this as the "functional range of a consumer”, which the scale range de ned
by habitat size and observational window ("grain™) at which a onsumer experiences
his habitat. The in uence of this functional range is expressg for instance, with ig-
noring ne-scale patches such as a single tussock on a bare patchadoyungulate due
to the costs associated with the interruption of movement. As a egequence, resources
are protected against consumption in ne-scale patches.

The fact that multi-scaled process studies are still in their irdncy (Ikanez et al.,
2005) and recent modelling methodologies do not explicithake scale di erences into
account (Wilcox et al., 2003) are weighed against the pressing need for action in terms
of agricultural productivity for a growing human population and simultaneously devel-
opment of conservation and restoration measures. But the scalesafenti c observation
to improve the understanding of ecosystem dynamics naturallys&blishes a perceptual
bias: processes and interactions are regarded through a "winddthe scale) in a timely
snapshot that may vary signi cantly, for instance between wet ad dry seasons; thus,
timely and spatial scale of observations determine which pattes and processes are de-
tected and which are missed (Ludwigt al., 2000). The observed variability of a system
will always be conditional on the scale of description as willdbthe evaluation whether
an apparent equilibrium or non-equilibrium is perceived; Wens (1989) emphasises the
role of system openness. At the scale of individual habitat patcken a landscape, for
example, mosaic population dynamics may be in uenced by beden-patch dispersal,
but at the broader scale of an island containing that landscapemigration may not
occur and the population closes. The same island, however, may dyen with regard
to atmospheric ows or broad scale climatic in uences. Therefe, it is a function of the
system openness whether the investigations made concerning a sgstat a particular
scale will reveal something about ecological mechanisms.

By changing the scale of description, a researcher moves fronpuedictable, unre-
peatable individual cases to groups of cases whose behaviouegular enough to allow
generalisation. In so doing, the bene t of gaining predictabty is bought with the loss
of detail or heterogeneity (Levin, 1992), and the enhanced#ity to detect broad-scale
patterns is associated with a loss of resolution of ne-scale dd&a(Wiens, 1989). That
may be the reason why a lot of previous and recent publicatiorfecus on ecosystem
studies on particular scales without accentuating the conseences for other scales in
particular. Those studies range from rhizosphere interactioto landscape modelling
via remote sensing, from small to global scale.

However, processes that might start on a small scale might be thetial trigger
for changes on the landscape, or even larger scales. Beleapl. (2003) concentrate on
the role of small scale boundaries in arid and semiarid ecosysterniey distinguish
two kinds of boundaries: the interface between atmosphere amsdil surface and the
transition between bulk soil and plant roots. The consequence$ small scale interac-
tions can be highlighted by the function of biological soil arsts that largely pose the
boundary between atmosphere and soil in arid ecosystems. Apartritdhe e ects on
local hydrology and soil properties, biological soil crusts amapable of nitrogen xation
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and therefore contribute signi cantly to the N availability in the otherwise N-limited

semi-arid terrestrial ecosystems. This example shows that althgln the scale of these
boundaries is relatively small, their integrated impact carbe important at landscape
scale. Further considerations even encompass its impact onlgdbscales: if anaerobic
micro-sites occur that are associated with high carbon availdity e.g. in rhizosphere

soil, this might lead to denitri cation of a substantial portion of nitrogen which then

also accounts for the production of the atmospherically reaee trace gas nitrous oxide
Nzo.

The awareness of the signi cance of scale emerged during the &0&l persists
until today albeit without having solved the problem. Wiens &Milne (1989) and Levin
(1992) postulated a multi-scaled perspective on landscape paths and dynamics. In-
vestigations of mosaic patterns should on the one hand be scaledlte actual research
guestions and thus to the organisms and phenomena in focus; o thther hand studies
should be conducted over a range of scales to examine how far gnecesses observed
in uence the next lower or higher hierarchical system (Wiens &lilne, 1989). It was
also advocated to start considerations from microlandscape appches, and bottom-
up via remote sensing and extrapolation to larger scales. Howeyéhnis again poses
di culties. The scale dependencies of environment-organisnelationships is not linear
(Ludwig et al., 2000), and applying principles developed at one scale to drent scales
may confront the researcher with discontinuities of scaling @nap et al., 2003). An
approach to solve this challenge is presented by Ludweg al. (2000) with the hierarchi-
cal theory: domains of scale have to be identi ed within whicliunctional relationships
remain relatively consistent. Those may be represented as higglaical levels. Observa-
tions should be scaled to include not only the level of interedbut also the next lower
and next higher level.

For this approach, the ideas of Forman (1995) concerning ldrmosaics might be
regarded. In his work he structures regions in landscapes in asted way, which are on
a ner scale composed of the structural patterns patches, corogs and matrix. The
composition of these structures determines functional ows @movements through
the landscape and changes in its pattern and process over tinieom the classi cation
of a landscape in coarse grain or ne grain sized landscapes, stags on site diversity
and the tendency of species as generalists or specialists can éeved.

Cadenasseet al. (2003) go one step further in their framework of boundaries: ¢
overarching goal of their considerations is the understandjnof the regulation of ows
across heterogeneous space. In their opinion, the researchafio@ again determines the
patch and the boundary. For instance, the same estuary can be s¢ded as boundary
between freshwater and saltwater systems for di erent researchigstions or as a patch if
regarded as a nursery ground for sh. By analysing three compante of the framework
(ow, nature of bounded systems and nature of boundary), stateants and predictions
about the dynamics and persistence of spatial mosaics can be irdd. Moreover, this
approach can be applied through all spatial and temporal scale

Several groups deal with ecological-hydrological systemsdaprocess studies in
semi-arid landscapes across ne to coarse scales. A lot of researohkveoncerning this
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issue was conducted in Australian savannas. Ludwig & Marsden (199&)d Ludwig
& Tongway (1995) described the patchiness of semi-arid lands@&spas a source-sink
phenomenon, where natural resources are concentrated intatghes. Ludwig & Tong-
way (1997) and Ludwiget al. (2005) developed the Trigger{Transfer{Reserve{Pulse
(TTRP) framework for semi-arid landscapes. They focus their search on landscapes
that are structured in vegetated and non-vegetated patchest &illslopes frequently
forming vegetation bands, therefore being termed as "bandeckgetation patches".
According to their framework, the scale of patches may increaskie to landuse and
degradation until a threshold is reached and a cascade e ect @es when e.g. runo
exceeds the storage capacity of patches. At this stage, landseapmay turn from con-
serving to leaky states. The TTRP framework was applied by Belpaet al. (2005) to
precipitation pulses on microbial communities and microblanediated nutrient cycles
at three di erent scales in hot and cool deserts ranging from aht interspaces, plant
island patches and hillslopes.

The generation of vegetation patterns is described as a gealephenomenon in
ecosystems sharing harsh abiotic conditions where plants canyosurvive if they facil-
itate their own growth by improving their micro-environmert. HilleRisLambers et al.
(2001) refer to those mechanisms as "facilitation”.

But what is the ecological signi cance of scale dependencies?

Natural vegetation patches are the only structures in landsc&s that protect
aquifers and interconnected stream networks, sustain viable paations of most in-
terior species, provide a core habitat and escape cover for mastge-home-range ver-
tebrates (Forman, 1995). Scale dependencies in hydrolajicesponse have important
ecological implications (Wilcoxet al., 2003). Therefore, the understanding of patchi-
ness and the role of humans in fragmenting habitats is the ke tpredictions on the
persistence of rare species and the spread of pest species (Le\@82) The spatial or-
ganisation of landscapes in patches allows a coexistence of petitors (Tilman et al.,
1997) and consequently promotes a high degree of biodiversand thus ecosystem
stability.

The investigation of source-sink phenomena, the identi catio of thresholds and
the formulation of scaling rules (Ludwiget al., 2000) will help to develop predictive
models for sustainable management. A further tool is the dediien of indices for
degradation and ecosystem state. In this context Ludwigt al. (2002) derived and tested
a directional leakiness index (DLI) for the resource retentiofunction of a landscape.
Schlesingeret al. (1996) suggested using comparisons of soil heterogeneity asdadiof
deserti cation.

Currently, there is a high awareness of research need in ternfsscale dependent
determination of processes (Scanlogt al., 2007; Sok, 2007; Desmet, 2007). Some au-
thors are contributing to this topic with recent works. Areas éresearch in this context
are located in North America (Chihuahuan Desert and Mojave-Degen New Mexico,
Sonoran Desert in Arizona, Colorado Platea as an example for ald desert), Australia
(Mulga-woodland and Chenopode shrubland), and West Africa (Bkina Faso, Niger).

33



3 Literature Review

However, there is a lack of data for southern African savannas.

In addition, several authors postulate more data ranging acss several scales in-
stead of focusing on one scale (Ludwigt al., 2000; Levin, 1992). Also, several pub-
lications demand more data and case studies to enable testingdaelaborate current
models and conceptual frameworks (Ludwigt al., 2005; Tongway & Ludwig, 1997a).

3.3 Mutual Dependencies between Species (Biodiversity) and
Soil Properties in Drylands

Soils, as part of the ecosystem, in uence the composition and atmance of plants and
animals and vice versa. Thus, biodiversity and pedodiversity ardirectly linked and
are also a ected by geology, topography, climate and anthragenic use. In arid and
semi-arid environments, small scale patchiness of soil propestiand vegetation a ect
the distribution of water and nutrients and therefore ecosysta functions. The cause
of small scale patchiness in those landscapes is manifold and instnoases due to
soil-species interaction whether recent or relic. Some of theutual dependencies with
special emphasis on southern African drylands are reviewed inettfiollowing subchap-
ters:

3.3.1 Plants

In semi-arid environments, plants are subject to extreme corttbns due to climate
occurrences such as scarce and unreliable rainfall and higmfeeratures (Went, 1948).
Climate is also a factor governing soil development, in some caskeading to soil
properties that might again exhibit harsh environmental coditions for plants (e. g.
through salt accumulation), in others providing resources (&er, nutrients, substrate
for rootage) through e.g. water holding capacity that just dbw plant survival. Water
availability plays a key role for plants; this is shown by the fet that some desert plants
produce roots that extend to 20 m and more to ensure su cient war supply (Smith,
1968). The presence of ligneous plants has been found to béeith with higher in I-
trabilities in a Sudanian fallow-land (Fournier & Planchon 1998); Jennyet al. (1990)
found out that additional lateral water favoured the condiions of microhabitats in the
Wadi Araba in Jordan whilst sealed surfaces and gravel terraceepless favourable
conditions to diaspore establishment than sandy surfaces. Full€t974) and Tester
& Davenport (2003) summarise the e ects of salinisation by genalr osmotic e ects,
limiting plant available water, speci c ion e ects on inhibition of nutrition, and toxic
e ects by particular ions. Plant species numbers are linked tthe abundance of limit-
ing soil resources: according to Harpole & Tilman (2007) simpliation of habitats by
eutrophication may lead to a decrease of niche dimensionajignd thus to long-term
biodiversity loss.

Vice versa, plants aect soil properties by varying strategies.nlltration rates
increased strongly with increasing vegetative cover as obseigy Loch (2000) by sim-
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ulated rain and overland ow in Queensland, Australia. A well-kown phenomenon
is the occurrence of so called "islands of fertility" that havébeen investigated by nu-
merous authors (Schlesinger & Pilmanis, 1998; Schlesinggral., 1996; Johnsoret al.,
2002; Tiedemann & Klemmedson, 1986; Klemmedson & Tiedemanr§86; Wilson &
Thompson, 2005). Early works of Tiedemann & Klemmedson (1978nd Virginia &
Jarrell (1983) observed desert grassland soils under the woodiragen xing legume
Prosopis juli ora (mesquite) and compared them to adjacent open areas. Below the
plant canopies, soils were enriched in C, total N, nitrate, amnma, P, K and S. Vir-
ginia & Jarrell (1983) refer the accumulation of nitrogen tdimited leaching and den-
itri cation due to aridity. Everett et al. (1986) found under singleleaf pinyon crowns
in the Shoshone Mountains of west-central Nevada enhanced natit contents com-
pared to interspace soil. So did Halvorsoet al. (1997) in a cool desert in south central
Washington underArtemisia tridentata. From their investigations on burned and un-
burned sites and their comparisons to locations, where shrubsre@eemoved by re 9
years earlier, they concluded that resource islands are gealgr not self perpetuating
once established but appear to be dependent on a supply of inpussociated with
the presence of living shrubs. Although they diminish after the raoval of the plants,
fertility islands are detectable as "ghost islands” for at least@ years after removal for
several parameters such as.fg, N; and EC. The processes leading to fertile islands
are reviewed by Hooket al. (1991). Organic matter is accumulated below crowns of
shrubs and trees by litter fall and redistribution of topsoil mé&erial by wind and water
erosion, often leading to hummocks where the soil is 2-3 cm etd beneath indi-
vidual plants relative to surrounding soil (Burkeet al., 1999). Additionally, nutrients
are taken up by roots from inter canopy areas, then accumulaten tissues and de-
posited as litter beneath the plants. Dearet al. (1999) report of Acacia eriolobatrees
in the Kalahari as focal points for animal activity, especidy concerning birds. Faeces,
fallen nest material and carcass remains enhanced the N and Kntent by a factor
of 2, P by a factor of 2.5. They further found out that species tt produce eshy
fruits occurred most frequently below largéA. erioloba trees and conclude from their
ndings that large trees play an important role in maintaining biodiversity through
patch dynamics which cannot be achieved by homogeneous #ats of acacias that
are a common feature of overgrazed sites. By contrast to Bhark &fall (2003) and
Schlesingeret al. (1990), who see the development of fertility islands as a proteo of
the undesirable shrub invasion through positive feedback loopAllsopp (1999) inter-
prets the development of fertility islands ofGalenia africanain areas of high landuse
intensity in Namaqualand as a mechanism that increases rangethproductivity by
resource redistribution. Schlesingeet al. (1996) regard increasing soil heterogeneity
as a consequence of deserti cation and propose comparisons of lseierogeneity, e.g.
between grasslands ( ne scale heterogeneity) and desert shruldda (coarse scale het-
erogeneity) to derive indices of deserti cation. Ludwiget al. (2005), HilleRisLambers
et al. (2001) and Wilcox et al. (2003) assume the same bene ts as Allsopp (1999) by
formation of vegetation patterns in savannas; runo is genetad on non-vegetated sites
and trapped in vegetation patches. Since water is not distriliead area-wide but con-
centrated on small runon sites, it in ltrates deeper into the sdiand is thus less exposed
to evaporation. Disturbances of the sensitive relation of rumg and runo -sites, such
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as clearing or overgrazing, result in resource losses and pregieg degradation of the
landscape. Those mechanisms are well described and analysed &orded vegetation
patterns that occur in the so called tiger bush of Niger and in Aus#dian savannas
(Valentin et al., 1999; Tongway & Ludwig, 2001).

Further, plants in uence the weathering rate of soils, as reewed by Kelly et al.
(1998). Carbon dioxide that is accumulated in the soil by rootespiration, and organic
acids and ligands that are generated by di erent kinds of plat species, have a profound
impact on soil pH (Drever, 1994), which in turn is being regared as the master variable
in terms of weathering processes.

3.3.2 Termites

Termites represent the most abundant invertebrate group in serarid and arid envi-
ronments (Bignell & Eggleton, 2000). They occupy a key roleibiogeochemical cycles
in those landscapes and modify their environment ranging frotocal alterations such
as in ltration rate to the creation of landscape mosaics, thefere being termed as
"ecosystem engineers" (Danger elcet al., 1998; Jouquetet al., 2004a).

In general, termites are polymorphic, social insects. They Bvin colonies of several
thousand to several million individuals (Lee & Wood, 1971), aliving within the limits
of a nest system, consisting of the actual nest and associated stru@siisuch as epigeal
mounds, subterranean chambers, subterranean galleries, andafying runways (Wood,
1988; Turner, 2000). Since they have a soft cuticle with poorater-retaining properties,
they are susceptible to desiccation (Moore, 1969) and thus deykon the maintenance
of humidity in their surroundings. Lee & Wood (1971) review dierent mechanisms of
humidity control:

1. active transport of water
2. use of absorbent materials for construction of nests
3. metabolic water and

4. protection from excess water

Generally, termites can be grouped according to whether there

1. living epigeal or hypogeal
2. forage primarily for wood, grass, litter or humus
3. construct distinct nests, and

4. cultivate fungi (Genus: Termitomyces) as food (Jones, 1990)
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In African savannas, the fungus-growing species of the subfamilyakrotermitinae are
most abundant (Eggleton, 2000). Their occurrence is strikimg obvious through their
epigeal mound constructions; mounds of the specidtacrotermes michaelsenin the
Namibian thornbush savanna reach a mean of approx. 2 m in heighitiva maximum
of 3.75 m (Turner, 2000); observations of Grohmanat al. (in prep.) on the BIOTA
sites Omatako and Erichsfelde a bit further south resulted in mes of 1.7 m with a
range of 0.9 - 2.3 m. However, other Macrotermitinae speciesavachieve 9 m (Lee &
Wood, 1971).

A description of the mound structure is given in detail in Turne (2000) and Turner
(2001). In summary, it internally consists of a nest with 1.5 - 2.0n diameter in size,
which is divided into two parts: the galleries, containing thevorkers and reproductives,
and the fungus gardens above it, consisting of an array of chaens housing fungus
combs. From here, tunnels radiate below and around the nest; @ale the fungus garden
they merge to form a central chimney that stretches upwards tthe top of the mound.
The chimney itself is at the center of a network of tunnels thaéxtends throughout the
mound, which is termed the "lateral connectives". They mergimto vertically orientated
surface conduits that are separated from the outside air by a paws covering that is
1-3 cm thick.

Mound architecture and function vary between species withithe subfamily but
it is agreed that they serve the purpose of thermo- and gasregtitan; the metabolic
rates of the colony and in particular the symbiotic fungi prodce considerable amounts
of heat, carbon dioxide, methane and volatile chemicals thhave to be dissipated. On
the other hand, the fungi gardens require a relative humiditnear saturation, constant
temperature of about 30C and low concentrations of CQ as optimal conditions for
their growth (Korb, 2003, and references therein). Thus, cohies in arid regions face
the constraint between gas exchange and water loss, at times disiween gas exchange
and temperature maintenance (e.g. the speci&acrotermes bellicosusn gallery forests
of West Africa).

According to works of Turner (2001), respiratory exchange in aunds ofMacroter-
mes michaelsenfunctions in a tidal way; gas exchange is triggered by metalem-
induced buoyant forces in the chimney on the one hand and a cplex process of
wind-induced pressure in the surface conduits on the other. Hoves, other systems of
thermoregulation have been identi ed such as daily circulaventilation in mounds of
Macrotermes belllicosugKorb, 2003).

Many studies report a strong impact of termite activity on soil poperties. Mound
material has been found to be enriched in Ca, Mg, Na, K (Holt & Legge, 2000)
which is probably due to an associated enrichment with clay. Fther accumulations
of inorganic N (Ndiaye et al., 2004; Ji & Brune, 2006) and organic matter (Jouquet
et al., 2003, 2005; Brossaret al., 2007) have been detected. However, concentrations
vary between di erent mound materials: Jouquetet al. (2002a) found lower C and N
contents in the galleries than in the chamber. They conclud#at termites increase
water holding capacity by enriching the soil with organic maer, since it is crucial to
maintain moisture for the fungi-gardens. The role in N-cyclingvas studied in more
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detail by Ji & Brune (2006); they analysed the di erent N-specis in the gut contents
(NH;, NO;) and bodies (NH) of soil- feeding termites as well as in mound materials
(NH3, NH;, NO;) and surrounding soil (NH,, NO; ). Their results indicated

1. an increase of ammonia and nitrate contents from parent sddwards the nest,
2. similar contents of total N in nest and parent material

3. but a participation of NH; of total N within nest material of 14% which is two
orders of magnitude higher than in the surrounding soil (0.02p@&nd

4. NO; as major source of inorganic nitrogen in the soil but NH as dominant
inorganic N-species in gut contents (20-fold than N and nest material (35 -
45-fold than NG;)

The authors conclude from their ndings that soil-feeding temites play a major role
in N-cycling in humid savannas by e ectively catalysing the trasformation of refrac-
tory soil organic nitrogen to a plant-available form that is potected from leaching by
absorption to the nest material and the adjacent soil.

Duponnoiset al. (2005) found higher NH contents in mound material ofCubiter-
mesand Trinervitermes species but by contrast to Ji & Brune (2006), they also found
higher NO; contents in Macrotermes mound material. In potting experiments with
Acacia seyaland mound material of the mentioned termite species, resultsvealed
di erent e ects on the stimulation of plant growth. This supports the assumption of
Jouquet et al. (2004a), who detected di erent in uences on patterns of somgrass
species by three termite species in West African Savanna, thatnfgus-growing ter-
mites should not be regarded as a single functional group whigh commonly done.
Another aspect of termites changing soil properties regardsxteire. It could be shown
that termite mounds contain more clay than surrounding soil (\dod, 1988; Jouquet
et al., 2003, 2004b), that termites select particle sizes for the cstnuction of certain
nest structures (Wood, 1988; Jouqueet al., 2002a), and moreover, that they collect
the appropriate material from soil horizons in depths of 10 td2 m (Wood, 1988; Holt
& Lepage, 2000). Further, Jouquett al. (2002b) found evidence that termites function
as weathering agents on clay minerals since termite handlitgd to an increase in the
expandable layers of the component clay minerals. The auttsoopresent the hypothesis,
that termites are capable of decreasing the charge of some clayers in a more or less
irreversible way, allowing an adsorption of hydrated or polaions between the layers.
Possible explanations that have to be veri ed may be: a direct ect of saliva, indi-
rect stimulation of micro ora with saliva, or an incorporation of certain fungi species
within their constructions. Apart from e ects of termites on sol chemical parameters
and texture, investigations upon changes in further soil physal properties have been
conducted. Malaka (1977) found increased bulk densities on oma and pediment soil
of 1.74 to 1.91 g/cmi. Konat et al. (1999) report soil water potential measured in
situ in di erent mound depths that was signi cantly higher during the beginning of
the dry season than in the surrounding soil and link this to textue e ects. Mando
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et al. (1996) performed experiments on crusted sahelian soils by aypb mulch and
mixtures of wood to experimental plots which attracted terntes and led, after rain
simulation, to an increase in cumulative in ltration amounts, nal in ltration rates,
soil water content, and porosity. Other plots were treated wh insecticides to keep the
termites away; here, soil physical properties were not impred. Similar results were
reported by Mando (1997). In their mulching experiments dung three rainy seasons,
an increase of water input by in Itration was achieved throudp termite activity. Ac-
cording to Leonard & Rajot (2001), in Itration increased by a factor of 2-3 due to the
presence of termites in their experimental sites during thregears of rainfall in Niger.
At least 30 foraging holes per square meter were necessary for thect to become
signi cant.

The e ect of the above-mentioned small scale alterations of $dhrough termite
activity on the ecosystem and maybe even the global scale is a ftion of termite
abundance, spatial extent of their occurrence and longevitparlington (1982) found
a single mound ofMacrotermes michaelsenwhich was associated with 6 km of subter-
ranean galleries and 72,000 storage pits in an area of 8,000 (sited in Wood, 1988).
In Nigeria, densities of 6.45 mounds per hectare were mapped 6ypllins (1981) of
live M. bellicosuscolonies, in addition he states the occurrence of 34.17 deadunds
per hectare. Darlington (1991) states 1 - 4 mounds per hectaie Kenya and an es-
timated biomass of termites of 31.4 kg dry weight per ha and inanthern Namibia,
Turner (2000) reports of 1.045 mounds ha. (Grohmann et al., in prep.) mapped 3.5
mounds of M. michaelseniper hectare including dead and live mounds. Danger eld
et al. (1998) states, that in African savannas standing biomass of terrei$ is com-
parable with ungulate biomass. Meyeet al. (2003) observed the food consumption
of Macrotermes natalensisin a South African savanna. An average of 20.2 kg ha
year ! were estimated. Further investigations in the context of C- ath N- uxes was
conducted by Konae et al. (2003) who calculated after C@-measurements on point
and mound-scale with closed container systems an annual respioat of 27.2 g C/n?
in total, representing 4.9% of the total aboveground net pri@ry production in that
particular ecosystem and 11.3% of the carbon not mineralised bBypnual res. Gas con-
centrations in mounds ofC. ugandensidn the Kakamega forest in Kenya were stated as
1,600-fold, 75-fold and 30-fold above atmospheric backgraufor NH3, CH4 and CO;,
respectively, indicating striking implications for global @s uxes. Concerning the age
of live mounds statements di er widely. Collins (1981) stated5 - 20 years foM. bel-
licosuscolonies in Nigeria, other authors report pottery found witin termite mounds
that dates back to the Iron Age when people buried them intentinally for food supply
(van Schalkwyk & Moifatswane, 2000). According to Darlingtor& Drans eld (1987),
old, abandoned nests are often recolonised. Thus, young nestsyrba associated with
structures inappropriate to their age, which leads to errorgr age estimations. Mound
material is distributed by erosion, especially of abandoned naitaria. Furthermore,
sheetings that are constructed for short-term foraging, migheven contribute more
to a distribution of termite material on parent soil (Holt & Lepage, 2000). Lobry de
Bruyn & Conacher (1990) reported rates of soil translocationanging from 0.02 - 4.7
t ha ! year . Lepage (1984) estimated a mass of 0.75 - 1 mm or 35 kg hgear !
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of eroded soil after an unusual high mortality of mounds withinwo years. Although
some termite species occur as pests, or are regarded as such duéeo tompetition
with agricultural production (Black & Okwakol, 1997; Umeh & Ivbijaro, 1999), most
authors esteem termites as agents that contribute to a contiral rejuvenation of sa-
vanna soils by bioturbation and corresponding enrichment wht organic matter and
clay from subsoil horizons, therefore indicating a most beneal e ect on ecosystem
stability (reviewed in Holt & Lepage, 2000).

3.3.3 Ants

Much like the termites, ants signi cantly a ect the composition of soil in extant times.
Dean & Milton (1993) found increased contents of phosphorus, fagsium and nitrate
in soils adjacent to ant nests. In nest-mounds d¥l. capensisDean & Yeaton (1993a)
determined a higher in Itrability of soil, more organic matter, phosphorus, potassium
and nitrogen compared to surrounding soils and more leaf nigen in on-mound plants.
The authors describe the soil of ant mounds as drier than interound soils after rain,
but presume a complex moisture gradient below nest-mounds siarilto that in dunes
where water is stored in mid-dune areas while the upper part tife dune is dry (Yeaton,
1988). This and the nutrient enrichment are regarded as an portant source of patchi-
ness in semi-arid environments that provides favourable sités plant establishment in
otherwise phosphorus and nitrogen depleted environments. Bhis supported by works
on interactions of ant mounds and vegetation: ant nests wereund to enhance seed
production (Dean & Yeaton, 1993b) and plant growth; plant speies associated with
ant nests usually di er from species growing in adjacent area®éan & Milton, 1993).
In temperate grasslands, they increase below-ground biomass ¢$Bb et al., 2005).
Nkem et al. (2000) report lower clay and higher sand and silt contents in &mound
soils of the speciesridomyrmex greensladeiof New South Wales as well as reduced
exchangeable Ca, Mg, K and Na. Like the authors mentioned albmwthey found higher
contents of nitrate and phosphorus on ant mound material congped to o -mound soil.
Soil porosity was increased below ant nests to a depth of about®0m. The reduction
of Na in the mounds is seen as an important ecological processidigg sodic con-
ditions which is also of interest concerning sustainable landuseurther, mound soils
turned out to be highly compacted within the 0-10 cm of the mood and were very
stable and resistant to erosion while active, which indicates &t stable biopores are
maintained over a long period of time; however, when moundseaabandoned, a source
for subsequent redistribution is maintained.

In coastal sand dunes, Whitford (2003) gives an account of the tvaster ant
Pogonomyrmex maricopaThis species is a ected by the soil in terms of the hazard
of erosion in the mobile sand dunes and responds to this enviroental condition
by constructing cemented caps on top of the mound. The mateliags derived from
underlying calcium carbonate layers in the subsoil and helpfe colony to survive in
the unstable sands. Moreover, the partial erosion of the caps addalcium carbonate
to sand dune soil and even attracts antelopes. Lane & BassiriRadO@5) emphasise
the role of ants in restoration experiments; in their study on alronosequence of
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prairie soils ranging in age from 8 to 26 years post-restorationith native species,
nutrient enrichment of ant mounds compared to matrix soil tuned out to be a transient
phenomenon; while total N, DON, NH and total C were signi cantly higher for mound
versus prairie soil at the 8 year old site, there was no signi cardi erence in those
parameters found on the 26-year old site. Obviously, the enhiment of ant mounds
over time did not keep pace with the increase in total N of the piirie soil following 26
years of restoration.

3.3.4 Heuweltjies

A common phenomenon in winter rainfall areas of South Africasithe occurrence of
earth mounds with a regular shape and a remarkably uniform ptgrn of distribution
(Lovegrove & Siegfried, 1986). Apart from South Africa, theseeftures are found in
western North America (Arkley & Brown, 1954; Spackman & Munn, 198 Carlson &
White, 1987; Cartyet al., 1988), in the Peruvian altiplano (Sche er, 1958), in Argeriha
(Cox & Roig, 1986), in the Kenyan highland (Cox & Gakahu, 1983Darlington, 1985)
and in Zambia (Pullan, 1979). In literature, they are refered to as hog wallows, pimple
mounds, prairie mounds and mima mounds, in local South Africanr@as they are
known as "kraaltjies" or "heuweltjies" (Afrikaans: little hill s).

In wide areas of the Cape Province in South Africa millions ofduweltjies strik-
ingly characterise the landscape which is excellently visible aerial photography (Fig.
3.1). The circular, raised earth mounds are typically about® m in diameter and 2-
3 m in height and cover up to 25% of the landsurface where theyae. A map of
its geographical distribution is provided by Lovegrove & Sufried (1986) (Fig. 3.2).
According to Ellis (2002), their occurrence is restricted to r@as below the Great Es-
carpment; however, Peterseret al. (2003) found them also in the Richtersveld. They
are also virtually absent on base-poor parent material such as sttone. The mound
density ranges from 281 - 498 mounds/ kifrom Lambert's Bay to Outdtshoorn (Love-
grove & Siegfried, 1986), evidently following a biomass andinfall gradient (Lovegrove
& Siegfried, 1989).

150 m

Fig. 3.1 : Aerial photography of heuweltjie-pattern in the landscape near Soebatsfontein
(Source: Google Earth).
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Fig. 3.2 : Distribution of heuweltjies in Southern Africa (Source: Lovegrove &
Siegfried (1986)).

For a long time heuweltjies only received scant attention fra researchers; although
this phenomenon was known, the genesis was subject to much sp&ton and literature
was mostly found in form of anecdotal accounts instead of propscienti ¢ studies
(Lovegrove & Siegfried, 1986). Hoyer (2004) presumes that shimight have been due
to the fact that during the apartheid regime, research activies focused mainly on
fertile soils in more eastward areas of South Africa whilst in thevestern coastal zone

interest was rather placed on geological surveys for prospectiand exploitating of
mineral resources.

However, the discussion on heuweltjies arose again during the Q9@ncompassing
varying disciplinary aspects such as their formation, their fe for soils, vegetation and
ecology as a whole. Especially the question of genesis was paithesa@ttention and
was discussed controversially. Early hypotheses on heuweltjmrhation are reviewed
by Lovegrove & Siegfried (1989):
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Limestone{Faulting{Hypthesis (van der Merwe, 1940); the unddying fact lead-
ing to this hypothesis is the occurrence of a semi-concreted/ds of limestone,
approx. 0.3 m thick, that is continuous below the earth mounsl and discontinu-
ous in intermound soils. The author assumes that past faulting oofding of the
sedimentary shales led to the formation of those layers and torteégular projec-
tions and lumps of limestone in the surface shale horizon", eveally forming
the earth mounds.

Dorbank{Erosion{Hypothesis (Slabber, 1945); this hypothesiss also based on
the occurrence of a limestone-rich dorbank that covered thesgeas during a
past semi-arid climatic period. This period was followed by aetter period during

which erosion of the dorbank took place. Some circular patchevere protected
from erosion by associated plant communities and later becamaréh mounds

Termite{Tree{Hypothesis (van der Merwe, 1940): a second hypbésis of van der
Merwe (1940) aims at the explanation of mound formation in lgher rainfall areas
by the combined in uence of ants/ termites and treesOlea europea africana
trees were dominant in those areas and led to the accumulatiaf sediments
and organic material by wind trapping of dust, recycling of laves, and faeces by
animals that were attracted by the trees. The materials werencorporated into
the soil by ant and termite based bioturbation

Wind{Action{Hypothesis (Ten Cate, 1966); investigations on egh mounds in
the Overhex-Nuy area could neither detect signs of termite aetty nor limestone
layers. Since the only characteristic feature of the mounds &thin layer of ne
material, the author concludes that wind and water action a the only agents
that could account for the formation

Termite{Climate{Hypothesis (Burgers, 1975); in this hypothesis, termites step
into the focus for mound origination. During di erent climatic regimes some
12,000 years ago, the areas were covered by grassland and feachthe appear-
ance of termites such aMacrotermes spp They constructed termitaria up to 10
m in height and 30 m in diameter. However, with changing climat conditions, the
mounds were evacuated and steadily collapsed to lower and wideounds. Their
complete disappearance by erosion was prevented by a successfasssociated
plant communities. Subsequently, the mounds were colonizeg bther termites,
such asHodotermes viator which probably account for the recent morphology of
the heuweltjies

The latter theory is also underpinned by Pullan (1979) who stats that moribund
termite hills are frequently found that are not subjected to esion due to a dense
vegetation cover.

Lovegrove & Siegfried (1986) and Lovegrove & Siegfried (1¥8reject former hy-

potheses and suggest the Termite{Mole-Rat{Hypothesis. According this work, ter-
mites of the genusMicrohodotermes viatorusually form sub-terranean hives in approx.
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0.5 m depth. In shallow soils, however, they construct small comicmounds above
the hives. The mole ratCryptomys hottentotus builds subterranean nest chambers
and food caves, which are endangered by ooding in the shallowilsan the Western
Cape's wet winters. ThereforeC. hottentotus colonises the termite mounds. During
the dry conditions in spring and summer, soil builds up around # termite mounds as
a result of renewed burrowing activities of the mole rats. Hendbe formation of the
mounds and their pattern of spacing are a consequence of ingpeci c competition
and lateral soil translocations of the mole rat. This hypothesiis supported by ndings
of Arkley & Brown (1954) and Nelson (1997) on the formation of Mirm mounds that
has been linked to the burrowing activities of geomyid pockgophers. In addition, the
authors bring forward the argument of the accordance of theeggraphical distribution
of heuweltjies,C. hottentotus and M. viator in South Africa and the fact that most
earth mounds that were examined are inhabited bi. viator. Cox et al. (1987) tested
the Termite{Mole-Rat{Hypothesis by analysing the small-stone antent in heuweltjies
occurring on a range of clay soils to coastal sands in Robertsorda@lanwilliam. Since
non-concretionary stones larger than 50 mm are rare in moundilsp but abundant in
the soil of intermound areas, the ndings support the idea that rale rats have substan-
tially contributed to mound development. So have termites, écause otherwise there
would have been a greater concentration of small stones in malrather than in in-
termound soils due to subsequent erosion of ne material from theounds into the
intermound areas.

In contrast to the Termite{Mole-Rat{Hypothesis, Moore & Picker (1991) assume
the formation of heuweltjies to be only termite-driven, wih mole rat activity as a recent
side-e ect and leading to disturbance rather than accumulatin of mound material.
Their hypothesis refers to examinations of exhumed mounds thte edge of a dam in the
Clanwilliam district. In none of the numerous heuweltjies tey found fossil structures
attributable to mole rats; however, they found relic and rea& evidence of termite
activity. They also described the calcretisation of the basal p& of the earth mounds
and refer that to groundwater interaction with the more alkdine mound soil. This e ect
forces the termites to move upwards, which explains the growg of mounds. Midgley
& Ho man (1991) describe this as an "onion skin e ect".

Later, Ellis (2002) relates the occurrence of hardpafhsvithin the heuweltjies and
in parts between them directly to the in uence of termites. Duing thousands of years,
termites accumulated biogenic material which led to a buildip of bases and silica. Their
activity also resulted in the creation of a fairly well-drainel material with a high soil pH
compared to interheuweltjie soils. In regions of low rainfgltermite activity ceased with
climatic changes. CaCQ@ was leached to a shallow depth to form a petrocalcic horizon
at the centre of the mound. Also, due to the high pH values at theeniter parts silica

2silicic or calcareous solid banks; according to WRB termed as petrocalcic horizowhen cemented
by calcium carbonate, petroduric if cemented mainly by secondary silica; the quali erhypercalcic is
used when soft carbonates accumulate in a way that most of the pedological structes disappear and
continuous concentrations of calcium carbonate prevail. A hypocalcic horizon igle ned by having a
calcic horizon with a calcium carbonate equivalent content in the ne earth fraction of less than 25
percent and starting within 100 cm of the soil surface
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species were mobilised during rain events and translocated tieally and horizontally to
the periphery of the mound, where they precipitated againhus creating a petroduric
horizon at the heuweltjie margins. Once a petroduric horizohad formed, in ltration
capacities at the margins decreased and runo was generatedrihg rain events. Water
was thus accumulating at the heuweltjie edges, where it in tated again. In this zone,
water-soluble silica and soil pH appeared to be at their highesto that silica was further
mobilised and precipitated further on the bottom side of the peoduric horizon (Fig.
3.3).

Fig. 3.3 : Scheme of heuweltjie compaosition in terms of horizons/ matdals (Source: Ellis
(2002)).

Ellis (2002) further addresses the issue of di erent heuweltjigypes and varying
degrees of termite activity on a rainfall gradient. Where rimfall is low (<250 mm/a),
termite activity is relic and mounds are characterised by cafetes and duripans in
mounds and also in surrounding inter-mound areas. In higher rdall zones (250 - 450
mm/a), termite activity exists but is limited to the centre of most mounds, on the old-
est mounds activity has ceased. Here, mounds contain calcretesl duripans; however,
they are not found o -mounds. With increasing rainfall & 450 mm/a), no termites are
found; a broken hardpan and base-rich soil material is found aie mound. Inter-
heuweltjie soils have moderate to low base status without any tie above-mentioned
hardpans.

The ndings of Ellis (2002) that postulate mound formation oer thousands of
years are in line with observations on mound age. Coaton (198donducted a radio-
carbon dating of two fossilised nests found during constructionosk near Clanwilliam.
The nests turned out to be approx. 30,000 years old but were noearly associated with
heuweltjies. Another estimation of age was conducted by MooreRicker (1991). A4C
dating of calcretes of heuweltjies in the dam of Clanwilliammevealed an age of 4,000
years. A very recent work on heuweltjie age is a publication dflidgley et al. (2002).
Heuweltjies of Clanwilliam and Elandsbay were established beéothe last glacial max-
imum 20,000 years BP. They even go a step further by stating thaturing this time,
climate was cooler and wetter, which accounts for the assumeti, that not the recent
termite genusM. viator was the originator of the heuweltjies but another genus that
remains unknown. Hence, the authors regard the heuweltjies fossil features from the
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late Pleistocene.

Another approach to explain the heuweltjie phenomenon is psented by Laurie
(2002). He focuses on the overdispersion of the features and shtias this pattern of a
hexagonal array is the only stable equilibrium assuming optinh&ransport of resources
to central places. The regular pattern in a heuweltjie-landspe is in his opinion the
result of termites' several thousand years of movement towardkis equilibrium .

Interestingly, most recent investigations diverge again fromegarding heuweltjies
as relic features; Pickeet al. (2007) found evidence for a positive relationship between
rainfall and mound density in areas with< 350 mm/a and conclude that mounds
originate from recent activity of M. viator. The fossilised nests found below heuweltjie
mounds are referred to the sister taxoiHodotermes mossambicysvhich is associated
with grassland and restricted to the summer rainfall parts of Sdab Africa, or to times
with di erent climatic conditions, respectively.

Further works regarding heuweltjies refer to their ecologal role. According to
Midgley & Musil (1990) and Peterseret al. (2003), heuweltjie soils are enriched in Ca,
Mg, K, P, Mn and N compared to intermound soils. This nding agan supports the
in uence of termite activity in mound formation, since the sane nutrient enrichment is
reported from di erent kinds of termite mounds (Lee & Wood, B71). Further, mounds
have increases pH-values and silt contents, and they favour drent plant commu-
nities; on-mound either deciduous and evergreen plant grawforms are found while
o -mound only evergreen forms occur. This nding can be exgined by the higher de-
mand of deciduous plants on nutrient availability due to themore rapid leaf turnover
rate compared to evergreen plants (Midgley & Musil, 1990). Adtionally, they are in-
teresting spots for animal activity, be it for the constructionof nests or lairs or the use
as midden sites for animals that bury their dung such as felidsaedvark and steenbok.
Thus, heuweltjies increase habitat diversity and, as a resultjddogical diversity (Milton
& Dean, 1990).

3.3.5 Fairy Rings

A further feature similar to heuweltjies but still rather mysterious in origin occurs
in Namibia. The so-called "fairy rings" or "fairy circles" are regular patches in the
landscape that are characterised by bare, slightly concave aepsions surrounded by a
fringe of tall grasses, in most cases of the spec&tfpagrostis giessiiThey are embedded
in a matrix of vegetated soil, dominated byStipagrostis uniplumis grasses (Becker &
Getzin, 2000). The fairy rings occur in a broken belt of the m=Namib following 50 and
10 mm isohyet line (van Rooyeret al., 2004). Their diameters range between 2 and 12
m (Moll, 1994), with decreasing size from north to south. Also, inite southern part of
the distribution range, the fringe is not as well developed agven absent (van Rooyen
et al., 2004). Some observations have been undertaken regarding tthensity within
the landscape; Moll (1994) reports 36 to 47 rings per hectare@iribes, which approx.
matches the results of Albrechtet al. (2001) who state 3,484 patches/kfon farm
Wolwedans, located in the Namib Rand Nature Reserve. Microbiadaal investigations
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of Eicker et al. (1982) showed similar trends compared to vegetation; aerobiacrobial
populations exhibited a density which paralleled that of thénigher plants of these soils.
The origin of the fairy rings remains a mystery to this day. Aparfrom some anecdotal
suggestions such as electromagnetic waves, land mines or rgllgpots for zebras and
oryx, main hypothesis involved

1. the in uence of allelopathic substances through formerlyxésting individuals of
the plant speciestuphorbia damaranaand

2. the involvement of harvester termites

The former is proposed by Theron (1979) and indeed potting egpments revealed
inhibited growth of plants in soil from the barren parts of thefairy ring, while plants
developed quite well on edge soil (van Rooyest al., 2004). In similar experiments
conducted by Albrecht et al. (2001), seedlings established on both soils, as long as
su cient water was available; however after drying and reweing cycles, seedlings in
bare soil died. This phenomenon is referred to inhibited grdtvof side roots (Albrecht
et al., 2001), which explains also the observance that sometimes se®w establish
under natural conditions in fairy rings as well after good ria events but invariably die
after drying. However, this hypothesis could be rejected by maRooyenet al. (2004)
by their reports on long-term monitoring of fairy rings in the Giribes Plain whereE.
damaranagrows in the matrix between barren patches. Within 22 years, ifg rings
as well as individuals ofE. damaranacould be relocated; none of the patches had
disappeared. No signs of new barren patches formed at deaddamarana positions
could be identi ed. Termites are seen by Moll (1994) and Becke& Getzin (2000)
as the most likely agent in the formation of fairy rings. Moll (P94) based this on
the occurrence of termite casts within the ring. On the other &nd, those casts were
missing in the matrix. However, according to his hypothesis of aonstruction by H.
mossambicusolonies during wet cycles, a die-back during dry periods amdsubsequent
colonisation by other species, the author himself concludes thae fairy rings should
be a dynamic pattern, which is not so, according to van Rooyaest al. (2004) as outlined
above. The approach of Becker & Getzin (2000) was criticised lisrube (2002) since
the behaviour ofH. mossambicusvas not taken adequately into account. Van Rooyen
et al (2004) points out that a foraging by termites hypothesisvould result in patches
with grass stubbles instead of completely depleted sites sinceteamite species eat the
entire plant. What supports the idea of a termite contributian is the fact that similar
R-values of distribution were calculated for both, fairy cicles and heuweltjies. This
again matches with the overdispersion discussion of Laurie (200as cited above.

3.3.6 Mammals

Small mammals such as mice, mole rats, squirrels and suricatee aommon inhabitants
of Southern African habitats. Further, antelopes, warthogs, advarks, porcupines and
some small predators (foxes, jackals, felines) are the most abuntllrger mammals in

47



3 Literature Review

the areas investigated in this work. They all exhibit an impaton soils either directly,
or indirectly by plant consumption.

The main direct in uence of mammals on soils is performed by #ir burrowing
activities that lead to intensive bioturbation. As a compilaion of data of several re-
searchers in the review article of Whitford & Kay (1999) revds, up to 15 - 20% of
the surface in semi-arid areas with high forage activity of mamals may be covered by
ejected material from foraging digs, caches, and temporary $iee burrows. Alone nest
mounds of dune mole rat Bathyergus suillug, hottentot mole rat (Cryptomys hot-
tentotus), cape mole rat Georhynchus capens)s and naked mole rat Heterocephalus
glaber) combined covered 28,2% of a study area in the Cape ProvincegiBhman &
Jarvis, 1989). Digging activities of burrowing animals inclding small mammals lead
to upward translocation of soil forming rock and with that to a ransport of various
chemical substances into the active soil layer (Abaturov, 1972y herefore, they act as
a nutrient pump in arid environments. A further e ect of bioturbation is the increase of
porosity and decrease of bulk density, respectively (Kerleat al., 2004), which results in
increased water in ltration and evaporation (Whitford & Kay, 1999). Further impact
is reported for organic matter concentrations and microblaactivity. Ayarbe & Kieft
(2000) report of the in uence of banner-tailed kangaroo rat (Dipodomys spectabili$
on these parameters in the Chihuahuan Desert shrubland. In modrsoils, respiration,
TOC, and C,i. were enhanced compared to surrounding soils. Feces and urineémce
soil chemical composition (Sieg, 1988) and contribute to theesielopment of fertility
islands (see 3.3.1). Higher surface roughness through mammaldsturbances of soils
might on the other hand result in increased erosion rates (Whifd & Kay, 1999). Rhi-
zomymid mole rats {Tachyoryctes splendensin Kenya (Cox & Gakahu, 1987), pocket
gophers in the Western USA (Arkley & Brown, 1954) or mole ratsGryptomys hotten-
totus) in South Africa (Cox et al., 1987) are thought to be the main or minor agent of
mima and mima-like mound formations (for instance heuwel@is; see Chapter 3.3.4),
therefore contributing to topographical variability of habitats and consequently soil-
and biodiversity.

Indirectly, small mammals may a ect soil properties as a resulof altering plant
distribution and thus patchiness of soil properties such as org& matter and nitrogen
availability. Seed caching has been reported to either resinl in increased germination
and survival or to a reduction of seed availability and biomassrpduction by consump-
tion or accumulation (Sieg, 1988; Longlanet al., 2001). Small herbivores might play
an important role in preventing woody plant encroachment asuggested by Weltzin
et al. (1997). The authors found evidence that prairie dogs and assated vertebrates
were primary agents of pod removal dProsopis glandulosghoney mesquite) that be-
came abundant after their eradication. Similar results werebtained by Guterrez et al.
(1997) who tested the e ect of predator and herbivore@ctodon degu$ exclusion on
vegetation structure on a semi-arid Chilean site. The experim&l exclusion of the
herbivore led to an increased cover of some shrubs and a perehgiass and a de-
creased cover and seed densities of several ephemerals. The s etthe exclusion of
the predator, however, were less clear.
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From a soil-chemical perspective, the e ect of large mammalsduas ungulates on
soils is the maintenance of resource heterogeneity esp. conceg N and P. Augustine
et al. (2003) observed the e ect of grazers on N and P distribution in Kenyan savanna
ecosystem. Here, heterogeneity of soil exist due to a traditionpastoral management
system where herders pen their cattle over night in so-calldsbmas brush-ringed cor-
rals. Abandoned boma sites still exist as glades in the bushland aade nutrient en-
riched through former urine and faeces accumulation. Thepim sites with a unique
vegetation composition and high forage quality and thereferattract antelopes as well
as commercial livestock. Hence, the concentration of N and P dsise of excrements
is continued. Augustine & McNaughton (2006) go one step furtheryblinking rainfall
patterns, aboveground net primary productivity (ANPP) and N-cycling to grazing.
In a high rainfall year, ANPP was increased by grazers on nutri¢mich glades and
suppressed on nutrient poor bushland site. The underlying causettse provision of
plant available N at the onset of the growing season in the gladesd simultaneously
a reduction of N-mineralisation in the growing season. This regatl in a net increase
in N-availability at glade sites and a net decrease in N-availdiiy at bushland sites.

On the other hand, Sankaran & Augustine (2004) investigated rafions of herbi-
vores and decomposers in a Kenyan savanna. Within only two ysaof grazer exclusion
in an exclosure experiment, microbial biomass C increased by 287% and microbial
N by 20 - 37% in soil of fenced grassland across all levels of soitiligrz The reason
for the negative relationship between grazers and decompasés a result of the re-
duction of plant carbon input on soils that even without grazang just su ces to meet
maintenance requirements of microbial populations.

On the soil-physical side, alterations by ungulates occur du® trampling. This
may be bene cial in terms of seedbed preparation for some spec{gVinkel & Roundy,
1991) or negative because of soil compaction and bare patch elepment (Stephenson
& Veigel, 1987) or destruction of soil crusts and resulting vulmability to wind erosion
(Belnap et al., 2007). Since larger animals cause stronger trampling e edtsan smaller
species (Cumming & Cumming, 2003; Thompson Hobbs & Searle, 2J)Qhis issue has
a strong impact with regard to cattle and other human-inducedarger mammals.

3.3.7 Biological Soil Crusts

Apart from higher plant species, mammals and insects, further cagisms exhibit a
signi cant in uence on dryland soils that might be underestimded when rst spotted.
So-called biological soil crusts (BSC) are a common phenomanion arid and semi-
arid environments. They consist of varying proportions of bi@ such as cyanobacteria,
algae, microfungi, lichens and bryophytes, accounting fohé biological component of
the BSC. These organisms are living within and on top of the uppmost millimeters
of the soil, forming with this abiotic component a coherent, rtisty surface layer that
ranges in its properties from tough to soft, from light to verydark colours and from a
rather smooth to a quite rough surface (Belnagt al., 2001a).
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Budel (2005) distinguishes between two general forms of BS@\e pioneer crust
and the climax crust. The pioneer crusts form after disturbanseand act as an initial
succession phase; in semi-arid regions they are mainly composedyahobacteria and
occur commonly. The climax crusts, however, are of permanerttaracter, more com-
plex in their biotic compositions and more restricted to harsh resironments such as
hot and cold deserts, where the conditions for vascular plant @wth are insu cient
and competitors for light are therefore missing.

Biological soil crusts exert in uence on ecosystems in terms of

hydrology
erosion processes

and nutrient cycling

The interrelation between BSC and the soil moisture regime igstussed in chapter 3.4.
Their role in erosion processes is evaluated in di erent ways gending on the kind of
erosion (water or wind erosion), the geographical setting antié soil properties. In the
Chinese Gurbantunggut Desert, ndings of Zhangt al. (2006) indicate that microbiotic
crusts function as soil-stabilising agents, protecting the soil giace from wind erosion.
Algean laments pervading the top centimeters of the soil, and&xopolysaccharides,
exuded by the biota, not only conglutinate ne particles wih each other but also bind
and entrap sand grains. Moreover, disturbances of the surfacesuéied in decreased
soil resistance to wind erosion, as the authors could show in windnnel tests with
varying wind velocities and degrees of disturbance. Experents with portable wind
tunnels conducted by Belnap & Gillette (1998) in the Chihuaban Desert led to similar
results: threshold friction velocities of undisturbed crusts we well above wind forces
occurring at the study sites.

Concerning water erosion, the bene cial role of the BSC is leskear as reviewed by
Belnap et al. (2001b) and Belnap (2006) (see also chapter 3.4); in AustraliapWwever,
landscapes with a BSC-cover are generally regarded as moredctive and stable in
terms of erosion (Eldridge, 2001).

Another important aspect of BSC in ecosystems is their role in ntient supply.
Since arid landscapes are known as nitrogen de cient envinments, and nitrogen is the
macro nutrient limiting plant growth, the N- xation ability of some BSC bears utmost
signi cance. This property is attributed to cyanobacteria aad cyanolichens that possess
heterocysts, thick-walled cells in which N- xation takes plae (Paerl, 1988). In some
non-heterocysteous soil genera such BBcrocoleus N- xation has also been detected
but according to works of Steppeet al. (1996), this is linked to associated bacteria.

N- xation depends on water availability and temperature; esmations of N input
found in literature ranged from 1.4 to 9 kg/ ha! year ! on dierent crust types in
Utah (Belnap, 2002). However, a study conducted in Southern Aéa by Aranibar et al.
(2003), led to estimations of 8 to 44 g N/ ha® year ! in BSC. As the authors point
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out themselves, these results are orders of magnitude lower thianother studies. They
refer this to the exeptionally wet conditions during the yerin which the investigations
were carried out: wetting and rewetting led to an increased ailability of soil mineral
N that inhibits nitrogenase synthesis and therefore causes a deased N- xation rate.
This example shows the high variability of N- xation rates degnding on crust type,
cover and environmental conditions.

Further, BSC contribute to carbon xation. Crust production and thus C-input
by BSC are reported to range between 0.4 - 2.3 g C/ mi year ! (cyanobacterially
dominated crusts) and 12 - 37 g C/ m?! year ! (crusts where lichens and/ or mosses
on top of the soil surface contribute to biomass production) (Eans & Lange, 2001).
Budel (2002) suspects that this might have implications for he global CGQ budget,
since most ecosystem balances do not take biological crusts intmsideration (Budel,
2002).

Papers of Garcia-Pichel & Belnap (2001); Badel (1999); Gaia-Pichel & Belnap
(1996) indicate that the photosynthetic activity of biological soil crusts and lithogenic
crusts may increase pH of the surrounding medium up to 3 pH-units;mie pH is
linked to the availability of nutrients in soils, this has congilerable implications within
the ecosystem. Moreover, Harper & Belnap (2001) and Harper & Pdetbn (1993)
could show that BSC alter the uptake of bio-essential mineralsybassociated vascular
plants. In greenhouse and eld experiments cyanobacteria anyanolichens such as
Collema increased levels of N, Cu, K, Mg and Zn in plant tissues while uptakof
Fe and P correlated negatively with the presence of BSC. In sgjlavailability of N,
K, P, Ca, Mg and Mn were increased in crusted soil compared to namndsted sites.
However, these authors do not link this phenomenon expliciteto the modi cation of
pH values, although this seems likely in terms of the limited upke of Fe in plants;
however, they explain the reduction of Fe and P with competibn between the soil
crust organisms and the roots of seed plants. The observations umpthe increased
uptake of other elements are refered to the nature of di erérsecretions of the biota
within a BSC: microbial exopolymers act as polyanions thatnevent excess quantities
of highly charged molecules such as heavy metals from approag the cell surface,
while concentrating growth-promoting nutrients present atlow concentrations in the
surrounding environment. Metal chelators such as siderochr@s maintain metals that
would otherwise be precipitated in solution (Belnaget al., 2001c).
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3.4 Small Scale Soil Patchiness A ecting Hydrology

Rainfall in arid and semi-arid areas (also referred to as deserand semi-deserts) is
scarce, and water availability in addition limited by high pdential evaporation rates.
Therefore, the de nition of semi-arid and arid environmentss de ned today by both,
mean annual precipitation (MAP) and evaporation, and their elation to each other,
respectively. According to Lexikon der Geowissenschaften. Badd2000), arid regions
are de ned by evaporation rates permanently exceeding rdadl, while semi-arid re-
gions are characterised by temporary aridity of more than six anths and an annual
rainfall between 250 and 500 mm/year. However, earlier de nons focus on annual
precipitation with extreme arid regions receiving less tha®0-100 mm MAP, arid re-
gions ranging from 60-100 mm to 150-250 mm and semi-arid ragganatching 150-250
to 250-500 mm MAP (Noy-Meir, 1973).

Apart from precipitation and evaporation rates, further condgtions connected with
the quality of water supply control plant growth and biodivessity in drylands, mainly
the distribution of yearly rain events, their seasonality, erosity and predictability.
Along the BIOTA transect, a rainfall gradient exists with high mean annual precipi-
tation of 400 - 600 mm in the Cape region, decreasing graduatly a minimum of 50
mm at the border to Namibia and then increasing again to 600 mm iRundu, near
the border to Angola. Two rainfall regimes occur along this ainsect; in South Africa,
winter rainfall is dominant, with rain events occuring in the winter months between
July and September. The rains appear typically as light dride events, exhibiting - if at
all - weak erosivity e ects. They are also highly predictable ashcover wide areas. Since
rainfalls occur during winter when temperatures and corregmding evaporation rates
are low, the water supply is utilised more e ectively by the vegtation. In Namibia,
however, summer rainfall prevails. These rain events are lessegictive, occur often
only locally as heavy rains and thunderstorms that favour thgeneration of runo and
erosion. At the transition zone between the rain regimes, comiping the Richtersveld
area and the Oranje valley, annual precipitation is not onlyextremely low but also
composed of both winter- and summer rains. Occasionally, theseedaps extend even
to the Namaqualand and the Nama Karoo.

In drylands, manifold physical adaptions and life strategiesra found that devel-
oped in response to the harsh, dry conditions. Species adapted dwolving deep root
systems Acacia mellifera Welwitschia mirabilis), by the ability to dig deep to reach
groundwater (termites), by storage systems or organs (leaf andesh succulents) or
by dormance (annual species) to name but a few. Beyond the sumistrategies of
species, life in extreme surroundings is possible by highly compland sensitive inter-
active processes between biota and abiotic components mainiag small habitats as
well as perpetuating the functionality of whole ecosystems dreven landscapes. The
key to these eco-functions lies within the development of petes on varying scales.

The rst step in the hydrological cycle is the entry of rain intothe soil. This step is
controlled by an in Itration capacity which in turn is limit ed by a patchy distribution of
species and soil crusts. Two crust types have to be distinguished:ygltal or mineral
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soil crusts (MSC) and biological soil crusts (BSC), as earlier fieared to in Chapter
3.3.7.

Several recent publications deal with the formation and etmgical signi cance
of MSC. Franciset al. (2007) summarize ndings on the complex processes behind
physical crusting. The main agent in formation is the impact ofraindrops on bare
soil, the dispersion of ne particles (clay and silt), the entry mto the soils and the
downward movement of the suspension and, consequently, the créstmation due to
an increasing coherence when the soil dries. Based on relatiopstbhetween in Itration
data derived by laboratory experiments according to Mills &8¢y (2004a) and on data
on hundreds of surface soils sampled across the BIOTA transect,|qmoperties most
strongly increasing crusting tendency were identi ed as watedispersible silt and water-
dispersible clay, followed by chemical properties such as ECdaam status, organic C
content and certain clay minerals such as mica (Millet al., 2006). This corresponds
to the ndings of Mills & Fey (2004b) and Mills & Fey (2004c) wio investigated
factors controlling the tendency to crust in soils; these facterare vegetation (crusting
tendency is higher on exposed soils compared to soils under vaien due to lower
soluble salts and labil carbon contents and an associated incsean the dispersion of
clay), geology (crusting tendency was increased on soils dedvirom shale compared
to soils with dolerites as parent rocks), cultivation (in uplaad grassland, cultivation of
maize and rye enhanced crusting) and re (crusting was greaten burned plots due
to reduction of soil C and soluble salts as welle as greater comtte of exchangeable
sodium percentage).

While MSC are generally seen as indicators of degradation rexng in Itration
and leading to runo and erosion, the impact of BSC on degradain processes is less
clear. Authors, favouring the opinion that BSC might rather b@&et an ecosystem
with regard to erosion, argue with a general coverage and redion of raindrop im-
pact (Eldridge & Greene, 1994), a stabilisation of unconsolitled soils such as desert
dunes (Zhanget al., 2006) and the formation of aggregates due to the input of or-
ganic matter to the soil (Belnap, 2006), which leads to incresad in Itration rates, less
runo and less erodibility. Other ndings indicate the contrary: according to laboratory
and eld examinations by Kidron et al. (1999), exopolysaccharid sheaths and lament
growth of algae and lamentous cyanobacteria lead to poreagging and hence reduced
in Itration rates. Furthermore, in initial stages of rainfall, water-repellent properties
(hydrophobicity) of the dried BSC-surface may produce an itial peak of runo .

Warren (2001b) concludes from various publications that th e ect of BSC to water
erosion depends strongly on the kind of taxonomic and successiogaups; moss and
lichen crusts tend to increase in Itration while smooth soil crgts composed mainly of
cyanobacteria rather hamper water entry into soil (Warren, @01a). This is especially
obvious in sandy soils, where in Itration is originally high, lut lowered by crusting
(Eldridge et al., 2000). Here, it was suggested that this non-uniform distributin and
concentration of water might even be crucial for plant grow.

A synopsis of the dierent and by times contrary ndings is given by Warren
(2001b) who concludes that clay-percentage might be the @etnining factor that con-
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trols the in ltration rate by the combined aggregating e ects of organic matter, pro-
vided by the biota, and clay. He suggests a threshold of 15% clayae which aggregates
form and enhance in Itration. However, where combined silt ash clay content of the
soil exceed 20%, and the ratio of silt to clay is at least 2:1, thergsence of vesicular
structures restricts in Itration. This conclusion may in parts be valid for both, BSC
and MSC. The vesicular horizons described by Miller (1971) aso referred to as
"foam soils" by Volk & Geyger (1970) who also observed a reducedlirability where
these features appeared.

A non-uniform distribution of water is regarded as crucial fo plant growth in
resource limited environments (Eldridgest al., 2000; Allsopp, 1999; Ludwig & Marsden,
1995). Water that impinges on a bare, crusted surface in a desewill accumulate as
a thin layer on the soil surface and then run o following a toporaphical gradient.
Eventually, it will reach a slight depression, a cracky soil surte due to increased clay
or stone content, or a shrub with increased in Itration rates bew its canopy. Here,
the water will percolate. Since this accumulated water mayniltrate deeper into the
soil than it would have with a uniform distribution over the whde area, it is less prone
to evaporation and thus its storage more e ective.

Needless to say, patchiness in terms of soil texture, as for exam@xhibited in
areas with heuweltjie-occurrence (see chapter 3.3.4) do alsave an e ect on hydrology
and consequently plant growth; however, the underlying pririples of hydrological im-
portance di er widely compared to humid areas and should be osidered here. Sandy
soils in humid areas are considered as less valuable in terms a@ttexw storage when
regarding the available estimates and measures of water haidicapacity for texture
classes. The opposite is valid in arid and semi-arid areas as ddsed in detail by
Petersen (2008): sandy soils in drylands have got propertiesathproof advantageous
in these ecosystems: rst, they have higher in Itration rates corpared to loamy tex-
tures, and second, the water holding capacity of ne and mediursand is only little
less compared to loamy sand. The importance of high in ltratio rates lies within the
above described concentration of runo water in deeper soilyars. This is of crucial
importance since the rates of potential evaporation in aridrad semi-arid landscapes
are high, for instance, Mendelsohet al. (2002) states 1800 - 3500 mm/ year for south-
ern Namibia. The evaporation of water takes place in upper sddyers, hence, textures
with high sand contents and the corresponding low capillary ses of soil water from
deeper layers are more suitable and provide a better proteati of this resource. This is
called theinverse texture e ectand is another diagnostic criteria for semi-arid and arid
environments (Noy-Meir, 1973; Salat al., 1988). As stated by Petersen (2008), the
inverse texture e ect is valid for all arid and semi-arid sites lmng the BIOTA-transect
and is therefore an important aspect for the understanding ofegetation patterns in
these ecosystems.
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3.5 The History and Status of Soil Degradation in Southern
Africa

There are several forms of degradation endangering the sustdhe use of Southern
African soils. Amongst them are salinization, waterlogging, acid¢ation, soil mining,
soil compaction and soil pollution, but most severe and mainly k&n into account in
this work is the degradation by water erosion and crusting.

The World Map on the Status of Soil Degradation (Oldemanret al., 1991) shows
that water erosion a ects up to 60% of South Africa's surface ase For Namibia, the
data seems less severe with a 21-% degraded area (see Fig. 3.4)ekenvKlintenberg
& Seely (2004) generated a land degradation risk map for Nam#ébbased on indicators
such as population, livestock, rainfall and erosion that revées that far more than 20%
of the land surface is endangered.

The state and history of soil degradation in South Africa is thoroghly reviewed
by Garland et al. (1999). According to these authors, estimations on soil loss by veat
erosion are mainly derived from mean annual sediment yield daand might therefore
hold larger errors. Nonetheless, using the data acquired in thisamner leads to a loss
of soil due to water erosion in absolute numbers of 0.8 to 4.0 toem per hectare per
year. Compared to the 7.15 t ha' year ! estimated for Africa as a whole, or 2.7 t
ha ! year ! for Australia, the perspectives seem less dismal as expected froopplar
perceptions. However, since soil formation rates are thought b about 30 times slower
than rates of soil loss, these approximations are far from optistic.

Another aspect of soil erosion especially in Southern Africa is tHact that its
dimensions and economic consequences are not equally distiéiol some regions are
indeed severely a ected by soil loss in terms of sheet, rill and fyuerosion. In many
cases, the patterns between severely and light degraded areasct the spatial extent of
historical communal lands with their open access grazing systemnd commercial areas.
Socio-economic constraints are considered as one of two maaises for degradation
in Southern Africa, owing its origin to colonial and aparthai legislation as reviewed
by Turner & Ntshona (1999):

In 1913 the Union of South Africa, established in 1910 as a Britistochinion under
white minority rule, enacted the Native Land Act in which less than 10% of the land
was set aside for native reserves ("homelands" or "Bantustans") wt black people
were prohibited to purchase land outside these homelands. Thudatk people were
only allowed to live outside the reserves when they could proteat they were under
white employment. During the same time, the South African goveement became
aware of soil erosion and made it a major concern. Solution todlproblem was sought
in scienti ¢ (European) land use practices whereas native lantenure practices where
regarded as unscienti ¢ and environmentally destructive (Ddson, 2004).

While racial land allocation was the ignition of intensifyirg degradation processes
in the homelands, the e ect was further aggravated by followmig governmental enact-
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Fig. 3.4 : The extent of soil degradation due to water erosion in Namiba and South
Africa. Data by GLASOD (Oldemann et al., 1991)

ments, in particular the Betterment Areas Proclamations 31 01939 and R196 of 1967
governed by the Department of Native A airs and applicable forreserve inhabitants.
Soil conservation e orts comprised contour banks, grass stripsxa fencing, but also
the introduction of carrying capacity numbers and, as a congaence, radical lifestock
reductions by culling. On the other hand, erosion was not a pbtem on communal
lands alone, therefore the Soil Conservation Act no 45 was Isigited in 1946 that was
administrated by the Department of Agriculture and binding fo white commercial
farmers. In contrast to the punitive concept of the Departmenbf Native A airs, white
farmers were granted loans and subsidies for undertaking apped conservation work
on their land. However, although conditions for sustainable a@hsoil conserving land use
were much more favourable for white farmers, they also strugdleinder the pressure
to make South Africa self-su cient in terms of food generation Wilst at the same time
striving for economic survival and prot (Garland et al., 1999).

These acts and proclamations were later backed up by subsequentonial and
apartheid legislation and led to several consequences withimethomelands as summa-
rized by Garland et al. (1999)

increasing cultivation of unsuitable land (less fertile and me erodible soils such
as elds on steep slopes) due to high population densities in the@imelands

ecologically excessive dependence on grain crop monoculture
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subsistence survival strategies and labour shortage due to a higkgilee of migrant
workers preventing sustainable agricultural intensi cation

poor or politically unaceptable agricultural extension adise, insensitively deliv-
ered and commonly rejected

technically inappropriate soil conservation programmes

a coerced land-use system incorporating the "Tragedy of the Conons"

The role of the land-use system itself is subject to controversiaistussion. Classi-
cally, commercial land tenure is regarded as more suitable t@rms of sustainable land
management than communal land use. The decisive di erence @rdely seen within
the so-called "Tragedy of the Commons" (Hardin, 1968), a socidkéc paradigm that
describes the con ict between individual demands and the canon good as a nite re-
source. In the case of land tenure this means that communal lasydvhether in Southern
Africa or elsewhere, are doomed to over-utilisation since nobpdill take over respon-
sibility for land that he does not personally own. Undeniably, dgradation is more
frequent and also often more severe in commonages than on comuia farms. Nev-
ertheless, some publications have shown that this is not alwayke case; Wardet al.
(1998) found no di erence in a number of soil and vegetation pameters between com-
munal areas and commercial farms in Otjimbingwe in south-ceal Namibia, nor did
Ward et al. (2000) in Okondjatu, north-east Namibia; Hongslo & Benjaminsen2002)
venture further by analysing the narratives and counternaatives in interviews held
with Namibian commercial and communal farmers. According to tir research, it has
to be considered whether degradation is rather a function ofratic rainfall and re-
silient environment (communal farmers concepts) rather thanvergrazing (commercial
farmers perception).

Apart from land-use, climate change is regarded the second kegctor causing
degradation in Southern Africa. Evidence is given that alredy changes have been
taking place in terms of increases in the intensity of extremeainfall events (Mason
et al., 1999). The impact of temperature changes is also likely bui dult to identify
since it is entangled with other factors such as land-use e ect;is therefore not clear,
which factors account for detected changes. However, researebults from the northern
hemisphere clearly indicate changes and suggest similar trendsother parts of the
earth (Thuiller, 2007).

Varying global change scenarios, all based on applications oéii&ral Circulation
Models (GCMs), predict generally drier climates for SoutherAfrica, increased rainfall
variability, increased summer rainfall and reductions of pi@pitation in winter rainfall
areas, increases in heavy rain events (20 mm/d) and consequently, increases in the
severity of ood events, as reviewed by Meadows (2006). Admitlg/, these scenarios
and predictions hold incertainties but it is widely agreed hat the trend is valid. As a
consequence, shifts in species' geographical range are expkclauiller (2007) states
that each 1 C of temperature change of a predicted rise by up to @ by 2100, moves

57



3 Literature Review

ecological zones on Earth by about 160 km. Hanna#t al. (2002) modelled the distri-
bution of South African biomes; according to this model, Soutifrican biomes with
high biological diversity will shrink to about half of their current distribution with the
almost complete displacement of the Succulent Karoo Biome amdmarked eastward
relocation of the Nama-Karoo. At the same time, the extent of drts will increase.

The increase in atmospheric C@®concentrations is discussed to have marked ef-
fects on savannas due to a shift of the competitive balance towds woody species in
relation to grassy ones. The "CQ@-fertilization" of the atmosphere leads to enhanced
photosynthesis rates - plants with deeper rooting systems and tte¥ drought resis-
tance will be favoured. The degradation of rangelands by sHilencroachment, already
a severe and widespread problem in Namibian savannas, is therefbkely to aggravate
in future.
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4 Small Scale Variability of Topsoil Properties and
its Signi cance for the Succulent Karoo Ecosys-
tem

4.1 Introduction

The BIOTA Observatory No 22 Soebatsfontein is situated in the ndnwestern part of
South Africa, approx. 30 km east of the Atlantic coast line, 65 knsouthwest of the
city Springbok and 35 km west of the small town Kamieskroon. Gewaphically, the
site is part of Namaqualand, an area of roughly 50,000 Knn extent, ranging from the
Olifants River in the South to the Orange River in the North andthe bushmanland
plains in the East. The Namaqualand roughly covers the winterainfall region of the
Succulent Karoo biome and extends further to the Cape, the NaarKaroo of Namibia
and the Karoo landscapes to the East.

The observatory covers an altitudinal range between 261 and4 masl; as the
digital elevation model indicates (Fig. 4.4), it is charaarised by a high outcrop ridge,
its smaller western ank and its wider easterly exposed slopes. Watys (1999) refers
to this area west of the great escarpment as theest coast Hoyer (2004) describes the
territory as a transition between the great escarpment and theoastal zone. However,
locally, the region is known ashardeveld (Cowling et al., 1999a).

The observatory is part of the commons of Soebatsfontein, alaije with approx.
270 inhabitants 8 km beeline to NNW. The communal farmland witta total of 15,069
ha (Department of Landa airs. Republic of South Africa, 2001)was only transferred to
the community in 2000 in the context of the national land refon programme after the
apartheid-regime had stood down and South Africa faced the dienge of redressing
the unequal and racialist land distribution of the past (May & Lé&hi, 2007). Today,
the farmland is divided into camps and managed by the the cononage method to
ensure that each of the families has the opportunity to make aable living from farm-
ing (Department of Landa airs. Republic of South Africa, 200). Decisions regarding
management rules are made by the Soebatsfontein Commonager@attee. Since the
community members are aware of the uniqueness of the landscaiey strive towards
sustainable management practices (Schmiedel, 2006).

It is assumed that the high degree of biodiversity occurring in Nmaqualand is
linked to a high degree of habitat di erentiation and thus toa rich pedodiversity as a
main factor. The work of Petersen (2008) a rms this statement.

By structuring the observatory into nested scales and creating @ata base involv-
ing topsoil samples of micro units, di erentiated in ne layers,a basis is created for
the small scale analysis of topsoil properties and the clari cain of the following key
questions:
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Is there a high variability of topsoil properties on the obsemtory?

Are the signi cant di erences on the small scale between open s®ihnd soils that
are a ected by microfeatures such as biological soil crust and rsitns?

To which extend does microtopography contribute to variallity?

To which extent do patterns and scales contribute to overallariability on the
observatory?

4.2 Characterisation of the study site
4.2.1 Geology and Geomorphology

An elaborated summary of the geologic and palaeoenvironmehtaistory of the Na-
maqualand is given by Meadows & Watkeys (1999).

Fig. 4.1 : Geological overview of Namaqualand. (Source: Meadows & Wakys
(1999))

Due to the complex genesis of the Southern African landsurfaceke bedrocks
and parent materials for soil development in Namaqualand areanifold in character.
The northern mountaineous area of Namaqualand, the Richtershd, consists of vary-
ing pre-Gondwanan rocks that are intensively intruded by gmites and gneisses of the
Namaqua Metamorphic Province and form a complex array of bealcks (Willer, 2004).
To the South, the mountains of the Great Escarpment attach tohie Richtersveld, and
separate the coastal zone from the plains of the interior plaae. The highest peaks of
the "hardeveld", at the Kamiesberg, range between 1,200 and700 m; to the West the
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hardeveld merges in lowland plains that are broken by numeuse ridges and rocky hills
("koppies", rising up to 700 m amsl), remnants of the eroded Gré&scarpment (Par-
tridge, 2004). Here, the BIOTA Observatory Soebatsfontein haseen established. The
dome-shaped outcrops of the Namaqua Metamorphic Complex aentiscape forming
features and were classi ed by Jack (1980) as streaky gneisses. Adtw to this au-
thor, the rocks consist of 30% quartz, 40% K-feldspar, 20% Plagiase and 10% biotite.
Sphene and Opaque occur as trace elements. Faults and shearezonithin the gneiss
are commonly associated with quartz veins. Between the rocky towops, valleys and
plains consist of tertiary and quaternary colluvial sedimentenriched with airborne
sand (Watkeys, 1999; Hoyer, 2004). Further seawards, complex seqces of marine
and windblown sands compose the coastal zone of Namaqualand. Than sediments
are formed by weathered and ne-grained deposits of the Lateeftiary and white and
calcareous sands of recent times (Watkeys, 1999; Cowliegal., 1999a). The southern
part of Namaqualand ends in the so-called Knersvlakte, an areartsisting of various
exceptionally large quartz elds, covered with white, angar quartz debris (Schmiedel
& Jargens, 1999).

4.2.2 Climate

Two weather systems dominate the climate in Namaqualand: the sivern subtropi-
cal highpressure (anticyclone) belt and, more to the south, theircumpolar westerly
airstream (Preston-Whyte & Tyson, 1988). Since the zenith is odlating interannu-
ally between the tropic of cancer and the tropic of capricorrthe southern subtropical
highpressure belt is consequently moving between northern asduthern hemisphere.
This leads to warm and dry southern summers under the in uence the south tropical
highpressure belt with south-easterly warm and dry winds. In wirgr, when the circum-
polar westerly airstream is moving northwards, cold fronts oce as a result of major
disturbances in the westerly air stream that are characterisedymortherly winds and
cloud-free conditions ahead of the front and widespread ra{in higher positions even
snowfall) and low temperatures at its rear (Desmet & Cowling, 999b). The winterly
cold fronts account for most of the annual rainfall which is Ighly reliable. In addition,
winterly coastal lows, generated through localised cycloniokticity as a result of the
westward movement of air of the high plateau, may produce ormaphic mist and ne
drizzle at the coastal margins.

The reliability of rainfall is based on the fact that in southen Africa, the equator-
wards penetration of the westerly airstream is greatest amondj aontinents (Preston-
Whyte & Tyson, 1988). Based on comparisons of the co-e cient ofariation (CV) as a
measure for rainfall variability, reliability of rainfall i n the winter rainfall Karoo was cal-
culated as 1.15 times more compared to the adjacent, summeinfall dominated Nama
Karoo (Desmet & Cowling, 1999b). However, mean annual rainfalaries strongly on
a regional basis; it ranges between 50 mm in the northwestern paf Namaqualand
and 400 mm in the Kamiesberg area (Cowlingt al., 1999a). In Soebatsfontein, mean
annual rainfall matches approx. 130 mm (BIOTA weather datasee Fig. 4.2).
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Fig. 4.2 : Monthly and annual rainfall at Soebatsfontein 2002 { 2006 (S®urce: www.biota-
africa.org).
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Fig. 4.3 . Mean, maximum and minimum day temperatures at Soebatsfonten 2002 { 2006
(Source: www.biota-africa.org).
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Important alternative sources of moisture for plants in the ad Karoo biomes are
advective sea fog and dew. Sea fog develops in near-surfacelajers over the cold
Benguela current nearby and reaches 50 - 75 km inlands (Madlee et al., 2007). Dew
is widespread due to high humidity and relatively cool noctwa temperatures in the
region (Cowlinget al., 1999a).

Namaqualand has also been characterised as a relatively mildsde due to the
proximity to the cold, upwelled waters of the Benguela Curna which are tempering
extreme temperatures (Cowlinget al., 1999a). Mean temperatures therefore range from
14 Cinwinter and 23 C in summer (BIOTA weather data, see Fig. 4.3). Remarkably,
in contrast to the readings from 2002 - 2006 on the observatotygh temperatures up to
40 C are reported to occur in Namaqualand in winter, when hot so-ttad "bergwinds"
descend coastwards from the high altitude plateau of southern ida (Cowling et al.,
1999a).

4.2.3 \Vegetation

Namaqualand as part of the Succulent Karoo biome belongs todlwinter rainfall area
of Southern Africa. The Succulent Karoo itself ranges over arrea of 103,000 krh
and inhabits 4,849 plant species, 40% of which are endemics {etiTaylor, 1996).
According to recent publications, this ora is part of the CapeFloral Kindgom and
now referred to as the Greater Cape Floral Kingdom (Bormt al., 2007). The Succu-
lent Karoo is one of two desert regions recognised as a globaldiversity hotspot, as
determined by Myerset al. (2000) due to their species diversity and endangerment.
Namaqualand, comprising a quarter of the area of the Succulelktroo, accounts with
3,500 species to the biological diversity with 25% being endenfDesmet, 2007). This
diversity is not evenly distributed but concentrated in localcentres of endemism such
as quartz elds of the Knersvlakte, the Richtersveld and the Keniesberg area.

The vegetation structure can generally be described as shrubtis dominated by
small plants such as small leaf-succulents and geophytes, whicbhypde over 50% of the
ora (Desmet, 2007). According to the recent vegetation atlasf South Africa (Mucina
& Rutherford, 2006), two vegetation types occur in the Namacpland hardeveld biore-
gion where the observatory is situated: the Namaqualand Klipkpe Shrubland and
the Namaqualand Heuweltjieveld. 278 species were found on tHeservatory Soebats-
fontein (U. Schmiedel, pers. communication), which encompassenly 1 kn?, making
it one of the observatories with the highest oral diversity almg the BIOTA transect.
Common plant species ar®uschia cyathiformisand Cephallophyllum inaequale

Di erent publications have revealed, that under heavy and plonged grazing, the
typical perennial vegetation of Namaqualand landscapes slifto a more annual and
geophyte dominated herbland (Palmeet al., 1999, and references therein). Interest-
ingly, the ephemeral community that replaces the shrublangsiequally diverse in terms
of species numbers, and the composition is almost entirely made of species indige-
nous to Namaqualand (Todd & Ho man, 1999). Desmet (2007) condlies, that the
vegetation of Namaqualand is adapted to intense grazing/ distbance with a large
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component of the ora being adapted speci cally to taking adantage of disturbances.
Disturbances caused by large grazers such as springboks can mistyl be excluded
since their numbers were low and their occurrences too ermato execute such a signif-
icant evolutionary pressure (Ho man & Rohde, 2007). Instead, th author refers this
phenomenon to the ubiquitous heuweltjies that are charaatsed by their deep and
ne textured soils and higher nutrient contents that attract digging animals such as
rodents on the one hand and, because of the more palatable fedglants, also grazers
on the other hand. One of the causes for the high degree of ofaibdiversity is seen in
this coexistence of vegetation mosaics (disturbance vegetatiand climax vegetation);
others are the frequent but low volume rainfall events that ® moreover occurring
during the winter months when evaporation is low, the complephysical environment
and a diverse fauna.

4.2.4 Landuse History and Utilisation

As summarised by Webley (2007), good archaeological evidenegsst that Namaqua-
land is subject to pastoralism for already up to 2000 years. The ddopment of human
population, livestock and cultivation in Namaqualand with the onset of colonialisation
is described by Ho man & Rohde (2007).

When rst European settlers arrived in the Cape in the 17th ceniry, they reported
an indigenous pastoralist population that occupied a large piaof the coastal margins
of western South Africa. Those tribes were described to be spascdistributed across
the landscape and to possess vast herds of cattle and ocks of sheBpe Khoekhoen
tribal grouping that inhabitet the region north of the Olifants River, called themselves
the little Namaqua. Further historical sources report that these people followed a sea-
sonal transhumance cycle between the Kamiesberg and the lovnty coastal plains;
during the sommer months (November - March) they moved to the Kaiesberg and
aggregated at permanent waterholes. However, in the winter mits (April - October),
temperatures in the highlands were severe and endangeringnmand livestock, espe-
cially lambs which are born in that time, so that the tribe travelled with their herds to
the more convenient lowlands. No data exists on the numbers ofdistock during that
time, but the authors conclude from the lifestyle of the Namaca that livestock num-
bers were low since the pastorlists needed a "manageable" hekdior their migrations
between various ecological zones.

In about 1750, rst European farmers settled in Namaqualand; tay did not only
introduce cultivation but also epidemics such as the smallpoxhat decreased the Na-
maqua population down to a number of only 400 people by 1779. Mbeless, in the
following years, population numbers in Namaqualand increasedpidly by recovery of
the Namaqua population but also through additional trekboerand runaway slaves so
that by the early 1800s the Khoekhoen pastoralists felt urgedtseek protection for
their traditional grazing lands from the church to avoid futher occupation and pos-
session by white farmers. These areas later became the six ColourRadal Reserves
in Namaqualand (Ho man et al., 2007). In the same time, the Namaqua adopted the
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cultivation of the white farmers and took over a more sedentgrlifestyle. Main crop
was wheat, with smaller amounts of oats, barley and rye. Thesauits were cultivated
in the low-lying areas with deeper soils whilst the rocky uplath environments stayed
untransformed.

From that time, population and agricultural utilisation inc reased in Namaqualand.
From a rst census in 1865 for the newly created Namaqualand Distt untill 1910,
population doubled from 10,000 to 20,000 inhabitants; cultated land increased in the
same time from 5,000 ha to 15,000 ha, the number of sheep from,000 to 200,000 an-
imals and the number of goats approximately trippled from 5000 to 150,000 animals.
In addition, about 20,000 cattle were grazing on the rangeids.

In the mid of the 20th century, landuse in Namaqualand changedggii cantly;
commercial farms were fenced into camps, communal areas wenelosed. White com-
mercial farmers were promoted through state subsidies, stock redion schemes, state
infrastructure grants and drought relief programs. For commuoal areas, livestock car-
rying capacities were calculated and surplus animals aboveet estimated value culled
(Benjaminsenet al., 2006). Nevertheless, up to today stocking densities are doubie i
communal areas compared to commercial farms (Ho maet al., 1999).

As a whole, agriculture still increased and formed a peak with gards to cultivated
land and sheep numbers in the 1970ies. But then a change tookg#athe percentage
of rural inhabitants decreased from 50% in 1970 to 9% in 1991ul@vation decreased
from 29,000 ha in 1971 to 11,600 ha in 1988 with an ongoing tcerThe continuing
de-agrarianisation and decline of rural population is a congeence of national and
global economic conditions, improved transport networks anthe cessation of agri-
cultural subsidies. Simultaneously, conservation initiativegicreased, and a signi cant
proportion of privately-owned, commercial sheep farms was@uired by the state and
redistributet as grazing commonage with the purpose of alleating the crowded condi-
tions in Namaqualands communal areas (May & Lahi, 2007). Acading to (Ho man
et al., 1999) those communal areas make up 25% of Namaqualand .

The commonage of Soebatsfontein, which was handed over to tt@mmunity in
2000, formerly belonged to the De Beers mining company. Byahtime, the rangeland
was partly in a rather bad condition (Schmiedel, 2006), a reftuof enduring high
stocking densities in the past (Anderson, 2004). Also, areal photaghs give evidence
of a former eld at the food of the eastern slope on the observatgrhowever, more
detailed information about the cultivation history is not available.

Today, the farmland of Quaggafontein which is about 1,500 hm size, is used
for rotational sheep and goat farming. Stocking densities orné lands are below the
recommended stocking rates of 12 ha/SSU. Since only a third d¢fet households in the
community kept livestock, the stocking rate in 2001 was calcatled as 38% of the given
carrying capacity (Schneideratet al., 2002).

65



4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

425 Soils

Soils of the hardeveld in Namaqualand are derived of the weatted material of the
granite-gneiss outcrops that belong to the Namaqualand-Metzorphic complex. On
the rocky hills themselves, in-situ weathering products of theutcrops were extensively
eroded; however, undi erentiated and free-draining sandyto loamy soils are found in
rock pockets, crevices and in less exposed, stronger shelterezhar On the slopes and
plains the debris of quartz veins within the granites leadsot small areas of quartz
elds. Otherwise, deeper granite-derived colluvial soils ardominant that might also
be enriched with airborne sands and silt. Those soils are reddish colour and of
loamy texture (Watkeys, 1999). However, the plains have to be drentiated into two
units; the main "matrix" soils and the "heuweltjie"-soils that make up approx. 25%
of the area where they occur (Lovegrove & Siegfried, 1989)h@ heuweltjie soils di er
signi cantly from the matrix soils by higher silt contents and earichments in Ca, Mg,
K, P, Mn and N, thus creating a distinct vegetation community oamounds compared
to interheuweltjie-areas (see chapter 3.3.4). Of equal imgance is the occurrence of
silicic and carbonatic crusts; according to Ellis (2002), heweitjie mound soils in semi-
arid environments are characterised by a central petrocafcicalcrete) to petroduric
(duripan) hardpan, with a petroduric horizon on a petrocal horizon towards the
outer edge and also in the surrounding inter-mound areas. Theséit some ecological
signi cance, namely water uxes and redistribution of this resource. On the leeward
side of the ridges, heuweltjies are often covered by sedimentegdanight therefore not
be visible at rst glance.

Petersen (2008) observed the soil units of the observatory Sotdfantein based on
a two-quali er level of the WRB (1998) system (ISSS-ISRIC-FAQ1998). Dominant soll
units on the square kilometer are Durisols and Cambisols, the faer being exclusively
associated with the occurrence of heuweltjies and their undgng hardpans while
the latter are found in inter-heuweltjie areas on deeper sulbysttes. Most interestingly,
Petersen (2008) also reports of the occurrence of Mollic Carmsbis that qualify by a
thick (> 10 cm) horizon with high contents of organic carbon>0.6 %) and a high
nutrient status (base saturation > 50%). These soils are developed below exposed
bedrocks where they receive run-on water on the one hand andldis and nutrients
as weathering products of the rock surface that is intensivelgolonised by lichens on
the other. However, these soils are rare on the observatory and mique exception in
drylands in general. More frequently, Petersen (2008) mappé.eptosols and Regosols,
predominantely developed on the higher, rocky areas. Furtheenrichment of soluble
salts and calcium carbonate qualify the soils of some heuwedtpositions as Solonchaks
and Calcisols. Data on the soil inventory of Soebatsfontein areiplished in the internet
(www.biota-africa.org).
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4.3 Description of Sampled Units in a Hierarchical System

According to the scaling concept described in 2.2.2, the study sitvas subdivided in
nested units belonging to four di erent scales. On ve D2 areas, gen small scale
study-sites where established covering the most abundant D3 usitranging in size
between 25 and 110 f The chosen D2 sites and their D3 units are characterised as
follows:

Lower Eastern Slope with heuweltjies (ES)Situated on the eastern ank of the
mountain, this unit is characterised by its mosaic of deep soiend heuweltjies.
It comprises the plains as well as the slightly more inclined ueer slope. Its ge-
omorphological border was determined as the zone further i where smooth
outcrops start to protrude the surface. The unit consists of the Bareas heuweltjie
centre, heuweltjie margin, (interheuweltjie-) matrix soiland quartz elds. Study
sites were established as a transect from a heuweltjie top to theainx as well as
within a quartz eld.

Accumulation Zone within Lower Eastern Slope(AC) The Accumulation Zone is
an area embedded on the Lower Eastern Slope though clearly dist due to its

more sandy, more homogeneous soils and its di erent vegetatidhe heuweltjies
occuring here seem to only partially protrude out of the matk. The origin of

this peculiar area is not clear; however, two hypotheses hateen formulated
in this regard that may apply separately or combined: 1) the a&a is a formerly
cultivated eld. The somewhat quadrangular form visible on agal and satellite

photos militates in favour of this idea as well as reports ofhe villagers that

there are abandoned elds in the commonages. However, no evide is given if
this holds true for this particular site; 2) the area is based bew a deep erosion
gully at the foot of the mountain. Thus, the study site might be Iezated in an

area where sediments of higher situated areas are washed in angeced the
heuweltjies to a certain degree. D3 units are heuweltjie ciee, heuweltjie margin

and matrix soils.

Mid-Eastern Slope (MS) The Mid-Eastern Slope is located on the eastern slope
of the observatory with an inclination of approx. 25%. It was d ned as the middle
part of the eastern slope where smooth granite boulders alteteawith shallow to
deep soil patches. Heuweltjies do also occurr here, but to a slighkesser extent.
This unit is bordered to the west by the more mountaineous uppelope with its
enormous rock boulders and downslope by the "Lower Eastern §&' unit with

its deeper soils. D3 units consist of di erent matrix soils and aees right below
the rocks that are expected to be zones of nutrient and watecceumulation, in
the following termed as rock fringes.
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Western Slope (WS) This slope is exposed seaward and its inclination roughly
comparable to the Mid-Eastern Slope. Boulders are missing; Ivegitjies do exist
although they are eroded and covered to such an extent that tiieare only dis-
tinguishable by their colour and vegetation from the adjacdnslope. Thus, the
de nition of the D3 units Heuweltjie Centre and Heuweltjie Maigin was more
di cult than on the Lower Eastern Slope. The matrix between the heuweltjies
often shows eroded structures which are stretching in parallhes more or less
transversally across the site. The surface is rather smooth and neolevel than
other units, the soil is tough and crusted. It seems that runo geerates and drains
along these streaks. Two study sites were established on the Westelop®: one
as a transect from a heuweltjie top to a heuweltjie margin, andne within the
matrix area.

Mountain Top (MT) : The Mountain Top unit is similar to the Mid-Eastern Slope
in terms of its mosaic of alternating rocky outcrops and soil§ di erent depths. In
contrast to the Mid-Eastern Slope, however, rocks occur as hidgpoulders as well
as smooth outcrops that have approximately the level of the $a@urface around
them. In addition, very shallow soil patches have been found dhe smooth rocks
that inhabit small succulent plants, termed as rock crevices. D@nits that have
been de ned on the respective study site are di erent matrix uris, rock fringes
and rock crevices.

Mountain Top N
(MT) >

Mid-Eastern Slope
(MS)

Western Slope
ws) 2

Accumulation
! Zone (AC)

Lower Eastern Slope (ES)

Fig. 4.4 : Digital elevation model of the Soebatsfontein Observatoryand location of study
sites within D2-units (Source of satellite picture for DEM: Google Earth c).
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On the complete observatory, only four D4-units were de nedThose are:

open soil (O)
soil below plant canopies (P)
soil below dead shrubs, so-called "safe-sites" (D)

soil covered with biological soil crusts (B)

Fig. 4.5 : Examples for D4 units Biological Soil Crust (BSC), Open Soiland Plant Canopy in
Soebatsfontein. The last is shown before (a) and after (b) pgparation for minipro le sampling
(photos of plant canopies by G. Miehlich, 2006).

It has to be noted that not all D4 units occurred on all study sits. Therefore, to gain a
sample number that is still processable, only the most signi cant D units were chosen
for sampling.

After the de nition of units and the establishment of the study sites, high resolu-
tion tachymetric surveys where conducted on each site. Apartdm the microtopogra-
phy, the survey included determination of the distribution ofperennial plants and the
location of test and sampling sites. Topsoils where sampled on D4itsnin ve parallels
and three layers according to the minipro le procedure as deribed in Chapter 2.2.3.
In addition, on each D3 unit, a deep reference pro le was dughd sampled. A table of
the sampled units is given below:
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D1: BIOTA Observatory 22 Soebatsfontein

D2 D3 Abbr D4 Abbr | Abbreviation
Heuweltjie Open Soll @) ES-HC-O
Centre HC | Plant Canopy| P ES-HC-P
Dead Shrub D ES-HC-D
Lower Open Soll @) ES-HM-O
E Heuweltjie- BSC B ES-HM-B
astern Margin AM PI P
Slope (ES) g ant Canopy ES-HM-P
Dead Shrub D ES-HM-D
Matrix 1 MAL [ Plant Canopy| P ES-MA1-P
Matrix 2 MA2 Open Soll O ES-MA2-O
BSC B ES-MA2-B
Heuweltjie- HC Open Soll O AC-HC-O
A | Centre BSC B AC-HC-B
oeumuia- e weltjie- Open Soil 0 AC-HM-O
tion Zone . HM
(AC) Margin BSC B AC-HM-B
Matrix MA Open Soll O AC-MA-O
BSC B AC-MA-B
. Open Soll @) MS-MA1-O
id- Matrix1 MA1
Ea'\g't‘;m airx BSC B | MS-MALB
Slope (MS) Rock F_rlnge RF Open So!l O MS-RF-O
Matrix2 MA2 | Open Soill ©) MS-MA2-0O
: Open Soll O MT-RF1-O
Rock F 1| RF1
ock Fringe Plant Canopy| P | MT-RF1-P
Mountain Matrix 1 MAL1 | Open Soll @) MT-MA1-O
Top(MT) | Matrix2 | maz | -2pensol | © | MT-MA2-O
Plant Canopy| P MT-MA2-P
Rock Crevice | RC | Plant Canopy| P MT-RC-P
Rock Fringe 2| RF2 | Dead Shrub D MT-RF2-D
Heuweltjie HC BSC B WS-HC-B
West Centre Plant Canopy| P WS-HC-P
Self)peem Heuweltie | BSC B | WS-HM-B
(WS) Margin Plant Canopy| P WS-HM-P
Matrix MA Open Soll O WS-MA-O
BSC B WS-MA-B
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4.4 Results and Discussion

4.4.1 Soilchemical Properties on the Observatory Soebatsf ontein: an In-
ventory

4.4.1.1 Comparison of Chemical Soil Parameters with the BIO TA Transect
Data Set

The total data set of the observatory was analysed with regard tthe distribution of
the single parameters and compared with the parameter distuition compiled for the
whole BIOTA-South data set (www.biota-africa.org). The trarsect data are described
in detail in Petersen (2008). Here, the data is used to highliglihe speci c characteristic
of topsoil properties in Soebatsfontein.

The values of specic soil parameters on this single observatomaried widely;
for example, the pH,;,0 ranged on the Soebatsfontein observatory nearly to the same
degree as on the whole transect. The data distribution, howavyendicates a tendency
of the soils to more alkaline conditions. The EC ranged betweel8 and 3450 S/cm;
this is less than the range of the BIOTA transect data, which cdains the values
of 4000 samples among which some were situated on extreme sites. dtlugless, the
variability of the EC is to be assessed as large. Also, median and qtilas show that
the occurrence of increased salt contents is more abundant ineébatsfontein than on
the transect scale. This is further con rmed by Ng Cl,e, Naye and the anions,e and
cations,e values that show strikingly higher median values and 75 qualkés relative to
the comparative data set.

Further noticeable parameters are the K-species; KK, and Kq, that show exception-
ally high values. So are Zr P, and Ph, increased on this site disregarding the extreme
maximum values occurring on the transect. The distribution oMn,; and Fg,. slightly
shifts to high values, indicating that commonly higher Mp values occur compared to
the transect distribution.
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Miniprofile Data 22 Soebatsfontein Transect Data
Parameter N | Min. [Perc. 25 Median Mean Perc. 75 Max. [SD Param eter N Min. [Perc. 25 Median Mean |[Perc. 75 |Max. SD
PH 0 493| 4.4 6.5 8.0 7.8 9.1 104 | 15 PH 20 3,473| 3.8 6.2 6.8 6.9 7.8 104 | 12
PHcace 493| 3.9 5.8 7.1 6.8 7.9 8.8 1.2 PHcacr 3,474 3.3 5.3 6.4 6.3 7.2 9.9 1.2
EC,5 (uS/cm) | 493 18 69 157 324 330 3,450 | 461 |EC,5 (uS/cm) | 3,473 1 15 42 364 110 35,300 | 1,376
ECs(uS/cm) [ 493 11 51 112 | 218 241 |2,020| 285 | EC5(uS/cm) | 3,472 2 12 32 229 81 20,300 | 809
Cinorg (%) 308] 0.00 0.00 0.04 0.16 0.27 0.83 | 0.21 Cinorg (%) 2,194 0.00 0.00 0.01 0.20 0.10 6.39 0.55
Corg (%) 493] 0.15 0.53 1.07 1.33 1.61 11.47| 1.24 Corg (%) 3,013| 0.03 0.17 0.28 0.41 0.46 9.95 0.55
N, (%) 493| 0.02 0.05 0.08 0.10 0.12 0.42 | 0.06 N, (%) 3,356 | 0.00 0.03 0.04 0.06 0.09 1.66 0.06
C/N-ratio 493| 6.9 9.7 11.8 12.5 15.0 274 | 35 C/N-ratio 3,007| 0.6 6.0 8.2 8.2 9.8 75.3 4.4
S.(g/kg) | 449| 0.03 | 0.17 023 | 029 035 | 135|017 Si(g/kg) [2,994| 0.00 | o0.03 0.08 | 0.28 0.12 75.24 | 2.19
Si; (%) 447 27.2 33.8 34.8 34.6 35.6 39.2 | 1.8 Si; (%) 2,871 3.0 33.9 36.3 36.6 394 46.3 5.0
Al (%) 449| 4.4 5.5 5.9 5.8 6.2 6.9 | 04 Al (%) 3,011 0.1 4.0 5.5 5.0 6.5 122 | 2.2
Na, (g/kg) 4491 7.0 10.2 11.9 12.3 13.5 19.2 | 2.7 Na; (g/kg) 3,010| 0.1 2.9 6.0 7.1 9.5 31.3 55
K, (g/kg) 4491 29.8 37.2 38.9 38.7 40.7 455 ( 2.8 K (g/kg) 2,957 0.0 17.2 22.6 21.6 28.1 67.0 10.6
Kgq (9/kg) 66 | 0.06 0.19 0.27 0.37 0.54 1.37 | 0.25 Ka (9/kg) 567 | 0.00 0.00 0.11 0.12 0.18 0.95 0.13
Ca, (g/kg) 4491 2.5 4.4 5.8 8.8 8.7 359 ]| 74 Ca, (g/kg) 3,112 0.0 1.6 4.0 10.1 8.2 148.9 | 17.0
Mg, (g/kg) |449| 0.8 1.8 2.6 5.1 7.1 184 | 46 | Mg, (g/kg) |3,0902] 0.0 1.2 4.4 6.1 8.1 62.2 | 6.4
P. (g/kg) 449( 0.29 0.38 0.42 0.46 0.49 0.78 | 0.11 P; (g/kg) 3,114 | 0.00 0.30 0.37 0.40 0.46 5.49 0.24
Pa (9/kg) 66 | 0.004| 0.020 0.049 |0.085]| 0.127 |0.357|0.094 P4 (g/kg) 472 (0.000| 0.000 0.013 [ 0.038| 0.050 1.030 | 0.074
Ti; (9/kg) 4491 0.87 1.94 2.39 2.32 2.72 3.45 | 0.50 Ti; (9/kg) 3,011| 0.23 1.77 2.66 3.10 4.11 20.41 | 1.93
Fe (g/kg) |449| 5.7 13.8 180 | 169 | 200 | 249 38| Fe(gkg) [2930| 0.1 11.4 20.2 | 24.0 33.6 102.4 | 171
Mn;, (g/kg) 4491 0.10 0.19 0.28 0.51 0.86 1.31 | 0.39 Mn, (g/kg) 2,997 0.00 0.13 0.31 0.39 0.47 10.92 | 0.42
Cr, (mg/kg) | 449 5 17 23 24 29 279 18 Cr, (mg/kg) | 3,011 0 23 44 49 58 595 47
Cu, (mg/kg) |449| o 10 13 13 15 24 4 | Cu,(mg/kg) |3,011| O 7 15 20 29 384 | 19
Ni,(mg/kg) |449| 5 8 11 11 14 46 4 | Ni(mgkg) [3,011| 0 9 18 20 26 250 | 19
Zn, (mg/kg) |449| 20 34 45 50 67 85 18 Zn, (mg/kg) | 3,011 1 22 41 48 74 189 31
Pb, (mg/kg) |449| 22 30 31 32 33 39 2 Pb, (mg/kg) | 3,011 0 15 21 20 27 117 10
Ba, (mg/kg) |449| 424 527 569 575 619 746 69 Ba, (mg/kg) | 2,996 0 382 521 497 622 9,036 | 317
Sr.(mg/kg) |[449| 66 86 100 105 112 198 26 Sr,(mg/kg) | 1,545 1 72 98 105 118 2,162 99
Zr (mg/kg) |449| 43 427 534 | 532 639 |[1,136| 172 | Zri(mg/kg) |1,545| © 162 205 | 218 239 1,219 | 124

Tab. 4.2 : Comparison of statistic measures of dynamic and geologic dren parameters between the minipro le data set of the obsevatory

Soebatsfontein and the BIOTA-transect data soil data set.
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Miniprofile Data 22 Soebatsfontein Transect Data
Parameter N | Min. |Perc. 25 |Median Mean Perc.75 Max. [SD Param eter N Min. |Perc. 25 Median Mean [Perc.75 [Max. SD

Clye (Mg/l) 201 1 5 32 253 206 | 3,347| 517 Clye (Mg/l) 1,629 o0 2 6 294 25 34,477 1,517
Fue (mg/l) 200| 0.00 0.10 0.30 0.38 0.50 2.10 | 0.38 Fue (mg/l) 1,461 | 0.00 0.10 0.20 0.43 0.40 21.90 | 1.13

Br . (mg/l) 201| 0.00 0.00 0.00 0.45 0.50 470 | 0.87 Br . (mg/l) 1,479 | 0.00 0.00 0.00 0.66 0.00 67.90 | 3.33
NOgye (Mg/l) 201| O 2 9 28 27 575 | 68 NOgue (Mg/l) [1,577| O 1 7 66 21 12,437 | 509
NO,,.e (Mg/) 201| 0.0 0.0 0.3 0.9 0.8 255 | 2.2 NO,.e (Mg/) | 1,528 0.0 0.0 0.1 0.9 0.5 59.6 [ 3.0
SO e (Mg/l) 201 1 4 10 75 46 1,429 185 SOue (Mmg/l) [ 1,626 0 3 5 105 17 4176 | 377
HCO3e (Mmg/l) | 160 0 96 215 301 407 |2,162| 299 | HCOse(mg/) |[1,178| O 28 89 147 148 10,609 | 454
Caye (Mg/l) 201 1 6 18 49 54 547 | 78 Caye (Mg/l) 1,628 o0 7 17 66 34 3568 | 204
Mg e (Mg/l) 201 2 8 13 44 31 975 | 109 Mgy.e (Mmg/l) 1,627 0 3 7 31 14 1530 | 112

Kwe (Mg/l) 201 2 17 26 36 43 163 30 Kwe (Mg/l) 1,631 0 5 11 19 22 788 32
Na,e (mg/l) 201 3 24 61 157 185 1,414 | 221 Na,e (mg/l) 1,632 0 1 5 154 33 20,680 | 828
Feye (Mg/l) 200| 0.0 1.8 9.6 16.8 25.3 103.7| 184 Feye (mg/l) 851 0.0 0.8 4.4 17.6 16.0 418.3 | 39.5
Anions . (mg/l) |160| 0.1 0.4 1.5 10.0 9.9 104.2 | 18.6 | Anions . (mg/l) | 1,183( 0.1 0.3 0.6 14.7 2.9 1,041 | 55.4
Cations y. (Mg/l) [160| 1.0 2.8 6.4 | 147 | 18.0 |139.6| 21.2 |Cations . (mg/l)|1,181| 0.0 1.6 27 | 161 6.2 1,100 | 55.8

Tab. 4.3 : Comparison of statistic measures of salt related parameter between the minipro le data set of the observatory Soebatfntein

and the BIOTA-transect data soil data set.
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4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

4.4.1.2 Analysis of Frequency Distributions

Frequency distributions were created for each soil paramett&r gain an overview of the
kind of data distribution, extreme values and possible outlies:

i

T T T T T
4 5 6 7 8 9 10 11 75 100 125 150 175 200
PHH20 Na; [g/kg]

.

T U T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000 0 275 300 325 350 375 400
EC»s [uS/cm] Si ( [%]

50 a) 50 b)

N
o
1
]
N
2

Frequency

Frequency
w
<

N
<

H

<
R
<

o
o

200

7C) 100+ d)

©
<

150

o
<

100

Frequency
Frequency

ey
<

a
o
1
n
<

Fig. 4.6 . Selected histograms for the minipro le data set of Soe-
batsfontein as an example for bi-modal (a,b), skew (c) and nanal
(d) distributions in the data set.

The histograms were rarely normally distributed, instead, soproperties were often
prone to bimodal histograms. Most obviously, this holds true fopH, S, Na;, Ca;, Mg,
P:, Fe,, Mn¢, Cu, Zn; and Sk and indicates that a speci ¢ factor or process is impacting
on the soil properties dividing them into two groups. Other prperty groups, especially
those indicating any kind of salt occurrence, show a strong skevaseto the left. The
parameters with the most symmetric distributions are $j Aly, Ky, Ba; and Ph,.

Extreme values (two- to threefold amount of standard deviatin) occurred in most
properties that were connected to salt accumulation and calibe identi ed as samples
on some particular sites which involved rock fringes and heulijee soils. There were
also some samples that featured exceptional values in terms @r@meters associated
with organic matter, such as G, N; and S.
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4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

4.4.2 Variability on D3-Scale

Petersen (2008) analysed the taxonomic and parametric pedweélisity on the Soebats-
fontein Observatory. His method of analysis deviated from the stly at hand, since he
followed the BIOTA standard procedure of soil inventory that § based on a di erent,
though similar, strati cation and random sampling with prioritisation according to in-

volved habitat sizes (see 2.2.3). However, when describing pdukersity on a kn? scale
( habitat scale), it deems appropriate to regard the whole soilrp le including sub-

soil layers and to assess it with taxonomical measures. For smallealgecobservations,
it is assumed that topsoil properties are far more variable thataxonomic units, at

least on the microscale (D4). The higher variability of the smékcale exhibits a strong
ecological signi cance in addition to the overarching impaaf patterns in terms of soll

orders and types.

The present study ties in with the previous work of Petersen. In splementation
to his analysis of large scale pedodiversity that includes D1 @rD2-units following the
nested scheme of the current work, here, dominantly topsoil grerties were analysed in
high numbers that were complemented by deep reference pres for each D3-unit and
the classi cation and ndings of Petersen (2008). According to is analysis, Soebats-
fontein is one of the BIOTA observatories with the highest pedtiversity, a result that
was con rmed by all of his classi cation procedures. As the causd this diversity he
proposes di erences of relief within the square kilometer, ¢hoccurrence of heuweltjies
and climate factors.

Logically, in continuation of the scale-wise investigation othe pedodiversity and
soil variability of Soebatsfontein, di erences on the D3- andD4-scale are the aim of
the following analysis.

4.4.2.1 Finding Main Patterns within D3-units: Cluster Ana lysis of Total
Element and Texture Data

As a rst step, a cluster analysis was conducted to di erentiate tle total data set into
groups within which D3 and D4-units were further analysed. Fothis purpose, total
element data was selected as a group representing geologigafriand rather indynamic
properties, since it was assumed that more dynamic parameters wia vary strongly
on smaller scales and therefore mask the main patterns. Total elent data used for
this purpose included the parameters §iFe;, K, Na, and Tiy.

A hierarchical cluster analysis was generated with the the meaof the ve 5-
10 cm replicate samples of each D4-group (Fig. 4.7). This lay@as chosen since it
was assumed that these samples have the best comparability withgeed to their
parent material. Here, recent deposition of airborne materigexcavated substrate from
deeper layers or any other disturbances are less pronouncedabdition, texture data
of the composite samples of each minipro le unit were also groeg according to the
cluster analysis (Fig. 4.8). The aim of the analyses was to detewhether there are
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4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

di erent parent materials contributing to the soil variabil ity on the D1-unit (thus, the
observatory), whether or not groups on the chosen D2-unit areomogenous and to
identify possible links between them.

The cluster analysis revealed six cluster groups which are brie characterised
below:

Cluster 1 comprises all samples of the D2-unit Western Slope (WS) whicheain turn

including Heuweltjie Centre (HC), Margin (HM) and Matrix-unit s (MA), samples of
the two Matrix-units on the Lower Eastern Slope (ES-MA1 and ESYA2) and samples
of the Heuweltjie Centre of the Accumulation Zone (AC-HC). The emmonality of
these D3-units is their localisation on slopes and slightly incled plains.

Cluster 2 consists only of Heuweltjie Margin (HM) and Heuweltjie Centre (HCareas
of the Lower Eastern Slope (ES)

Cluster 3 is composed of a rather mixed group of the remaining Accumulati Zone
area units (AC) and the Mid-Eastern Slope (MS) units. Obviouslythese two D2-groups
are composed of the same parent material that is e.g. more santBss dust enriched
material with granite weathering.

Cluster 4, 5and 6 all comprise samples of the Mountain Top and are grouped accorg
to their position relative to the slope (Matrix 1 (MT-MA1)/ Rock Fringe 1 (MT-RF1)
and Matrix 2 (MT-MA2)). One D4-unit is classi ed in an extra group (Rock Fringe 1,
D4 Open Soil (MT-RF1-O)) which is remarkable since it is the dg minipro le group
that is separated by clusters on the D4 basis.

On a superior level, the data is divided into two groups; the ongontaining Clusters
1 and 2 and with that all Western Slope (WS) units, all units on tle Lower Eastern
Slope (ES) and the Heuweltjie Centre samples of the AccumulatiaZone (AC-HC)
that is geomorphologically also located on the eastern slopehd second group consists
of clusters 3 to 6 and thus included all rocky habitats as wellsatheir relatively fresh
deposits.

The texture data for the same layer did not show exactly the sameagiern (see
Fig. 4.8). However, the overarching clusters of Fig. 4.7 matche clusters of the texture
analysis to a large extent; with the exeption of one unit that rakes up a cluster of its
own, one group is containing all Western Slope (WS) and LoweraBtern Slope (ES)
units while the other comprises Mountain Top (MT), Mid-Easten Slope (MS) and
Accumulation Zone (AC) units. Interestingly, in the texture cluster analysis, Accumu-
lation Zone (AC)-units are grouped together instead of beingeparated into Heuweltjie
Centre and Margin/ Matrix units.
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4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

Hierarchical Cluster Analysis
Dendrogram using Average Linkage (Between Groups)
Using the elements: Si, Ti, Fe, Na, K

Rescaled Dista nce Cluster Combine

CASE 0 5 10 15 20 25
Cluster Label Num + + +

US-HC-B  1p
-HM-B 17
-HM-P 16
-HC-P 4
-MA-B 12
-MA-M 13
-HM-B 24
QF-M 19
MA-P 25
QF-B 18
HC-B 1
HC-M

HM-M 22
HM-D 23
HC-M 20
HC-D 21
[HM-B 3
LRF-M 28
LHM-M 4
LMA2-M 29
[MA1-B 26
[MAL-M 27
IMA-M 6
IMA-B 5
LMA2-P 10
LMA2-M 11
LRF1-P 7
LMAL-M 9
L[RF1-M 8
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Fig. 4.7 : Dendrogram of hierarchical cluster analysis of the mean of ve replicate 5-10 cm
samples using the parameters $i Fe;, Na;, K¢, Ti¢
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4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

Hierarchical cluster analysis
Dendrogram using Average Linkage (Between Groups)
Using the parameter: Clay mSi fSi cSi Silt ffS cfS fS mS ¢S Sand

Rescaled Dista nce Cluster Combine

CASE O 5 10 15 20 25
Cluster Label Num + + +

ES-J1A2-B 13
ES-MA2-M 14
WS{MA-M 8
WSHCP 9
WS{MAB 7
WS{MA-P 33
WS{HM-B 12
JWSHMP 11
ES-HM-B 18
ES-MA-P 30
ES-HCM 15
ES-HCD 16
ES-HC-P 31
ES-HM-M 17
ES-HVM-P 32
ES-KiM-D 29
AC-
AC-
AC-
AC-
AC-
MT-
MS-
MS
2nc!
MT-
MS-
MT-
MT-
MS-
MT-
MT-

3ws{HC-B 10

Fig. 4.8 : Dendrogram of hierarchical cluster analysis of the mean of ve replicate 5-10 cm
samples using the parameters $i Fe;, Na;, K, Ti¢
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4.4.2.2 Discussion of Cluster Analysis

The cluster analyses with selected total element contents resuh a grouping of two

superior clusters: the rst group consists of all D3-units on the Wa&ern Slope (WS)
and Lower Eastern Slope (ES) as well as the Heuweltjie Centretbe Accumulation

Zone (AC-HC). The second group consists of rocky habitats and thaits of the Accu-

mulation Zone (AC) except the Heuweltjie Centre. This dichadmy is probably based
on the incorporation of airborne material which also has an ect on texture, as was
shown in Fig. 4.8.

While it proves extensively comprehensible that the D2-unitMountain Top (MT)
and Mid-Eastern Slope (MS), both characterised by an alternain of protruding rock
boulders, Rock Fringe areas and Matrix soils, are combined to @rcluster, the com-
monality with the Accumulation Zone (AC) is less clear. Moreosr, it could have been
expected, that this unit would have been rather grouped to th Lower Eastern Slope
(ES), since these are located on the same slope and only divided dydistance of
approx. 100 m. As a matter of fact, the Heuweltjie Centre of the Asumulation Zone
(AC-HC) indeed takes a special position since geologically denr total element con-
tents group di erently than texture data. This holds also true for K;-contents that split
the Accumulation Zone units into Heuweltjie Centre (slightly ess K) and Heuweltjie
Margin and Matrix soils, respectively. All in all, the results fawur the idea that this
area is covered with sediments of the higher situated mountaous areas. However,
this does not exclude the possibility that there also might haveeen a eld, since in
such a material agriculture may have been more favourable immparison to the very
patchy, in shallow depths encrusted, unaltered heuweltjie ids.

4.4.2.3 D3-units Generating Variability

Following the results of the cluster analysis, two overarchingrgups will be analysed
more closely with regard to the ecological impact of their DBatterns. Those are

1. Slopes including Heuweltjie-units with their associated Mex soils and

2. Rocky Outcrop Areas of which particularly Rock Fringe-urts are expected to
exhibit a strong in uence on variability

D3-Variability on the Slopes: Mutual Dependencies between Heuweltjie-
and Matrix-Units Data sets of Heuweltjie-units and adjacent Matrix Areas were
available for three D2-Areas, namely the Western Slope (WS), ¢éh_ower Eastern Slope
(ES) and the Accumulation Zone (AC). Each heuweltjie was subdided into the units
Centre and Margin and sampled correspondingly; on the Lower E@rn Slope (ES)
heuweltjie, however, a third unit was considered, which corsss of ve minipro les
taken at the transition between heuweltjie and matrix area. fBce the foot of this spe-
ci ¢ heuweltjie was evenly covered withCephallophyllum inaequale which only left
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4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

very small open patches between, it was assumed that this cresgpidwarf shrub su-
perimposes the comparative value of this unit usually regardeas control. A sampling
of the Open Soil unit was therefore not undertaken.

The analysis with Mann-Whitney U tests are presented in Fig. 4,%ig. A.2 to Fig.
A.15 and Tab. A.1. Main results are as follows: Heuweltjies exhtla strong in uence on
soil variability in terms of several parameters. In particular they lead to signi cantly
increased pH-values with a mean increase of 3.2 pfb-units from Matrix (MA) to
Heuweltjie Centre (HC) and 3.3 pH, 20-units from Matrix (MA) to Heuweltjie Margin
(HM) for the Western Slope (WS), and of 3.2 and 3.5 pkhbo-units, respectively, for the
Lower Eastern Slope (ES). This increase of values on HeuweHjiaits compared to the
Matrix is also valid for further exemplary tested parameters sth as Cg, P, Mn; and
Zn;. Py and Ky which are also increased on heuweltjie sites, though not sign din
due to the low number of available samples. Depending on the D&it in focus, these
properties are subdividable into those that di er from Matrix on Heuweltjie-Centre and
-Margin units alike, and some that only show di erences to onlpne of the Heuweltjie-
units. A general valid statement regarding mutual relationstgs between heuweltjies and
soil properties based on the current data alone can hardly be ded. Since in many
cases the mentioned parameters show gradients from Heuwelfientre over Margin
to Matrix, it seems acceptable to assume that the Centre exhildtthe actual impact
and the Margins are rather to be seen as transition zones that smde stronger or
less a ected by Centre properties due to meso- and microtop@ghical e ects such as
heuweltjie-slope and disturbances on the micro-scale. Thisparticularly visible when
regarding salt-a ected parameters such as EC. On the Accumuian Zone (AC), both
Heuweltjie-units have signi cantly higher EC-values compad to the adjacent Matrix
zone. Nevertheless, on the Margin, variability is strongly ineased in two out of ve
minipro les that were taken randomly in the vicinity of mole-rat mounds that consisted
of the stronger salty soil material from the core of the heuwelg (compare Petersen
(2008) and Reference-Pro le P 214, Fig. A.2). On the Lower Easitn Slope (ES), EC-
values follow a signi cant mesotopographical gradient with ighest values at the Centre
and lowest in the rst Matrix-unit (ES-MA1) at the foot of the heu weltjie. The second
Matrix-unit (ES-MA2), which is located a few metres further,does not signi cantly
di er from any of the previous three units. Here, a high variality of EC-values was
found that is probably connected to the combined in uence afhe mesotopographical
gradient of the heuweltjie and the overarching inclinatiorof the Lower Eastern Slope
(ES) itself. The Western Slope (WS) as the third D2-unit in foce shows an opposite
trend, though not signi cantly. Here, a certain hydrological process is assumed that
leads to salt accumulations in the Matrix areas around the heweltjies (see Chapter
4.4.7).
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4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

Furthermore, the analysis revealed a very obvious di ererdtion between the three
heuweltjies themselves. The Lower Eastern Slope (ES) heuwsltjs assumed to be
the most typical kind of the three. By contrast, the heuweltjiein the Accumulation
Zone (AC) mirrors the D2-speci ¢ sedimentation dynamics: sedients generated in
higher situated areas were translocated further downslope aratcumulated around
the heuweltjies. While the Centre parts were left largely urgered, the Margins were
partly a ected by the redistribution of sediments. But, apart from that, the Matrix was
particularly modi ed and now consists of materials that are comprised of both, young
coarse textured weathering products from the outcrop-areamd mixed-in heuweltjie
materials from higher situated zones as well. This oftenly dels to a di erentiation
of Margin and Center-units in the data sets whereas the Marginfor some properties
re ect heuweltjie typical values, while others are strongerniuenced by Matrix char-
acteristics. This is most clearly exampli ed by pH,.o-results as is shown in Fig. 4.9.
The pH-niveau of all three D3-units is high and comparable witthe Heuweltjie-units
of the other D2-areas, while the Matrix-unit assumes a transitital position between
Centre and Margin.

The heuweltjie on the West-
ern Slope (WS) represents a third
type. The underlying slope inclina- | substrate clay silt sand
tion represented by the respective
Matrix-unit reaches approx. 23% and
is roughly double inclined than the | mean AC-HM 6.7 14.2 79.1
other three D2-units (in comparison:
Lower Eastern Slope (ES): 11%, Ac-
cumulation Zone (AC): 12%. See also| ean Ws-HC 8.1 247 58.9
Tab. 4.17). The heuweltjies occur-

mean AC-HC 8.6 18.4 73.0

mean AC-MA 5.0 14.1 80.9

ring here are strongly transformed by | Mean WS-HM 8.2 26.1 65.7
downward sedimentation and erosion| mean WS-MA 8.7 26.5 64.9
so that boundaries between Centre,

Margin and Matrix are obliterated mean ES-HC 10.3 33.9 55.8
in downslope direction and height | 1 can ES-HM 8.6 317 59.7
di erences between Heuweltjies and

Matrix were levelled over time. It has | Mean ES-MA 43 23.7 719
to be considered here that Matrix | mean ES-QF 10.7 23.4 66.0
and Heuweltjie study sites were not

established as a transect so that run-| mean total MP 7.9 21.9 69.3

on/ run-o processes are not directly

deducable in this example. The spe-
cial genesis of this heuweltjie-type isTab. 4.4 : Clay, silt and sand contents of the D3-
re ected in the data set: di erences units in slope positions.

between the three D3-areas are far

less pronounced compared to Lower Eastern Slope (ES) and Accuation Zone (AC)
examples. This is shown for instance for the parameters;ANa; and N; (Fig. A.2 to

A.14). When regarding the total data set, it can be stated that ttal element contents
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are generally well grouped on the D3-scale. Organically deim parameters often deviate
strongly, especially G,y and N; when samples of dead shrub or canopy locations were
involved. With regard to these parameters a masking e ect dueotlower scaled units
on the D3-scale is possible, especially when data sets with varyiB4-composition are
compared (Fig. 4.10, see also Chapter 2.4.6). On the other har@N-ratios show a
clear trend with signi cantly lower values on Heuweltjie-unis (either Centre or Mar-
gin) compared to Matrix-units with one exception: on the Lowr Eastern Slope (ES),
the Center exhibits the widest values. To which degree D4 altersoil is examined in
Chapter 4.4.3 and 4.4.5.

D3-units:
0,40

0,357

0,307

0,257

[%]

lo,20-

N_t

0,157

0,107

0,057

0,00
Accu m. Mountain Western Low Mid -East.

D2-units: Zone Top Slope East. Sl. Slope

D4-units: |:| Open Soil |:| BSC |:| Plant Canopy . Dead Shrub

Fig. 4.10 : Diagram visualising D4-unit composition of the D3-units samged in Soebats-
fontein: exemplary for the distribution of N (-values depicted as boxplots. Dead shrub units
have a considerable e ect on N-distribution on D3-scale.

These ndings are additionally con rmed by texture data (Tab. 4.4). While the
"typical" Lower Eastern Slope (ES) heuweltjie shows increasesllt-values that gradu-
ally decrease from Centre to Matrix, the blurred Western Slop@/VS) heuweltjie did
not show strong di erences and even rather tends to the oppositeend. The texture
analysis of the Accumulation Zone (AC) again revealed increassilt-contents for the
Centre, but not for the Margin. This unit more resembled the M#&ix in terms of silt
and sand, but took an intermediate position in terms of clay cdant.
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D3-Variability on the Rocky Outcrops: the Inuence of Rock F ringe-
Areas Rocky outcrop areas were analysed on two D2-units: the Mountaifop (MT)
and the Mid-Eastern Slope (MS). Expected variability rising nits were the Rock Fringe
areas since it is assumed that these receive a surplus of nutrieatsd water. In total,
three Rock Fringe units were sampled: one on the Mid-Easterndple (MS) study site
and two on the Mountain Top (MT). However, these Rock Fringes der from each
other: one Rock Fringe of the Mountain Top (MT-RF1) is locatd at the foot of approx.
2 m high and steep boulders. The other Rock Fringes are based or ttdge of smooth
exposed granites that have an angle of approx. 25% on the Moam Top (MT), and
30% on the Mid-Eastern Slope (MS), respectively. While the forer of those consists
of a rock pocket surrounded by outcrops, is limited in depth andompletely covered
with dead and live dwarf shrubs, the Rock Fringe of the Mid-Easta Slope (MS-RF)
merges into a Matrix-unit and is only scarcely vegetated.

Generally, D3-groups of the study sites in focus often show strgpwariability with
only weak grouping (Fig. 4.11, Fig. A.16 to A.19 and Tab. A.3). Eemptions are found
for the Rock Fringe below the high boulder on the Mountain TogMT-RF1). Here,
signi cantly increased values of EC, G4, C/N-ratio, Fe; and Ti; and a signi cant
decrease of Kare found that indicate the expected accumulation of (solub) organic
substances and salts on the one hand, and an increase of clay ors thingle D3-unit
on the other (Tab. 4.5). These e ects are not con rmed by the dier Rock Fringe data
sets.

substrate clay silt sand coarse sand
mean MT-RF1 10.04 17.2 72.8 20.1
mean MT-MA1 7.99 16.7 75.3 21.0
mean MT-MA2 5.53 154 79.1 21.0
mean MT-RC 5.45 14.8 79.8 26.5
mean MT-RF2 7.16 13.8 79.0 26.5
mean MS-MA1 5.86 14.4 79.8 175
mean MS-RF 7.46 16.5 76.1 21.6
mean MS-MA2 6.69 17.3 76.0 24.5
mean total MP 7.9 21.9 69.3 14.4

Tab. 4.5 : Clay, silt and sand contents of the D3 units in rocky outcrop positions.
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Fig. 4.11 : Comparison of Rock Fringe and Matrix-units on D3-scale: Boxpbts are based on weighted means over 0-10 cm of each
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4.4.2.4 Discussion of D3-Units Generating Variability

The results indicate a strong contribution of heuweltjies to atal variability of some
soil properties, especially pH, Ga P;, Mn;, C/N-ratio and Zn,. Though not signi -
cant due to low sample numbers, this is also valid for K and Py, whose values are
increased on heuweltjie-sites. These ndings are well in accarmte with other works:
Petersenet al. (2003) found that heuweltjies in Soebatsfontein and in the Keroegab-
vlakte/Richtersveld were enriched in Ca, Mg, placi» and silt. Although the published
data comprised medians of the whole pro le layers, the data ismparable: in the Ko-
eroegapvlakte, pkaci> of the centre was increased by 1.2 pH-units compared to the
heuweltjie-basis, in Soebatsfontein it was 2.5. In the curremiata set, pH:ac|» reached
increases of 0.8 in the Accumulation Zone (AC), 1.9 in the WesterSlope (WS) and
2.7 pH-units on the Lower Eastern Slope (ES). With regard to Garanges between
heuweltjie centre and base reported by Peterseet al. (2003) and between Centre-
and Matrix-units of this study deviated more strongly. While Retersen found values of
11 g/kg (base) to 21 g/kg (centre) in the Koeroegapvlakte, an® (base) to 21 g/kg
(centre) in Soebatsfontein, this study revealed di erencesf@ - 13, 5 - 10 and 5 - 30
g/kg with regard to Accumulation Zone (AC), Western Slope (WS)and Lower Eastern
Slope (ES), respectively. This, however, is probably due to ¢hexclusive sampling of
topsaoils.

Hoyer (2004) reports lower C/N-values, increased pH-values, hidgiase saturation
and increased silt contents on another heuweltjie in Soebatstein. In terms of C/N-
ratios, the present study could only partly a rm the statement, which is due to the
issue of varying D4-contributions to each D3-data set but also tthe above explained
di erent heuweltjie-types. Hoyer (2004) further states that bpsoils of 0-15 cm featured
low EC-values although in deeper layers EC-values increastda degree that led to
salic and hyposalic attributes in the WRB classi cation. Accordng to Petersen (2008),
who used the recent WRB-classi cation (IUSS Working Group WRB, @06), some
heuweltjies are even classi ed as Solonchaks due to their highlt content. This high
salinity within the heuweltjie core is the source of the obserdehigh variability in
EC-values in some Heuweltjie-units where digging activitieef small mammals are
pronounced (compare Chapter 4.4.7.3).

Midgley & Musil (1990) found increased macro- and microelemieocontents on
mound soils compared to o -mound soils. This comprised P, K, Ca, & Cu, Zn, Mn, B,
Fe and Al. However, although these results are in accordance witidings of the work
at hand, it has to be considered that Midgley & Musil (1990) usedrether method
for determination (Direct Current Plasma Spectrometer fobbwing extraction of soil
minerals in 1% citric acid soulutions at 80C). Also, the authors obtained increased
gravimetric water contents, silt- and clay values on mound sail

The analysis of the rocky outcrop soils in Soebatsfontein presed some surprises.
It was expected that in Rock Fringe areas an accumulation of kgand organic material
would be detectable. This expectation arose from the follomg thoughts: saxifrageous
lichens frequently inhabit the rocks above rock fringes. Tise were reported to exudate
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certain lichen acids that play a rock dissoluting and hence sdibrming role (Schatz,
1962; Cooper & Rudolph, 1953). Further, dust particles may stk on the lichen surface
and - to a minor degree - on the rocks themselves and are washedduring rain-
events (Shure, 1999). Apart from nutrients being released frominerals through rock
weathering, salts may additionally be precipitated from seafj on the rocks. After
several cycles of wetting and drying, the accumulated saltseamally washed o during
rain events. Organic material in soluble form or debris derieefrom lichens and plants
inhabiting rock crevices and cracks, may be translocated dowards into the fringe
area. This, however, only applies for the rock fringe zone ilé mountain top that was
adjacent to very steep boulders.

Interestingly, comparable publications on rock fringes antheir soil characteristics
in rocky outcrops are scarce so that an evaluation of these reswas di cult. Some
publications exist for American and Brazilian granite and gniss outcrops, where rock
fringes are termed "soil islands”, although vegetational aspescwere in focus of these
studies and soil properties were only marginally analysed if atl (Meirelleset al., 1999;
Collins et al., 1989; Shure, 1999). In Southern African ecosystems several lpzdiions
deal with the so-called "inselbergs”Both regarded habitats, inselbergs and soil islands,
had in common that they were centres of endemism. The di ereedetween them is the
scale - while inselbergs are large features in the dimension afauntain, soil islands
are more or less eliptically shaped microhabitats on graniter other outcrops with a
mean diameter of maximal 9 m (Burbanck & Platt, 1964). Thus, stdies of inselbergs
that included soil analysis in rock pockets such as in the work &urke (2002) focused
on slope scale rather than on microscale processes as is done irctireent study.

Burbanck & Platt (1964) studied shallow soil islands on smooth atgranite and
granite gneiss outcrops in Piedmont. They described these no@nvironments as ex-
tremely scarce, since they were characterised by high light entsity, lack of moisture
due to insu cient rainfall, shallow soils and competition, andrapid evaporation. This
extremeness of habitat, however, is seen as the reason for thghhilegree of endemism
which is also true for the rocky outcrop zones of SoebatsfomeiFurther, Burbanck &
Platt (1964) classi ed vegetation occurring on rock islands to four plant communities
that not only appeared to represent stages in plant succession kaiso related directly
to edaphic conditions. In particular, the classi cation was iraccordance with soil depth:
in two centimeter deep soils, @iamorpha-community occurred that represented the
lowest successional stage. With increasing soil depth, lichen-amhherb communities
and annual-perennial herb communities were described; onetlileepest soils reaching
a depth of 48 cm, herb-shrub communities occurred as the higitesuccessional stage.

Some results of soil analysis were stated by the authors as weli: this study,
shallow soils of 2 cm had an organic content of 3% that rose to 8% swils of 15
cm in depth. Also, pH rose in the same order from 4.0 to 4.5. Compag this to
the results of the current study, some parallels may be deduceldaugh on a di erent

3"isolated hills that stand above well-developed plains and appear not unlike ansland rising from
the sea" (Encyclopedia Britannica). Examples for inselbergs are Ayers Rock irAustralia, the Sugar
Loaf Mountain in Rio de Janeiro or the Namibian Mountain Spitzkoppe.
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parameter level when assuming that the Rock Fringe-unit MT-RE is deepest with
approx. 25 centimeter, followed by MT-RF2 with approx. 15 catimeter and MS-RF1
with approx. 10 cm. This applies for pH, .0 and - more obviously - for pHaci2, but
also for N.. For Cy4 this e ect is less clear. However, it has to be considered, thaho
MT-RF1 two D4-units occurred that were both involved in the aalysis: Open Soil and
Plant Canopy, of which the latter was characterised by approX m high, woody shrubs
of the speciesStoeberia utilis In the MT-RF2-unit, a mixture of dead and live dwarf
shrubs dominated the D4-scale which left no open soil in betweellso, MT-RF2 was
more shaped like a pocket so that run-on probably exceeded runthan MT-RF1,
which was stronger sloped so that downward translocation of platitter was likely.
These ndings applied also to further organically related pameters such as C/N-ratio
and S, Kq, Pg but astonishingly not to NO3,e Whose values were neglectible on the
Mountain Top area but reached highest values in MS-RF, exceied the Matrix-units.
One reason may be the low plant coverage in this Rock Fringe, dtherefore the lack
of consuments in contrast to other investigated Rock Fringes.

Shure (1999) describes the genesis of soil islands as the contbmect of physi-
cal weathering of the granite due to the impact of winter colédnd summer heat which
lead to the formation of exfoliation depressions that are graglly lled with weathering
material. Thus, typically these very young soils consist of sandyravelly mineral sub-
strates. In addition, lichens may loosen granit particles thagare in turn redistributed
by wind and water and trapped by plants. This formation hypotlesis corresponds to
ndings on texture (Tab. 4.5): when comparing the texture d&a of the three Rock
Fringes with texture data of total texture analyses of Soebatontein, all Rock Fringes
show lower silt but higher coarse sand contents. MT-RC and MT-RF2eéature the
highest coarse sand values which exceed the mean of the totalalaet nearly twofold,
followed by the MS-RF with a 7% and MT-RF1 with a 5.5% increaselHowever, in
some cases clay was found to be increased in Rock Fringe soil at weMT-RF1, clay
content was approx. 3% higher compared to the mean clay contecalculated for the
whole data set. Conclusively, two sources of material Il up thékock Fringes: on the
one hand coarse particles derived from physical weathering) the other clay particles
derived from biochemical weathering of rock inhabiting lieens and plants.
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4.4.3 \Variability on D4-Scale: Mutual Dependencies betwee n Biological
Soil Crusts and Soil Properties

For the analysis of mutual dependencies between open soil andlbgical soil crusting,
six pairs of data sets comparing Open Soil (O)/ BSC encrusted s¢B) on the D4-scale
were available with each data pair being located at a di erdnsite with regard to the
combination of superior D3 and D2-units, respectively. For pameters that were fully
analysed, the data set comprised n =5 values per D4-unit and lageof each pair, given
that each D4-unit was sampled with ve minipro les. For other parameters, such as
waterextractable anions and cations, n = 2 values were avalike for statistical analysis,
since here analyses were conducted for the two out of ve minipte-samples where
EC was lowest and highest, respectively, to cover the whole rangf water extractable
anions and cations.

4.4.3.1 Signi cance Tests within the complete Data Set

A comparison of BSC encrusted and Open Soils was conducted usihg data set of
six BSC and corresponding Open Soil paitsSince the data did not meet the require-
ments of parametric tests, U tests were conducted to screen thetaaet on signi cant
di erences between the two D4-units in question. Further, tkb di erent D4 pairs had to
be made comparable by eliminating the underlying di erent Bse soil properties that
were due to the kind of D3 and D2 sites where the soil samples weaken (see Chapter
2.4.5).

In this rst approach, the layer 0-1 cm was particularly interesting since BSCs
only inhabit the upper millimetres of soil. The analysis revdad in at least two layers
signi cantly increased values of pH >0, pHcaci, Al¢, K; and Mn; on BSC-sites compared
to Open Soil sites (see Tab. 4.6). In addition, the di erencesipHy 20, PHcaci and Al;
increase with depth. T{ and Fg are signi cantly increased in the rst centimetre but
show only slightly increased mean values in deeper layers. On BSi&s within the rst
centimetre, Zn is strongly and signi cantly increased, in the samples taken bal that
layer, however, means are lower on BSC sites compared to Opemil Sites, though not
signi cant. Interestingly, the two pH-measurements di er strikingly in the rst layer,
where pH, 20 shows a signi cant increase due to BSC in uence, while pHc) does not
show di erences between the two D4-units.

Strong interactions between BSCs and soil properties with deeased values com-
pared to non-crusted sites were observed for C/N-ratio,; Sand NOsye. Apart from
these most obvious di erences, further interactions were deteed applying the U test:
salt-a ected parameters are decreased on BSC-sites. This wastez signi cant for

“4a seventh data pair was sampled on the Mid-Eastern Slope (MS) site. However, onkwo minipro-
les were sampled on Open Soil patches, since nearly the whole area was encrusted with BS€/en
when examining the area around the small scale study site. ANOVA analysis requéad balanced sam-
pling schemes with equal sample numbers. Therefore, the Mid-Eastern Slope data wascluded from
the analysis at this point
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0-1cm 1-5cm 5-10 cm
Parameters n mean + SD n mean = SD n mean + SD
PH120 60 0.28*+0.35 |60 037*+050 |60 045*+0.57
PHcacy 60  0.01+0.25 60 0.14*+0.27 | 60 0.23*+0.33
EC, 5 [uS/cm] 60 -309 + 609 60 -360 * + 652 60 -250 + 592
ECs [ps/cm] 60 -184 + 354 60 -230 * + 393 60 -165 + 346
Corg [%] 60 -0.03+0.34 59 -0.17*+0.25 60 -0.14 +0.28
N, [%] 60 0.004 +0.028 59 -0.009 +0.020 60 -0.008 +0.024
C/N-ratio 60 -1.15*+0.94 59 -1.10*%1.30 60 -1.17*+1.77
Py [g/kg] 23 -0.04 + 0.07 - -
Kl lo/kg] 23 0.04 £0.10 - -
S; lg/kg] 60 -0.05*+0.07 60 -0.11*+0.13 60 -0.08*+0.16
Al [%] 60 0.18*+0.38 60 0.19*+0.35 60 0.24+£0.44
K [g/kg] 60 047 +1.74 60 1.18*+1.77 60 1.05*+2.10
P [g/kg] 60 -0.04 £ 0.08 60 -0.03 £ 0.08 60 -0.03 £ 0.08
Ti [g/kg] 60 0.90*+4.21 60 0.03+0.18 60 0.07 £0.23
Fe; lg/kal 60 0.70 *+2.44 60 0.02£1.52 60 0.53+£2.21
Mn, [mg/kg] 60 1.039*+5.47 60 0.010 +0.13 60 0.007 *+0.18
Zn¢ [mgikg] 60 355*+7.12 60 -0.47 £4.25 60 -0.17 £ 6.98
Clye [mg/ 24 -476 + 786 24 -388 £ 748 24 -319 £ 539
Br e [mg/l] 24 -0.66 + 0.99 24 -0.68*+0.97 24 -0.65 £ 0.97
NO3ye [mg/l 24 -13*+15 24 -12*+13 24 -11*+11
SO 4ye [Mg/l] 24 -39 *+ 58 24 -134 + 201 24 -59 + 282
Caye [mg/l 24 -59*+ 91 24 -76 £ 110 24 -27 £ 89
Mg e [mo/l] 24 -97 £173 24 -132 £ 211 23 -33+74
Nay,e [ma/l] 24 -111 £ 187 24 -140 £ 211 24 -116 £ 219
Kwe [mg/l] 24 -6+18 24 -2+15 24 1+15
Anions . [mg/l] 24 -14 £ 24 24 -14 £ 25 24 -10+ 20
Cations ¢ [mg/] 24 -16 + 27 24 -21+32 24 -8+ 16

Tab. 4.6 : Comparison of Open Soil (O) and BSC encrusted soil (B) for thethree individual
layers. Presented is the dierence of the mean with regard toBSC samples compared to
Open Soil after standardisation of the data set (explanation see Chapter 2.4.5). Negative
values imply lower contents on BSC-sites compared to Open Sboi

90



4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

EC,s, ECs in layer 1-5, and for SO4. and Ca,. in the rst centimetre. The trend is
also visible for all other layers and further water extractald cations and anions such
as Clye, Brye and Mgye, Kuwe (with the exeption of the last layer), Na, and total
cationsye and anions,e. The same was valid for Gg4. Most strikingly, C.4 values do
not di er within the rst layer, the actual growth zone of BSC, and moreover, decrease
signi cantly with depth. P 4 showed decreased levels in samples of the rst centimetre
topsoil with a signi cance of p< 0.1 and Ky does not show clear trends.

Texture analysis was conducted after combining the ve parll samples of one
layer within the same D4-unit to one composite sample. Di ereres between BSC and
Open Soil patches were tested with Mann-Whitney U tests for theeparate layers.
However, there are again di erent preconditions because of rying parent materials
with a di erent D3 and D2-in uence that had to be eliminated rst by standardisation
as described above. This way, n = 6 BSC-samples could be compghte n = 6 open
soil samples (Tab. 4.7).

When regarding the three sample layers individually, a tenaey of the topsoil
centimetre to be connected with increased ne particle contgés becomes clearly visible.
This comprises in detail ne, coarse and total silt. By contrastiotal sand is signi cantly
decreased on BSC sites. Moreover, regarding deeper layers,Hartdi erences on the
0.05 level are detectable; in 1-5 cm, BSC sites tend to have raailt, nest ne sand
and ne sand and less coarse sand than Open Soil sites. And in 5-10 cm pke®, BSC-
sites are connected with signi cantly less coarse and total silbut increased contents
of nest ne sand.

Fraction [%] | N 0-1cm 1-5cm 5-10 cm
Clay 12 -1.09+£3.34 -0.48 £1.98 -0.11+1.85
Silt 12 5.07 * £3.32 0.70 * £ 2.07 -1.88 *+2.51

fSi 12 0.80 * +0.61 -0.36 £ 0.94 -0.54£0.94
mSi 12 0.57+£1.01 0.30 £0.95 -0.41+1.02
cSi 12 3.69 *+2.85 0.75+1.46 -0.93*+1.25
Sand 12 -3.98*+2.45 -0.20+£2.72 2.02+£3.76
fS 12 -1.20 £ 3.93 0.98 * +0.99 1.11+1.60
ffS | 12 -1.01 £ 3.66 1.05*+0.25 0.73*+1.36
cfS | 12 -0.19 £ 0.66 -0.07 £ 0.98 0.38+1.01
mS 12 -2.40 £ 3.96 -0.37£1.64 0.50 £ 1.63
cS 12 -0.38 £2.27 -0.81*+1.29 0.40+1.16

Tab. 4.7 . Comparison of particle size distribution of Open Soil (O) ard BSC encrusted soil
(B) within three individual layers: di erence of mean of BSC samples compared to Open Soil
after standardisation of the data set. Means are presented ith standard deviations.

91



4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

4.4.3.2 Signi cance tests within Individual Sites

The question remained, whether the detected di erences aremerally valid across all
sites tested. Therefore, for the parameters that were tested agni cant in the whole

data set, U tests were also conducted for single sites. Since herehedata pair was
tested separately, it was not necessary to use the standardised da&t and original
data was used. A selection of the results is presented in Tab. 4.8.

This analysis points out that the determined trends are pronanced very di erently
on the test sites. For pH,,o for instance, the di erence that was tested within the
whole data set could only be conrmed on two out of six D3-unitsma p < 0.05
signi cance level, which is probably due to the low number of & 5 for each layer
per site. This sample number is not su cient to determine signi @nt di erences in the
strongly varying data set although the trend is consistent whenepicting it graphically
(compare Fig. 2.2). In general, di erences of the mean valséetween Open Soil and
BSC encrusted samples range between 0 and 1.2 pH-units betwelea $ix sites. On all
sites and all layers, pH was nearly always increased on BSC erstad sites, seldomly
equal but never lower. It has to be noted that the e ect of BSC=n pH-increase
is strongest on Western Slope Matrix site (WS-MA) where pH is geraty lowest.
For EC,.5, however, the site-speci ¢ di erences deviate strongly: the sisites showed
heterogenous tendencies with regard to data distribution beeen the two D4-groups
and within layers: One site, the Heuweltjie-Center on the Accunation Zone (AC-
HC), showed increased EC values below BSC in all layers and on boOpen Soill
and BSC patches with depths. All other sites showed decreased \edubelow BSC. On
the Heuweltjie-Margin of the Accumulation Zone (AC-HM), EC-vdues decreased on
Open Soll sites but increased on BSC sites with depths. On the Matrsite within the
Accumulation Zone (AC-MA), the EC level was generally low withmaximal means of
64 S/cm; while on Open Soil the EC-level stayed the same with deptlit decreased
on the BSC-unit. This was very similar below BSC on the Westernl&e Matrix site
(WS-MA), although on the corresponding Open soil unit, EC was nrafold increased
but also declined in deeper layers. On the last two sites, the MaxrR and the Heuweltjie
Margin of the Lower Eastern Slope (ES-MA2 and ES-HM), Open soil d@nBSC-units
showed higher EC-values with depths, but BSC showed lower vatuén comparison
with Open Soil.

Corg and N; showed strong inconsistencies between the sites. On one site (Hetjigel
Center on Accumulation Zone, AC-HC), all G4-values are increased on BSCs, in the
last layer even signi cantly. The same is valid vor lNvalues, though only in weak trends.
The contrary is true for another site, the Heuweltjie-Margin a the Lower Eastern Slope
(ES-HM), where all layers show signi cantly less g4 and N; below BSCs compared to
Open Soil. On two further sites (Matrix on Accumulazion Zone (£-MA) and Matrix
2 on Lower Eastern Slope (ES-MAZ2)), &4 was in nearly all cases lower at BSCs and
approximately with regard to N;. The Heuweltjie-Margin of the Accumulation Zone
(AC-HM) and the Matrix of the Western Slope (WS-MA) showed increaed values
of Corg and N; in the rst layer, which was signi cant for WS-MA; below this layer,
Corg-values decreased andNalues were about the same.
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Other parameters do not show such strong variation between thees: C/N-ratios
and § show consistent trends and con rm the results of the previous teshat com-
bined all sites to one standardised data set. Nevertheless, exerops from the rule are
common: this is especially true for the Heuweltjie-Center ofhe Accumulation Zone
(AC-HC), which oftenly shows inverse trends compared to the o#r sampling sites
(see Tab. 4.8, EG5, C/N-ratio, Sy).
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PHh20 EC,5 [uS/cm] S [g/kg]
Site Layer (@) B O B O B
AC-HC 01 8.6+ 0.27 8.6 +0.19 114+ 18 154 + 39 0.25+0.05  0.26+0.06
15 9.0 +0.53 9.3+0.35 118+ 25 142 + 42 0.21+0.04  0.23+0.03
5-10 9.2+051 9.4+0.23 161 + 60 172 + 60 0.19+0.02  0.22+0.05
AC-HM 01 7.8+0.48 7.9+0.62 523 + 928 369 + 415 0.21+0.04  0.19 +0.06
1-5 7.9+0.62 8.5+ 0.62 504 + 691 280 + 397 0.25+0.13  0.17 +0.05
5-10 7.7+0.89 8.3 +0.66 486 + 662 416 + 610 026+0.12 0.22+0.13
AC-MA  0-1 8.1+0.40 8.3+0.21 63 + 31 64 + 40 0.22+0.05  0.19 +0.08
1-5 8.7+0.51 8.7+0.11 50 + 26 34+ 20 0.19+0.03  0.14+0.07
5-10 8.9 + 0.44 8.9 +0.23 64 + 39 48 + 21 0.19+0.01 0.13 +0.04
WS-MA  0-1 6.0£0.33 6.4 +0.23 1656+ 1009 61 +14 0.32+0.04 023 +0.04
1-5 55+034 6.3 +0.44 1778 + 852 35 +14 056+0.19 0.20 +0.03
5-10 5.2 +0.52 6.4 +0.55 1452 + 572 40 +12 050+0.19  0.19 +0.05
ES-MA2  0-1 6.4+ 0.43 6.8 +0.26 131 + 144 84 + 60 0.24+0.04 0.23+0.03
1-5 6.2 +0.79 6.6 +0.65 208 + 320 105 + 72 0.30+0.10  0.25+0.05
5-10 5.6+ 0.68 5.8 +0.63 263 + 358 297 + 356 031+0.11 0.37+0.23
ES-HM  0-1 8.7+0.15 92" +0.17 185 + 34 91" +37 0.35+0.05 0.19 +0.02
1-5 9.4+036 96 +0.24 214 + 65 113+ 32 0.31+0.04 0.15 +0.01
5-10 9.3+025 98 +0.17 255 + 144 206 + 70 0.33+0.07 0.15 +0.01
Corg [%] N, [%] C/N-ratio
Site Layer (@) B (@) B O B
AC-HC 01 0.502+0.074 0.546+0.113 | 0.059 +0.007 0.068 + 0.014 8.4+0.4 8.0+0.7
15 0.327+0.037 0.369+0.051 | 0.040+0.002 0.044 +0.004 8.2+0.6 84+05
5-10 0.283+0.033 0.342 +0.042 | 0.036+0.003 0.040 + 0.005 7.9+05 8.5+0.4
AC-HM 01 0.324 +0.076 0.402+0.110 | 0.035%0.009 0.046 +0.011 9.2+05 8.8+0.8
1-5 0.314+0.113 0.294+0.069 | 0.029+0.005 0.031 +0.007 105+3.1 94+1.4
5-10 0.310+0.123 0.269+0.043 | 0.029+0.009 0.029 + 0.007 10.7+2 93+16
AC-MA  0-1 0.559 + 0.274 0.493+0.179 | 0.056+0.021 0.055+ 0.016 9.7+1.0 8.8+0.6
15 0.333+0.141 0.283+0.095 | 0.037+0.013 0.032 +0.009 8.8+0.7 8.7+06
5-10 0.346 +0.135 0.247 +0.048 | 0.033%0.005 0.026 +0.004 10.3+2.1 9.4+0.7
WS-MA  0-1 1.114+0.162 1.550 +0.328 | 0.077+0.008 0.122 + 0.019 | 14.4+0.7 12.7°+0.9
1-5 1.445+0.301 1.227+0.281 | 0.084+0.015 0.086 % 0.019 17.1+08 143 +07
5-10 1.207+0.144 1.056+0.326 | 0.067 +0.010 0.071 + 0.020 18.0+0.7 149 +17
ES-MA2  0-1 1.330+0.288 1.204+0.145 | 0.108+0.016 0.108 + 0.010 12.3+0.9 11.1+0.6
1-5 1.433+0.194 1.236+0.235 | 0.100+0.006 0.091 + 0.013 143+1.2 13.6+0.8
5-10 1.359+0.187 1.401+0.144 | 0.081+0.009 0.084 + 0.010 16.8 + 0.9 16.7 2.0
ES-HM  0-1 1.120 +0.097 0570 +0.114 | 0.110+0.009 0.072 +0.012 10.2+0.1 7.8 0.3
1-5 0.898 +0.071 0.347 +0.077 | 0.086+0.005 0.042 +0.007 | 10.4%0.4 8.2 +06
5-10 0.952+0.210 0.301 +0.093 | 0.0910.016 0.036 +0.009 10.3+0.8 8.2 +0.9

Tab. 4.8 : Comparison of Open Soil (O) and BSC encrusted soil (B) on thendividual sites.
Data are presented of selected parameters and for the indidiual layers. Superscripts * indicate
signi cant di erence on BSC compared to Open Soil. Means arepresented with standard
deviations.
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Tab. 4.9 shows the site resolved con-

tents of the parameter NQ,. in addition NOswe g/l
to the contents of N. While the results of Site Layer o B
N; are largely heterogenous for the di erent AC-HC 0-1 27+02 13:18
sites and layers, NQ,e shows a substan- 15 13+15 34+16
. .- 5-10 0.3+x04 1.2+1.7
tially clear trend: except for the Heuweltjie-
Center of the Accumulation Zone (AC-HC) AC-HM 0-1 18539 10+13
. . 1-5 7.2+98 0.1+x0.1
again, NGze-contents are lower in aI‘I lay- 510 12£100 0101
ers of BSCs compared to Open Soil sam-
ples. It has to be noted that signi cance G B
tests were omitted for this data set since 5-10 35450 0101
for each Ia_yer a sample number of only n = WeNA o4 52125 57513
. . . . 5-10 27.8+x21 2901
Conclusively, signi cant dierences
when comparing the data of all six sites ES-MAZ 2; éifif? igfgi
are not in aII_ cases veri ed whgn regard- 510 61471 12417
ing single pairs for each D3-unit. In most
h d b tw O S | ES-HM 0-1 46+34 0710
cases, the i erences between Open Soi L5 128443 08410
and BSC encrusted soil samples remain low 510 | 30.1:426 3.3:06

but con rm the general trend. In few cases,
strongly depending on the combination of
D3 and D2-site regarded, the results for the
two D4-units di er strongly with regard to
some soil properties. This is especially true
for the Matrix-unit on the Western Slope
(WS-MA), which shows extreme di erences in most parameters and all layers (esp.
ECZ:S)-

Tab. 4.9 . Comparison of Open Soil (O)
and BSC encrusted soil (B) on the indi-
vidual sites - continued.

4.4.3.3 Threefactorial Analysis of Variance (ANOVA) inclu ding all Sites

In a next step, the question of interest was to which degree the sigcant di erences in
soil properties between BSC and non-crusted sites were contrilng to overall variabil-
ity of the data base in focus. For this purpose, a three factorid®dNOVA was conducted
that included the factors "D4" with the levels "Biological Soil Crust" and "Open Soil",
the factor "Site", with levels referring to the six locationswhere both, BSC a ected
soils and Open Soils were sampled, and a factor "Layers" with tHevels 0-1, 1-5 and
5-10 cm sampling depth. The factor "Site" is a combination offte D2- and D3-unit
in question, since a splitting in D2 and D3 was not possible follomg the ANOVA
requirement of a data matrix where all factors are combinaél

Tab. 4.10 clearly shows that variability is rather controlle by the Site-factor than
small scale patchiness on the D4-scale. While sites explain in fhaf the parameters
far more than 50% of overall variability with highest contritutions reaching up to 93%,
main e ects of D4 seldomly exceed 10%. Exemptions are N with top scores of
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22%, Brye with 13%, and S with 12% contribution to overall variability. On the other
hand, the interaction scores of the factors D4 and Site reveal stronger site-speci c
in uence of D4. In other words, on some sites D4 contributes strgty to variability, in
others less.

In general, the e ect of sampling depths expressed as factor 'ye&x" and the
interactions between the factors Layer and D4 remain low. Hawver, the role of the
Layer is stronger expressed in interactions with Site and, allh¢o a lesser degree, with
D4 and Site. Thus, the Layer-factor does not have to be disreghad, but is strongly
variable depending on the presence of BSC and the site charactBy regarding the
error variances, that are a measure of non-explained or residuariance, it can be
stated that for most parameters the factors "Site", "D4" and "Layer" explain more
than 50% of the variability. Highest scores for explained varlity with more than
90% are found for the parameters Mn Zn;, Mg, pHu 20, Corg, Tir and C/N ratio.
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Parameter D4 Site Layer PBite*D4 | Site* D4* | Site * D4 | Residual-
Layer Layer * Layer | variance
NO3zye 22 27 0 19 7 0 4 20
Brye 13 25 1 19 3 0 3 36
S 12 18 0 17 6 1 4 41
Caye 10 21 1 27 4 1 1 34
Cations e 9 20 0 21 5 1 3 40
Naye 9 25 2 18 2 0 43
Clye 9 27 0 23 2 0 1 37
ANions e 9 27 0 24 2 0 1 36
ECs 9 23 0 28 1 0 0 39
EC,5 8 24 0 28 1 0 0 38
Pa 7 62 0 19 0 0 12
HCO3ye 6 5 4 9 11 7 9 48
Pb, 5 32 0 7 2 0 1 52
Mgwe 5 18 0 10 2 3 9 48
SOuwe 5 19 5 16 9 1 5 40
P, 4 61 1 22 1 0 0 11
Al 3 62 1 4 1 0 1 28
CIN ratio 3 74 5 2 0 0 10
Sr, 3 64 0 15 1 0 0 16
Ki 3 65 0 6 1 0 1 23
PHu20 2 85 1 1 3 0 0 8
Corg 1 78 2 5 2 0 2 10
Kwe 1 14 7 11 7 1 7 52
Ti, 1 84 0 2 2 0 1 10
PHcaci2 0 89 1 0 3 0 0 7
Fe, 0 81 0 2 2 0 1 13
Mn, 0 93 0 2 0 0 0 5
Zn, 0 93 0 0 1 0 0 6

Tab. 4.10 : Variance components (%) of the factors Site, D4-unit, Layer,combinations of these
and non-explained residual variance. Boxes highlighted gnerepresent the highest variance
components (the upper quantile) within a factor across all parameters.
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4.4.3.4 Twofactorial Analysis of Variance (ANOVA) for Indi

After this overview on variance components taking all site dat into account, it was
tested whether the observed trends are the same for all sites. Theare, twofactorial
ANOVAs were conducted for each site and their variance componentompared (see

Fig. 4.12).

Fig. 4.12 : Variance components of the factors D4-unit, Layer, combinatons of these and
non-explained residual variance determined by a two-way ANOM for the separate sites.
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Generally it holds true for most parameters that residual vagnces incorporate the
largest variance component on the di erent sites and intera@ins between the factors
D4 and Layer are of rather low importance. However, exceptisrto this trend are not
uncommon; the Heuweltjie-Center of the Accumulation Zone (A€C), for instance,
exerts a stronger contribution to overall variance in interations of D4 and Layer in
terms of C/N-ratio and NO3,, compared to the other sites and on the Western Slope
Matrix site (WS-MA), the factor combination of D4 and Layer cortributes with regard
to Corg 25% to overall variability. Also, regarding C/N-ratio, residud variances of the
sites Western Slope Matrix (WS-MA), Lower Eastern Slope Matrix ZES-MA2) and
Heuweltjie-Margin on Lower Eastern Slope (ES-HM) are compargblow in favour of
a high variance component of the factor D4-unit (ES-HM), Laye(ES-MA2) and both
(WS-MA).

When regarding the variance components of D4 and Layer exsluely, it often
occurs that the various sites respond very di erently: for theparameter G,q and S for
instance, variances that are explained by D4-units range be¢en around zero (Matrix
2 of Lower Eastern Slope, ES-MA2) and 80% (Heuweltjie-Margin obower Eastern
Slope, ES-HM). ES-HM also contributes highly to the variabily of C,y on the D4-
scale. Parameters with a higher variance component due to DdeaVin;, NOgze, C/N-
ratio (although varying strongly from site to site), pHy 20 and - in cases - Sand SQyye.
Parameters with the factor "Layer" contributing more strondy to overall variability,
are N, C/N-ratio, pH {20, SOse and NOgzye.

Three sites show particularly striking trends in their variabiity:

Matrix on Western Slope (WS-MA) with regard to EG,.5, C/N-ratio, NO 3ye

Heuweltjie-Margin on Lower Eastern Slope (ES-HM) with regardd Cyg, C/N-
ratio and S

Matrix 2 on Lower Eastern Slope (ES-MA2) with regard to C/N-ratio and Mny

4.4.4 Discussion of Mutual Dependencies between Biologica | Soil Crusts
and Soil Properties

Several publications exist on the in uence of BSCs on soils artieir potential role
within landscapes. Most of them focus on the e ect of BSCs on N- ar@input, since
some BSC inhabiting cyanobacteria are known to have N- xing alities and it is widely
accepted that this plays a major role within the often N-depleed arid and semi-arid
ecosystems. N- xation rates of cyanobacterial BSCs have beenaged by West (1990)
to range between 2 - 41 kg N ha year *. Belnap (2002) calculated an input of 1.4
to 9 kg N ha ! year ! for cyanobacteria dominated soil crusts in Utah, USA. A study
in Southern Africa conducted by Aranibaret al. (2003) led to estimations of 8 to 44
kg N ha ! year *. Further, a signi cant input of C due to biocrusts was found by
several authors. Reviewing the varying estimations, Evans & Lge (2001) present a
range of C-input into the ecosystem by cyanobacteria-dominadl crusts of 4 - 23 g C
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ha ! year 1. Apart from the elemental input, the presence of BSCs is attriited with
low C/N-ratios which increase decomposition rates and make mignts more readily
available (Belnapet al., 2001c).

When regarding the results of the present study, the above-dedmd increased
values of N and C could not be con rmed on small scale patterns &SC and non-
crusted sites in Soebatsfontein. N\did not show any signi cant di erences between BSC
sites and Open Soil sites in the combined data set of the six sites. Whregarding
N¢-contents on the single sites, values were in one case higher ihlayers, in two
cases higher only in the rst layer, of which one increase was sigant, in one case
signi cantly lower in all layers, and otherwise equal or slightl decreased on BSC-units
compared to Open Soil sites. Quite the contrary, N&Q. even showed signi cantly
lower contents below BSC in the combined data set. £ was signi cantly decreased
in layers 1-5 and 5-10 cm of the combined data set although noeafiences could be
detected for the top centimetre, the actual growth zone of # photosynthetically active
component of the crust. When regarding single sites, the same tdmncan be observed
as for N with a mixture of lower, higher or increased values on BSCs, wdh even vary
with depth. On the other hand, the results at hand are in accom@hce regarding C/N-
ratio that was tested signi cantly lower on BSC patches in all dyers and on all sites.
However, although this was not expected, similar results had ee reported before: in
the note of Blank et al. (2001), G,4-content was lower on two sites with microphytic
seedbeds compared to nonmicrophytic seedbeds in Nevada, USAhailigh this was
not statistically signi cant; Kjeldahl-N content was on the two test sites lower and the
same, respectively, compared to the adjacent non-microphgtsites.

Kgq showed no signi cant di erence between BSC and non-BSC patchePy was
even slightly decreased, but only signi cant on p< 0.1 signi cance level. Findings
of other authors are contradictory to these results: accordingp Harper & Pendleton
(1993), especially available P and K were increased by both,arybacteria and cyano-
lichens in soil, as were several other micronutrients such as,Qdg, Mn and Na. In
further studies, increases of DTPA-extractable Mn, Cu, and Zn (Bnk et al., 2001)
and Mn and Zn (Bowker et al., 2005) under with BSC were reported. The strongly
decreased amounts of total S are also peculiar.

The question emerges, why the expected increases of N, C and othatrients
could not be detected at Soebatsfontein. To analyse this, rstlyhe role of underlying
patchiness of preconditions should be considered. It appeayddat results of individ-
ual study sites where samples for comparison of BSC and non-BSClsaiere taken
varied widely. This may be explained by the range of initial enditions regarding both
chemical and texture properties on the sites which is con rnteby the threefactorial
ANOVAs. These indicate a strikingly high contribution of site locaton to overall vari-
ability whereas the factor D4 alone, and with that the di erentiation into BSC and
Open Sail, only accounts for a variability with a maximum of 0%. On the other hand,
the also highly variable component in the interaction of D4 agh Site factor shows that
di erences of D4 are expressed quite di erently on the varyingites.
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Accordingly, it may not be excluded that species compositionpgerage and devel-
opmental stage of the biocrusts may also di er widely as a consegnce of site location.
Also, soil units proclaimed as non-BSC sites might not necessarilg totally devoid of
such; Pringault & Garcia-Pichel (2004) sampled soil crusts almsbexclusively colonised
by the lamentous cyanobacteriumOscillatoria in a Spanish desert. The authors de-
cribed the crust surfaces as devoid @scillatoria- laments and bright white in colour;
only after slightly scratching the surface o, a subsurface grediayer of the cyanobac-
teria was revealed. Under wetting, howeverQscillatoria started migrating upwards,
turning the soil surface into a greenish colour. Conclusivelyt might be that on the
non-crusted sites of this study, unidenti ed initial phases of BC were already existent.

Microtopography probably has a large impact: the sites on wti the sample pairs
were taken vary strongly with regard to slope and surface roughas as will be discussed
in Chapter 4.4.7. BSCs occur on microsites where microtopagphy is stabilised. This
is especially true for the site Western Slope Matrix (WS-MA) whex the unit Open
Soil occurs along eroded runo courses and well-developed &Son stronger inclined
areas inbetween. Though ¢4 and N;-contents were signi cantly increased in the rst
centimetre of BSC-soll, in deeper layers §-contents were lower compared to Open
Soil, and N-contents approximately equal but not increased. Data of N§e, however,
showed strongly decreased values on BSCs compared to non-ested soil. Strong evi-
dence is given that this is the result of leaching. Further, ta N-input by cyanobacterial
crusts stated by the above-mentioned authors estimates the iapof N into the ecosys-
tem and not into the soil directly as being in uenced by BSCs. Wihe the contribution
of N into soil by cyanobacteria was assessed by varying experimem the lab or in-
situ measurements of N-production within biocrusted sites, no iestigations regarding
nutrient patterns related to the spatial occurrence of BSC we conducted. The nd-
ings of the present study indicate, that highly soluble nutriets are redistributed in the
landscape beyond the boundaries of BSC/ Open Soil patches.

This assumption is in line with the review of nitrogen budgetsni BSC-dominated
ecosystems by Belnap (2001). She states that in ecosystems N-irgpahd -losses oc-
cur alike and decoupled in time. Varying studies citet in Belap (2001) indicate that
cyanobacteria and lichens release 5-70% of xed N into surroding soils. This ex-
tracellular release is greater when environmental conditis such as pH, temperature,
light, CO, or ionic composition are not optimal, or during wetting afterdesiccation.
Released N is readily taken up by surrounding organisms, includj vascular plants,
fungi, actinomycetes and bacteria. Some of the liberated N also reassimilated by the
cyanobacteria or lichen.

Di erent explanations have been suggested for the extracelar release of N. They
consider: an unavoidable outward di usion in low N environmets, a membrane defor-
mation with desiccation and rewetting, the toxicity of N communds or the bene cial
attraction of certain organisms. Belnap (2001) further state$or BSC encrusted sites
in Utah that most N inputs from crusts in this ecosystem occur in autmn, winter and
spring, while xation is minimal in summer, when soil temperatues are high and little
moisture is available. Therefore, in the growing season from tamn until summer,
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nitrogen xed and released is readily available to plants andhicrobes.

Belnap (2001) suggests similar scenarios in other deserts thatee&vze most of their
rain during cool periods, which matches the conditions in Sbatsfontein. Since all Open
Soil and BSC samples regarded in this analysis were taken withve weeks during the
rainy season in 2004, the missing di erences between Open SoildSCs may be in-
terpreted as interactions of N release and uptake by organisnmssensuBelnap (2001).
It is particularly assumed that plants may play a strong role by gtending ne roots
actively to areas below BSC patches, the actual location of Nxation, to readily take
up those nutrients where they are delivered continually. Tlsi hypothesis is again con-
rmed by regarding the results of the study site Western Slope Maix (WS-MA) where
BSCs are much more closely associated with plants than with Op&wil and accord-
ingly, watersoluble NG and Cy4 (the latter in all layers exept the rst) were strongly
decreased below BSC. On the contrary, on the Matrix 2 site of tHeower Eastern Slope
(ES-MA2), plants, Open Soil patches and BSC are more equallystiibuted, since in-
clination is only small and water courses are less pronounced.relethe di erences
between BSC and Open Soil samples with regard to the above-rtiened parameters
are less pronounced. Admittently, the equal or unequal distrildion of plants, BSC and
Open Soil patches is a function of slope and corresponding siépiof sites; on areas
with low inclination, such as ES-MA2, surface stability is givereverywhere. On slopes
such as WS-MA, stable sites are particularly found next to plantsin particular in
adjacent patches in downhill direction. Therefore, plantsletermine the establishment
and distribution of the BSCs, and not the other way round. Nevetieless, plants most
probably benet from BSCs and cause the unexpected low values C, N and other
nutrients.

pHy 20 was strongly increased on the BSC-sites compared to adjacentnABSC
sites with an average increase of 0.4 pH-units on BSC-sites. Thésim accordance with
the relevant literature: Garcia-Pichel & Belnap (1996), Gecia-Pichel & Belnap (2001)
and Badel (1999) indicate that the photosynthetic activity of BSC may increase pH
of the surrounding medium up to 3 pH units. Badelet al. (2004) observed the rela-
tion between bioalkalisation by cryptoendolithic cyanobaeria and the weathering of
sandstone surfaces in South Africa. In an endolithic model systethgy simultaneously
measured photosynthetic activity and bioalkalisation of the espective cyanobacteria.
Alkalinisation was strongly correlated with photosyntheticalactivity and resulted in a
pH-shift from below 7 to 10.6 within the cyanobacterial zone. iBce the solubility of
silicate increases rapidly above pH 9, the alkalinisation as @&sult of photosynthesis-
induced alkalisation is seen as the motor of the exfoliation athering of sandstone in
the investigated ecosystem.

Several total element contents, namely Al K, Mny, but also Ti;, Fe; and Zn, are
signi cantly increased with BSC-impact at least in the rst centimetre of topsoil. This
is clearly linked to the higher amounts of ne-particles suclas ne and coarse silt in the
top centimetre of BSC-a ected topsoil. The above-mentionedotal element contents
correlate positively with di erent silt-species indicating that silty dusts are captured
by the sticky surfaces of BSC which leads to an enrichment and fohy distribution
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of these elements. Other total element contents such as Pénd Sk rather correlate
with coarser particles such as the total sand fraction and are sigcantly decreased on
BSC-sites. Texture e ects similar to the ndings presented heréad been reported by
Malam Issaet al. (2001) and Blanket al. (2001).

Most interesting were the di erences between BSC and non-emsted soil with
regard to EC and watersoluble salts. Here, it becomes obvious ag#at BSC-sites
might be more strongly leached, longer stabilised microsites. Babove this, a second
process might be deduced from the ndings: obviously, BSCs aflt¢he salt contents
according to an optimum that in turn depends on the crust inhaling species. Further
indices for either increases or decreases of elements and sulzsta are found in liter-
ature. Generally, BSCs secrete several compounds that extién impact on nutrients
in the surrounding medium as reviewed by Harper & Belnap (2001)

extracellular polymersthat modulate metal-ion concentrations at the microbial
cell surface by providing both cationic and anionic metal biding sites that di er

in a nity and speci cy. These polymers can attract and thus concentrate growth-
promoting nutrients that are present at low concentrationsn the surrounding
environment. Those may be Na, K, Mg, Ca, Mn, Fe, Ni, Cu and Zn. Accding

to Geesey & Jang (1990), most adsorbed metals stay on or within tegtracellular
sheath and remain available to vascular plants.

metal chelatorssuch as siderochromes. As found out by Paerl (1988), these ef-
fectively sequester essential trace metals in available fornofn environments in
which metals occur at exceedingly low ambient concentratis which is especially
important in soils of high pH, where some trace elements such as MnZn are
readily immobilised. Paerl (1988) further suggests, that for &shwater algae, it
may be possible, that such chelators can be e ective in harvesgressential metals
from weaker natural organic chelators

peptide nitrogen and rivo avin . Together with siderochromes, these substances
form complexes with tricalcium phosphate, Cu, Zn, Ni, and feit iron, keeping
them plant available.

Further indices for this assumption are found in phycologicatudies: very recently
cyanobacteria were tested upon their ability to improve desesoil properties. Obana
et al. (2007) applied the terrestrial cyanobacteriumNostoc to material of a brown
forest soil and cultivated the samples in desert outdoor conditns for 90 days. The
authors found, in accordance with other works cited abovendreases of watersoluble C
and N within the rst 2.5 cm of soil. They did not nd a signi cant d i erence of other
soil properties such as exchangeable cations or pH; howevethaligh not signi cant,
mean values of EC and exchangeable Na, K and Ca were decreasethe rst 2.5
cm. It could be possible that in this experiment as well, a tendhey of decreased EC
and maybe even cations could have become signi cant after anfger incubation time,
although this assumption remains highly speculative.
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Nishaet al. (2007) applied multi-strain biofertilisers consisting of thre indigenous
cyanobacterial isolates in pot-house experiments on orgaally poor semi-arid clay-
loam soil in India (pH 7, EC=800 S/cm, total organic carbon (TOC)=0.34%). They
also found no signi cant di erences with regard to EC after 90 ad 240 days of incu-
bation. More to the contrary to Obanaet al. (2007), mean values of EC are slightly
increased.

Earlier, Apte & Thomas (1997) tested the possibility of ameliorting coastal saline
soils with the halotolerant cyanobacteriaAnabaena torulosain India. They found out
that Anabaenareduced EC by 21 to 34%. By application of a radiotracer’{NacCl),
they could detect the processes behind this nding: Over 90% te total cell-bound
radioactivity was found to exist in a freely exchangeable statand held by the extracel-
lular mucopolysaccharide sheath of the cyanobacterium. Prieusly, it had been found
out that most cyanobacteria such a#A. torulosa do not accumulate high intracellular
concentration of N& but respond to salinity by exclusion of the cation from cytoplasm
and synthesis of certain speci ¢ stress proteins (Aptet al., 1987). Thus, Nd remains
extracellular or osmotically active, decreasing EC and reding availability of the Na*
to crops but releasing it back into the soil subsequent to the deatand decay of the
cyanobacterium.

Thus, depending on the species inhabiting soil crusts, several #gof accumulation
and depletion of nutrients and salts are possible. Results of tipgesent study implicate
that where the EC-niveau is low, such as on the Matrix site of théccumulation Zone
(AC-MA) and - when regarded independently from the bare soil -rothe BSC unit of
the Western Slope Matrix site (WS-MA), the top centimetre of soilis enriched with
salts despite the generally stronger leached BSC-sites. On théet hand, on sites with
higher base contents of salts such as the Matrix 2- and the HeuwsdtMargin site
of the Lower Eastern Slope (ES-MA2 and ES-HM), BSC-species do natcumulate
watersoluble species, so that due to previous and continuing &&éng on these more
substantially stabilised sites, soil below BSC is depleted. It calibe concluded that in
low EC-ranges, the accumulation of salts can be handled and aetly implemented,
while in higher ranges salts become harmful and only microsstéhat are both, stabilised
and already leached to a certain degree, are suitable locatsofor crust establishment.
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4.4.5 Variability on D4-Scale: Mutual Dependencies betwee n Dwarf Shrubs
and Soil Properties

On several sites, the e ect of dwarf shrubs on soil properties wassted. The aim of
the study was a comparison of plant in uence in general, and natf particular species.
However, in some D3-units only one species occured and was sathple others, the

samples were derived from canopies of mixed species. Altogethbe samples were
taken on ve sites, which are listed with their corresponding spées as follows:

Mountain Top, Upper Rock Fringe-unit (MT-RF); plant species:Stoeberia utilis
(the only species on this D3-unit)

Mountain Top, Lower Matrix-unit (MT-MA2); plant species: Ruschia versicolor
(the only species on this D3-unit)

Western Slope, Matrix-unit (WS-MA); plant species:Meyerophytum meyeri, Zy-
gophllum cordifolium, Drosanthemum hispidum

Lower Eastern Slope, Heuweltjie-Centre-unit (ES-HC); plant sgcies: Ruschia
cyathiforme

Lower Eastern Slope, Heuweltjie-Margin-unit (ES-HM); plant spcies:Ruschia
cyathiforme, Salsola spec.

For each of the ve units, ve minipro les were sampled below Pant Canopies (P)
and on adjacent Open Soils (O), which were regarded as the trmh group. Therefore,
a total of n = 75 samples for each, Plant and Open Soil data, wavailable for com-
paring the two units in question, which were in turn distinguisled with regard to three
sampling depths 0-1, 1-5 and 5-10 cm.

4.45.1 Signi cance Tests within the complete Data Set

Soil samples below Plant Canopies and adjacent Open Soil wemmpared after stan-
dardisation of the separate layer data to equal the initial cadlitions that are based on
di erent site locations such as rocky areas, heuweltjies andter-heuweltjie areas (see
Chapter 2.4.5).

Tab 4.11 shows selected parameters that involve those that weested signi cantly
di erent in at least one of the three di erent data bases. Accordig to the data, dwarf
shrubs signi cantly raise the pH-value of soils within their crom area by 0.4 - 0.7
pH units with slight increases with depth. G, values are also increased below Plant
Canopies, but only within the rst centimetre of topsoil. Howeve, here, the amount
of Cyg is considerably increased by 1% §g-content. The same is valid for N\ in the
rst centimetre an enrichment of 0.05% is found below shrubs ompared to adjacent
Open Soil which is several orders of magnitude higher than tlie erence of N; in 1-5
and 5-10 cm depth.
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0-1cm 1-5cm 5-10 cm
Parameter n mean £ SD n mean £ SD n mean £ SD
PH20 50 0.37*+054 |50 040*+048 |49 0.70*+0.57
PHcaci 50 051*+051 |50 056*+0.72 | 49 0.65*+0.82
Cinorg 20 -0.18*+0.12 | 20 -0.16*+0.13 | 20 -0.14*+0.16
Corg [%0] 50 1.00*+206 |50 002+058 |49 -0.12+0.64
N; [%] 50 0.047 *+0.070 | 50 0.005+0.029 | 49 -0.008 + 0.030

C/N-ratio 50 0.96 + 3.8 50 -0.7+17 49  -0.84+25
Pa [9/kd] 19  -0.07 £0.09 - .
Ka [g7kg] 19 0.22*+0.31 - -
Kwe [mg/l] | 20  29.8+37.7 20 207+215 |20 41+164

Tab. 4.11 : Comparison of Open Soil and Plant Canopy soil for the three imlividual layers.

Presented is the di erence of mean of Plant Canopy samples eopared to Open Soil after
standardisation of the data set (explanation see Chapter 21.5). Negative values indicate lower
contents on Plant Canopy sites compared to Open Soil.

C/N-ratio is considerably lower below plants within deeper Igers of the topsoil
but wider in the rst centimetre, although this is in not signi cant; plant-available K
(K1) is signi cantly higher, plant-available P (Pg), however, lower, though here again
this trend is not con rmed by a signi cance test. The Kye-level is increased below
plants with decreasing values with depth.

Texture classes were compared separately, since, for the anaysomposite sam-
ples for each layer of the ve replicate minipro les were preared. Again, the data was
standardised for that purpose (see Chapter 2.4.5).

Generally, the texture analyses indicate an enrichment witlparticles > 200 m
below Plant Canopies compared to adjacent Open Soils, whiah addition is strongest
in the surface layer and decreases with depth. This is on the ohand pointed out by
signi cant decreases of ne particles such as clay and middle tsih the rst layer, on
the other hand by a partly signi cant and otherwise in tendenas visible enrichment
of middle and coarse sand.
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fraction | 0-1cm 1-5cm 5-10 cm
[%0]
clay 5 | -180*+196 | 214188 0.75 + 1.57
silt 5 -3.50 + 3.66 0.91+2.11 -0.68 + 1.69
fSi 5 0.07 £ 0.46 0.31+1.02 0.38+0.4
msi 5 | -157*+116 | -0.21+067 127+13
cSi 5 -2.00 + 4.13 0.39+1.73 0.21+ 1.54
sand 5 530+5.2 3.05+3.1 1.43+3.05
fs 5 -3.55 +7.07 -0.01+3.35 1.18+2.66
fs | s -2.19 +3.58 -1.05 + 2.68 2.71+3.74
s | s -1.36 + 4.14 1.03+1.07 1.54%+1.72
ms 5 | 347%+286 | 284*x1.12 078+ 173
cS 5 5.37£9.45 0.22 +4.37 0.53+2.23

Tab. 4.12 : Comparison of particle size distribution of Open Soil and Pant Canopy

soil within three individual layers: dierence of mean of Plant Canopy samples
compared to Open Soil after standardisation of the data setMeans are presented
with standard deviations.

4.4.5.2 Signi cance Tests within Individual Sites

When looking at the parameters with regard to the individualsites, it is shown that
some of the above-reported ndings are valid for all sites tesdlewhile others are varying
strongly with regard to sampling location on D3 and D2 units.

Most consistent are the results of pH,o and pHcaci2: with only few exceptions,
mean pH-values are increased below Plant Canopies comparedatijacent una ected
soil in all sites and in all layers. EC-values that did not show sigrcant e ects of
plants on soil when data was evaluated in total after standardation, rather did when
regarding the ve sites individually: on the two sites on the Mantain Top (MT),
plants accumulated salts in their crown area. This was espeliyatrue for samples in
the Rock Fringe zone (MT-RF1) where di erences of Egs were considerable though
not signi cant due to the small sample number and high variabity. The same tendency
is clearly visible on the Matrix-unit a few metres further domslope (MT-MA2).

The site on the Western Slope Matrix (WS-MA) featured the strongst di eren-
tiation in EC-values between Open Soil and Canopy soil: two dhree layers showed
signi cant di erences although varying strongly within eachunit. This striking di er-
ence bears resemblence with the results of BSC and Open Soil désed in the previous
chapter. The Heuweltjie-Centre on the Lower Eastern Slope (ESC) showed rather
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decreased EC-values below plants except within the rst cemtietre, where both, EG:5
and EGCs were increased. On the Margin-unit of the same heuweltjie (E3M), di er-
ences between Plant Canopies and Open Soil were not clearigtihguishable, though
it can be stated that on both D4-units EC-values increased witllepth.

Inorganic carbon was only found in considerable amounts ondheuweltjie sites
due to dierent parent material. Variability with depth was low, either in >Open
Soil and below Plant Canopies. However, amounts were often degsed on the Plant
Canopy sites, though not signi cantly. G, and N; generally decrease on all sites and
both D4-units with depth. The e ect of plants depends on degt: while in the rst
layers C and N are increased or - in one case equal - in Canopy sdlls,contents show
a tendency to decreased values with depth. On two sites, the Matrof the Western
Slope (WS-MA) and the Heuweltjie-Center of the Lower Eastern 8pe (ES-HC), the
C- and N-contents remain still above the level of the control soin the three units with
highest slope impact, namely the two Mountain Top (MT)-sites ad the Heuweltjie-
Margin of the Lower Eastern Slope (ES-HM), Plant Canopy soils eeh even lower C
and - except on the Matrix-Unit of the Mountain Top (MT-MA2) - lo wer N-values
than Open Soil. It should be noticed, that G,4- and N;-values are much higher on the
Mountain Top - Rock Fringe (MT-RF) compared to the other sites.

The C/N-ratio in general is much narrower and with that favoulable in the two
heuweltjie sites compared to Mountain Top (MT) and Western Slpe (WS) sites. Lo-
cally, plants contribute to a signi cant increase of C/N-ratio (Mountain Top Matrix:
MT-MAZ2, Lower Eastern Slope Heuweltjie-Center: ES-HC) in the st centimetre of
soil. On the Mountain Top Rock Fringe-site (MT-RF), C/N-ratios are decreased below
plants in all layers, which tends to also be true for the Westernl&e Matrix (WS-
MA). However, in other sites the opposite e ect is true. In 5-10 cndepth, no signi cant
trends could be detected.
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PH20 PHcaci EC, s [uS/cm] EC 5[uS/cm]
Site Layer (0] P [¢] P (@] P (0] P

MT-RF 01 7.0£05 7.3+0.4 6505 6.8+0.4 686814 1583+886 | 396+470 970+ 489
1-5 6.2+0.8 7.0+05 55+09 6.4+06 822+675 1176+186 | 478+364 851 286

5-10 55+1.0 6.8+0.6 52+10 6.4+06 1006 +417 1121+528 | 595+233 8151459

MT-MA2  0-1 72404 7.3:0.2 58 +05 68 +04 174+149 514675 107£87 300+ 381
1-5 6.9+0.4 7406 57402 6.6 +05 300£310 362+ 394 228+£283 222206

5-10 6.5+0.6 71+07 5504 59+0.9 198 £167 252212 160 £167 146 +115
WS-MA 01 6.0'£0.3 6.5 £0.7 57°£03 6.6 £05 | 1656 £1009 289 +316 | 976 594 201 +200
1-5 55+0.3 59+0.3 52+03 6211 1778'+852 430 £513 | 1004 £559 291" + 332

5-10 52+05 5.6+0.4 48103 59+1.1 1452 +572 434+ 655 878318  271+303

ES-HC 01 91402 9.0+0.2 78+01 8001 22149 283 + 80 164+7 223+ 58
1-5 9.4+0.3 9.4+0.1 81£01 8201 387 + 69 248 £ 52 269+45  202+34

5-10 91 +0.1 97 +0.1 81 +0.1 83 +0.04 641 + 138 338 +40 436 + 98 275+ 34

ES-HM  0-1 87 +0.2 9.6 +0.2 7.9:01 7.9:04 185 + 34 185 + 60 150+19 16757
15 9.4+0.4 9.8+0.4 7.9£02 7.9£05 21465  211+111 190 £45  182+90

5-10 03 +03 0.9°+0.3 80+01 81+05 2554144 272 +139 228+127 229+140

Cinorg [%] Corg [%] Nl [%] C/N
Site Layer (0] P (0] P (@] P (@) P

MT-RF 01 <0.01£0.01 0.09+0.16 | 3.9+10 44:07 021+0.04 027+005 | 184%21 16609
1-5 32+03 2903 0.18+0.02 0.18+002 | 17415 15609

5-10 27+03 22£07 015+0.01 0.13+003 | 17.9+07 17.3+20
MT-MA2  0-1 <0.01+0.01 001+001 | 12°+02 3209 0.08+0.01 0.16 £0.04 | 157 +1.6 192 +1.4
1-5 11+03 1503 0.07+002 010+001 | 152+14 15511

5-10 11+05 1.00+04 | 0074002 007+002 | 162+24 139%29

WS-MA  0-1 11*+02 15 +0.2 008 +001 012 +001 | 144+07 133+12
1-5 15403 1507 0.08+0.02 0.09+003 | 17.1+0.8 15318

5-10 12401 1407 0.07+0.01 008+003 | 18.0+0.7 17536
ES-HC 01 064+005 048012 | 1503 3.7+4.4 0.13+0.03 020%013 | 113 204 151 %69
15 0.66+0.08 049015 | 2.0+0.8 22+0.9 0.14+0.03 0.16+004 | 13.4%22 138%25

5-10 0.69+0.07 053:+0.19 | 1404 16+08 011+0.02 0.12+004 | 12.4%25 12725

ES-HM  0-1 0.36+020 017+012 | 1.1+01 11£05 011+001 0.10£004 | 102%01 10615

1-5 035:+0.18 019014 | 09+01 0.7:0.3 0.09+001 0.07+003 | 104+04 98%12

5-10 0.30+0.12 017+0.14 | 1.0+02 05£0.3 0.09+0.02 006+002 | 10.3+0.8 93+13

Tab. 4.13 . Comparison of Open Soil (O) and Plant Canopy soil (P) on the irdividual sites.
Data are presented of selected parameters and for the indidual layers. Superscripts * indicate
signi cant di erence on Plant Canopy compared to Open Soil. Means are presented with
standard deviations.
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4453 Total Element Contents

Total element contents as investigated for the comparison heéen sites a ected by
BSC and adjacent Open Soil areas, were only partly availablerfthe same analysis
of dwarf shrub in uence on topsoils due to a long-term malfun@n of the analysator.
Therefore, comparison between Canopy and Open Soil could prde drawn for two
sites in the mountaineous area, the Rock Fringe (MT-RF1) andie Matrix (MT-MAZ2).
For a detailed analysis, the data quantity was too low, howevem single observations
of the individual sites, the following trends could be detecte when applying a Mann-
Whitney U test on total element contents on the Canopy and Opef®oil data sets in
MT-RF1, no signi cant di erences could be tested. But when apfying the same test
on MT-MAZ2, several signi cant di erences were detectable as idepticted in Tab. 4.14.

A correlation of texture data and the mean of total element autents within the
ve parallel samples taken from ve minipro les, reveals stromy negative correlations
between sand and T, Fe;, Ni;, Zn;, and Zr;. With the exeption of Zn, this nding is
concordant with the accumulation of sand within the site.

D4 Layer Al [%] Nay [g/kg] Tiy [g/kg] Fe; [g/kg] Cry [mglkg] Ni; [mg/kg] Zr, [mg/kg]  Zn; [mglkg]

O: 0-1 |5.8*+0.03 17.5*+0.3 2.04*+0.15 134*+16 12.8*+18 7.4*+0.55 593*+97 33.8%5.1
1-5 | 6.0+0.15 18.0+0.5 2.15*+0.15 14.6*+1.7 152*+0.8 7.6x0.89 581*+112 354+3.3
5-10 | 6.0¥+0.11 17.7+0.6 198+0.10 13.8+10 140+26 7.0+082 545+95 32826

P: 0-1 |52*+0.17 15.3*+0.5 1.50*+0.12 9.1*+0.8 10.0*+14 6.0*+0.71 193*+34 30.8x21
15 |56*+0.15 17.1+11 183*+0.09 11.7+0.4 124*+17 6.8+0.84 315 +36 34.2+22
5-10 |5.7*+0.21 179+0.7 190+0.09 125+0.6 11.4+15 7.0+x0.71 437+74 342+7.6

Tab. 4.14 : Signi cant di erences of total element contents between Open Soil (O) and Plant
Canopy (P) on the Mountain Top Matrix-site (MT-MA2).

4.45.4 Threefactorial Analysis of Variance (ANOVA) inclu ding all Sites

When regarding the fragmentation of total variability into the eight components (Tab.
4.15), it appears that site and residual variance amount to thetrongest fractions
of overall variability as was the case in the Open Soil/ BSC datset. D4-units only
explain up to 7% of variability with strongest impact of K, and pHcac). While for
these parameters di erentiation into D4-units Plants and On Soil is stronger than
the di erentiation into BSC and Open Soll, it is much less for EE,.5 and ECs. However,
it has to be considered that the samples for the comparative stigs of BSC or plant
in uence on soil were derived from di erent sites.

The Layer as the third main factor has strong in uence on the vaability in terms
of Kwe, Nt and Cyg, although it explains not more than 13% of variability. The nterac-
tion of Site and Layer is less pronounced compared to the sameagaeters in the BSC/
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Parameter D4 Site Layer Site * D4  $ite * Layer [D4 * Layer Site * D4 * | Residual-
Layer variance
Kwe 7@1) 25 (14) 12 (7) 1(11) 3(7) 2(1) 2(7) 48 (52)
PHcac2 6 (0) 71 (89) 2(1) 3(0) 303 0(0) 1(0) 15 (7)
PHu20 2(2) 86 (85) 1(1) 0 3(3) 0(0) 1(9 7(8)
N, 2 (1) 47 (61) 13 (12) 3(11) 4 (1) 4(1) 1(1) 27 (12)
ECys 1(8) 33 (24) 0(0) 21 (28) 1(1) 1(0) 2(0) 41 (38)
Corg 1(1) 37 (78) 7(2) 3(5) 4(2) 4 (0) 2(2) 42 (10)
ECs 1(9) 31 (23) 0(0) 22 (28) 1(1) 1(0) 1(0) 43 (39)
CIN ratio 0(3) 57 (74) 0(5) 2(2) 7 (6) 1(0) 2(0) 30 (10)

Tab. 4.15 : Variance components (%) of the factors Site, D4-unit, Layer,combinations of these
and non-explained residual variance. Boxes highlighted in igey represent variance components
> 75% of all parameters. Data in brackets represent results déved for the same analysis with

the data set BSC/ Open Soil.

Open Soil data set. The percentage of unexplained variancesstrikingly stronger for
the parameters pktac) (double), N; (double), Cyq (fourfold) and C/N-ratio (triple) all
of which are linked to an inferior value by the Site-factor. &r the single parameters,
most strikingly deviations from the ndings in the BSC/ Open Sal data set have been
identi ed for K ., were Site determines nearly twofold and D4-di erentiatia sevenfold
the variability. pH 20 is almost the same in its variance fragmentation.

4.45.5 Twofactorial Analysis of Variance (ANOVA) for Indi vidual Sites

When comparing the individual sites and the variance distribtion of parameters with
regard to the factors D4, Layer and the interactions of thoseggain the most striking
fact is that the factors in consideration contribute only litle to variance explanation
and consequently, the residual variance is high. The factor {er is generally explaining
more variability than the di erentiation into D4 samples which is in contrast to the
ndings of the same analysis applied to the BSC/ Open Soil data sen Chapter 4.4.3.4.

Very obvious is the special characteristic of the site Western &le Matrix (WS-
MA). In many parameters this site re ects deviations from genal trends mirrored
in the four other sites: pH,,0-values do not show interactions between D4 and layer
samples as visible in the other sites; regarding &g, D4 contributes ve times as much
to overall variability than on other sites and dominates vambility. For K ,e and C/N-
ratio variance explanation by the factor Layer is above avage, and with regard to
NOsye factor D4 is exceedingly high represented.fg is in total exceptionally weakly
explained by the two factors which is due to a high internal grup variability.

Another striking site is the Rock Fringe on the Mountain Top (MT-RF) showing
a high variance explanation with regard to the factor Layern terms of Cq, Ni,
and NGOs,e. Two sites, the Heuweltjie-Margin on the Lower Eastern Slope (EBM)
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and the Matrix on the Western Slope (WS-MA) have also been testearf variance
distribution on the BSC/ Open Soil data set. ES-HM is interestingwith regard to
organically derived parameters such as.fg, C/N-ratio and NO 3,.. The data indicates
that the di erentiation into Open Soil and soil below Plant Canopies generates a smaller
percentage on variance than the di erentiation into BSC andpen Soil. In other words:
the means of Plant Canopy soils and their corresponding OpeniSaleviate less than

the means of BSC a ected soil samples and adjacent control sites.
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4.4.6 Discussion of Mutual Dependencies between Dwarf Shru bs and Soil
Properties

In semi-arid and arid ecosystems shrubs and trees are widely knoto exert an in u-
ence on small scale variability by accumulating nutrients beWw their canopies, leading
to enriched patches in the landscape widely referred to as ‘asids of fertility". The
development of these patches was commonly attributed to oggazing and deserti -
cation (Schlesingeret al., 1990). Publications on the geochemical nature of fertilit
islands are documented frequently and worldwide, involvingarious species. Strong
evidence is given that the kind and degree of mutual dependges between shrubs and
soil vary among species and biomes. In the Mu-us desert of inner holia Hirobeet al.
(2001) compared the soil alteration below two dominant shrubthat di ered in their
traits. The authors demonstrated that soil properties were spatlly variable and in
parts distinct below and between shrubs and, furthermore, inotnparison between the
di erent traits. Stock et al. (1999) compared canopy soils of several shrub-species in
Rietfontein, Namaqualand, and found certain enrichments gending on the regarded
species; the authors suggest that islands of fertility are strongdeveloped below long-
lived shrubs such asStoeberia utilis a species that also exists on the Soebatsfontein
Observatory. And in Paulshoek, Namaqualand, Allsopp (1999) foundi erent char-
acteristics in fertility islands below Galenia africana Eriocephalus ericoidesRuschia
robustaand Drosanthemum hispidum However, Vinton & Burke (1995) suggested that
the importance of plant presence on local soil properties mayeyshadow that of plant
species in naturally established vegetation in arid regions si& decomposition and nu-
trient availability are primarily limited by water and not b y plant species-mediated
characteristics such as litter quality.

In the present study, ve sites were investigated and although nparticular focus
was placed on species but rather on the general in uence of pta per se, on two study
sites (Rock Fringe and Matrix of the Mountain Top: MT-RF and MT-MA2) samples
were taken below canopies of the same species which were idedtas Stoeberia utilis
and Cephalophyllum versicoloy respectively. On the other three sites, the species under
which samples were taken varied although at each location ospecies dominated the
data set: on the Western Slope Matrix-unit (WS-MA), three of vecanopy minipro les
were sampled belonMeyerophytum meierj and on the heuweltjie-sites of the Lower
Eastern Slope ES-HC and ES-HM four and three, respectively, saraplwere taken
under Cephallophyllum inaequale

PH-values were most clearly discernable to be altered by plan®n all sites, and
therefore independent of the particular species, pH-values meincreased. Moreover,
this nding applied at least in tendencies to all layers and tle combined data set. Mean
increases below canopies ranged between 0.1 and 1.2 ip gdiwith only few exceptions.
Regarding the combined data set, a mean increase of 0.5 pH-unteasured in water
indicates comparable e ects to pH-modi cation by BSC (Chapér 4.4.3). This result is
consistent with the ndings of Stocket al. (1999), and partly with Allsopp (1999), who
reported of increased pH-values belo@alenia africanabut could not nd alteration
of pH-values below four other species.
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More frequently, fertility islands were reported to have ineased N-contents (Stock
et al.,, 1999; Hooket al., 1991; Allsopp, 1999; Virginia & Jarrell, 1983; Halvorsoat al.,
1997). This only partly corresponds with the results for Soelsfontein. In fact, N; was
signi cantly increased in the rst centimetre with p < 0.05 but only in tendencies for
other layers, and not on the Heuweltjie-Margin site on the LoweEastern Slope (ES-
HM) where rather the opposite was true. G4 values were strongly increased within
the rst centimetre of soil, but otherwise varied strongly with regard to sampling depth
and site location. Accordingly, the C/N-ratio was generally lavered in fertility islands
except within the rst centimetre, which can be attributed to undecomposed ne litter
particles. In other studies, the high variability and the enribment of Cyq through
litter fall and increased decomposition rates was veried (Hdoet al.,, 1991; Stock
et al., 1999).

Also, independently from the species, texture was altered belgglant canopies
with a strong increase of coarser particles, especially the miédsand fraction in the
size of 0.2 - 0.63 mm. Prevalently, fertility islands were repted to di er in particle
size distributions from open soils. However, accumulations ofxtere fractions had
been found by other authors in either direction, accumulatin of coarse fractions and
increased amounts of the ne fraction, especially includinglsi Creosotebush canopies
(Larrea tridentata) in New Mexico had higher percentages of both coarse sands and
silts (Elkins et al., 1986). In the Mojave desert, varying shrub species includingrrea
tridentata had signi cantly lower silt-contents in soil samples taken in tle 0-20 cm layer
below their canopies (Tituset al., 2002). Dunkerley (2000a) reports dflaireana-shrub
mounds that have more sand, and less silt and clay contents comed to interspace
samples. In sandy lands of Northern China, however, Su (2005) oeded signi cant
increases of silt, ne sand and clay belovArtemisia halodendrorr and Caragana mi-
crophylla-shrubs. The authors referred this to trapping of wind-blown ne materials
and dust. On the other hand, the accumulation of coarse partiet below shrubs, as is
the case in the present study, may be referred to rolling and salitan movements and
runo processes driven by wind and water (Sterk, 2003; Shachak Lovett, 1998).

EC-values were inconsistent in the data set and evidence is givhat this param-
eter is strongly controlled by the species rather than the actl presence or absence
of plants. When applying a Mann-Whitney U test to Open Soil and Rint Canopy
data involving all layers and all sites, no relevant signi cane could be found for EC.
But when applying the test separately for the ve sites, all kindsof interaction were
detectable: the heuweltjie sites ES-HC and ES-HM on the Lower Ei@rn Slope showed
no dierences or reductions. The Western Slope Matrix (WS-MA) evealed strong
increases below plants. But it must be considered that this site siwed strongest dif-
ferentiations with regard to many parameters and as well innie BSC/ Open Soil data
set, which provides substantial evidence that here other fag® may play a role such
as microtopography. Most interesting, however, are the sitehat are located on the
Mountain Top: on both sites, the Plant Canopy samples have beemken under the
same species, identi ed as$toeberia utilis on the Rock Fringe (MT-RF) and Ruschia
versicolor on the Matrix (MT-MA2), respectively. On both sites, means of EG5s were
decreased below canopies, although not signi cant and highlyawable for MT-MAZ2.
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For MT-RF, however, the increase in EC belows. utilis was tested signi cant on p
< 0.05 niveau for all layers, and with p< 0.1 for the rst layer. No comparable data
could be found in literature and shall be left to other researdts to further investigate
the above-described process of salt accumulation below this sies.

Connected with EC are watersoluble salts that only showed a sigeant di erence
with regard to increased Ke-values in the complete data set. This tendency is not
signi cant in the single layers, nevertheless the mean values shadhat this tendency
exists throughout the rst ve centimetres of soil. In addition, a signi cant increase of
Kgq could be detected in the rst centimetre of Plant Canopy soil capared to Open
Soil that corresponds with the nding for Kye. Since fertility islands are commonly
found to be enriched with nutrients, these results deem to be egpted. On the other
hand, Py - values did not di er from the the control plots. Obviously phasphorus, which
is much stronger limited than plant available K, is rapidly cmsumed by plants after
deliberation through decomposition processes.

As in the observations of BSC a ecting soil heterogeneity, the AN@A analysis
shows that the variability within groups, expressed by increasedalues of residual
variance, is in many cases higher than between groups. In comipan with the BSC/
Open Soil analysis in the previous subchapter, the variabijitderived by plant and
soil patches on the D4-scale is higher with regard to some paraers, especially for
C/N-ratio, C o and N;. This may be due to litter fall and its decomposition, which
is probably not only variable between sites and species but aladgthin a group which
might be referred to an unidenti ed factor, perhaps microtpography. A shrub that
is exposed to wind or that is situated in a runo course, might fag redistribution of
litter and soluble nutrients while an adjacent shrub of the samspecies is positioned
in a safer site and accumulates litter below its crown. This hygthesis corresponds to
the strongly diminished variance explanation of the Site fact compared to the BSC/
Open Solil data set: the factor Site is less important than it wam the same analysis of
the BSC/ Open Soil data set and di erences in the mean of the Ddnits Plant Canopy
and Open Soil are stronger than between BSC and Open Soil; haeg since variability
within these groups is high, this variation results in increaskeresidual variance instead
of a higher explanation due to D4-di erentiation.
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4.4.7 The Inuence of Microtopography on Small Scale Soil Va riability

On the Soebatsfontein Observatory, seven study sites were estabéd and tachymet-
rically surveyed in high resolution with an estimated accuracyf the 3D-coordinates
of < 1 cm. For each site a 3D digital elevation model (DEM) was gerated with the

3D-Analyst tool in ArcGIS 9. These are based on the following dengibf survey points:

site name dimension area survey points  density
(m) (m? (points/ m2)
Accumulation Area 17 x4 68 1,559 23
Eastern Slope Heuweltjie 17 x5 85 2,350 28
Eastern Slope Matrix 4x4 16 2,706 169
Western Slope Heuweltjie 5x9 45 2,053 46
Western Slope Matrix 5x5 25 1,755 70
Mountain Top 28 x5 140 4,975 36
Mid-Eastern Slope 125x5 62.5 1,816 29
=4415 =17,214 mean =57

Tab. 4.16 . Basic data for digital elevation models (DEM) of the seven snall scale
study sites.

The DEMs were used to analyse the processes between micro-and rogsmra-
phy, soil properties and species distribution (dwarf shrubs, BYCAs mesotopography,
the features on a D3-scale are regarded. Those are especially #iope angle of the
D3-sites, for instance on heuweltjies that exhibit slope e ecten the Heuweltjie-units
themselves, but also on surrounding areas that may gain water andtrient surplus by
run-on processes. Similar runo -runon interactions are exptad for the Rock Fringes
of the rocky outcrop areas such as Mountain Top (MT) and Mid-Estern Slope (MS).
The term microtopography envelopes the surface roughness dretD4-scale. This is
created by phytogenic mounds, mounds and burrowing holes of ainmammals and
other patches of small uprisings and depressions. With ArcGIS 9, dhcourse of wa-
ter movement was calculated for the ideal assumption of surfaeeter distribution at
zero in Itrability. This approach gives further indices on possible e ects of small scale
topography on observed soil properties and species.

4.4.7.1 Micro- and Mesotopographical Description of the Sm all Scale Study
Sites

A rst approach for the characterisation of the study sites is proided in Tab. 4.17.
For each D3-unit, the inclination was calculated by drawingve interpolation lines
across the DEM-surface in direction of the modelled water caes. These lines were
transformed into elevation pro les. Using these ve proles, a mea inclination was
calculated. Approximately zero inclination was obtained fotwo of the three Rock
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Fringe areas, although it has to be noted that the boundariesf those are di use and
that only the rst streaks of approx. 0.5 m are nearly plain.

SD
D3-units incl. approx. mean h SD mean  surface to
size meanh meanh areavol D2-area
(%) (m) (m) (m) (%)  (m¥m3) (%)
AC-HC 0 3x4 0.15 0.05 19 0.2 101.8
AC-HM 7 105x4 034 017 28 0.3 100.6
AC-MA 12 35x14 0.13 005 20 0.1 100.4
ES-HC 28 4x5 052 027 27 0.5 103.9
ES-HM 33 10x5 158 092 29 1.6 106.4
ES-MA1 23 3x5 038 019 24 0.4 103.8
ES-MA2 11 4x4 023 012 24 0.2 102.4
WS-HC 18 45x5 075 029 22 0.8 102.0
WS-HM 21 45x5 062 033 22 0.6 102.4
WS-MA 23 5x5 082 034 22 0.8 104.3
MT-RF1 28 4x5 0.75 0.44 22 0.7 114.1
MT-MA1 28 3x5 040 020 23 0.4 104.7
MT-MA2 30 3x5 053 022 23 0.5 106.2
MT-RC 32 6 x5 098 050 25 1.0 105.9
MT-RF2 0 2x5 032 013 22 0.3 103.3
MS-MA1 26 15x25 026 010 21 0.3 104.4
MS-RF 0 1x5 032 010 15 0.3 104.1
MS-MA2 12 75x5 0.68 0.27 22 0.7 101.9

Tab. 4.17 : Indicators of surface roughness on the D3-sites: h-di = total height di erence,
mean h = mean height, SD = standard deviation (here: of mean h&t in m and %), mean
area vol = mean volume per square meter calculated as volumeédiween the 2D-area and
3D-surface area, surface to 2D-area = percentage of 2D to 3D sfaice. Site abbreviations see
4.1.

Also, the Heuweltjie-Centre area of the Accumulation Zone (AC-HCwas planar;
however, the centre areas of the other two heuweltjies obsedvwere not level, since
on the Western Slope (WS), the heuweltjie occurred on a stronginclined slope and
was nearly completely covered in sediments, while on the LowEastern Slope (ES),
the heuweltjie was simply too large to investigate a transectdm the level top to the
absolute basis of its slope. Nevertheless, even these steeper paglsrig to the center
as texture and chemical laboratory analysis con rm.

The Matrix site of the Accumulation Zone (AC-MA), the Lower Easten Slope
(ES-MA2) and the Mid-Eastern Slope (MS-MA2) show inclinations bapprox. 11%
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which re ects the overarching soft slope of the eastern ank ofhie observatory. On
the western ank however, the basis slope matches approx. 20%uet Matrix site of

the Western Slope (WS-MA) does not di er much in inclination fom the adjacent
Heuweltjie-units nearby, which is due to the fact that sedimeation processes on the
Western Slope itself dominate over mesotopography. Strongestiinations are obtained
for the steep Mountain Top-units (MT), the Heuweltjie on the Lover Eastern Slope
(ES-HM) and the upper Matrix-unit of the Mid-Eastern Slope MSMAL.

These ndings are concordant with the range of surveyed heightithin each of the
seven study sites: The strongly sedimented heuweltjie on the Acculation Zone (AC)
features a 0.77 m height di erence between the Centre and tiMatrix of this transect;
the reason for this low inclination is the fact that the transetwas established on the
mountain-facing side of the heuweltjie.

4.4.7.2 Mesotopographical E ects

The previous analysis indicated that some soil properties gradlly changed when sev-
eral D3-units were regarded in slope direction of a heuwetji Such e ects are expected
on transects; however, the question arose in how far gradual cly@s interact with
the systematically and arbitrarily set boundaries of the D3-uits. Therefore, the sur-
veyed height of every single position of sampling locations wasrrelated with several
soil properties along a chosen heuweltjie transect. The analysn Chapter 4.4.2.3 re-
vealed that the regarded habitats Accumulation Zone (AC), Larer Eastern Slope (ES)
and Western Slope (WS), which were all structured into Heuwelg and Matrix-units,
feature substantial di erences with regards to the Heuweltjiainits. Both, Accumula-
tion Zone and Western Slope heuweltjies, are strongly transfoed by sedimentation
processes. Therefore, the Heuweltjie/ Matrix-composition on thLower Eastern Slope
was de ned as most "typical® and deemed most suitable for the mepographical
analysis. Here, a transect is regarded from the Heuweltjie-CentéES-HC), over the
Heuweltjie-Margin (ES-HM) to the two Matrix-units (ES-MA1 and ES-MA2).

A correlation of soil properties and height position on D2-aeelLower Eastern Slope
(ES) is given in Tab. 4.18. Strongest correlations 0.7 occur between height and pH,
and between height and several total element contents such as Bk, Na;, Ca;, Mg, P,
Mny, Cu, Zn; and Sk. In most cases, the relations between height and parameter are
non-linear. Linear correlations exist between height and sartotal element contents
such as Mg, Mn¢, Zn;, Na;, Cu; and Cr;. While some of the parameters (pH, k&) show
a gradient along the whole transect ranging from Heuweltjie-€htre to the Matrix 2
area, others only range between Centre and Matrix 1 (e.g. G&ig. 4.14).
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parameter r? parameter r? parameter r?
pPHu20 0.82 Si; 0.79 Pb, 0.42
PHcaci2 0.88 Al 0.44 Ba, 0.78

EC,s 0.19 Na, (1) 0.71 Sr, 0.96
ECs 0.22 Ca; 0.96 Zr, 0.26
Corg 0.28 Mg; (1) 0.91 Clye 0.00
Ny 0.28 Ti 0.02 NO3zye 0.23
C/N-ratio - Fe, 0.07 SO4ue 0.10
S, 0.46 Mn, (1) 0.92 HCOg3ye 0.60

Kt 0.85 Cr: () 0.33 Caye 0.52

Ka 0.28 Cu, () 0.67 MGuwe 0.18

P, 0.84 Ni; 0.05 Kwe 0.31

Py 0.61 Zn(l) 0.78 Naye 0.13

Tab. 4.18 : Correlation coe cients between topographic height and soi properties for the D2-
site Lower Eastern Slope (ES). f-values were derived by generating tting curves across the
particular diagrams. This way, the linear or squared relation between the parameters were
considered. (I) = linear relationship. All others squared.
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Fig. 4.14 : Correlation between survey height and Ca on a transect on D2-Area Lower Eastern
Slope (ES).
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The analysis revealed an expected gradual variation of elente that is mostly
connected to textural transitions along the slope angle, whidhe heuweltjie exhibits on
its anks. As the correlation coe cients of Tab. 4.18 indicate, some dynamic parameters
are linked to texture as well: this is mainly because of the fathat in Heuweltjie-Centres
carbonates are accumulated, which goes along with increagad-values and HCQ,e
contents. Since heuweltjies are of biogenic origin, other mignts are also increased, for
instance Ry. While Mg; shows a linear correlation with slope position corresponding to
a dominating textural e ect, Ca; shows exponential relations with height since both,
texture e ects and carbonate accumulation in the Centre owéap.

The obtained results are only valid for "typical” heuweltjies and for transects that
range not only from Heuweltjie-Centre to Matrix but are also estblished facing away
from the general slope. The ndings on mesotopographical in@ence are a necessary
background information for the topographical analysis of tb next top-down hierar-
chical level, following in the next section. But moreover, thy further clarify the fact,
that the de nition of D3-units is an arbitrary process that was conducted with regard
to morphological characteristics. If other key questions wera focus, for instance in-
volving continuum aspects, these units could be determined dirently. For the current
study, the results indicate that D3-units cannot neccessarily & seen as homogenous
units but exhibit certain trends for some parameters that aréinked to slope. Therefore,
mesotopography has to be considered as another factor explamvariability within a
D3-unit.

4.4.7.3 Microtopographical E ects

In mesotopographical e ects it could be shown that a gradual @nge with slope exists
on typical heuweltjies. In some of these correlation graphicdgh r2-values were ob-
tained. In others, values of similar height and thus slope positn varied strongly. On
the above-described example, E£g was striking due to the fact that a mesotopograph-
ical trend was visible that varied much stronger when it was faher focussed within
each D3-unit. This was especially true for the Matrix 2 site onhte Lower Eastern
Slope (ES-MA2) where EC-values ranged in most cases between 28 @50 S/cm,
while three values reach up to 1000S/cm. Other D3-units also varied considerably.
For this example, data was observed in detail by using the digit elevation models.
The general idea was that variability was due to microscale geessions and elevations,
which in uenced hydrological pathways and thus, the distribtion of salts. On the other
hand it was supposed, that D4 and the nearness to some D4-groupsevenportant,
too. Therefore, a table was generated which comprised the geonumber, the associ-
ated D3 and D4-unit and a ve-step classi cation of EC-value (stongly above, directly
above, on, directly below or strongly below the mesotopograjgial trend represented
by a tting curve) and the microtopographical location (depession to elevation in ve
steps). It was assumed that higher situated areas are stronger lbad while depressions
show increased salt contents. Therefore, a nal evaluation wa®de with help of Fig.
4.15 where all classes were compared with one another with rebto D4-a liation.
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Fig. 4.15 : Mesotopographical gradient and microtopographical varidility
of EC,.5 on the Lower Eastern Slope (ES)-transect.

The results are depticted in Fig. 4.15. When regarding the acmlance between
microtopography and EC-value in the whole data set, no trendotild be found. In a
total of 50 pro les, the evaluation resulted 16 times in accomhce, 19 times in non-
accordance and thirteen times in no clear relation. Similaniesults were obtained when
evaluating the data on the D3 and D4-level as well. The only Ddnit that allows the
assumption of a relation is the unit "Dead Shrub” where in 6 of 16ases an accordance
could be found and only one non-accordance. In three cases, tr@ludecisions were
made. However, the low sample quantity leaves this hypothesissecured.

In a second attempt, the relation between a particular D4-ui plant canopy, and
microtopography was assessed. During the eld survey it was obsedvthat under some
shrubs phytogenic mounds, consisting of accumulated sedimentgcorred. Further,
from the analysis of Plant Canopy - Open Soil interaction in Capter 4.4.5, certain
e ects between Plant Canopy and Open Soil were proved. It wasypothesised that
these e ects potentiate with the degree of phytomound devegbment.
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Fig. 4.16 : Interrelation between EC classes and microtopography clases on the Lower Eastern
Slope (ES) transect. EC-classes range gradually from -2: bekor-value to +2: above r-value.
Microtopography classes range gradually from -2: depressioto +2: elevation.

To follow up on this assumption, the Western Slope (WS) D3-unitsvere chosen,
since only here phytomounds were at least in parts clearly ddgped and also sampled.
In addition, the study site proved favourable because of its raively equal inclination.
Canopy samples were taken on all three units and sampled specie=se comparable
in size and partly even occurred on all units4dygophyllum cordifolium). Where phy-
togenic mounds were developed, mound height reached up to sentimetres. A clear
statement on height was di cult since mound structure often ovelapped with other
microtopographical features, especially on the Matrix site (\8-MA) where alterations
of di erently inclined small scale areas occurred. However, ifab. 4.19 and Tab. 4.20
mound development with regard to the species on an ordinal saalvere compared to
selected soil properties, that showed e ects between Plant Camp and Open Solil in
previous analysis.
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profile unit PH 20 EC,s Corg N, ”l‘l’;s';d species

830 WS-HC-P 9.6 181 0.64 0.07 2 Z. cordifolium
831 WS-HC-P 8.7 188 1.65 0.13 1 Z. cordifolium
832 WS-HC-P 9.2 128 0.46 0.05 1 Z. cord./ P. dinteri
833 WS-HC-P 8.4 161 1.00 0.09 1 Z. cordifolium
834 WS-HC-P 9.1 197 1.28 0.12 2 Z. cord./ P. dinteri
840 WS-HM-P 9.5 249 1.12 0.10 1 Z. cordi./ P. dinteri
841 WS-HM-P 9.2 284 121 0.10 0 P. dinteri

842 WS-HM-P 101 549 0.74 0.08 0 P. dinteri

843 WS-HM-P 9.3 225 0.67 0.07 -1 P. dinteri

844 WS-HM-P 9.7 212 0.64 0.06 1 Z. cordi./ P. dinteri
1281 WS-MA-P 6.2 236 1.33 0.08 1 M. meieri
1282 WS-MA-P 5.8 358 2.42 0.12 0 Z. cordifolium
1283 WS-MA-P 5.2 1,392 1.40 0.09 2 Z. cordifolium
1284 WS-MA-P 6.1 56 1.42 0.09 2 M. meieri
1285 WS-MA-P 5.6 47 0.72 0.05 0 M. meieri

Tab. 4.19 : Interrelation of selected soil properties (in weighted meas over 0-10 cm depth) and
developmental degree of phytomounds: phytomound classest = slightly depressed microsite,
0 = no phytomound, 1 = slight phytomound, 2 = strong phytomoun d (> 3 cm).

pH EC. s (uSfem) Carg (%) N, (%)
B P B P B P B P
WS-HC 9.0+0.3 9.0+0.5 92 + 482 171 + 28° 0.63+0.1 1.01+05 0.063 + 0.01 0.094 + 0.03
WS-HM 87+062% 06+04 b 150+ 171 304 + 140 0.57+0.2 0.88+0.2 0.057 £ 0.01 0.082 + 0.02
WS-MA 6.4+04 58+0.4 40 + 112 418 + 560° 1.17+03 1.46+0.6 0.081 + 0.02 0.088 + 0.03

Tab. 4.20 : Comparison of mean values SD between B = D4 Biological Soil Crust and P =
D4 Plant Canopy. Calculations included weighted means ove0-10 cm of each minipro le.

As a result, on none of the D3-units any relations between dewpimental degree
of phytogenic mound and soil properties could be found. Conslively, though Plant
Canopy soilper sedi ered at times strongly and in cases also signi cantly from otler
units (in this case BSC), the microtopographical propertiehiave no impact or their
e ects are masked by other processes.

Another approach to test interactions between microtopogrdyy and soil properties
focuses on the assumption that surface roughness in terms of ocence of depressions
and elevations increases the variability of soil parameters. As measure of surface
roughness the percental relation between 2D-surface (= lerigtimes width of each D3
surface model) and 3D-surface (taking the variation in the hgih of the surface into
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account) of each D3-unit is determined with ArcGIS 9. This mesure is correlated with
the standard deviation of soil properties within each D4-grquthat was sampled within
the D3-unit (Fig. 4.17 and Appendix Fig. A.20).
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Fig. 4.17 : Correlation between the surface roughness percentage and ¢h
standard deviation of pHcac)2 within each D3-unit.

For some parameters there is a weak trend for this relation buhis nding has
to be evaluated carefully. In general, a positive interactio of surface roughness and
variability represented by SD exists; however, this evaluatioremains speculative, since
the positive trend is to a high degree due to scatter plots thaterect the situation
between roughness and variability on the Rock Fringe unit ohie Mountain Top (MT-
RF1): this D3-unit shows a high roughness value because a hugetpa the area is
characterised by phytogenic mounds of the large shrubtoeberia utilis And indeed,
the only two occurring D4-units "below plant canopy" and "bae soil" exhibit a strong
variability within certain values. The only problem is, that between this D3-unit and
all other units a large gap exists and that in the lower surfaceoughnesses some D3-
units follow the assumed trend but others do not. One can say théty examining these
relations an in uence between surface roughness and the vdnilty of soil properties
such as pkaci2, ECos S, Ny and Kye may exist, but those are frequently masked or
dominated by D4-a liation, local disturbances and other in uences.
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A brief recapitulation shall be included at this point:

1. Analysis on soil properties conducted by way of example on a/fiical" heuweltjie
transect has pointed to a clear mesotopographical gradientedme soil properties
connected to gradual textural change from centre to interhsveltjie-area.

2. Consideration of this mesotopographical gradient, the imence of microtopo-
graphical features (elevations, depressions) was tested for tteample of EG:s
but produced no evidence for e ects

3. An attempt was made to quantitatively describe the e ects beveen soil and
microtopography: the hypothesis of surface roughness incraagisoil variability
was tested, but did not result in a solid trends either. However,eindencies of
e ects are visible.

After these attempts regarding evaluations of mutual dependeies between micro-
topography and soil properties vastly failed, three exampleshall be further examined
that attracted attention by striking e ects in previous data analyses. With these ex-
amples, an approach is made to show that microtopography de tedy has an impact
on soil properties, although this only locally appears in desbable ways and cannot
be measured quantitatively.

1. The D3-site Heuweltjie-Margin on Accumulation Zone

The D3-site Heuweltjie-Margin on Accumulation Zone (AC-HM) show a strik-
ing variability of EC and associated soil properties such as el and SO, as well as
some texture related parameters (Al Na;, Ti¢, Fe. See Fig. 4.9 and Fig. A.2 to A.15).
When analysing the digital elevation model in detail, the case of this becomes obvi-
ous: several mole rat mounds occur on the heuweltjie. People siiole over molehills -
not mountains, sais Confucius. These disturbances were noticedrihig eldwork and
surveyed. It was avoided to take samples directly on the moundsince these features
were actually regarded as unrepresentative. Nonetheless, as imulated water courses
show (Fig. 4.18), several sample sites were a ected by the distanhces either because
they were located very close to them, or they lay below the plstwithin simulated
runo courses as in prole 768. As the pro le data shows (see Fig. A.and Fig. A.2
in Appendix), the internal part of the heuweltjie consists of meerials with strongly
increased salt contents. This material was brought to the surfacby digging animals
and partly redistributed over the surface during several rainvents, thus leading to
the observed patchiness. This variability is regarded as a natal phenomenon that is
not the exception but part of the dynamics within the ecosystenand probably one
component contributing to ecosystem stability.
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Fig. 4.18 : The digital elevation model of the Heuweltjie Margin unit on the Accumu-
lation Zone (AC-HM) in overview and detail showing the position of minipro les.The
circles indicate the position of mole rat mounds.

W owgen oo
760 BSC 38
761 BSC 419
762 BSC 30
763 BSC 128
765 Open Soil 330
766 Open Soll 44
767 Open Soil 159
768 Open Soll 1732
769 Open Soil 219

Fig. 4.19 : Left: picture of the mole rat mounds occurring on AC-HM. Right: table
with D4-a liation and EC-values for the above-presented minip ro les.
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2. D3-site Matrix on Western Slope

The study site Matrix on Western Slope (WS-MA) proved peculiar irmany ways:
during the analysis of BSC and plant interaction with controlsites, it was striking that
many soil properties were increased, highly variable and strgly di ering from other
units of the D3-site. This was particularly true for EC and waersoluble anions, but in
parts also for G, N; and §, which unexpectedly showed increased values compared
to the BSC-site.

When looking at these striking soil properties an indication bmmes obvious that
points to the microtopography. Fig. 4.20 shows a picture of #hsite taken in August
2004, when the site was sampled and surveyed. 2004 was a year vather sparce rain
and the only occurring plants on the site at that time were pemnials dominated by
the dwarf shrub speciedMeyerophytum meyeri

Fig. 4.20 : Overview of the study site Western Slope Matrix (WS-MA) in Aug ust 2004.

Fig. 4.21 shows detailed photos of the D4-units. The Open Soihits are clearly
visible in the foreground: they stretch in parallel lines acass the site. The surface
is rather smooth and more level than other units and the soil isouigh and in parts
crusted. Inbetween these lines, small scale areas with higherlination occur: these
exhibit a rougher surface which is covered with BSC.
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Fig. 4.21 : Left: view of the study site Western Slope Matrix (WS-MA): alt erations of more
stongly inclined and smooth, planar subunits. Right: detailed view of an inclined part: these
little "slopes" are made up of plants and BSC.

The observation that the Open Soil-units are linked to micratpographically varying

areas was tested with the DEM of this site. For this purpose, coatrr lines were drawn
based on the DEM-surface and an associated hillshade raster (Figg2). One contour

line was identi ed that divided clearly between planar and rore strongly inclined areas.
In a next step, a photo-stich of detailed topviews was used to detate the canopy areas
of plants which made up the second D4-unit. Since the photos rgemade in 2006, a
fairly good rainyear, parts of the matrix are covered with hds and the whole site
looks much di erent compared to the pictures taken in 2004.

Finally, the three D4-units could be related to de ned areasand the whole site
could be subdivided into extrapolated micropatches (see Fig.23). By comparing areal
information and point measurements, it could be con rmed thatll Open Soil sampling
points matched the areal Open Soil-unit and that, conclusi\g the strong deviation
of soil properties measured on this site, may have its cause in thacrotopography.
Moreover, BSC and Plant Canopy pro les were examined furthieAs Tab. 4.21 shows,
all BSC samples have approximately the same value and are veowlin EC-values. But
Plant Canopy samples are ranging strongly from 47 to 1,392S/cm with two pro les
showing low values, two pro les featuring intermediate valug and one pro le with a
very high value. Since samples were taken below the canopiégveo di erent plant
species, a species-speci ¢ in uence may not be excluded. The heghvalue of pro-
le 1283 was sampled below &ygophyllum cordifolium-shrub that developed a clear
phytogenic mound below its canopy. The two low values belorig canopies ofMeyero-
phytum meyeri. However, the intermediate values belong to two adjacent pttes that
were sampled belowZ. cordifolium for pro le 1282, and M. meyeri with regard to pro-
le 1281. On the other hand, by further examination of the DEM it can be stated,
that the two intermediate pro les are located between Open @l and BSC-areas, that
the canopy with the highest EC-values overlaps with level OpeSoil areas and that
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the pro les exhibiting low EC-values are either located onnclined areas or - in case of
pro le 1285 - are surrounded by them, thus protected of salt irtke. Though this is no

proof, it seems likely that the kind of species has an inferion uence on the EC-value

and that the scattered distribution of the plants on both, plarar and inclined areas, is
the actual cause of variability within the D4-unit Plant Canopy soil.

The patchiness is obviously caused by erosion. The Open Soil @reae de ned as
eroded areas, probably initially generated by the so-called/detpaadijies” (Afrikaans:
sheep paths) since a kraal was once located nearby. The incliréas inbetween seem
to be the remaining intact surfaces. Probably during rain eves water ows stronger
0 on BSC-areas, as a result of both, inclination and probably sding properties of
the crusts. Since the Open Solil areas are less inclined, watec@nulates here when
rain ceases. The surface is sealed and water in Itrates only inghallow depths, thus
avoiding leaching of imported salts. The alteration of rain ath evaporation and the
lack of consuming plants nally lead to salt accumulation.

Moreover, surfaces on inclined areas are washed o by rain, whiexplains the
accumulation of Gy, S and N; in the planar units. Probably this may be valid for
salts, too, that are brought into the system with seafogs expectad be more frequent
on this seawardly exposed side of the mountain.

Fig. 4.22 . Left: di erentiation of planar and inclined areas of WS-MA wi th contour lines.
Right: photo-stich of the same site as a basis for determinatin of D4-unit plant canopy
(photostich by G. Miehlich, 2006). Red dots show the positios of minipro les.

129



4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

Fig. 4.23 . ArcGIS-based areal distribution of the D4-units Plant canopy (green), Biological
Soil Crust (grey) and Open Soil (brown) and minipro le locat ions on the study site Western
Slope Matrix (WS-MA).

profile D4- EC,5 profile D4- EC,; profile D4- EC,5
no group [uS/cm] no group [uS/cm] no group [uS/cm]
824 o 2748 819 B 59 1281 P 236
825 @] 918 820 B 31 1282 P 358
826 @] 1640 821 B 35 1283 P 1392
827 O 1280 822 B 38 1284 P 56
828 0] 1428 823 B 39 1285 P 47

Tab. 4.21 : D4- and microscale dependent variability on the site Westen Slope Matrix (WS-
MA) with the example of EC,.5. O = Open Soil, B = Biological Soil Crust and P = Plant
Canopy.

130



4 Small Scale Variability of Topsoil Properties in the Succeht Karoo

3. An Attempt to explain the EC-values of the Biological Soill Crust/
Open Soil Analysis with Mikrotopography

During previous analyses the comparison between BSC and Opeuil §enerated
interesting results. After evaluating various publications orthe topic, it was expected
that soils covered with BSC would exhibit higher C- and N-contas, since all kinds
of BSC are known as important N-suppliers within ecosystems andrmse authors even
suggest that these features might be the clue to the terrestrial-Gap in climate models.
Also, it was assumed, that BSC might show increased EC-values sindeey make
nutrients available and produce nitrate. But none of the assuptions proved true:
while the observation of N did not result in any signi cant di erences neither on the
whole data set nor on single locations, the combination of all stata sets through a
standardisation procedure led to a general decrease qof {ovalues on BSC-sites. Egs
and NOs,e Were also decreased on BSC though signi cantly only in two of sigdations,
with the exemption of the D3-unit Heuweltjie-Center on Accumitation Zone (AC-HC),
where - to the contrary - a signi cant increase of these parameate was achieved. It
was concluded from these results that BSC occur on more stabitisenicrosites that
are more strongly leached.

In this approach it was tested by the example of the parameter &.s, whether
this hypothesis could be con rmed with the digital elevationmodels. It was assumed
that on the small scale, stabilised sites are characterised as phario slighly elevated
areas on the surface of the digital elevation models in constato slight depressions
that marked run-o courses.

The only site showing signi cantly increased EC-values is site Hewltjie-Center
of the Accumulation Zone (AC-HC). Evaluating the sampling sitesvith regard to their
occurrence on elevations and depressions, in four of ve site®tBSC occur on slightly
increased patches while Open Soil sites were sampled domingaiml slightly depressed
microsites. Nevertheless, since this is the only site where BSC shaghler EC-values,
this nding on the one hand con rms the general assumption of BS occurring on
stabilised and comparably higher lying patches, but on the othénand it contradicts
the assumption that those areas are more strongly leached. Whesggarding the data
in detail, it becomes obvious that of the three layers only t rst centimetre is sig-
ni cantly increased. With depth, this trend is still present but less pronounced. Also,
it is known that the centre parts of heuweltjies have higher kiand salt contents and
are strongly disturbed due to burrowing activities of mammalgsee measure for soil
roughness Tab. 4.17 and Fig. 4.18 and 4.19). Furthermore, itag stated before that
BSC may bind dust particles easily on their sticky surfaces. Thei@e, the combination
of several factors only occurring on this special location mégad to the e ect, contrary
to the ndings of other D3-sites: due to the increased burrowingntensity in the very
silty and salt-enriched inner material of the heuweltjie ceme, more dust is set free and
deposited on the BSC-sites, increasing EC-values compared toddpSoil units where
dust is washed o or blown easily away from the exposed site.
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Fig. 4.24 : The distribution of BSC on the Heuweltjie of the Lower Eastern Slope: samples of Open Soil plots marked with blue, on BSC
with red triangles. Same numbers indicate same striking topgraphical features. Eroded areas are clearly visible on ltle, DEM and photo.
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On the D3-sites Heuweltjie-Margin and Matrix of the Accumulaton Zone (AC-HM
and AC-MA) and the Matrix 2-unit of the Lower Eastern Slope (ESMA2), sampling
sites of Biological Soil Crust and Open Soil-units were foun@ e located on elevations
and depressions alike. Also, the data analysis regarding Open|Swmid BSC on these
D3-units did not result in signi cant di erences. Possibly, the asumed processes are
superimposed by other e ects as could be shown in the example betincreased EC-
values along runo courses below mole rat mounds. Some paramest might be too
sensible, easily a ected by several processes on varying scales ihighly dynamic
system.

However, on two D3-units the decreased EC-values on BSC-sitesra signi cant
and strong. The Western Slope Matrix site (WS-MA) was analysed inedail above and
it could be shown that the inclined areas are those less a ected lerosion and thus
stable. The other unit in focus is the Heuweltjie-Margin on thd_.ower Eastern Slope
(ES-HM). When looking at the location of sampling points on theDEM depicted in
Fig. 4.24, the cause for this di erence might be obvious sinceinipro les of Open Soil
were sampled further downslope than samples of BSC; thereforecdeased values of EC
might be due to a gradual change of texture along the heuwaeéjslope. On the other
hand, strongly developed BSCs did not occurr along the wholeargin of the heuweltjie
but only on certain ledges as indicated by arrows in Fig. 4.28&ince the whole ank
of the heuweltjie as well as its basis is strongly eroded, thesslges remain as stable
islands. Here, as on site Western Slope Matrix (WS-MA), the surface tovered with
BSC and has a rough surface compared to the Open Soil areas, \whéze probably
subject to sheet erosion.

4.4.8 Discussion of the In uence of Microtopography on Smal | Scale Soill
Variability

The role of microtopography at a scale focused on in the presenudt has been barely
recognised in recent literature. Most related are studies of Hog & Bradford (1992)
who developed a method of quantifying soil microtopographyhusing a portable laser
scanner with the aim of modelling erosion processes. Later, théileas were further
applied by Kamphorstet al. (2000) who worked on a method to improve predictability
of depressional water storage by surface roughness measures, siheset increase the
time of in ltration and reduce runo generation. With this m ethod, the achieved res-
olution may be much higher and more precise than the surveys aaihd since the soil
surface has not to be touched by a bar with a prism, but is scanned la laser beam.
However, the method is appropriate for a detailed analysis ofi¢ surface soil of small
areas alone, which is much beyond the scale and purpose of thegant study. Yet, the
potential applications discussed by Huang & Bradford (1992) appwith the coarser
scale studies conducted in Soebatsfontein: the authors propdkat surface boundary
processes are controlled by roughness and a detailed DEM of mtopography pro-
vides information on the spatial distribution of surface procgses. For soil erosion they
further state that these processes are raindrop-impact e ects, gace ponding pattern,
ow meandering and shear, sediment deposition, wind exposure casheltering. This
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applies widely for small scale studies on Soebatsfontein altrghuhere, the scale in focus
is one step coarser and considerations go a bit further by embnag e ects of biogeo-
chemical processes as well, which is certainly based on the saneete that control
erosion, at least when assuming that erosion starts on the very smatlale.

In this chapter, several attempts were made to evaluate the ect of microto-
pography on soil properties. However, approaches to the formatibn of overall soil-
microtopography e ects failed. Neither the di erentiation of samples taken on eleva-
tions or depressions, nor the observation of a hypothesised retatibetween soil and
the developmental degree of phytogenic mounds showed any @& The same was
largely true for a more general approach of correlating a m&are for surface roughness
with soil variability expressed as standard deviation. Only in gry local and strongly
pronounced cases an interaction of soil-microtopographicalects could be described.
On a coarser scale, however, the so-called mesotopography, robeacts were obtained.

Several causes for the indi erent results are possible. First, éhsurvey itself has to
be regarded critically. Although the DEMs comprised of highesolution measurements
compared to other studies, the tachymeter procedure is stillfdrom a scanning, both,
in terms of precision and in error probability. The survey was @ompanied by the
constraint of on the one hand surveying an intact surface and oime other disturbing
it in the process by stepping on it. In some cases the decision on tfaet, whether a
minipro le was situated in a depression or on a very slight elevain, was di cult to
undertake, when di erences were not clearly pronounced. Hewer, this concern was
met by placing particular focus on very pronounced microtapgraphic features such as
phytogenic mounds. Still, this did not lead to stronger ndings.

It is suggested that in the microtopographical analysis a scale reached were ef-
fects may still occur but are frequently superimposed by otherverlapping processes.
If at all, microtopographical processes on this scale are onlgtéctable with a much
higher sampling amount and a sampling scheme that focuses on onm microtopo-
graphical features with regard to constant D4, D3 and D2-assation. However, this
may still be di cult since for instance microscale rins, as calcuted with ArcGIS 9 on
the DEM, are not easily determined under eld conditions.

It is further assumed that a miscellaneousness of interfering usi features and
processes of varying scales sums up to a variability that is pracally not quantifyable
from a certain scale top-down. The here regarded scale of mittpography seems to be
this transition zone where most processes and interactions dissointo a single back-
ground heterogeneity. Very dynamic processes such as salt acalation, measured for
instance as EC, may depend on far more than surface roughness.sawithin surface
crusts, variability in plant species composition and developméal stage of biological
soil crusts, or simple disturbances of the surface by animals, maycitee upon local
modi cations of in Itration rates that additionally depen d on rain intensity, duration
and erosivity as well as the previous condition of the surface terms of prewetting.
Subsurface pore and root systems may control the water distribon in soil sublay-
ers, plant consumption of nutrients and water may locally leadb an alteration in soll
properties.
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Another important aspect is site history. Halvorsoret al. (1997) speak of the term
"ghost islands", for spots that were formally vegetated with plats. In their study on
Artemisia tridentata shrubs in a cool desert in the USA, they still found signi cant
e ects of the plant on soil patterns nearly a decade after thelants were destroyed by
re. The authors state that "these patterns are a signi cant souce of soil variability
that may be di cult to account for because they are not relatedto the obvious location
of live plants". Stubbs & Pyke (2005) found similar e ects in catral Oregon, USA.
While a removal of the plants resulted in the same fertility islad e ects as on an
untreated control plot, a removal of the plants by re even irtreased the concentration
in the former canopy areas. Since in Soebatsfontein dead shrulegay, it is likely that a
modi ed elemental composition of the soil is measurable althgh such a "ghost island"
is beyond morphological identi cation. The same is conceitse for animal impact. In
the example of the Accumulation Zone (AC), it could be shown thadigging activities
of small mammals may locally and probably in time increase theaviability of certain
soil parameters considerably. After some time, these observed mda will diminish to
another kind of ghost island, which shows no or a barely recogni@ morphological
di erence compared to the rest of the soil surface but may still éxbit di erent soil
properties. Also, excrements belong into this category.

In arid and semi-arid ecosystems, depressional water storage magdi¢o a redis-
tribution of salts and elements on the surface, which may againdepending on rain
intensity - result in salt accumulation or leaching. Two scenaos are conceivable: often,
winter rainfall events in Soebatsfontein were experienced &ery light rains, only per-
colating a few centimetres into the soil. In such cases salts aretieached downward,
but are translocated upwards again with evaporation, which ay lead to a slight salt
accumulation after several of such wetting/ drying cycles. Demding on what kind
of surface surrounds a depression, surface runo is generated agldments and dust
particles are redistributed. BSC for instance are reported tbave sticky surfaces that
capture atmospheric dust particles (Harper & Belnap, 2001). lin Itration rates are
decreased on BSC, runo is generated that may wash dust partideand easily soluble
compounds into an adjacent depression. An accumulation of salied other elements
may result. It is often cited that BSC may have this surface sealg property (Kidron
et al., 1999; Warren, 2001a). On the contrary, BSC may have betten itration capac-
ities than slight depressions when those are sealed due to a pregi@ccumulation of
clay and silt particles. Then, usually BSC-spots are leached avéme, and only during
strong rain events, surface runo accumulates in slight depressis and leads to higher
EC-values.
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4.4.9 Variability Assessments on the Observatory

A description of the total variability of soil properties on the Observatory Soebats-
fontein was critically to undertake: the appropriate statisical methods that make a
coupled analysis of variance components across several hignaral levels possible, re-
guire a data base with a regular structure, i.e. a hierarchicalomposition of units with
the same number of subunits for each level of the superior unit. Alse landscape sub-
units are not distributed regularly, this could not be achieed with the present data
set, as was mentioned several times before (Chapter 2.4.1).i¥lkbonstraint was met in
previous chapters by standardisation procedures and a comation of D2 and D3-units
to a single factor "Site" for the ANOVA application.

However, at this point a rst approach is made to evaluate the vaability con-
tribution of the observed D-units in total. For this purpose, he method of Square
Sum Partitioning, a component of ANOVA, is modi ed (see chapter 2.1). For the
modi cation, the model of a nested or hierarchical ANOVA is appéd and calculated
manually in Excel. Although this procedure vulnerates the pstulation of a regularly
structured data base, and is therefore not conductable with S35, it is accepted here
since statistical tests are not needed at this point and the SquarSum Partitioning
only ful Is the purpose of quantifying the variability between and within groups as a
measure of explained and unexplained variability. Furtherthe present data set with
its chosen unit system is regarded as an appropriate selectionadf naturally occur-
ring units to assess variability on the Soebatsfontein Observatoin a representative
manner.

In Chapter 4.4.2.1 it could be shown that slope and mountainesuunits di er
strongly in terms of soil chemistry but also with regard to textue and inner struc-
ture in terms of D-unit organisation. Often, rocky outcrop urts only vary on the
D3-scale; on the D4-scale, BSC are widely missing or are at least stvongly devel-
oped. A dierentiation on D4 was oftenly not possible since onlYOpen Soil or only
Plant Canopy-units occurred. This was partly due to the facthat in rock pockets and
on small soil remnants on the smooth granite boulders, the wholeilsaas covered by
plant crowns. In other cases, only Open Soil was sampled since péawere rare and
very small, for instance in case of the Rock Fringe on the Mid-Easi Slope (MS-RF).

Because of these basic di erences the data base was divided intocRy Outcrop
and Slope data (with the Accumulation Zone data being groupetb Slope units) and
variability partitioning calculated independendly for bah. In Fig. 4.25, an overview
is given for selected parameters on variance contribution diese overarching groups.
The degree of variability explanation is rather low, with tre exception of pH, o, whose
variability is explained by 30% according to the conductedrguping.

For all variability analyses, six parameters were selected reggenting the main
ecological in uences. Those are plbo, a property generally regarded as "master vari-
able" citepMcBride:1994 for several soil properties, Ef as the representative for salt
e ects, Cog and N; as measures of organic-dynamic properties and lind Ca as
measures of texture, and secondary carbonate enrichment, respvely.
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Fig. 4.25 : Variability contribution of Rocky Outcrop- and Slope data o n
total variability on the Soebatsfontein Observatory.

The results for the "Slope" and "Rocky Outcrop"-group are preided in Fig 4.26.
For the "Slope"-group, dominated by the occurrence of heultges, the data shows that
the four property groups react very di erently. For pHy 20, K¢ and Ca, D3 contributes
the most to overall variability. Co,g and N; show strikingly increased contributions of
D4 and Layer on variability. Another group is represented by E&s, the most dynamic
parameter in the system. Here, D4-units hold the largest part okelained variance, but
above that, residual or unexplained variability is largest amngst the tested parameters.

For the "Rocky Outcrop"-Group, di erent results are achievel. Ca;, as an indicator
for parent material, di ers stronger from K; by a higher contribution of D2, which is
here a di erentiation between Mountain Top (MT) and Mid-Eastern Slope (MS) unit.
Kt is much more strongly controlled by D3-units. G4 and N;-variability are strongly
controlled by factor Layer, similar to the ndings for the "Slope"-group.

A strong di erence between the two groups occurs for E£5. Here, D3 contributes
much stronger to total variability than D4, as observed for thé'Slope"-group.

4.4.10 Discussion of Variability Assessments on the Observ atory

The analyis of variability fractionation within the total d ata set of Soebatsfontein
revealed, that the di erentiation into Rocky Outcrops and Sopes and therefore inherent
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a) “Slopes” b) “Rocky Outcrops”
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Fig. 4.26 : Variability contribution of the hierarchical D-units on tot al variability on the
Soebatsfontein Observatory. Left: on Slopes, Right: on Rdag/-Outcrop Areas.

"D2"-units, have only little e ect on the total varibility. T his is valid for all parameters
that were analysed with the exception of pH,o. The high contribution of the D3-
units for the parameters pH, .0, K; and Ca in the "Slope"-group indicates the strong
e ect of heuweltjie/ interheuweltjie patterns on soils. As cold be shown in Chapter
4.4.2.3 pH, 20, Ki and Ca are exactly those properties strongly a ected by heuweltjie/
matrix heterogeneity in the Slopes since heuweltjies on th@® hand are characterised
by higher silt contents in terms of texture and on the other by he accumulation of
carbonates which also explains the e ect on pH. For the "Rocky @crop" group, the
ndings di er strongly: since heuweltjies are missing, the vaability fraction explained
by D3-units is decreasing in favour of a higher contribution foresidual variability. A
similar trend is visible for Cg, although here a higher percentage is explained by D2,
which is based on the di erentiation into Mountain Top (MT) and Mid-Eastern Slope
(MS) units. The D2 area "Mid-Eastern Slope" (MS) is adjacent tothe other slope
units and heuweltjies still occur in this area, though less fogriently. Since heuweltjies
act as a carbonate source on the entire, generally inclinednk of the mountain, the
variability assessment results in higher D2 contributions. K however, also strongly
explains the variance on D3-units. When regarding Rocky Outaps, several Matrix-
units of di erent age and weathering and/ or erosional degreeccur, which is connected
to varying amounts of silt and clay contents. K strongly correlates with the content
of ne earth (< 0.063 mm particle size); hence its variability contributionis so high in
this unit although heuweltjie impact has to be excluded.

Corg and N; are parameters especially connected with the distribution shrubs but
not with the occurrence of BSC, as could be shown in Chapter 434 Apart from a Plant
Canopy/ Open Solil patterning, a gradient with depth could beveri ed, both re ected in
examinations of the dwarf shrub e ect on soil. Since Plant Carpy/ Open soil patterns
are sampled in Rocky Outcrop and Slope units, the relatively gh contribution of the
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factor "Layer" on total variability occurs in both groups. However, D4 contributes far
less to Rocky Outcrop-units compared to Slopes. The reason fdng is the stated lack
of D4-di erentiation on the D2 Mid-Eastern Slope (MS) and Mountain Top (MT).
Here, the variability that a dwarf shrub exerts on the data basesi not depicted in D4,
but instead in D3, where a corresponding Open Soil unit was misgin

The variability of EC ,.5, is very strong in terms of "Layer" for the "Slope"-group,
but with regard to D3-units for the "Rocky Outcrop” data set. The topsoil sampling
depth contributes so much to overall variability on Slopes lmuse of the properties
of heuwelties having increased EC-values with depth. Also, thsoils in the Slopes
are loamy and develop a silty, several millimetres thick minaf soil crust on Open Soil
patches. Therefore, the soils tend to be more stable and are mateongly di erentiated
within the rst ten centimetres than the coarser soil between rok outcrops. Weathering
of the rocks, run-o generation on the smooth boulder surface dnthe associated
erosional forces lead to a stronger homogenisation of the topgsioi these areas. On
the other hand, on a higher hierarchical level, namely D3, sa ects occur due to
the patterning of Rock Fringe areas that receive primarily un-on, and lower lying
Matrix-units that only participate in run-on/ run-o inter actions when rain events are
exceptionally strong. However, a second e ect due to the lack 8f4-di erentiation as
described above may not be excluded either.

Above that, in both groups residual or unexplained variabily was largest for EG5
among the tested parameters. In 4.4.7 the attempt to reduce thesidual variability
at least qualitatively by introducing another factor "microtopography" failed. It is
assumed that too many factors on the smaller scale as observed iat¢ on these
dynamic properties, so that a further quanti cation is not achevable with the applied
systematic sampling concept.
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4.4.11 Hydrology
4.4.11.1 Topsoil Water Contents after Rain Events

The gravimetric water content (GWC) of samples taken directt after rain events had
been calculated in mm water contents (see Chapter 2.2.5). Bway, the water contents
of the wetted depth are readily comparable to the amount of gcipitation. Aim of this
eld test was to assess, whether di erent D4 and D3-units would lehto di erent water
distribution and thus to a patchiness in terms of this resource.

T T T
AC-HC AC-HM AC-MA

Fig. 4.27 . Topsoil water contents (GWC) on D3- (left) and D4-scale (right) for the study
site Accumulation Zone (AC) after a 6 mm rain event in the night from 20 - 21/08/2004.
Coloured boxes on D4-scale indicate: brown: Open Solil; greBSC; green: Plant Canopy.

On the study site "Accumulation Zone" (AC)no signi cant di eren ces could be
obtained on the D3-scale between Heuweltjie-Centre (HC), Heullyjee Margin (HM)
and Matrix soil (MA) after a slight rain event of app. 6 mm (Fig. 427). On the D4-
scale, those units were further subdivided into Open Soil, BSOhd Plant Canopy
(Drosanthemum hispidiun). Here, no signi cant di erences were determined either
according to Mann-Whitney U test between D4-units of the same Bunit, although
the tendency of plant subunits with lower water contents witin each group compared
to other D4-units is clearly visible.

On the study site "Lower Eastern Slope" (ES), after a rain event foestimated 14
mm on August 26, 2005 di erences are more pronounced (Fig. 4.28). Signi cantly
more water had been stored on Heuweltjie-Center (HC) soils coned to the Margin
(HM) and the Matrix-unit (MA1). However, although the mean showsa further de-
cline on the Matrix-unit (MA1), no signi cant di erence on the 0.05 level was found
when applying the Mann-Whitney U test between Matrix (MA1) and Margin (HM)-
unit. A di erent picture is obtained when examining the D4-sale. On the Heuweltjie-
Center (HC) and on Heuweltjie-Margin (HM), decreased values orhé plant related

Saccording to BIOTA weatherdata the rain event only reached 5 mm on that day. However,this
seems too low when regarding the GWC values.
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units "Dead Shrub" (D) and "Plant Canopy" (P) compared to related Open Soil (O)
and BSC-units (B) were obtained, although this was only testesigni cantly on the
Heuweltjie-Margin.
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Fig. 4.28 : Topsoil water contents (GWC) on D3- (left) and D4-scale (right) for the study
site Lower Eastern Slope (ES) after 14 mm precipitation on 2608/2005. Coloured boxes on
D4-scale indicate: brown: Open Soil; grey: BSC; light greenPlant Canopy; dark green: Dead
Shrub.

In the Matrix-unit at the foot of the heuweltjie (ES-MAL1), the water content
was signi cantly higher compared to the Plant Canopy-unit onthe Heuweltjie-Margin
(MA1-P). Unfortunately, no data is available for the Open Soilon the D3-Matrix unit,
since the area was homogeneously covered with plants and uneted patches were
hardly found.

Fig. 4.29 : Topsoil water contents (GWC) on D3- (left) and D4-scale (right) for the study
site Mid-Eastern Slope (MS) after 14 mm precipitation on 26/08/2005. Coloured boxes on
D4-scale indicate: brown: Open Sail; grey: BSC.

The Mid-Eastern Slope study site (MS) was sampled on the same day te
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Lower Eastern Slope study site (ES), after an estimated rain eveof 14 mm (Fig. 4.29).
Regarding the results on the D3-level, only the Rock Fringe (R and the Upper Matrix-

unit( MA1) are signi cantly di erent. Nevertheless, there is alsoa strong tendency of
increased water content compared to the Lower Matrix (MA2). Orthe D4-level, only
one further focus is possible: the Upper Matrix is subdivided intOpen Soil (MA1-O)
and BSC-units (MA1-B). The BSC accounts for most of the varialtity.

Further GWC-samples were taken on the Western Slope D3-unit "&trix" (WS-
MA) after a rain event of 19 mm on October 17, 2005 (Fig. 4.30).a8ples were taken
on the D4 units Open Soil (WS-MA-O), BSC (WS-MA-B) and Plant Caropy (WS-
MA-P). A signi cant di erence becomes apparent when comparig the Open soil and
the BSC-unit, with soils on Open Soil-units having stored lessater than on BSC and
Plant Canopy-units.

GWC_mm

T T T
WS-MA-O WS-MA-B WS-MA-P

Fig. 4.30 : Topsoil water contents (GWC) on D4-scale for the
study site Western Slope (WS) after a rain event of 19 mm on
17/10/2005. Coloured boxes on D4-scale indicate: brown: Ope
Soil; grey: BSC; green: Plant Canopy.

4.411.2 Inltration Rates

In Itration Rates were measured on D3-units of the study sites Acumulation Zone
(AC), Mid-Eastern Slope (MS), Mountain Top (MT) and the heuwsdtjie-site on the
Lower Eastern Slope (ES). It was not always possible to di ereidte on the D4-level
(see Chapter 2.2.6); however, it was assumed that BSC might hasemajor in uence
on in Itation rate, thus, additional tests were applied on exeptionally well developed
BSC sites a little outside of the northern margin of the observaty. For this test, the
in Itration rings were xed on the BSC, the test conducted andthen repeated after
several hours time. Fig. 4.31 shows boxplots created for all D®its and the BSC-tests.

The in Itration rates vary widely on the whole data set with lowest values of 16
mm/h and highest values of 4,850 mm/h. Lowest in Itration rates occur on the BSC-
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test sites as well as Heuweltjie-Centre (AC-HC) and Margins (AGM) of the Accumu-
lation Zone and the Heuweltjie Centre (ES-HC), Matrix1 (ES-MA1 Heuweltjie basis)
and Matrix2 (ES-MAZ2: Quartz Field) of the Lower Eastern Slopesite. Highest values
were measured on the Mid-Eastern Slopes' Rock Fringe (MS-RF) aithe Heuweltjie

Margin of the Lower Eastern Slope (ES-HM). Regarding all testsnisummary, the
median is at 192 mm/h and the mean at 370 mm/h.
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Fig. 4.31 : Single ring in ltration rates on all tested D3-units in compa rison
( : two not-depicted outliers of BSC-test at 3,400 and 4,800 mm/h)

When regarding the in ltration rates for D3-units on the Mid-Eastern Slope (MS)
(Fig. 4.32), signi cantly higher in ltration rates were determined on the Rock Fringe
(RF) in comparison to the Upper and the Lower Matrix areas (MA1 ad MA2) that
were not tested signi cantly di erent on 0.05 level. However, @i erent view is achieved
if distinguishing on the D4-level: if tests of the Upper Matrix aea MS-MAL1 are split
with regard to occurrence of BSC or not, results show signi candi erences between
those groups with BSC-units featuring the lowest in Itration rates. Due to both, oc-

currence of BSC lowering IR and Rock Fringes increasing it, i study site shows the
highest variability of IR.

On other study sites, however, no such big di erences occur. Ondhstudy site
Lower Eastern Slope (ES) (Fig. 4.33), on D3-units the only derence on 0.05 level
was tested between the Heuweltjie-Center (ES-HC) and the Mak2-unit (ES-MA2),
two units that are quite dierent in genesis (heuweltjie-orgin and quartz debris as
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Fig. 4.32 : Single ring in Itration rates on D3 and D4-scale on the study site Mid-Eastern
Slope (MS). Coloured boxes on D4-scale indicate: brown: Ope8oil; grey: BSC.

parent material, respectively). The di erent heuweltjie-units were not tested di erent
by the Mann-Whitney U test. It only appears that variability i s strongly increased
on Heuweltjie-Margin sites (HM) than on others. The same results arachieved when
applying the signi cance test on D4-scale: only di erences aooding to Mann-Whitney
U test occur between the two quartz pebble units and the Heuwghi Margin.
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Fig. 4.33 : Single ring in Itration rates on D3 and D4-scale on the study site Lower Eastern
Slope (ES). Coloured boxes on D4-scale indicate: brown: Opefoil; grey: BSC; green: Plant
Canopy.

A rather special situation was found on the last study site, the Acauaulation Zone
(AC) (Fig. 4.34). On the Heuweltjie-Centre (HC), Margin (HM) and the Matrix soil
at the foot of the heuweltjie (MA), in Itration rates were conducted on microsites that
were determined as Open Soil and BSC units. When regarding thesults on the D3-
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scale, no signi cant di erences were tested between the threenils. However, it was
striking that on the Matrix unit (MA), variability was excepti onally high compared to
the other two units. On the D4-scale, another pattern occurredriginally, the Matrix-
unit was not separately tested for BSC and Open Soil on D4, sinceSB did not occur
very distinctly. On the other two, a di erentiation between Open Soil and BSC was
conducted but resulted in no signi cant di erence on the 0.05dvel when applying the
Mann-Whitney U test. Therefore, the high variability of the Matrix-unit continued
to be striking and the descriptions that were carried out for ezh micro-testsite were
regarded a bit more closely; according to the description, th®@pen Soil was divided
into two subunits: into the actual "Open Soil" that was characerised by a soft physical
crust on this D3-unit, renamed into "Mineral Crust" (MC), and sites on which the
crust was covered with coarse sand particles (S). When regardithese two as di erent
D4-units, the slightly crusted Open Soil (AC-MA-MC) grouped to he other D4-units
on the Heuweltjie-Margin and Centre; the Coarse Sand coveredst plots (AC-MA-
S), however, showed clearly increased in ltration rates conaped to the other units.
Due to the low sample size of n=3, this nding could not be con rned on p<0.05
signi cance level, although this decision was close (p=0.057After examining the test
descriptions for the other D3-units on the Accumulation Zone sawell, the Open Soll
unit of the Margin turned out to also be characterised by Coarseaid coverage. Here,
an increasing e ect of the Coarse Sand on the in Itration rates also visible, albeit not
signi cant.
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Fig. 4.34 . Single ring in Itration rates on D3 and D4-scale on the study site Accumulation
Zone (AC). D4-units were slightly changed compared to the primarily de ned structures
(Explanations see text). Coloured boxes on D4-scale indicat brown: Mineral Crust; grey:
BSC; yellow: Coarse Sand Cover.

4.4.12 Discussion of Hydrology

A comparison between gravimetric water contents and in Itréion rates was not possible
everywhere since in Itration rates could not always be takemon the D4 but only on
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the D3-scale (see Chapter 2.2). Also, measuring in ltration ratebelow plant canopies
on the Lower Eastern Slope-study site was not possible as shrubs eveyo small to x
the in Itration ring below their canopy and too large to impose the ring over the whole
plant.
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Fig. 4.35 : Comparison of topsoil water content measurements and singlring in Itration rates
on all sites where comparable data sets were available. Whersigni cance tests are missing,
the sample size was below n = 5.
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However, main tendencies of in Itration tests and gravimetic water contents were
in accordance with each other (Fig. 4.35). Following a 6 mm iaevent on the Accu-
mulation Zone (AC), no signi cant di erences could be deternmed between all units
with regard to gravimetric water contents. The in Itration r ates, mean values ranging
between 102 mm/h (AC-HM-B) and 986 mm/h (MS-RF-M), showed slighdi erences
between most D4-units and high values on the newly de ned grplAC-MA-S. The rea-
son for the di erent pattern of in ltration rate and water con tents can be attributed to
the fact that the rainfall preceding the sampling was very lowthough rain events of this
size are not untypical for the winter rainfall area, di erenes between the units might
be less pronounced compared to stronger rain events. Howevelisitlso possible, that
small patches of coarse sand cover with their increased in ltrein rates are su cient
to produce a relative homogeneous water distribution on thelwle interheuweltjie site
beyond the borders of this only several decimeter sized D4-unThis would explain
the slight di erence in in Itration rates and the contrasting homogenous water distri-
bution in the topsoil. However, no evidence is supporting thisypothesis when looking
at current data and a second sampling after a stronger rain everg recommended.

On the Lower Eastern Slope study site (ES), gravimetric water ctents showed
signi cant di erences on the 0.05 level between the unit at tb heuweltjie foot (ES-
MAL1) and the two other units Heuweltjie-Centre (ES-HC) and Margn (ES-HM), which
were tested as not signi cantly di erent. By means of statistich parameters such as
mean, 25 and 75 percentile, the water content tended to dewdi from top to bottom of
the heuweltjie, probably a texture e ect or an e ect of the lee-position of the heuweltjie
transect. For in ltration rates, no signi cant di erences were obtained on the D4-scale,
which marks a di erence to the comparable gravimetric watecontents, as well as the
fact that in Itration rates on the Heuweltjie-Margin were highly variable. However, this
might be related to the same process that had been suggested fog ttoarse sand cover
sites on Matrix soils on the Accumulation Zone (AC-MA): Patternsof high- and low
in ltration patches may lead to a rather homogenous water ditribution when these
patches alternate on a small scale. As Ludwigt al. (2000) suggest, the scale of these
patches may increase as a consequence of degradation processdsrvolve crusting
and compaction. Thus, larger patches of low in Itration may @velop, leading to more
run-o generation during heavy rain falls and subsequently taan increased erosive
force. However, particularly the redistribution of the vital resource water becomes less
e ective in this case. Conclusively, the results for Soebatsftain indicate that in sensu
Ludwig et al. (2000) the landscape still acts in the state of resource consenyirather
than a "leaky" or "dystroph" landscape since patches alternaten a small scale and a
homogenous water distribution is present. On the other handt has to be considered
whether the hypotheses of Ludwigt al. (2000), which were developed for savannas and
alternating patches of vegetation (= high in Itration) and bare soil (= low in Itration),
are fully applicable to the Succulent Karoo ecosystem as well.

Of further interest was the nding that Dead Shrub and Plant Canopies-units
on this site stored less water after a rain event than Open Soil drBSC-units. This
might be interpreted in such a way that canopies of plants, evem certain time period
after their death, either shield rain drops, thus leading to k&s water directly below
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canopies, or, in terms of living plants, readily use up the adddnal water after rain. In
principle, plants of semi-arid environments were reportedtfollow di erent strategies
to "harvest" rain water. These are based ostem ow, throughfall and canopy storage
When rain begins to fall, the drops partly encounter the leaas and branches of a plant.
Thus,a certain amount of water adheres to the crown, making ufne canopy storage
or interception. This part of the water easily evaporates once the rain has . The
volume of water lost by evaporation from the wetted canopy isie canopy interception
loss Depending on the intensity of rain, the water storing capacyt of the crown is
exceeded and water drops gather and either begin tricklingpainwards or follow leaves
and branches until they reach the stem and accumulate to the s@alled stem ow.
However, depending on the density of the plant, a certain amotiaf rain drops will fall
through the canopy and directly in Itrates into the soil (Dunkerley, 2000b). Domingo
et al. (1998) observed the e ect of three di erent canopy structure®f two semi-arid
shrubs and a tussock grass on rainfall partitioning. One strategyas to invest resources
into an extensive root system that is able to exploit deep wateesources. These shrubs
had very open canopies. A second strategy type had an intermeidiaoot system but
invested into an optimisation of its canopy structure in a way, hat leaves and branches
acted as funnels, therefore draining a high proportion of nadall as stem ow. The last
plant species, a tussock grass, was characterised by shallow root systeand dead
plant leaves as a continued part of the plant, leading to higlbanopy storage capacity
and consequently high interception losses. However, Domingbal. (1998) interprete
this seeming disadvantage as a strategy leading to higher e aiey in using top soil
water and in capturing water and sediments.

The lower water contents below Plant Canopies-units in Soetsiontein may be due
to a sampling within canopy areas of a plant, that follows the sategy of harvesting
water by stem ow generation. This assumed, it may be possible thate sampling
of topsoil after rain events with 4 cm-diameter core samplersay have simply been
beyond the accumulation zone. A rapid intake of this resourand subsequent storage
within the leaves of the succulents may be another thought talow. Additionally, it
has to be considered that the intensity of precipitation may ha not been su cient
to exceed a threshold of stem ow generation. All these hypotheskave further to be
investigated within the context of topography; the water cotent in the Matrix-unit
at the foot of the Lower Eastern Slope-heuweltjie (ES-MA-P) wasigni cantly higher
compared to the Plant Canopy-unit on the Heuweltjie-Margin ES-HM-P), probably
due to accumulation in this edge position (compare Fig. 4.28)

The strongest accordance of the two hydrology tests were obtaith on the Mid-
Eastern Slope site (MS). The Rock Fringe unit (MS-RF) has the ghest in Itration
rates and gravimetric water contents compared to the othernits. On the other hand,
the data deviates in terms of the D3-unit "Upper Matrix" (MS-MA1) that is subdivided
on D4-scale into Open Soil (O) and BSC (B). While gravimetric ater contents for the
Open Soil data is lower and the BSC exhibits a strong variabiyi within the data,
in Itration rates show rather the opposite trend with Open Sol having signi cantly
featuring values than adjacent BSC-patches. Since the soil ¢ime upper Matrix (MS-
MAL1) is quite shallow and the whole study site is considerably incled, it becomes
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clear again that not only the in-situ in ltration rate contro Is the distribution of water
but also the patchiness of in ltration rates in the surroundingand - in this case -
upslope areas.

For the site Western Slope Matrix (WS-MA), no in Itration data e xists for a com-
parison with the gravimetric water contents. The latter, howeer, showed interesting
results with BSC (B) and Plant Canopy (P) soils having higher weer contents than
the Open Soil (O)-unit although topographically, BSC and Pant Canopy areas are sit-
uated on more strongly inclined areas, while the Open Soil unin this site was more
strongly levelled. However, it was assumed earlier that the Ope&oil unit is a ected by
erosion: the Open Soil areas may have been developed out of alted "voetpaadjies”,
sheep and goat trails emanating from the formerly stockpost nd®y. Under in uence
of several rain events, these stripes broadened, levelled anddm®e subject to slaking,
compaction and consequently crust formation. This hypothesepplies to the obtained
gravimetric water content results: although BSC and Plant Caopy areas are more
inclined, they exhibit higher water contents, probably becase of better in Itration
capacities of the rougher surface and the less crusted canopgas of dwarf shrubs. On
the planar bare soil, in Itration is low as a consequence of thdegradation processes
such as compaction. On the other hand, water ponds on these aseafter rain events
readily evaporate and leave dissolved salts behind, leadingeotime to the observed
accumulation of salts, which is re ected for instance by the hlg EC-values (compare
Chapter 4.4.7.3). This e ect may be enhanced by a leaching ect of the inclined areas,
so that a redistribution of nutrients takes place from inclind to planar units.

In conclusion, varying factors control the water content ofdpsoils after rain events:
those are

1. climatic factors such as rain intensity, and - as was assumed fee- or luvward
exposition of a heuweltjie - wind intensity and direction

2. structural factors such as slope, roughness or canopy habitus

3. soil factors in uencing the in ltration rate such as amount of clogging particles
(esp. silt) (Mills & Fey, 2004a), soil structure, biopores and lological soil crusts.

It can further be stated that in ltration rates obtained for Soebatsfontein are
highly variable which corresponds to the above stated diagnssihat in Itration rate
is a function of multiple interacting soil factors. In some casethe values are very high
with in ltration rates > 800 mm/h, for instance within the Rock Fringe area (RF).
These were previously assumed to have ecological signi cance iatev harvesting and
pattern development, which contributes to the high diversif observed in Soebatsfontein
in terms of both, soil properties and biological diversity (Persen, 2008). Further, the
increased in ltration rate of patches with coarse sand cover dicates a possible eco-
logical role in sensuLudwig et al. (2000) and related studies (see Chapter 3.2). The
e ect of dwarf shrub crowns on water redistribution remains legely unclear; although
data indicates interception losses, an accumulation of wateliavstem ow is not ex-
cluded. All in all, the collected hydrological data is not su cient in sample size to
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clearly identify and statistically con rm processes controling rain water distribution.
Nevertheless, the ndings show rst trends that are worth supplemeting with further
eld measurements.
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5 Comparison of Scale Dependent Topsoil Variabil-
ity in two di erent Landuse Systems in the Nama
Karoo Ecosystem

5.1 Introduction

The BIOTA twin-observatories 10 Gellap Ost and 11 Nabaos are lated in the Karas
Region of Southern Namibia, approx. 15 km NW of the town Keetmamoop. Geo-
graphically, the area belongs to the Nama-Karoo biome, whids characterised by a
summer rainfall regime ranging from 100 to 150 mm annual predation. The pre-

dominant vegetation type is dwarf shrub savanna.

The observatories more or less directly abut one another andeasubject to dif-
ferent land use systems: the Nabaos Observatory is located on therVdigi, which
belongs to the communal land of the Nama that vastly extends tohe North. In the
1970s, landuse changed from formerly commercial to commurehdl. As such, the area
is managed as open access rangeland. The adjacent Gellap Osts&tatory belongs
to the Governmental Research Station Gellap Ost that covers atal area of 13,734
hectares. The farm is commercially managed with low stockingedsities and fenced
into camps; here, a rotational grazing system is applied whicHlats resting periods to
the camps. The di erence in landuse is clearly expressed by a sing fenceline con-
trast along the boundary between the twin observatories (Fig5.1): while on Gellap
Ost, the veld is in a good state and characterised by shrubs and penial grasses alike,
the Nabaos rangeland is clearly degraded. Palatable grasses absent, however, after
rainfall innumerable annuals emerge and provide livestockitiv protein-rich fodder,
which is commonly termed as "Opslag" (Afrikaans: supplement).

Topographically, the area is ranging in altitude from to 104 to 1105 in Nabaos
and from 1097 to 1164 m asl in Gellap, respectively. Dominant mghological units
are by 4-5% westerly inclined plains, shale outcrops and rivferlt has to be noted
that Nabaos is in uenced by a larger catchment in the eastern stounding area, which
causes a stronger drainage structure in the observatory (Petens€008). This nding
is to be considered when comparing data of the two observatmie

The Nama Karoo is a vast biome and, according to Palmer & Ho man (204), not
much is known about its ecology. However, against the backgnud of its signi cance as
a rangeland and livelihood for subsistence and commercial fagrs alike, a better un-
derstanding of the ecosystem, especially with regard to anthrogenic in uence, seems
crucial. Moreover, global warming and the suggested shift of @xystem boundaries
with increasing deserti cation tendencies underline this an. Therefore, the BIOTA
observatories in the Nama Karoo were chosen to conduct studies topsoil variability
with regard to a nested scale system as in Soebatsfontein. Speéwalus is placed on
the landuse impact.

6the Afrikaans word rivier indicates a dry riverbed that only carries water aft er rainfalls
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The following key questions shall be solved:

how variable are topsoil properties on the two observatories?

is variability comparable on Gellap and Nabaos?

are their signi cant di erences in soil properties between nurofeatures?
to which extent does microtopography contribute to variality?

to which extent do patterns and scales contribute to overallariability of topsoils
on the observatories?

Fig. 5.1 : Fenceline contrast between the observatories Gellap (leftand Nabaos (right)
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5.2 Characterisation of the Study Site
5.2.1 Geology and Geomorphology

The present study area is situated somewhat North of the formerly emtioned Na-
magqualand Metamorphic Province, which builds up the basic lokock of Namaqualand
and has its northernmost outcrops in the Karasberge, South ofé€tmanshoop (compare
Fig. 4.1). Additionally, the rocks of the Namaqualand Metamaphic Province, together
with the quartzites, shists and limestones of the Nama groups, forthe underlying
bedrock of the study site. The uppermost sediments forming the glegic parent mate-
rial of the soils in Gellap and Nabaos belong to the so-called Kav Supergroup, whose
genesis dates back to 300 - 180 Ma before present.

During the Gondwana-Ice-Age (300 to 280 Ma bp), vast parts of Nabia were
covered with glaciers. After the ice masses were molten, massivedeg/ of morain ma-
terials remained on the surface, which are now forming the Dkg-formation of the
Karoo Sequence. These glacial deposits are the basic sedimehteefollowing warmer
and moister Karoo-Age during which shallow lakes and swamps déyeed. These lled
with clayey-sandy sediments and were in subsequent ages transfed to grey shists
that build up the main parent material of soil in the study area.These belong to the
Prince-Albert formation of the Ecca group (Genis & Schalk, 1®; Gerschatz, 1997).

Although not occurring on the twin observatories, a dominant gaogic feature of
the surrounding area shall be introduced: dolerites form silend dykes in the landscape,
which intruded the sedimentary successions to the north and ndreast of Keetman-
shoop. A more detailed description of the geology is found in @rert (2005).

Geomorphologically, the observatories are characterised layge plains and slightly
inclined washes or glacis structures. Predominant featuresthin these plains are "in-
selbergs” of the shales that typically have a conelike shape (Petersen,08). Some of
them, for instance a mountain occurring on the Gellap Observaty, have a plateau due
to harder layers within the shales that are more strongly resisté to erosion processes.

5.2.2 Climate

The Nama Karoo receives predominantly summer rainfall in the anths December to
March (Palmer & Ho man, 2004). This kind of precipitation di ers in character from
the light, low erosive and highly predictable winter rainfdks of the westerly adjoining
Succulent Karoo. The rainfall is highly erratic, occurs o&n as locally restricted thun-
derstorms and frequently exhibits a strong erosive force. Annuaean precipitation

ranges for the Nama Karoo between 60 and 400 mm (Palmer & Ho mag004), and
for the surrounding of Keetmanshoop between 100 and 150 mm (Mimtsohnet al.,

2002). However, data of the BIOTA weather station, which is dectly located between

’single mountain or a group of mountains that rise like islands out of vas plains. Frequent are
remnants of the formerly land surface that has vastly eroded away.
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the observatories Nabaos and Gellap, show a slightly di erent énd: the rainy season
is between January and April and the mean annual rainfall, callated for data of the

years 2002 to 2006, amounts to a mean of approx. 180 mm. Howewérs is due to

the rather short measurement period that involves the very gabrainfall in 2005 (205
mm) and 2006 (320 mm) (see Fig. 5.2).

=
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Fig. 5.2 : Monthly rainfall from Aug 2001 - Oct 2007 and total rainfall f rom 2002 -
2006 at the BIOTA observatories Gellap and Nabaos (Source: ww.biota-africa.org).

Temperature uctuation is quite pronounced in this envirorment: in June, the coldest
winter month, mean daily temperatures reach approx. 1&, while lowest and highest
daily temperatures range between -0.5 and 295 to 10 days of frost several degrees
below zero are common. In summer, with its hottest month Janugr mean daily tem-
peratures reach approx. 27C with lowest and highest daily temperatures ranging be-
tween 11 and 43C (see Fig 5.3). Relative humidity ranges from 10 to 20% to a max
of 30 - 40% in the most humid month (Mendelsohet al., 2002).

The amount of rainfall may be a critical factor for plant grovth for an ecosystem, es-
pecially when it is used for agricultural purposes. But, additinally its reliability is of
importance. The reliability of rainfall can for instance be é@scribed by the coe cient of
variation (CV), which is the standard deviation of annual totds as a percentage of av-
erage annual rainfall. For the Keetmanshoop surroundings, #iCV is ranging between
60 and 80% for the study sites which means that rainfall is quitanreliable. In com-
parison, the CV of Namaqualand reaches approx. 33-37% (Covgi& Hilton-Taylor,
1999hb). Apart from rainfall and its distribution patterns, a third main factor a ects
the availability of water in the soil: the evaporation rate. Acording to Mendelsohn
et al. (2002), in Keetmanshoop and the surrounding areas, average aahevaporation
reaches more than 2,660 mm/year. This results in a climatic wer de cit of 2,300 -
2,500 mml/year for this area. Lookint at this data it becomes ery clear that water
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Fig. 5.3 : Mean, maximum and minimum daily temperatures at the BIOTA ob serva-
tories Gellap and Nabaos from Aug 2002 - Oct 2006 (Source: wwhiota-africa.org).

availability is the most crucial factor in uencing plant growth and ecosystem resilience
and that these rangelands are most sensible to inadequate land rnagement.

5.2.3 Vegetation

The study area belongs to the Nama Karoo biome, which covers area of 607,235
km? and thus 22.7% of the total territory of southern Africa (Rutheford, 2004). The
Nama Karoo borders on the Succulent Karoo to the West, the desextosystems in the
North, on savannas and grasslands in the East, and on fynbos and sava biomes in
the South (Palmer & Ho man, 2004).

Palmer & Ho man (2004) further subdivide the Nama Karoo into three geograph-
ically distinct regions with regard to the tabulation of elewation and annual rainfall.
According to these authors, the present study site belongs to the sdiision "Griqua-
land West and Bushmanland" with arid shrubland and arid grasslands the typical
vegetation forms.

A detailed analysis of the vegetation of the twin observatorgeis found in Wolken-
hauer (2003). In total, 126 species were found in the study aseghat included the
BIOTA observatories, with 12 species belonging to the family dfabaceae, 11 to the
Poaceae, 10 to the Aizoacea and 9 to the Asteraceae. Most abundapéecies were the
phanerophytesBoscia foetida(Capparaceae)Acacia nebrownii(Mimosaceae) andica-
cia mellifera (Mimosaceae), the Chamaephyt&€alicorema capitata(Amaranthaceae)
and the nanophanerophyteRhigozum trichotomum (Bignoniaceae).
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Further, Wolkenhauer (2003) states some botanical di erensebetween the two
observatories which are referred to the di erent landuse tyse These comprise:

a higher species diversity on Gellap with a contribution of 102nd 81% of the
total species, respectively compared to Nabaos, where only 71 sped56% of
the total number) were mapped.

a greater coverage on Gellap by a factor of 2.4

a stronger abundance of annual plants on Nabaos and a decreasedber of
palatable chamaephytes

Wolkenhauer (2003) also showed that the economically most impant species
Stipagrostis uniplumis (Poaceae) in Gellap Ost andletragonia schenkii (Aizoaceae)
in Nabaos are mutually exclusive sinc&. uniplumis cannot establish due to the high
grazing pressure in Nabaos andl. schenkii does not nd suitable growth conditions
because of its low competitive strength over grasses for watesogirces.

5.2.4 Landuse History and Utilisation

The history of agricultural use in the study area is approximatg 2000 years old (Smith,
1999). Before that time, non-sedentary hunter-gatherers wdered through the Nama
Karoo, but then the Khoikhoi established a form of pastoralism wh a game hunting
component in the region (Kempf, 1997). According to Kempf (1), citet in Wolken-
hauer (2003), approx. 1500 years ago cattle were introducedthe region by nomads,
who changed with their herds periodically between rangelds in the summer rain re-
ceiving Nama Karoo and the winter rainfall realm of the Sukkwnt Karoo. Wolkenhauer
(2003) summarises the further development of landuse history:

At the beginning of the twentieth century, colonialisation &d to the immigration
of German settlers. The aboriginal semi-nomadic Nama populatiovas expropriated,
sedentarised and relocated into "temporary reservations”. A emge occurred during
the 1960s, when the Odendaal plan led to an extension and reangaation of the
reservations. The reservations of Keetmanshoop, Gibeon and Bahien were merged
into one and supplemented with adjacent white farmland. Thisvay, the Communal
Area Namaland was established and consequently administrated byibie councils.
Since Namibias independence in 1990, the area belongs to thstricts Hardap and
Karas.

The southern region of Namibia is sparsely populated with a dengibf only 0.73
people per knd (Kuiper & Meadows, 2002). The area accounts for approximaieb% of
the national population of 1.6 million. The land tenure systenis divided into communal
and commercial lands; according to Klintenberg & Seely (20pthe communal land is
owned by the government and can be used by anyone but withougkctusive rights.
In 1999, 41% of Namibia was communal land (Wolkenhauer, 2008y contrast, the
commercial freehold land is owned by individuals who hold ekisive rights.
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Predominant agricultural export products of southern Namiba are meat and -
until the 1980s of high but nowadays of lower importance - Kakul skin (Jargens &
Bahr, 2002). Dorper and Damara sheep are held for meat prodian although their
impact on the fragile ecosystem is regarded as critical compeakrto Karakul. A lactating
ewe needs a lot of fodder when a lamb should reach its slaughtezigiht of 18 to 20 kg
which can result in overgrazing in times of drought if the hersize is not diminished;
concerning the Karakul, however, the lambs are slaughteredtthin 48 hours after birth.
Therefore, an additional fodder requirement is not given (®tehusmann, 2006).

70% of the Namibians depend on subsistence farming, and the padidn around
Keetmanshoop is no exception. Other economical opportures are limited in the area.
Poverty is widespread and the communal lands are home to the aty of the Nama
people. The 1.675 000 hectares of communal land provide theelihood for approx.
3000 communal farmers today (Kuiper & Meadows, 2002). Mainlgmall stock is kept
and goats are the dominating group. This has some signi cancerfthe resiliance of the
ecosystem, since goats are known to be more aggressive "browserahtthe "grazing”
sheep: they rather rip plant parts out instead of neatly bitingthem o, thus putting
more stress on the vegetation. Moreover, they browse on highdapt components so
that a strategic self protection of certain growth forms is dinmished (Wolkenhauer,
2003).

The Nabaos Observatory is located on the Nuwefontein communand and is
used primarily by the villagers of Nuwefontein itself, which idocated approx. 1 km
to the Northwest. Based on data from 2003, the village consists ol households 7
of which possessed 622 goats, 13 donkeys and 4 sheep. Two furthetesaéints exert
an in uence on the observatory, though to a lesser extent. Thoseaeathe settlements
Nabaos with two households and a livestock of 288 goats, 255 she&d,cattle, 11
donkeys and 10 horses, and the six households comprising the Tgivkettlement,
which is situated further away. These three settlements share ammunal area of
9813.7 hectare (Wolkenhauer, 2003).

The Gellap Ost Observatory is part of a governmental research s$tan of the
same name, situated approx. 20 km NW of Keetmanshoop. The farm cprises an
area of 13,734 hectares and is managed by rotational graziagd low stock densities
through a system of fenced camps (Vohlandt al., 2005). Main task of the research
station is the breeding of Karakul sheep, but other animals areept as well. In 2003,
the stock comprised of 1719 sheep of varying races, 201 goats, 3fecand 5 horses.
The grazing is strictly controlled by monitoring the defoligion of indicator plants.
Further, the stocking rate of 9 hectare per small stock units (39 is kept below the
recommendated carrying capacity of the Ministry of Agricultue of 6 hectare/ SSU on
commercial and 10 hectare/ SSU on communal land. The commuriand of Nabaos,
by contrast, was at the same time clearly overstocked by 140% (Wenhauer, 2003).
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5.2.5 Soils

Petersen (2008) mapped the soil units occurring on both obsetwaes in detail. Accord-
ing to his studies, dominant soils are Cambisols and Regosols whiogether accounted
for 85% of the studied pro les (n =40). The weakly developed Rmsols occur on washes
while stronger developed Cambisols occur on ridges with loampgrent material. In situ
developed Cambisols occur also at the basis and footslopes of shale outcrops. Pe-
tersen (2008) suggests that they developed during times of hgghmoisture regimes,
followed by a period of massive transports of soil materials dag which the loamy
parent materials were deposited in the plains. Subsequently,dayer era followed that
continues to present times. Here, physical weathering and subsequmass transport
are the dominant processes. Thus, soil materials are translocatexthe plains again
where they cover the loamy phases. Apart from these deep soils, shallLeptosols and
epileptic Regosols were mapped on outcrops. As a third group ukisols were classi ed
which were distributed along the rivier structure in the Southof the observatories.

The whole area is characterised by little variability of chemcal soil properties.
This and the predominance of Regosols with 50 to 55% is regaddey Petersen (2008)
as an indicator for low signi cance of soil forming processes iing area. From the
ndings, he deduces three driving factors for soil propertiegn that area that also
a ect classi cation (according to WRB):

type and age of substrate
depths of the pro les

content of coarse fragments

Generally, soils are characterised by relatively low EC-vadis due to regular deep
drainage of the coarse materials. Further, remarkably high i#es of C (up to 0.8
%) and N (up to 0.15%) in the parent material were described wth lead to very
narrow C/N ratios ranging between 1 and 4. However, Petersen(@8) evaluates the
N-contents of the parent material as relatively stable. Anothecommon feature is the
occurrence of the so-called "desert pavement"”; this term degmes in this case the
accumulation of ne to coarse gravel on the soil surface, a resuwf wind erosion of
the silty substrates. In loamier soils, additionally a vesicular ker is found in the
rst millimetres to centimetres of the topsoil. These are assumetd reduce in ltration
capacity (Volk & Geyger, 1970).

The distribution of soil types and their chemical and physical pperties is very
similar on both observatories (Petersen, 2008). Slight di erees occur in terms of
pH, which is tendencially increased in Nabaos, probably due to dgfer proportion
of thin calcareous layers in the parent material. Also, the idmation of the plains is
slightly higher on Nabaos. The two observatories are regarded esmparable in terms
of geology, petrography and morphology so that di erences itopsoil properties on the
two sides may be considered to be linked to di erent landuse systsm
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5.3 Description of Sampled Units in a Hierarchical System

As on Soebatsfontein, the landscape was structured in a hieraichl system with nested
units for the analysis of scale dependant variability of topsksi. The upmost hierarchical
level was the D1-scale comprising two units belonging to the sanfandscape but being
di erentiated by the landuse factor: the term Nabaos is used herfor the unit with
communal farming, while the term Gellap describes the D1-unwith commercial land
management.

On each D1-unit, subunits were described on the so-called D21gcaThose are
the "sedimentation areas" and the "outcrop areas". Further D24nits were identi ed,
such as "main rivier" in the southern part of the Gellap observairy, "plateau” and
"steep slopes” of high outcrops occurring on the sites; howeverudy sites were only
established on "sedimentation area" and "outcrop area" since ey occur within this
work on both, Gellap and Nabaos, and are dominating the landscap

Fig. 5.4 : Overview of the Gellap and Nabaos Observatories and the poon of the four small
scale study sites. N-SE: Nabaos, Sedimentation Area; N-OC: Nmos, Outcrop Area; G-SE:
Gellap Sedimentation Area; G-OC: Gellap Outcrop Area.
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The sedimentation areas are located in the plains and consistrabre or less stable
sediments of the topographically higher shist and shale outcrepGeomorphologically,
the sedimentation areas are only weakly structured and subusitather occur in terms
of di erent aged sediment depositions. During strong rain evest sheet erosion may
occur in the plains that proceeds depending on the erosive stggh of the rain events
along slightly depressed structures. These "Rivier"-units usugllend up somewhere on
their way to the main rivier in the South of the Observatories ad only during scarce
exceptionally strong events they break through to reach it. #ther, these younger
depositions incise older, more stable ones. Therefore, suburots D3-scale were iden-
tied as so-called "Older Accumulation”, "Younger Accumulation" and "Rivier". An
example of the distribution of di erently aged depositions igjiven in Fig. 5.5.

Younger
Accumulation

- 3
N
Older - §'
Accumulation
L Rivier
e

Fig. 5.5 : Overview of the study site Gellap Sedimentation Area and thedistribution of D3-
units within. The blue dots indicate the crown area of the three Albizia-trees occurring on
the site.
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The outcrop areas are located topographically above the sedintation areas. They
consist of several soft ridges and rivier-like incisions inbeter that are lled with
unconsolidated, rather coarse weathering products of the awbps. Three kinds of
ridges were identi ed on the outcrop areas and termed as folls:

"Red Ridge": The red ridges consist of shale outcrops that appeaeddish in
colour. This kind of shale is platy, massivly structured and alsceddish ne earth
is only found in the upper few centimetres, lling up cracks. Rints are largely
absent on this ridge since the coarse fragments are not suitabl@ growth in
terms of water storage and rooting space.

"Black Ridge": The black ridge also represents a shale outcropaugh di erences
to the red ridge are striking: this kind of shist is physically wethering readily into

ne, black gravels that can be easily crushed to even smaller pmtes. Fine earth
lls up the multiple larger and smaller cracks that reach muchdeeper than on
the red ridge. Plant growth is more strongly promoted on this atcrop compared
to the red ridge; though the content of ne earth may be low, tle ne breaking-

up of the rock by mainly physical weathering is obviously su ciat to provide

rooting space, and it is assumed that water might be stored in avable form in

deeper cracks. This is at least indicated by the occurrence ofnse shrubs such
as Catophractes alexandrii

"Brown Ridge": Brown ridges have been found to have di erengenesis. Most of
the brown ridges, namely the two on Gellap and the northern onef Nabaos, are
more strongly weathered ridges of black shale. By contrast to ¢hblack ridges,
they are less exposed and therefore more stable in terms of theson of ne

earth. Soils are often rather shallow but may be deeper weatieg and were
classi ed according to WRB (2006) as Leptosols (see Appendix pie B.24) and

Regosols (Appendix prole B.31). However, the stronger degred weathering

leads to the brownish colour and better conditions for vegetian. An exception

is the southern brown ridge on the Nabaos outcrop area. Here, teampling of a
deep pro le showed that this ridge consists of an older accumtian of sediments
that must have been stable for a long period and probably furtmaveathered in

situ.

One additional D3-unit was sampled that occurs on both, sedim&tion areas
and outcrops areas. At times, the incisions of accumulation asg also referred to as
"Riviers" and ridge features integrate some slightly elevatedreas that are vegetated
in the otherwise vegetation-free Rivier structure. These strigres are referred to as
"Rivier Islands".

The last hierarchical level, units on the so-called D4- or miopatch-scale, consid-
ering structures in the size of several chmwere far less pronounced than in Soebats-
fontein. BSC do not occur in this ecosystem (Badeét al., accepted). Rarely, physical
crustings occurred instead, but were only present within the esblished study sites on
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Fig. 5.6 : Red shist outcrop (left) and black ridge (right)

one D3-unit in the Sedimentation Area in Gellap. Further soft rusts were observed in
the sedimentation areas, but those were covered up to 5 cm by ceauparticles, con-
tinually building up a transition to deeper layers. Also, these arsts were rather soft,
more an accumulation of silty particles than a crust, and oftermulti-layered, inter-
sected with further coarse sand layers. Therefore, topsoils withese crust-coarse sand
layer- structures were regarded as the matrix or open soil to wdh other D4 units were
compared.

Otherwise, the only microscale structuring was due to the existee of plants.
Those were mostly shrubs reaching up to 2 m of height, few of theraaching a small
tree-like habitus. Topsoil below the canopy of such trees was spied twice: on each
observatory once within the sedimentation area site. Generglit was expected that
trees in uence soil in approximately the same way as shrubs.

Grasses occurred only on Gellap and in denser patches only witlihe sedimenta-
tion areas. Although in this work usually only dwarf shrubs wereaken into account for
the analysis of mutual dependencies between species and soibne occasion minipro-

les were taken in topsoils of grass tussocks. This was especialtyeresting since in-
Itration rates and gravimetric water contents were also obswed for this D4-unit on
the same study site.

A list of all nested units on Gellap and Nabaos with abbreviatios is given in
Tab. 5.1.
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D1 D2 D3 Abb D4 Abb [ Abbreviation
old Open Soil [ O G-SE-AO-O
e Accumulation Zone | AC | CGrasses | G G-SE-AD-G
o Crust C G-SE-AO-C
& | Sedimentation y Open Soil [ O G-SE-AY-O
E | Ara(sE) oung AY | shrb | P | G-SE-AY-P
£ Accumulation Zone
i Tree T G-SE-AY-T
o
g Rivier RV | Open Soil | O G-SE-RV-O
£
8 Brownish Ridge SE | BS | Open Soil [ O G-0C-BS-O
&
e Brownish Ridge NW| BN [ Open Soil | O G-OC-BN-O
n
& | OutcropArea | pojdish Ridge | RR |OpenSoil | O | G-OC-RR-O
9 (OC)
‘Q Black Ridge BR | Open Soil @) G-OC-BR-O
© .
g Rivier Island ri | OpenSoil | O G-OC-RI-O
z Shrub P G-OC-RI-P
old Open Saoil [ O N-SE-AO-O
AccumulationZone | A© Shrub P N-SE-AQ-P
Tree T N-SE-AO-T
g |Sedimentation | Yolur.‘g . AY |OpenSoil | O | N-SE-AY-O
S Area (SE) ccumulation Zone .
C - - -
8 Rivier Island Rl | Open Soil [ O N-SE-RI-O
o Shrub P N-SE-RI-P
c
2 Rivier RV |OpenSoil | O | N-SE-RV-O
£
S Open Soil [ O N-OC-BS-O
°© Brownish Ridge S | BS | "
% Shrub P N-OC-BS-P
e
2 Brownish Ridge N | BN | Open Soil [ O N-OC-BN-O
o
o . .
% Outcrop Area Red Ridge RR [ Open Soil | O N-OC-RR-O
Nz
g (0C) Black Ridge BR [Open Soil | O N-OC-BR-O
[ .
= Rivier Island Rl | OPensSoil | O N-OC-RI-0
Shrub P N-OC-RI-P
Rivier RV [Open Soil | O N-OC-RV-O

Tab. 5.1 : Observatories Gellap and Nabaos: scheme of nested units.
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5.4 Results and Discussion

5.4.1 Soilchemical Properties on the Gellap and Nabaos Obse rvatories: an
Inventory

5.4.1.1 Comparison of Chemical Soil Parameters with the BIO TA Transect
Data Set

Like for the Soebatsfontein Observatory, the minipro le datasets for the observatories
Gellap and Nabaos were each analysed in terms of relevant statisd measures to allow
a rst assessment of the topsoil characteristics in these landscapesi§ was achieved
by a comparison with the same statistical measures of the BIOTA saillata base that

includes all soil samples that were taken on the entire BIOTA @nsect which covers
nearly 2,000 kilometers of length.

The topsoil characteristics of Gellap and Nabaos topsoils arerdgely similar. Both
observatories have a medium mean pH in common that compareslivte the mean of
the transect data set, although pH is generally slightly incresed in Nabaos topsoils.
EC-values and watersoluble salts are comparatively low in bobbservatories compared
to the transect data. However, salt accumulations may occur latly although values
do not reach exceedingly high amounts. The salt level is slighlincreased on Gellap.
Extraordinary are the high values for G,y and N; and the resulting narrow C/N-ratios
on both study sites; Petersen (2008) referred this to high geogderbackgrounds and
regards the nitrogen contents in the parent material as refi@ely stable. Plantavailable
phosphorus tends to be slightly increased on Nabaos and matchesam values of the
transect.
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Miniprofile Data Gellap Transect Data
Parameter N | Min. [Perc. 25 Median Mean Perc. 75 Max. [SD Param eter N Min. [Perc. 25 Median Mean |[Perc. 75 |Max. SD
PHi20 184| 5.9 6.7 6.9 6.9 7.1 8.1 0.4 PH 20 3,473| 3.8 6.2 6.8 6.9 7.8 10.4 1.2
pPHcac 184| 5.9 6.2 6.4 6.4 6.5 7.2 0.2 PHcaci 3,474 3.3 5.3 6.4 6.3 7.2 9.9 1.2
EC,5 (uS/cm) | 184 9 20 37 90 76 1,107 169 |EC,s5 (uS/cm) | 3,473 1 15 42 364 110 35,300 1,376
ECs(uS/cm) [184] 6 18 31 67 55 784 | 122 | ECs(uS/cm) | 3,472 2 12 32 229 81 20,300 | 809
Cinorg (%) 16 | 0.00 0.00 0.00 | 0.01 0.01 0.10 | 0.03 Cinorg (%) | 2,194 0.00 0.00 0.01 | 0.20 0.10 6.39 | 0.55
Corg (%) 184] 0.11 0.19 0.27 | 0.32 0.42 0.99 | 0.18 Corg (%) 3,013| 0.03 0.17 0.28 | 0.41 0.46 9.95 | 0.55
N; (%) 184| 0.07 0.11 0.12 | 0.12 0.14 0.20 | 0.02 N, (%) 3,356 | 0.00 0.03 0.04 | 0.06 0.09 1.66 | 0.06
C/N-ratio 184| 1.2 1.8 2.2 25 3.2 4.9 0.9 C/N-ratio 3,007| 0.6 6.0 8.2 8.2 9.8 75.3 4.4
S; (g/kg) 184| 0.06 0.09 0.10 | 0.11 0.11 0.32 | 0.04 S: (g/kg) 2,994 | 0.00 0.03 0.08 | 0.28 0.12 75.24 | 2.19
Si; (%) 182] 33.0 34.5 348 | 34.7 35.0 356 | 04 Si; (%) 2,871 3.0 33.9 36.3 | 36.6 39.4 46.3 5.0
Al (%) 184| 6.8 7.2 7.4 7.4 7.6 8.6 0.3 Al (%) 3,011 0.1 4.0 55 5.0 6.5 12.2 2.2
Na, (g/kg) 184| 5.0 5.8 6.1 6.1 6.4 8.1 0.5 Na, (g/kg) 3,010 0.1 2.9 6.0 7.1 9.5 31.3 55
K; (g/kg) 184 17.5 19.6 20.2 | 201 20.6 221 | 0.8 K: (g/kg) 2,957 0.0 17.2 226 | 21.6 28.1 67.0 | 10.6
Kgq (g/kg) 25 | 0.08 0.11 0.17 | 0.20 0.24 0.67 | 0.13 Kq (9/kg) 567 | 0.00 0.00 0.11 | 0.12 0.18 0.95 | 0.13
Ca, (g/kg) 184| 3.2 3.7 4.1 4.2 4.4 10.1 | 0.9 Ca, (g/kg) 3,112 0.0 1.6 4.0 10.1 8.2 148.9 | 17.0
Mg; (g/kg) |[184| 5.6 6.4 6.7 6.7 7.0 9.9 0.5 Mg, (g’kg) |3,092| 0.0 1.2 4.4 6.1 8.1 62.2 6.4
P, (g/kg) | 184| 0.34 | 0.40 042 | 043 | 044 | 087 ]| 0.07 P, (g/kg) |3,114| 0.00 | 0.30 0.37 | 0.40 0.46 5.49 | 0.24
P4 (g/kg) 25 [ 0.006| 0.010 0.016 [0.033| 0.040 [0.169]|0.038] Py (g/kg) 472 10.000( 0.000 0.013 | 0.038( 0.050 1.030 | 0.074
Ti; (9/kg) 184 | 3.64 3.90 4.00 | 4.04 4.08 5.36 | 0.25 Ti; (9/kg) 3,011| 0.23 1.77 2.66 | 3.10 411 20.41 | 1.93
Fe, (g/kg) 184| 28.4 32.9 33.7 | 33.9 34.4 448 | 2.0 Fe, (g/kg) 2,930| 0.1 11.4 20.2 | 24.0 33.6 1024 | 17.1
Mn, (g/kg) (184 0.29 0.33 0.36 | 0.39 0.38 1.71 ] 0.18 Mn, (g/kg) |[2,997| 0.00 0.13 0.31 | 0.39 0.47 10.92 | 0.42
Cr, (mg/kg) |184| 43 49 50 51 52 59 3 Cr, (mg/kg) |3,011| O 23 44 49 58 595 47
Cu, (mg/kg) | 184| 31 35 36 36 36 41 2 Cu; (mg/kg) |3,011| O 7 15 20 29 384 19
Ni,(mg/kg) |184| 22 25 26 26 27 30 1 Ni,(mg/kg) |3,011| © 9 18 20 26 250 19
Zn, (mg/kg) [184| 55 77 79 80 82 131 8 Zn, (mg/kg) 3,011 1 22 41 48 74 189 31
Pb, (mg/kg) |184| 10 17 18 18 19 65 5 | Pb,(mg/kg) |3,011| © 15 21 20 27 117 10
Ba; (mg/kg) [184| 516 620 632 629 645 694 25 Ba; (mg/kg) [2,996| O 382 521 497 622 9,036 | 317
Sr,(mg/kg) |184| 92 101 106 | 107 110 147 | 10 | Sr.(mg/kg) [1,545| 1 72 98 105 118 2,162 | 99
Zr (mg/kg) |[184| 198 210 218 | 229 240 401 | 34 | Zri(mglkg) |1545| O 162 205 | 218 239 1,219 | 124

Tab. 5.2 : Comparison of statistic measures of dynamic and geologic @ren parameters between the minipro le data set of Gellap armd the

BIOTA-transect data soil data set. Data for watersoluble salts see Appendix Tab. B.4.
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997

Miniprofile Data Nabaos Transect Data
Parameter N | Min. |Perc. 25 Median Mean Perc. 75 Max. |SD Param eter N Min. [Perc. 25 Median Mean |[Perc. 75 |Max. SD
PHu20 209( 5.2 6.8 7.2 7.2 7.6 8.8 0.7 PH 20 3,473( 3.8 6.2 6.8 6.9 7.8 104 1.2
PHcaci2 209( 5.0 6.4 6.6 6.6 6.9 7.7 0.4 PHcace 3,474( 3.3 5.3 6.4 6.3 7.2 9.9 1.2
EC,5 (uS/cm) [ 209| 5 12 17 50 45 935 | 101 |EC,5 (uS/cm) | 3,473 1 15 42 364 110 35,300 | 1,376
ECs (uS/cm) [209| 5 9 14 42 40 750 81 | ECs(uS/cm) (3,472 2 12 32 229 81 20,300 809
Cinorg (%) 92 | 0.00 0.00 0.00 | 0.08 0.02 0.83 | 0.19 Cinorg (%) | 2,194 0.00 0.00 0.01 | 0.20 0.10 6.39 | 0.55
Corg (%) 209( 0.09 0.13 0.21 | 0.27 0.33 1.17 | 0.20 Corg (%) 3,013| 0.03 0.17 0.28 | 0.41 0.46 9.95 | 0.55
N, (%) 209( 0.08 0.10 0.11 | 0.11 0.12 0.19 | 0.02 N, (%) 3,356 | 0.00 0.03 0.04 | 0.06 0.09 1.66 | 0.06
C/N-ratio 209( 0.9 1.2 1.9 2.3 3.0 6.4 1.3 C/N-ratio 3,007 0.6 6.0 8.2 8.2 9.8 75.3 4.4
S; (g/kg) S; (g/kg) 2,994 0.00 0.03 0.08 | 0.28 0.12 75.24 | 2.19
Si; (%) Si; (%) 2,871 3.0 33.9 36.3 | 36.6 39.4 46.3 5.0
Al (%) Al (%) 3,011 0.1 4.0 55 5.0 6.5 12.2 2.2
Na, (g/kg) Na; (g/kg) 3,010 0.1 2.9 6.0 7.1 9.5 31.3 5.5
K: (g/kg) K: (g/kg) 2,957( 0.0 17.2 226 | 21.6 28.1 67.0 | 10.6
Kar (9/kg) 29 | 0.06 0.11 0.13 | 0.21 0.27 0.59 | 0.17 Kq (9/kg) 567 | 0.00 0.00 0.11 | 0.12 0.18 0.95 | 0.13
Ca, (g/kg) Ca; (g/kg) 3,112 0.0 1.6 4.0 10.1 8.2 1489 | 17.0
Mag; (g9/kg) Mg, (g/kg) |3,092| 0.0 1.2 4.4 6.1 8.1 62.2 6.4
P. (g/kg) P, (g/kg) 3,114 | 0.00 0.30 0.37 | 0.40 0.46 5.49 | 0.24
Py (g/kg) 29 [ 0.008| 0.017 0.027 [0.035| 0.034 |[0.202]|0.036] Pgq (g/kg) 472 [ 0.000| 0.000 0.013 | 0.038( 0.050 1.030 | 0.074
Ti; (9/kg) Ti; (9/kg) 3,011 0.23 1.77 2.66 | 3.10 411 20.41 | 1.93
Fe, (g/kg) Fe, (g/kg) 2,930( 0.1 114 20.2 | 24.0 33.6 1024 | 17.1
Mn, (g/kg) Mn, (g/kg) |[2,997| 0.00 0.13 0.31 | 0.39 0.47 10.92 | 0.42
Cr, (mg/kg) Cr, (mg/kg) |3,011| O 23 44 49 58 595 47
Cu, (mg/kg) Cu; (mg/kg) |[3,011| O 7 15 20 29 384 19
Ni, (mg/kg) Ni; (mg/kg) (3,011 O 9 18 20 26 250 19
Zn, (mg/kg) Zn; (mg/kg) | 3,011 1 22 41 48 74 189 31
Pb, (mg/kg) Pb,(mg/kg) |3,011( O 15 21 20 27 117 10
Ba; (mg/kg) Ba, (mg/kg) (2,996| O 382 521 497 622 9,036 | 317
Sr. (mg/kg) Sry (mag/kg) | 1,545 1 72 98 105 118 2,162 99
Zr, (mg/kg) Zry(mg/kg) [1545| 0 162 205 | 218 239 1,219 | 124

Tab. 5.3 : Comparison of statistic measures of dynamic and geologic dren parameters between the minipro le data set of Nabaos ad
the BIOTA-transect data soil data set. Data for watersoluble salts see Appendix Tab. B.5.
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5 Comparison of Scale Dependent Topsoil Variability in the &na Karoo Ecosystem

When comparing Gellap and Nabaos topsoils separately for the sangeomor-
phological units (D2-sites "Sedimentation Area" and "Outcr@ Area"), some of the
observations become clearer:

Sedimentation Area Outcrop Area
Gellap Nabaos Gellap Nabaos

n mean = SD n mean + SD n mean = SD n mean = SD
pPH20 15 7.0+0.2 17 72+04 25 7.0*:06 25 7.4*x07
PHcacz 15 6.4+0.1 17 6.5+0.3 25 6.4*+0.2 25 6.8*+05
EC,5 [usiem] |15 49 * + 42 17 12*+4 25 103 *+232 25 28 * + 24
ECs [us/em] 15 32*+27 17 9*+3 25 82*+173 25 25*+23
Corg [%] 15 0.26*+0.06 17 0.15*+0.02 25 0.24+0.14 25 0.25+0.12
N [%] 15 0.12*+0.01 17 0.11*+<0.01 25 0.10+0.02 25 0.10+0.01
C/N-ratio 15 21*x04 17 14*+0.2 25 22+1.0 25 26+1.2
K okl 6 0.18+0.09 6 0.21+0.19 9 0.14+0.06 9 0.12+0.05
Pai lg/kgl 6 0.014 *+0.003 6 0.021*+0.007 9 0.054 +£0.056 9 0.043 +0.060
Clye Img/ 6 1.4*+0.6 6 06*+<0.1 9 84*+17.8 10 1.7*x15
NOsue [mgll | 6 69.8*+89.2 6 03*+03 9 387*+465 10 85*+16.9
SO4ue [mg/l] 6 13.2*+234 6 1.1*+0.2 9 294+60.1 10 7.1+8.6
Caye [mgll 6 227*+179 6 46*+19 9 226220 10 11.3+9.3
Mg ye Mg/ 6 6.6*+5.0 6 19*+1.1 9 8.8+8.9 9 53+3.2
Kwe [mg/] 6 79+51 6 3.8+35 9 11.2+6.3 10 8.9+6.4
Naye [mg/l 6 36*+3.1 6 1.6*+0.9 9 104+141 10 47+28

Tab. 5.4 : Comparison of weighted means over 0-10 cm topsoil for dynamisoil properties on
Gellap and Nabaos with regard to the D2-sites. For the compaigson only those D3 units were
used that occur on both observatories. SD = Standard Deviaton. * = signi cant di erences
with p < 0.05.

The previously observed slightly increased pH-values on the Nalsaside only
apply signi cantly to the Outcrop Area while di ences in salts, eg. expressed by EC-
values, are signi cant on both D2-units and always show less salits Nabaos. While
Corg, Nt and Py -values show no testable di erences in the outcrop habitats, sigcant
di erences occur in the sedimentation areas: 4 is strongly increased in Gellap, as
is N, though to a lesser but signi cant extent. These di erences arelwviously eco-
logically e ective, which is further underlined by the NG;,e-values that are on both,
Sedimentation and Outcrop Area, manifold and signi cantly ircreased on Gellap. Also
of ecological interest may be the increased f2-content in Gellap topsoils.
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5 Comparison of Scale Dependent Topsoil Variability in the &na Karoo Ecosystem

5.4.2 Variability on D3-Scale

In the following chapter, it is analysed to which degree D3-uts impact on soil vari-
ability. For a rst overview, a hierarchical cluster analysis § conducted for the Gellap
sites that involved total element contents. In a second approacD3-units are regarded
separately for the Sedimentation Areas and the Outcrop Areas.rfie for all D3-units
Open Soil samples were taken, only this data was referred totime analysis for compa-
rability reasons. Further, the variability of parent material was assessed by comparing
the amounts of total element contents of the XRF analysis whiclvere only available
for samples of Gellap soils (compare 2.3).

5.4.2.1 Finding Main Patterns within D3-units: Cluster Ana lysis of Total
Element Data

The results of the hierarchical cluster analysis that involvedveighted means of each
minipro le for all total element contents are presented in Fj. 5.7.

The dendrogram was structured into four clusters of which clust three consists
of three individual minipro les that were originally treated as single "clusters” by the
analysis. Cluster 1 comprises the bulk of samples which involvatrslocated sediments
and more strongly in-situ weathered topsoils on ridges. Furthewhen regarding these
results it is apparent that a structuring of the data is dominated by samples taken on
ridges that were termed as "Black Outcrop” (G-OC-BR), makig up Cluster 2 and 3,
and "Red Outcrop" (G-OC-RR), being grouped to Cluster 4.

Usually, cluster analyses are conducted with the aim to classify @aof which a
grouping is not previously known. In this case, the hierarchat cluster analysis is used
in a di erent sense: samples have been taken with regard to nestdderarchical units
that were determined with regard to morphological proper@s, vegetational character-
istics and assumed geological di erences. With the cluster analg it is assessed to
which degree homo- or heterogeneous preconditions exist @rrhs of geologic proper-
ties of topsoils before further analyses of D3-units were camntted with regard to more
dynamic parameters.
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5 Comparison of Scale Dependent Topsoil Variability in the &na Karoo Ecosystem

Hierarchical Cluster Analysis

Dendrogram using Average Linkage (Between Groups)

Using elements: N Si (Al (Mg Ca K {NaP T {,Fe (; Mn,Cr (,Cu 4,
Ni¢,Zn ,Pb {,Ba ¢, Sr ,Zr ;

CASE 0 5 10 15 20 25
Cluster Lab. Nr + + + + + +

E-AO-O 13
E-AO-O 15
E-AY-O 7
E-RV-O 1
E-RV-O 3
E-RV-O 2
E-RV-O 5
E-AY-O 6
E-RV-O 4
C-RI-O 39
C-BS-O 16
C-BS-O 19
C-BS-O 18
C-BS-O 20
E-AY-O 9
E-AY-O 10
E-AY-O 8
E-AO-O 14
E-AO-O 11
E-AO-O 12
C-RI-O 36
C-RI-O 37
C-BS-O 17
C-RI-O 38
C-BN-O 23
C-BN-O 24
C-BN-O 21
C-BN-O 22
C-RI-O 40
C-BR-O 32
C-BR-O 33
C-BR-O 34

GfOC-BN-O 25
3 GlocBr-0 31

G-OC-BR-O 35

G{OC-RR-O 28

GJOC-RR-O 29
4 XOC-RR-O 26

GJOC-RR-O 30

GlOC-RR-0 27

Fig. 5.7 . Hierarchical cluster analysis of weighted means across 0-1fn of each minipro le
with regard to total element contents of the Gellap data set. 169



5 Comparison of Scale Dependent Topsoil Variability in the &na Karoo Ecosystem

5.4.2.2 D3-units Generating Variability

D3-Variability on Sedimentation Areas in Gellap and Nabaos When
regarding the variability of D3-units on the SedimentationrAreas of Gellap and Nabaos,
only little evidence of groupings in accordance to the D3-us is given (see Appendix
Fig. B.3 to Fig. B.35). An exception is the D3-unit "Rivier" on Gellap (G-SE-RV),
which shows signi cant di erences to other D3-units on Gellapwith regard to pH,
EC, Cog and C/N-ratio. However, these di erences are still very small: tk signi cant
di erence of pHy 20, for instance, only consists of 0.1 pH-units compared to the Old
Accumulation (G-SE-AQO), which might hardly have a strong impa&t on the ecosystem;
the di erence to the Younger Accumulation (G-SE-AY) is higherwith 0.4 pH-units
and thus more likely to exhibit an e ect on the system. EC-valus are generally low
in Gellap and Nabaos, but lowest within the three Gellap units orthe Rivier-unit (G-
SE-RV). While the amounts of N are stable, G,y ranges on Gellap between 0.22 and
0.30 %, whereupon the di erence between G-SE-AY and G-SE-R¥ signi cant. The
same is valid for C/N-ratio.

On the Nabaos site, the grouping of parameters in accordancetbeir D3-a liation
is even less pronounced. The only site that shows a di erence iset "Rivier Island"”
(N-SE-RI) in terms of pHcaci2 and EGs.

The comparison between Gellap and Nabaos D3-units con rms thresults of nd-
ings stated in Tab. 5.4: pH-values are approximately on the santevel, EC-values are
lower on Nabaos, as are &;, N; and C/N-ratios.

D3-Variability on Outcrop-Areas in Gellap and Nabaos The Outcrop
Areas of Gellap and Nabaos exhibited a stronger grouping compdrto the Sedimen-
tation Areas (see Appendix Fig. B.4 to Fig. B.38). However, althagh D3-units were
largely the same, the impact of speci c D3-units on variabilif varied on both sites;
on Gellap, the "Red Ridge" (G-OC-RR), an outcrop consisting o& platy to massive
kind of shale than the adjacent ner structured "Black Ridge" (G-OC-BR) outcrops,
showed signi cantly increased pH-values. In terms of EC-valueshé "Rivier Island”-
site (G-OC-RI) showed a strikingly high variability and Corg, N; and C/N-ratios were
noticeably increased on the "Black Ridge" (G-OC-BR).

On Nabaos, especially the Northern Brown Ridge D3-unit (N-OC-BN) as dis-
tinct from the other units. This applied to increased values opH and EC. Further,
samples taken on less weathered units (N-OC-BN, N-OC-RR, N-OC-BRiad signi -
cantly increased Cgq-contents and related C/N-ratios compared to the more weath-
ered D3-units (Southern Brown Ridge (N-OC-BS), Rivier IslandN-OC-RI), Rivier
(N-OC-RV)).

The di erence between G4-values on outcrops and weathered material also applies
to Gellap with regard to the Black Ridge (G-OC-BR). The fact hat the Northern
Brown Ridges (OC-BN) and Red Ridges (OC-RR) of Gellap and Nabaalo not show
similar tendencies indicates the geological variability abutcrops and ridges between
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5 Comparison of Scale Dependent Topsoil Variability in the &na Karoo Ecosystem

Gellap and Nabaos although they were regarded as morpholagig similar.

D3-Variability of Total Element Contents on Gellap Sedimen tation and
Outcrop Area  Between the D3-units on the Sedimentation site, signi cant der-
ences exist between all three of them in terms of Bnd Mn. In addition, the Rivier-unit
(G-SE-RV) di ers from the other two units signi cantly with re gard to § and Na.

The di erence between typical outcrop and more strongly weatered D3-units on
the Outcrop Area becomes even clearer when regarding the tbégdement contents. The
data clearly shows that samples taken from the "Red Ridge" (G-OC-RR) are distinct
from others by signi cantly higher P;, Fe; and Mn;-values. The "Black Ridge" (G-OC-
BR), is characterised by increased plvalues and both units show strikingly decreased
Sk and increased Ti-values.

Generally it can be stated that total element contents of the &imentation Area
site resemble in most cases those of the more strongly weatheredud@s of the Out-
crop site. Only those ridges with low weathering degree are sirgly di ering in prop-
erties from other D3-units.

5.4.3 Discussion of D3-Variability

While in Soebatsfontein the structuring of the landscapes int®3-units showed the
strongest contribution on overall variability with regard to many soil properties com-
pared to groups on other scales, the structuring on D3-scale ig fass determinative
in Gellap and Nabaos. This could be shown by both, cluster analysid particular
comparison of D3-units within the four D2-sites. The only strongli erentiation could
be identi ed for samples taken on outcrop ridges that were owylslightly weathered.
Here, samples of the so-called "Red Ridge", a more bulky shaleeatistinguished from
samples of the "Black Ridge", which is also a shale outcrop that icontrast to the Red
Ridge weathers into much ner fragments.

In some soil properties, the outcrop topsoils resemble one anathi@ others, they
di er in terms of high contents of particular total element contents, of which Ca is
probably the factor implicating the highest importance for he ecosystem considering
e.g. its role in pH-determination. In Nabaos, for instance, wheroutcrops were found
that contained thin calcareous bands (Petersen, 2008), pHiuas are generally slightly
increased compared to Gellap. However, the variability incasing e ects of the outcrops
are a local phenomenon; gradients are dissolved by translocetiand mixture of the
weathering materials so that all other D3-units on both D2-sés show rather homoge-
nous soil properties and di erences are only found for dynamiparameters. Petersen
(2008) described the underlying large scale processes that cats®e homogenisation:
landscape dynamics are characterised by continuing geneatiof weathering material
in the outcrop areas and a subsequent translocation of the sedimt® into the plains
where they are further transported along the inclination grdient in direction to the
main rivier under further particle size reduction. Own obsemtions after an excep-
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5 Comparison of Scale Dependent Topsoil Variability in the &na Karoo Ecosystem

tionally strong rain event of 68 mm on April 5th, 2005 con rm this assumption (see
Fig. 5.8). While the study sites were not accessible during the whderstorm, signs of
considerable mass transport were clearly visible a day later.

Fig. 5.8 : Signs of sheet erosion after a 68 mm rain event in April 2005 oiNabaos.

Observed di erences between D3-units are therefore ratheretérmined by the
stability of the sediments that in turn controls in-situ weatheing. This becomes clear
when comparing more dynamic parameters of young sediments Isws the "Rivier'-
unit with older, more stable sediments, e.g. of the "Old Accumuteon”: pH-values are
higher and G4-values lower on "Rivier"-topsoils, since biological activit is higher on
the more stable sites. On the other hand, EC-values are lower sencoarser texture
and higher in ltration rates of the Rivier soils and more freqient ooding lead to salt
leaching processes.
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5 Comparison of Scale Dependent Topsoil Variability in the &na Karoo Ecosystem

5.4.4 Variability on D4-Scale: Mutual Dependencies betwee n Shrubs and
Soil Properties

Comparative data between D4 units Plant Canopies (= P) and Oen Soil (O) of the
same D3-unit are available for the two sites in Gellap-Ost and dio sites in Nabaos.
The D3-units under shrubs were sampled with regard to the folling species:
G-SE-AY-P: Catophractes alexandrii
G-OC-RI-P: Catophractes alexandrii

G-SE-AY-T: Albicia anthelminthica (all samples taken below the same tree)

N-SE-AO-P: Cardaba aphylla, Phaeoptilon sponos#3 minipro les), clump of
Boscia foetiaand Phaeoptilon spinosa

N-SE-AO-T: Acacia mellifera(all samples taken below the same tree)

N-SE-RI-P: Phaeoptilon spinosg3 minipro les), Rhigozum trichotomum (2 minipro-
les)

N-OC-BS-P:Boscia foetida(2 minipro les), Phaeoptilon spinosaclump of Boscia
foetida and Cardaba aphylla(two minipro les of the same clump)

a) b)

Fig. 5.9 : Shrubs occuring in the Nama Karoo: a)Catophractes alexandrii (here: on Gellap),
b) Boscia foetida (here: on Nabaos).
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5 Comparison of Scale Dependent Topsoil Variability in the &na Karoo Ecosystem

5.4.4.1 Signi cance Tests within the complete Data Set

In Soebatsfontein, a standardisation procedure was applied asmethod to increase
the sample number for statistical tests and therefore make it pos$e to detect ner
di erences between D4-groups (see Chapter 2.4.5). The samadwopted for analyses of
shrub in uence on soil properties in Gellap and Nabaos. Signi ¢a di erences in the
mean value of selected soil properties between Plant Canopyda®@pen Soil samples of
di erent layers are given in Tab. 5.5 and Tab. 5.6.

0-1 1-5 5-10
Parameter n mean £ SD n mean £ SD n mean = SD
Corg [%] 20 0.16+0.13* 20 0.18+0.12* 20  0.14+0.07*
N [%] 20 0.019+0.016* | 20 0.013+0.013 | 20 0.003 +0.010
C/N-ratio 20 0.8+0.6* 20 1.2+06* 20 1.1+04%

Pa [9/kg] 8 -001+0005*| O - 0 -

Tab. 5.5 : Gellap: Comparison of Open Soil (O) and Plant Canopy (P) soil for the three

individual layers. Presented is the di erence of mean of Plat Canopy samples compared to
Open Soil after standardisation of the data set (explanation see Chapter 2.4.5). Negative
values indicate lower contents on Plant Canopy sites compagd to Open Soil.

In Gellap, far less signi cant di erences were obtained tham Nabaos, but it has to
be considered that only two Shrub/ Open Soil groups were avalle for this site while
on Nabaos four of such groups were involved in the analysis. Howeuwhe detected
trends are widely the same for the two observatories, although erences are generally
less distinct on Gellap. Compared to Open Soll, & is signi cantly increased in Shrub
Canopy samples in all layers on both observatories. Interestilggon Nabaos, the mean
increase below shrubs is much stronger than in Gellap. Also, whtlee accumulation of
Corg is approx. constant with 0.16 - 0.14 % in all layers on Gellap, @ear gradient with
depth is apparent in Nabaos with relative increased values fro0.5% in the rst layer
to 0.16% in layer 5-10 cm. The same trend is valid for {Nalthough on Gellap only
di erences of the rst layer are signi cant. Again, on Nabaos di erences are clearly
stronger (more than double in all layers) and gradually decrsa with depth. C/N-ratio
is signi cantly wider in all layers on both observatories. As folCy¢ and N, in Nabaos
C/N-ratios become narrower with depth and reach Gellap leveh the deepest topsoll
layer; in contrast to Gellap, C/N ratio di erences between Shub Canopy soils and Open
Soil samples are more than three times stronger on Nabaos in thest centimetre, and
still increased by factor 1.3 in the second.

Further signi cant di erences for Gellap occur for Py (only analysed for the rst
layer) with lower values below plant canopies. This nding isnhot valid for Nabaos.
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On the other hand, in Nabaos signi cant di erences were foundof most parameters
that represent salt accumulation: especially EC-values weregsi cantly increased be-
low shrubs in all layers. Correspondingly, signi cant increaselselow Shrub Canopies
compared to Open Soil were found for N&e, Caye, Mgwe and Ky in the rst layer.

0-1 1-5 5-10
Parameter n mean £ SD n mean = SD n mean £ SD
EC,s[uS/em] | 39  131+127* 39  109+226* 39 73+131 %
ECs [uS/cm] 39 99 + 81 * 39 96 + 190 * 39 60 + 105 *
Corg [%] 39 052+027* | 39 026%0.16* | 39 0.16+0.14*
N; [%] 39 0.049+0.021* | 39 0.029+0.022* | 39 0.017 +0.013*
C/N-ratio 39 26+12* 39 1.6+09*%* 39 1.1+09*
NOsye [Mg/l] 16 117 +£234* 16 198 + 594 16 50 + 147
Cay,e [mg/l] 16 32+42% 16 34 + 89 16 33+81
Mgwe [mg/l] 16 17+19* 16 18 + 47 12 12 + 26
Kwe [Ma/1] 16 31+29* 16 20 + 31 16 7+16

Tab. 5.6 : Nabaos: Comparison of Open Soil (O) and Plant Canopy (P) soilfor the three

individual layers. Presented is the di erence of mean of Plat Canopy samples compared to
Open Soil after standardisation of the data set (explanation see Chapter 2.4.5). Negative
values indicate lower contents on Plant Canopy sites compard to Open Soil.

Texture data was only available from composite samples of thee replica minipro-
les. To nd di erences between Open Soil (O) and Plant Canopy(P) units, texture
data of Gellap and Nabaos was standardised and di erences testiadthe merged data
set of the two observatories to increase the sampling number.

Tab. 5.7 summarises the results. Below plants, in all depths sigmiantly lower
contents of clay were determined in all depths. Otherwise, lie accordance was found
between the three layers: a trend was found of the rst centimet having less particles
of sizes up to mS fraction in canopy soils but instead an increast amarse sand. In
deeper depth, particles up to mS-size are increased at plantest but coarse sand is
decreased.
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Fraction [%] | N 0-1cm 1-5cm 5-10 cm
Clay 12 -1.38* £6.01 -2.23* + 4.56 -1.45* + 3.65
Silt 12 -0.67 + 6.46 2.15* + 3.04 244 £ 4.32

fSi 12 0.03+2.27 -0.25+2.28 0.13*+2.31
mSi 12 -0.06 *+2.71 0.46 = 1.69 0.37£1.40
cSi 12 -0.65 + 3.55 1.94*+1.75 1.94*+1.80
Sand 12 2.06 £12.14 0.05 +7.33 -0.97 £ 7.55
fS 12 -0.94 +6.41 243 £3.59 2.17+£5.14
fiS | 12 -0.70 £ 4.28 1.73*+3.17 2.03 +3.87
cfS| 12 -0.24 +2.16 0.69+1.34 0.14+£1.42
mS 12 -0.64 £5.96 0.28 *+5.74 1.88+£4.77
cS 12 3.63+16.32 -2.66 £ 5.90 -5.02*+5.51
Pebbles 12 -3.95 +9.86 -0.71 +11.37 -5.67*+9.21

Tab. 5.7 : Comparison of particle size distribution of Open Soil (O) ard Plant Canopy (P)

soil within three individual layers: di erence of mean of Plant Canopy samples compared to
Open Soil after standardisation of the data set. Underlyingdata is all data pairs of Gellap
and Nabaos. Means are presented with standard deviations. fndicates signi cance on 0.05
level. Negative values imply lower contents of a texture fration on Canopy sites compared

to Open Sail.

5.4.4.2 Signi cance Tests within Individual Sites

When regarding di erences in soil characteristics below ShiouCanopies and Open Soill
in Gellap and Nabaos, it appears that the parameters reacted rnyedi erently on the
varying sites (Tab. 5.8 and Tab. 5.9): most consistent were the selts for Cyq, N;
and C/N- values. On ve sites, G, was signi cantly increased which consequently
led to a signi cant widening of C/N-ratio although N, also increased on all sites and
signi cantly on Nabaos. The sixth site shows the same trends; howeydhese were not
signi cant due to the low sample number.

pH-values showed no clear di erences between canopy and opeiisson Gellap,
and showed strongly deviating results on Nabaos sites: in one of fatases pH de-
creased which was signi cant for pH,o; the other three cases showed the opposite
trend, though this was not signi cant. EC-values also showed dirences between Gel-
lap and Nabaos. While in Nabaos shrubs increased EC-values, comgans in Gellap
revealed the opposite tendency, i.e. to decreased EC-valueddw plants. However, it
has to be considered that on Gellap, comparisons were drawn aedjng the Young
Accumulation area while on Nabaos, this unit was not tested. Her¢he Old Accumu-
lation area was sampled instead. On the other hand, a comparisohthe Young and
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Old Accumulation area showed that there were no signi cant di eences between these
groups and that they were rather comparable. This is espedialtrue for the texture
analysis (see Appendix Tab. B.10).

G-SE-AY G-OC-RI

n O n P n (0] n P
PH 420 5 6.8+0.2 5 6.8+0.2 5 6.6+0.4 5 6.8+0.1
PHcaci2 5 6.5+0.2 5 6.3+0.2 5 6.3+x0.1 5 6.3+0.1
EC,5 5 66 + 33 5 42+ 34 5 358 + 466 5 42 +12
ECs 5 43 +23 5 37+ 26 5 268 + 348 5 31+9
Corg 5 030*+0.07 5 0.46*+0.13 5 019*+005 5 0.34*+0.03
N, 5 0.121+0.006 5 0.134+0.013 5 0.114+0.022 5 0.118+0.003
C/N-ratio 5 24*+04 5 34*+0.6 5 16*+0.3 5 29*+0.2

Tab. 5.8 : Comparison Open Soil (O) and Shrub Canopy (P) units of the sane D3-unit on
Gellap with regard to dynamic soil properties. The data are ased on weighted means over
0-10 cm topsoil calculated for each minipro le.

N-SE-AO N-SE-RI

n (e} n P n (6] n P
PHuz0 6 7.2+0.6 5 7.6+0.5 5 7.0+0.6 5 7.9+0.6
PHcaci2 6 6.7+0.4 5 6.7+0.2 5 6.7+0.1 5 7.0+0.3
ECys 6 14*+6 5 49 * + 20 5 20+ 17 5 42 22
ECs 6 11*+5 5 37*+16 5 21+21 5 47 25
Corg 6 017*+002 5 042*+0.13 5 018*+003 5 048*+0.14
Ny 6 0.106*+0.001 5 0.127 *+0.009 5 0.107 *+0.005 5 0.129 * +0.011
C/N-ratio 6 1.6*+0.2 5 3.1*+0.8 5 17*+03 5 36*+08

N-OC-BS N-OC-RI

n (e} n P n (0] n P
PHH20 7 71*+0.7 5 6.2*+0.6 3 6.9+0.1 3 7.6+0.1
PHcaciz 7 6.6+0.3 5 59+0.6 3 6.3+0.2 3 6.8+0.1
ECys 7 22*%+20 5 312 *+228 3 91 3 29+6
ECs 7 18*+14 5 257 * + 186 3 8+1 3 25+5
Corg 7 011*+001 5 0.39*+0.15 3 014+001 3 0.27+0.03
N, 7 0101*+0.003 5 0.142*+0.019 3 0.102+0.004 3 0.117 +0.004
C/IN-ratio 7 1.1*+0.1 5 27*+0.8 3 1.4+0.2 3 2.2+0.3

Tab. 5.9 : Comparison of Open Soil (O) and Shrub Canopy (P) units of the sme D3-unit on
Nabaos with regard to dynamic soil properties. The data are lased on weighted means over
0-10 cm topsoil calculated for each minipro le.
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5.4.4.3 Threefactorial Analysis of Variance (ANOVA) inclu ding all sites of
Gellap and Nabaos

The variability of soil properties was assessed by applying a thedactorial ANOVA on
a data set comprising the two Gellap Shrub/ Open Soil groups antiree Nabaos data
pairs. One of the Shrub/ Open Soil data sets was omitted since gn$ix minipro les
(3 x Open Soil and 3 x Shrub Canopy) were taken on this partical site and the
ANOVA application requires homogenous data sets comprising veinipro les in this
case. It was decided that the omission of this site was acceptaltiee unit was located
on a single "Rivier Island", measuring only approx. 2 min size, thus all minipro les
had to be taken under the same shrub on this relatively small areand the areal
representativeness that is lost on that account in terms of theotal study site is low.

Parameter Site D4 Layer Site * | Site * D4 * | Site*D4* Re;idual
D4 Layer | Layer Layer Variance
C/N-ratio 13 44 9 5 5.2 1.3 2.8 19
Corg 9 38 13 5 5.4 3.9 35 22
N 7 31 15 9 5.1 54 1.6 27
Ka 32 17 = 22 = = = 29
Kwe 19 17 4 33 3.8 25 6.3 14
Pa 33 8 - 16 = = - 43
SOume 38 6 1 41 45 0.8 5.1 3
Naye 22 4 0 25 0.3 0.1 0.3 48
MOue 25 3 2 40 4.9 0.8 5.2 20
Caye 23 1 0 39 2.2 0.1 21 32
NO3zye 23 1 2 32 7.2 14 6.9 26
Clye 20 0.5 1 26 2.1 0.5 2.2 48
ECs 11 0.4 0.3 22 2.1 0.6 2.1 62
PHcac 37 0.4 0.03 13 1.9 0.3 1.0 46
EC,s 11 0.2 0.2 21 1.8 0.7 1.6 64
PH o0 22 0.05 2 27 37 0.1 1.0 44

Tab. 5.10 : Variance components (%) of the factors Site, D4-unit, Layer,combinations of these
and non-explained residual variance. Boxes highlighted gre represent the highest variance
components (the upper quantile) within a factor across all pprameters.
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By the application of ANOVA, the contribution of three de ned factors and their
interactions on total variability were tested. These factorsvere "Site" as a combination
of Observatory, D2 and D3-unit, "D4", representing the data spt into Open Soil (O)
and Shrub Canopy (P) units, and "Layer", taking the sampling deths into account.
The results are given in Tab. 5.10.

While in Soebatsfontein, the "Site" factor exhibited a strongn uence up to 86%
for pHy 20 onN total variability within the data set for most parameters, this e ect was
far less pronounced in Gellap and Nabaos. Still, this factor relaed values up to 38%
for some soil properties, of which pkhci2, SOume, Kg @and Py were highest.

The highest contribution to variance explanation by factor & and thus the dif-
ferentiation of samples into Open Soil and Shrub Canopy samplas given by the
parameters that are linked to organic matter: C/N-ratio with 44%, G,y with 38% and
N; with 31%. These are followed by the parameters and K, that are also linked
to decomposition of organic material. Variability of D4-unis is lowest with regard to
EC and pH-values; these are more strongly explained by the "Sitdactor and the
combination of the factors "Site" and "D4", indicating that a site-depending in uence
of D4-di erentiation is given.

The sampling depth generally explains only few percentagektotal variance, but
at least explains between 13 and 15% total variability of the grameters G,y and N;.

Non-explained residual variability, which is the variability within groups compared
to variability between groups, is highest for pH-, EC- and R-values. This is in so far
interesting since at least pH showed a high degree of variance kxmation after a
comparable analysis on the Soebatsfontein Observatory.

In general, the previous ndings are re ected again in the vaance participation:
where Shrub/ Open Soil di erentiation resulted in di erent relationships on Gellap
compared to Nabaos, the explanation of total variance is stroegfor the factor combi-
nation Site*D4. This is valid for EC-values and some watersolile salts. Where same
di erences between D4-units were obtained, factor D4 exhils a strong percentage on
total variability (C o4, N, C/N-ratio).

5.4.4.4 Twofactorial Analysis of Variance (ANOVA) for Indi vidual Sites

For a more detailed overview on variance distribution withinthe data set, a two-way
ANOVA was applied to all single sites comprising the factors "D4" iad "Layer". The
results are provided in Fig. 5.10.

The contribution of the factors and factor interactions on btal variability strongly
deviates between the sites. For pkbo, a large percentage of unexplained residual vari-
ance is visible for all sites; however, this fraction still varge between the sites from
43% to 86%. Also, D4-contribution varied from 1% to 50%. This goes along with the
nding of the previous three-way ANOVA that revealed a strong catribution of the
factor combination "Site*D4". Residual variances for Gq, N; and C/N-ratio are much
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lower compared to the results of the parameter pkbo, as was shown in the three-way
ANOVA. However, here again strong di erences between the sites accOn the Rivier
Island in Gellaps' Outcrop Area (G-OC-RI) and the Brown Ridge oNabaos' Outcrop
Area (N-OC-BS) the low contribution of Layer and D4*Layer-interaction compared to
the other sites are striking. This is also valid for piH,o and EC,.5. On the other hand,
the Sedimentation Area sites show stronger e ects regarding the factors.

PHH20 ECzs Corg

1007 1007

1007

807 807 807

60 607 60

407 407 407

Variance Component [%]
Variance Component [%]
Variance Component [%)]

207 207 20

G-SE- G-OC- N-SE- N-SE- N-OC- G-SE- G-OC- N-SE- N-SE- N-OC-

G-SE- G-OC- N-SE- N-SE- N-OC-
AY RI AO RI BS AY RI AO RI BS

AY RI AO RI BS

N¢ C/N-ratio

1007

Variance Components

B Residual
] pa*Layer
& Layer

B D4-unit

807

60

40

Variance Component [%]
Variance Component [%]

207

G-SE- G-OC- N-SE- N-SE- N-OC- G-SE- G-OC- N-SE- N-SE- N-OC-
A

RI AO RI BS AY RI AO RI BS

Fig. 5.10 : Variance components of the factors D4-unit, Layer, combinatons of these and
non-explained residual variance determined by a two-way ANOM in SPSS.

Also of interest are the variance fractions of the sites G-SE-AYGellap, Sedimenta-
tion Area, Younger Accumulation Area) and N-SE-AO (Nabaos, Sediméation Area,
Old Accumulation), which were assumed to be comparable sites dfet two observato-
ries, as texture analyses indicate (see 5.4.4.2). When regaglithe single parameters,
the fraction distribution of variance components of these twaites are oftenly similar,
with higher total explanation percentage on the Nabaos site.
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5.4.5 Discussion of Mutual Dependencies between Shrubs and Soil
Properties

By comparing soil properties below Shrub Canopies with adjanot Open Soil patches,
several e ects could be shown: plants accumulated organic ntat in the canopy zone,
thus leading to signi cantly increased values of ¢4 and N; and more humus-like C/N-
ratios. On the other hand, these e ects had di erent intensities with regard to the data
sets of Nabaos and Gellap separately. Moreover, in Nabaos, a reflataccumulation of
salts could be detected below plants that was not detectablenstudy sites in Gellap.
Here, a comparison of the single sites showed that plants ratherh#xited the oppo-
site e ect of soils: salt indicating parameters such as EC-valuagere decreased below
shrubs, though not signi cantly. On the other hand, Ry showed signi cantly decreased
values in canopy soils on Gellap, a nding that was not con rme in the Nabaos data
set. With regard to texture, an increase of fractions from medm silt to medium sand
was found below plants from depth of one centimetre and deepwhile in the rst
centimetre the opposite trend was true.

The texture di erences indicate the trapping of airborne mgerial by the plant
crowns, a process that has often been stated for shrubs in drylaadosystems. Accord-
ing to Herrmann (1996), particles< 20 m are capable of long-term air suspension, a
size which matches fractions up to the medium silt class. Frache of 20 - 70 m, which
parallels coarse silt, are still suspended up to approx. 2 m in hbéig Very ne sand is
transported by means of modi ed saltation, and ne sand to medim sand fractions
are transported via saltation, a process which included verat movements of up to
1.5 m above the surface. Coarse sand particles, however, are t@avy to be lifted
upwards by wind. They are creeping above the surface and usyatlo not exceed a
distance of more than a few metres. The fact that the rst centimge of topsoil shows
the opposite trend may be explained by leaching processes, smalllsavater erosion
on the exposed phytogenic mounds after canopy dripping or tagical activity.

The accumulation of G4 and N; in canopy areas is a commonly described process
which is referred to the formation of so-called "fertility isands". Several factors such
as the recycling of litter material in the crown area, the updke of nutrients beyond the
canopy zone, further enrichment by dust and particle trappig through wind and water
erosion and the input of animal faeces contribute to this phemenon. Depending on the
state of litter composition, C/N-ratios tend to be wider under Ganopies compared to
Open Soil and may gradually decrease with depth. At this pointhe special situation
concerning Grg and N;- contents in the regarded study sites has to be considered
as well: Petersen (2008) rst described the extraordinary higleontents of these two
parameter species within the parent material that led to strikngly low C/N-ratios
within soil. Due to this phenomenon, an input of organic matte by plants leads to
the unusual widening of C/N-ratios to more humus-like conditins. Petersen (2008)
further states, that the N;-fraction of the parent material is relatively stable whilst
Corg-contents vary more strongly. He refers this to a relative degtion of Cyq, but
not of N;, with increasing weathering which might involve the destrudte force of
radiation on bare soil. This leads to a decrease of C/N-ratio wit weathering degree
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of the parent material, and thus lower C/N-ratios in topsoils ompared to deeper soil
layers. Therefore, three processes are apparently controfjithe contents of G,y in
soils:

1. biogenic processes, leading to a widening of C/N-ratios by,-input
2. weathering, leading most likely to a narrowing of C/N-ratie by loss of G4

3. texture e ects: erosion of ne particles within the rst centimetres of soil leading
to wider C/N-ratios by a pronounciation of parent material inform of sand which
consists of shist

The dynamics of C and N behaviour and the actual contents of éhshales are not
completely discovered yet and shall not further be discussed atishpoint. Concerning
the comparison of canopy and open soils, the results indicate @&t e ect of biogenic
Corg input since the absolute values of C and N below shrubs on Gellapdathe more
degraded Nabaos site are comparable.

Apart from C,4 and N; accumulations, the term "fertility islands"” comprises en-
richments in several other nutrients. Virginia & Jarrell (1983, for instance, reported
enrichments of P, S, and K under mesquiteRrosopis juli ora). A detailed literature
summary regarding this topic is provided in Chapter 3.3.1.

In terms of this nutrient enrichment, the two plant-available nutrient species Ky
and Py did not con rm the fertility island e ect. While K 4 showed no signi cant
e ects at all, Py was even signi cantly decreased below plants on the Gellap steThe
same trend was previously observed for comparisons of Canopy @&den Soil samples
in Soebatsfontein. Here it was assumed, that plants readily useishnutrient known
as limiting so that it is not very surprising that in direct plant vicinity P y-levels are
reduced. However, I and Py -contents were only analysed for the rst centimetre of
topsoil. Therefore, a positive e ect below this depth cannot & excluded.

On the other hand, increased amounts of watersoluble salt specignd EC below
crowns of Nabaos shrubs further indicated a fertility island fonation. Among these
watersoluble anions and cations are & and NOs,e. Why these e ects were not found
in Gellap remains an interesting question whose solution mighis®m explain the fact,
that C- and N-accumulation was far less pronounced below Gegllahrubs. It seems as
if the island of fertility formation is generally less develogd in Gellap. However, it has
to be considered, that the analysis of Gellap Shrub/ Open Soiljpches only comprised
two D3-sites and thus 20 minipro les while on Nabaos sampling t@nsity was twice as
high. Nevertheless, the observed e ects are clear.

A hint regarding the reasons for this striking nding may lie wihin the soil prop-
erty di erences between Nabaos and Gellap in general. EC-uals and watersoluble
cations and anions were found to be on a relatively low levehdoth observatories.
This statement is con rmed by previous ndings of Petersen (208) who analysed the
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observatories on the square kilometer scale and by describingedesoil pro les. Nev-
ertheless, own results show that EC-values and contents of wadetuble cations and
anions were clearly increased in Gellap soils; in terms of EC,lwes were found to be
more than three times higher than in Nabaos.

The two BIOTA-observatories were established as twin-observates that were
comparable in their basic preconditions but were subject to d@rent land-use systems
for decades, as was pointed out in Chapter 5.2.4. Petersen (8p@on rmed the com-
parability of the two sites, albeit with restrictions: he found aslightly higher trend of
pH-values in Nabaos and refers this to a higher proportion of i calcareous layers
in the parent material. Further, he points out that Nabaos is m uenced by a larger
catchment in the eastern surrounding, which causes a strongeraghrage structure in
the observatory. However, the Nabaos small scale study sites weret egtablished
within the actual observatory, but slightly northwards and wih that outside of the
younger drainage structure(see Fig. 5.4). The author therat® assumes largely com-
parable conditions between the Nabaos and Gellap observa&siin terms of geologic
parent materials.

It is accepted by several authors, that the Nabaos study site showsstinct signs
of degradation, both in terms of soil and vegetation (Peterser2008; Wolkenhauer,
2003; Kuiper & Meadows, 2002). However, a clear e ect in terms ehemical soll
properties had not been substantiated so far. Adaptions of ecosgsts to degradation
has been reported by several authors (Allsopp, 1999; Schlesinge al., 1990). It is
assumed that the development of resource patches (in the traneit from grasslands
to shrublands, see Schlesinget al. (1990)) or the increase of such in scale (savannas,
see e.g. Ludwiget al. (2000)) is a response of ecosystems to degradation that ensures
a more e cient storage and use of water and nutrients when theseeloome scarcer. It
was also repeatedly suggested to use heterogeneity indices asasure to monitor and
evaluate degradation states in drylands (Tongway & Ludwig,997a; Schlesingeet al.,
1996).

The di erent ndings from Shrub Canopy/ Open Soil comparisors in Gellap and
Nabaos may be explained by the above-mentioned considerasoiVhen the amount of
water soluble cations and anions such as N and K. are considered as favourable
in terms of nutrient availability, because the underlying bakground values are very
low and undesired salt e ects can be excluded, then Nabaos soilsyrbe regarded as
depleted in comparison to Gellap soils. Moreover, the strongeevklopment of resource
or fertility islands in Nabaos, may be seen as a soil-based indicatf degradationin
sensuTongway & Ludwig (1997a). The occurrence of grasses in Gellapdathe lack of
it in Nabaos further supports this assumption, since a homogenogsass distribution
decreases the scale of heterogeneity as could be shown by Scigesket al. (1996) by
calculating semi-variograms for available N-species in gragstis and shrublands in the
Chihuahuan Desert of New Mexico. In addition, the lack of grasses Nabaos and the
consequent stronger exposition of bare soil to radiation may irease the fertility island
e ect by an increased destruction of G in the vast open soil areas, as was discussed
above.

183



5 Comparison of Scale Dependent Topsoil Variability in the &na Karoo Ecosystem

Based on these models and theoretical frameworks, an implicatifor the current
studies may be that on the overgrazed and depleted Nabaos-sitelnts facilitate their
own growth area by a more e cient accumulation of nutrients tan is the case for plants
in Gellap. However, the kind of species underlying the analysgsalso crucial: on Gellap,
all shrubs that had been sampled belonged to the speci@attophractes alexandrii One
sample group was derived from the Younger Accumulation Area ohé¢ Sedimentation
Area study site (G-SE-AY), the other was obtained from the Outcrp Area and here
from the D3-unit "Rivier Island” (G-OC-RI). While the samples below shrub canopies
on the Sedimentation Area were taken from veC. alexandrii individuals that were
widely distributed across the D3-unit on a rectangle of approx5 x 40 m, the sampling
of the Rivier-Island site was limited to approx. 14 x 14 m. Howevehere as well, at
least 4 di erent shrubs were sampled.

Catophractes alexandriiis a thorny shrub that reaches approx. 2 m in height and is
rather squarrose in habitus (see Fig. 5.9). The species was doarihon the chosen small
scale study site and therefore chosen for the canopy sampling. Onlddas,C. alexandrii
occurred, too, but was by far less abundant. Here, shrubs occedr oftenly in relatively
dense clumps of various species of whiBthaeoptilon spinosaRhigozum trichotomum,
Cardaba aphyllaand Boscia foetidawere dominant. Since the aim of the current study
was to analyse di erences between shrubs and open gmBF se the strategy was followed
to sample shrubs that were representative for the particular stly site. No focus was
placed on species speci ¢ sampling, although the sample locaisowere described in
detail in terms of species and a survey of the canopy area to etwally determine
e ects of phytomounds. Therefore, the sampled species on Gelland Nabaos were
di erent, and a species speci c e ect on the ndings may not be gcluded, especially
because of the di erences of canopy density. On the other hand/olkenhauer (2003)
stated a di erent vegetation composition of the observatorieas a consequence of the
di erent grazing intensities that are seen as the major cause dégradation. Therefore,
the fact that a shrub such a<C. alexandrii is capable of growing in Gellap as a dominant
species altough the rather squarrose habitat only allows a recked generation of fertility
islands below the canopy, while the dense bushy shrub clumps ohet species typical
for Nabaos, may justify the comparison of di erent species on thetsi Nevertheless, it
is regarded as most desirable to extend the conducted analysisftirther shrub units
involving the same species on both sites.

5.4.6 Further Interactions on the D4-Scale

Further D4-units were sampled, although far less frequentlyfhose are the only crust
site on the Gellap Sedimentation Area (G-SE-AO-C), grassy micpatches on the same
D3-unit (G-SE-AO-G) and two tree canopies: one located on Gap (G-SE-AY-T)
and the other on Nabaos Sedimentation Area (N-SE-AO-T). The l&tr D4-units were
expected to behave similar to the Shrub Canopy soils (Tab. 511

The Crust Soil was characterised by lower pH-values (in case of pkb signi -
cantly), and lower amounts of G,y and N;. Although not signi cant, a tendency of
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decreased salt contents on the crust site is clearly visible.

Regarding the soil taken in the rooting zone of grass tussocks, sigant decreases
of pH are detectable. Gy and N; showed a tendency of increased values whereas
C/N-ratio was wider. No signi cant di erences occurred with regard to salt related
parameters (EC-values, watersoluble cations and anions), lattugh EC-values tended
to be higher on Tussock sites compared to Open Soil.

Most interesting in this analysis was the question, whether therées showed a
similar e ects on soil as the shrubs. Di erences between Tree-sales and Open Soll
were much more strongly pronounced on Gellap than on Nabaos. Gmetformer obser-
vatory, EC, Cqq, N and C/N-ratio were signi cantly increased. On the Nabaos site,
these ndings were con rmed as trends in terms of EEs and ECs, and signi cantly
for Corg, Nt and C/N-ratio.
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G-SE-AO G-SE-AY N-SE-AO

n (0] n C n G n (0] n T n (0] n T
PH,o0 5 7.1+0.1 5 6.8*+0.1 5 6.8*+0.1 5 6.8+0.2 5 71+0.2 6 7.2+0.6 3 7.4+0.3
PHcaci2 5 6.4+0.1 5 6.4+0.1 5 6.2+0.1 5 6.5+0.2 5 6.6 £<0.1 6 6.7+0.4 3 6.2+0.2
EC,5 5 59 + 62 5 52+14 5 64 + 80 5 66 + 33 5 264*+211 6 14+ 6 3 19+3
ECs 5 39+38 5 38+8 5 57 £51 5 43 +23 5 181*+130 6 115 3 14 +2
Corg 5 025+0.05 5 021+001 5 0.32+0.08 5 030+£0.07 5 0.53*+0.10 6 017+0.02 3 0.24*+0.03
N, 5 0.119+0.008 5 0.110+x0.001 5 0.125+0.008 5 0.121+0.006 5 0.154 * +0.009 6 0.106 £0.001 3 0.118 * +0.003
C/N-ratio 5 21+0.2 5 19+0.1 5 25+05 5 24+04 5 34*+04 6 1.6+0.2 3 20*+0.2

Tab. 5.11 : Comparison of the D4-units "Grass" (G), "Tree" (T) and "Crust " (C) with Open Soil (O) of the same D3-unit on sites in
Gellap and Nabaos with regard to dynamic soil properties. The Data are based on weighted means of 0-10 cm topsoil calculatdéor each
minipro le. SD = Standard Deviation. * = signi cant di eren ces with p< 0.05.
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5.4.7 Discussion of further Interactions on the D4-Scale

In Chapter 5.4.5, the di erences between shrubs of Gellap andabaos in terms of
their capability to indicate changes in soil properties weraliscussed. As a result,
Nabaos shrubs more strongly developed fertility islands than G&p shrubs, which
was attributed to the advanced degradation process in Nabaos.h&h comparing Open
Soil patches with Canopy soil of trees on the two observatoriethe contrary trend

is true: in Gellap, under Albicia anthelmintica EC-values are manifold and in most
cases signi cantly increased, while no signi cant di erences &re observed folAcacia

melliferaesamples in Nabaos. On the other hand, below both crowns, an acauation

of Coy and N; was detected, though this was also stronger developed on Gella

Again, a species-speci c e ect is not
excluded, although no literature could
be found that observed the e ects of
these species on soil. However, an al-
ternative interpretation is given by the
kind of stocking. While on Nabaos, goats
and sheep roam, in Gellap sheep are
only kept on the parcel of land where
the observatory was established (Wolken-
hauer, 2003). Also, although Wolken-
hauer (2003) stated that sheep were the
only livestock type, cows were grazing on _
the site in 2003 (Grengmft, 2008, pers. Fig. 5.11 :'Grass tussocks on Sedimenta-
comm.) and during eld work in 2004 cow  tion Area in Gellap
dung was found beneath theAlbicia an-
thelmintica-trees in Gellap. In addition to an increased e ect by cattlejt may be pos-
sible that the three Albizia-trees on Gellap are attracting sheep more regularly to rest
in their shades than theAcacia melliferatree on Nabaos, especially, since dense grass
patches occurr in direct vicinity and sheep prefer to graze (8nd, 2000, and references
therein). On Nabaos, shade is also provided by the much denser anitenly higher
shrub clumps. Grasses are generally missing, and since themellifera-individual is
the only tree in the surrounding area, it is less likely that thé place is favoured by the
herd. All in all, these assumptions remain speculative since onlye tree unit could
be sampled on each farm; however, the e ect of the dominant égtock form should
be considered a cause of stronger accumulation of nutrients aoyanic matter under
soils of Gellap compared to Nabaos.

The comparison of soil next to Grass Tussocks with Open Soil sampk&sowed
that grasses contribute to small scale heterogeneity, which sumps the considerations
of Chapter 5.4.5. The Grass Tussocks occur with interspaces opamx. 30 - 50 cm (see
Fig. 5.11). Since an e ect on the development of soil patchise could be shown in at
least trends with regard to Gy, N; and C/N-ratio that is on a scale relative to the
tussock interspace, the study site "Sedimentation Area" on Gellajs - with regard to
the above cited framework of Tongway & Ludwig (1997a) - in a $s degraded state
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than the same study site on Nabaos.

The only occurring physical soil crust on the observed study sitextebited de-
creased pH-, EC-, Gg -and N;-values compared to adjacent Open Soil patches. Pre-
sumably, on these rather smooth surfaces, runo is readily genéea during rain events
and washes small litter particles away quickly. All other surfags are rather rough and
mostly covered with a desert pavement which consists in this casématty particles
in coarse sand size that are derived from weathering of the shisttorops. The role of
these crusts will be further evaluated in Chapter 3.4.

5.4.8 The Inuence of Microtopography on Small Scale Soil Va riability

Microtopographical structures were far less pronounced on (&g and Nabaos com-
pared to Soebatsfontein. Heuweltjies and large boulders wemdssing that increased
habitat diversity in Soebatsfontein. Instead, on the wide plais slope inclinations were
approximately the same on the study sites with exception of the smoth, low ridges
in the Outcrop Areas. But in contrast to Soebatsfontein, shrubs we of considerable
height and thus, phytogenic mounds (PGMs) were more frequegtand distinctly de-

veloped.

In Chapter 5.4.4, it could be shown that plants accumulated N\ Cyq and several
watersoluble cations and anions in soils within their crown aa. Consequently, higher
values of EC and wider, in this special case more humus-like, Chfdtios were found in
canopy soils compared to open soils. In addition, the texturalocnposition of soil was
altered below shrubs in a way that clay was decreased, while ethne fractions up to
middle sand size were increased and coarse sand decreased belovwslexcept for the
rst centimetre, which showed the reverse trend.

It was hypothesised that the height
of phytogenic mounds was interrelated to
the degree of this fertility island develop-
ment. Therefore, for each sample location
under plant canopies, the relative PGM-
height at that particular point was deter-
mined by generating several intersections
through the DEM. An example of such a
terrain section is given in Fig. 5.12.

Position of Miniprofile 1353
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The PGM height of each minipro le
was correlated with the weighted means
of the soil properties over the top ten cen- Fig- 5.12 : Verti(?al section through a PGM on
timetres of topsoil and the parameter val- the Sedimentation Area in Nabaos.
ues of the three separate layers. Selected
results are presented in Tab. 5.12. The complete list is compilén the Appendix (Tab.
B.12). For all total elements it has to be noted that here onlyGellap samples were
available; thus, the basis of this analysis was the data of 10 nymo les, whereas for
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other soil properties, 30 minipro les were included in the argsis.

Parameter |wm 0-10cm | 0-1 cm 1-5cm 5-10 cm
PH 120 0.25 0.47* 0.20 0.30
PHcaciz 0.38 0.54 * 0.34 0.46 *
EC,s 0.39 0.16 0.38 0.43*
ECy 0.44 * 0.35 0.44 * 0.47 *
Corg 0.14 0.28 0.12 0.35
N; 0.16 0.20 0.12 0.40 *
C/N-ratio 0.11 0.29 0.11 0.30
Kal - 0.67 * - -
Pa - 0.37 - -

S 0.44 0.41 0.67 * 0.06
P, 0.08 0.73 * -0.05 0.14
Mn, -0.67* -0.26 -0.56 -0.52
Ni; -0.66 * -0.47 -0.50 -0.27
Sr -0.72* -0.28 -0.72* -0.42

Tab. 5.12 : Correlation coe cients between soil properties and PGM-height for weighted
means over 0-10 cm (wm) and the individual topsoil layers (r> 0.4 highlighted).

All dynamic parameters (pH-values, EC-values, &g, N¢, C/N-ratio, S, Pq, Kg)
as well as R show a positive correlation with the developmental degree ofGMs. The
r-values vary in strength between parameters and with depthwhile pH- and P;-values
tend to correlate more strongly with PGM-height in the rst centimetre, EC-values
show stronger correlation in depths. Between &, N; C/N-ratio and PGM-height,
only low r-values were obtained. For Sand especially K, however, r-values were high.

For total element contents on Gellap sites (apart from Pand S) high correlation
coe cients (> 0.4/ < -0.4) were only obtained for negative relationships betwe®&GMs
and soil properties. Here again, r-values ranged widely withidepth and between the
parameters with highest correlations found between PGM-Igt and Mn;, Ni; and Sk.

5.4.9 Discussion of the In uence of Microtopography on Smal | Scale Soill
Variability

The analysis of the most distinct microtopographical featuresccuring in Gellap and
Nabaos showed, that the developmental degree of PGMs is clgadlated to alterations
in soil properties. Coe cients of correlations are rarely higer than 0.5 which indicates
that there is a tendency of increased/ decreased parameter wak with PGM-height
across all sites and all species in the regarded ecosystem but tleateptions of this
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relation are common. This might be due, for instance, to comuing wash-outs of
light organic matter particles on the so-called "Rivier-Islad"-locations that are more

frequently a ected by run-o than other sites. Multiple other factors are conceivable
that in uence the correlation, which are not quantifyable wth the present data set.

Perhaps geologically di erent preconditions on speci ¢ outrops might lead to other
soil properties in PGMs in terms of one or several parametersahwould not occur in

the Sedimentation Areas.

The range in r-values between the three depths may be a resuft\@arying expo-
sition of the sampled PGMs to main wind directions, to species ects (higher sus-
ceptibility to wind erosion due to low canopy density) or diggig activities of animals.
The higher correlation coe cients of EC-values in deeper tosoil layers may be due to
rapid leaching of the very dynamic watersoluble salt species.\er r-values for pH in
deeper layers may on the contrary indicate the increasing vability of organic acid
production and respiration activity with depth depending onspecies and stability of
the location.

5.4.10 Variability Assessments on the Observatory

Like for the data set taken on the Soebatsfontein Observatoryhé variability of soil
properties is assessed for the combined data set of Gellap and Nab#wt comprises
samples with a liation to four nested scales (D1-D4) plus depthinformation (Layer).
However, it has to be noted that total element data were only ailable for the Gellap
samples so that calculations upon those parameters are omittéeére. On the other
hand, as mentioned before, in this landscape,.g and N; have to be regarded as
parameters re ecting geologic conditions as well (see Cha&pt5.4.5).

Fig. 5.13 presents the contribution of samples taken on Gellgmd Nabaos to total
variability of the combined data set. The calculation shows tht the di erentiation
on landscape scale into two D1-groups accounts only little tootal variability. An
exception is pH;20, Which explains at least 6% of the total variability. This nding
may be explained by the formerly described occurrence of caleous bands in some
outcrops in Nabaos and the corresponding pH-di erences compear to Gellap (see
Chapter 5.4.3).

Also low is the contribution of D2-units to total variability f or pHy 20, EC,.5 and
Corg- For N¢, however, D2-units account with 16% to total variability. The shist outcrops
found in Gellap and Nabaos have high contents of N and C (Peterse2008), therefore,
by contrast to Soebatsfontein, N and at least to a certain degree &y also represent
geologic variability in this data set. As was already discussed @hapter 5.4.5, N is
more stable in terms of weathering while ¢4 has more dynamic properties due to the
accumulation of organic matter by plants on the one hand, antthe assumed destruction
of C-species by a still unidenti ed process during weatheringnathe other. This might
explain the lower degree of explanation by D2, since uctuatns in G, probably
have a stronger impact with regard to D3- and D4-units that dedrmine the degree
of open soil patches and with that the exposition of soil to the msible destructive
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Fig. 5.13 : Variability contribution of D2-units (here separated into S edimentation Areas (SE)
and Outcrop Areas (OC)) to total variability of the combined Gellap/ Nabaos data set.

force of radiation. These patterns occur within D2-units buhot inbetween: open soil/
non-open soil patches occur on both, Sedimentation and Outg Areas.

Concerning all parameters, D3 contributes strongly to total ariability, ranging
between 14 and 32%. The structuring into units with less weathed outcrop ridges
of various kind (bulky and ne structured shists), units with more strongly weathered
and mixed materials and units being a ected to di erent degees by hydrology (Rivier-
and Rivier-island units) accounts for strong variability expanation.

Also high is the impact of D4-patterns on total variability for all parameters. This
is mainly due to the di erentiation into samples of Open Soil ad Canopy Soil-units
that a ects pH 20, ECas, Corg and N; alike.

The Layer-factor contributes most strongly to variability in terms of G,y and
N; since these parameters show the strongest gradients with depth Ganopy sites.
Moreover, the proposed destruction of (geogen).g by radiation is strongest on top
layers of Open Soil.
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5.4.11 Hydrology

5.4.11.1 In ltration Rates

On 28 D4-units on both observatories, single ring in Itration ests were conducted
according to the procedure described in 2.2.6. An overview dig results is provided
in Fig. 5.14.
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Fig. 5.14 : Overview of single ring in ltration rates of di erent D4-uni ts on the observatories
Gellap and Nabaos.
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In ltration rates were at times highly variable with an increasing variability on
high-in ltration sites. Values ranged between 24 and 21,600 mh, with a mean of
1,600 mm/h, a standard deviation of 2,400 mm/h and a median ofOD0 mm/h. The
data distribution is strongly controlled by extremely high vdues of Rivier-units.

Apart from the Rivier-units, which had basically unlimited in Itration rates with
regard to the applied method, highest values were obtainedrf8hrub Canopy sites and
in most cases Rivier Island sites. Lowest in ltration rates were fmd on the crust site
and the Open Soil sites of the Brown and Red Ridges as well as dre tRivier-Island
unit of Gellap. Remarkable is the high deviation of in Itration rates for Rivier Island
D3-units. On the two comparable study sites "Sedimentation Aréait could be shown
that in Itration rates increase with increasing age of the sednents in the row Old
Accumulation < Young Accumulation < Rivier. Variabilities of in ltration rates are
still very high, although not signi cant, the described trendsare clear. No di erences

occur between sites of Gellap and Nabaos.
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Fig. 5.15 : Overview of single ring in ltration rates of Open Soil (O)/ S hrub Canopy (P)-units
on the observatories Gellap and Nabaos.
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In Fig. 5.15, the results for a direct comparison of Shrub CanggP) and corre-
sponding Open Soil (O) test sites are summarised. Here again, thglnivariability of
the results leads to negative signi cance tests; however, thelltaving tendencies are
obvious: tests conducted below shrub canopies result in cleahigher in ltration rates
than those conducted on Open Soil patches. This trend is validrfall six data pairs. In
addition, the two trees exhibit lower in Itration rates compared to Shrub Canopies in
both cases but not compared to the corresponding Open Soil usitBased on the mean
value of each data distribution, the location below shrubs imeased the in ltration rate
in comparison to adjacent open soil with a factor ranging betvea 1.5 and 8.0.

In a next step, it was tested whether the detected di erences we correlated to
texture e ects of the topsoil. For this purpose, texture analges of the layer 1 - 5 was
used since the loose coarse sand cover on top of the soil surface wa®ved prior to
the in Itration test. Highest negative correlations between he logarithmized in Itration
rates and texture classes were obtained for clay (r = -0.66), ic® = -0.61) and the sum
of both fractions (r = -0.77). Highest positive correlations ocurred for middle Sand (r
= 0.58), (r = 0.53) and the sum of these (r = 0.70) (Fig. 5.16).

Fig. 5.16 : Correlations of in Itration rate and selected texture classes.

Another correlation was deduced between the logarithmised wfian in ltration
rates of the six Open Soil units of each Shrub Canopy/ Open Salhta pair and the
factor between the Open Soil in ltration rate and the incresed value below shrubs (see
Tab. 5.13). A linear relation was observed with r = 0.79. This arrelation indicates that
in Itration rates are more strongly increased by plants on thesites that have relatively
low in Itration rates.

With this nding, it is possible to predict in Itration rates b elow Shrub Canopies
for D3-sites where in ltration tests of Open Soil D4-units wee conducted. This ex-
trapolation was conducted for the unit GE-SE-AO, where in tration rates were only
measured on Open Soil, but not below shrubs.
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Median IR of Soil

Daste  qpiedeninely  uncersmn o
Canopy [mm/h]
GE-SE-AY 1800 2700 1.5
GE-OC-RI 120 540 45
NA-SE-AO 180 1440 8.0
NA-SE-RI 405 2700 6.7
NA-OC-BS 135 540 4.0
NA-OC-RI 2160 3600 1.7
GE-SE-AO 375 2002 5.3

Tab. 5.13 : Median in ltration rates and factor between Shrub
Canopy/ Open Soil data pairs in Gellap and Nabaos. In bold:
extrapolated value (explanation see Chapter 5.4.11.1).

5.4.11.2 Topsoil Water Contents after Rain Event

After a rain event in the night from 24 to 25 March 2005 on the smhkcale study site
"Sedimentation Area" on Gellap (G-SE), the water content of bpsoils was determined
for selected D4-units. According to the BIOTA weather data (wwwbiota-africa.org),
5.4 mm precipitation fell. However, personal observations asserhigher precipitation
amounts of about 25 mm. The results of topsoil water contents ram this assumption
and are presented as box-and-whisker plots in Fig. 5.%7

All Open Soil units of the D3-sites Older Accumulation (G-SE-A®O), Younger
Accumulation (G-SE-AY-O) and Rivier (G-SE-RV-0) stored the samewater contents
of approx. 24 mm. It is suggested that this is the actual amountfoprecipitation.
The Crust- (G-SE-AO-C), Plant Canopy (G-SE-AO-P) and Tree Caopy (G-SE-AY-
T) unit had less mm water content in their topsoils, with the Crustsite having lowest
values with a mean of approx. 7 mm. Grassy plots, however, exH#xl increased water
contents.

8The value indicated by * was derived from an extrapolation of IR-values of the corresponding
Open Soil site and a correlation of factors of IR-increase under Shrub Canopies comparéd Open
Soil units (expl. see text).
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Corresponding median IR-rate [mm/h]:
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Fig. 5.17 . Topsoil water contents in Gellap after a rain event in the night from 24 to
25/03/2005. The dashed blue line indicates the amount of preipitation. * indicates an ex-
trapolated IR-value (explanation see Chapter 5.4.11.1.)

5.4.12 Discussion of Hydrology

In Itration generally increased with decreasing age of the s@dents with regard to
the Sedimentation Areas. The assumption that in ltration rateswere correlated with
particular texture species was tested and indeed, relation®uwd be found between
mean in Itration rates and the amount of coarse silt, very ne sad, coarse ne sand
and total ne sand. These ndings are to some extent in line with he observations
of Mills et al. (2006) who tested the predictability of in Itrability from t exture data.
In Itration rates in this study were determined by using a labaatory method developed
by Mills & Fey (2004a). The authors found good relations withwater-dispersible silt
(r? =0.96), water-dispersible clay (f =0.88), very ne sand (r? =0.86) and medium
sand ( =0.84) and interpretated the role of texture as either blockg pores or shaping
them. Coarse particle fractions were attributed to have a sashl function within soil,
while ne particle fractions have a plasmic role. The authorassume a switch from
sceletal to plasmic role at a particle size of approximately Orhm, which matches the
transition from the particle fractions nest ne sand and coarse ne sand with regard
to the present study.
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The present study methods deviated from the investigations of iNs et al. (2006)
as described in the following:

in the present study, a eld method was applied that was not of lgh precision
but had its strength in terms of applicability and relative canparability

test sites and minipro le plots did not match in location. The mmparison was
based on the a liation with the same D4-unit

texture data was derived from composite samples of ve minipres of the same
D4-unit

in the present study, water dispersible texture fractions wereat speci cally
determined

Despite these di erences, the obtained results are to some extex@mparable with
the nding of Mills et al. (2006). When regarding coe cients of correlation in the 1-5
cm layer, a switch from negative r-values to positive r-valueis given at particle size
fraction nest ne sand (particle size 0.063 - 0.125 mm) (See Appelix, Tab. B.11). For
the next fraction on the scale, coarse ne sand, no correlatiomscured and from mid-
dle sand size onwards, positive correlations were obtained. Bee ndings con rm the
suggested function of plasmic and sceletal fractions in soil. Tihesults further con rm
the applicability of single ring in ltration tests despite their comparably high inaccu-
racy. The method applied is a simple eld test and the relativel high susceptibility to
errors had been countered with increasing the number of measmrents. The largest
source of inaccuracy is probably the overestimation of the iftration rate due to the
small test area (with a diameter of 12.5 cm) and the relativelyigh degree of radial wa-
ter discharge below the surface. Therefore, absolute in ltradn values obtained in this
manner are certainly not applicable for particular issues asif instance the determina-
tion of threshold values of rain events that result in run-o gaeration. Nevertheless,
the comparability with the ndings of Mills et al. (2006) shows that the method is
appropriate as a relative measure to compare micropatch ugit The methodological
strength is the creation of a larga data set which is required fdhe characterisation
and delineation of strata and when only low amounts of water aravailable, as is nor-
mally in dryland studies. The alternative with higher accurayg is rainfall simulation
that needs hundreds of litres of water for observations on silegplots and are therefore
not applicable for the purpose of the present study.

However, the statistical signi cance of data derived by this métod is often not
given due to the high variability of single ring in ltration t ests on the di erent units.
This is not due to the test itself though, but rather a matter of psoil patchiness. This
becomes evident when regarding the high degree of reprodhildly of single tests: Fig.
5.18 compares IR-measurements on several replicate plots ént colours) and of
several replicate measurements within same in ltration ringsThe latter is represented
by a zigzag course of the same coloured line in which each inseaepresents the
repeated ll-up of a ring. The slopes of each measurement withithe same ring after
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ll-up is largely similar; the curves of the di erent plots are also very similar, although
some curves already indicate the variability of results betves replicate plots.

Fig. 5.18 : Comparison of in ltration tests exemplary for D4-unit "Tuss ock" on the Older
Accumulation Area on Gellap (G-SE-AO-G). Further explanation s see text.

Below shrub canopies, higher in Itration values were found iall cases where Plant
and Open Soil units were compared. This is also explainabletiwitextural di erences
between these two D4-units (compare Tab. 5.7). Regarding thexture analysis of the
layer 1-5 cm again, signi cantly decreased values were obtaith below shrubs for clay.
On the other hand, in this layer, medium sand was signi cantlyncreased. These two
di ering fractions match perfectly those fractions with high coe cients of correlation
with in Itration rates. For coarse sand, however, a signi cant ncrease in soils below
shrubs would have been expected as well but was not found, ara toarse silt the
nding was even controversial to the correlation. As an explaation for this, it has to
be considered that texture data was not derived from in Itraton plots directly, but
from composite samples of minipro les that had the same D4-a lation.

But even if the signi cantly increased values of coarse silt shalilactually result
in decreasing in ltration rates, other parameters have beeneported as in ltration
increasing agents which might interfere with texture e ectsin previous studies, a rela-
tionship between in ltration rates and the amount of humus, chy mineral composition,
pH, electrolyte concentration and exchangeable cation coragition were found. Some
of these constituents, organic carbon, calcium and iron oxidegduce the tendency of
soils to crust because they stabilise the soil by antagonising thesgersion of ne parti-
cles through raindrop impact (Mills & Fey, 2004b, 2003b). &cce it could be shown that
organic carbon was increased below shrubs compared to open, gbik soil property
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may even add to texture e ects and further increase the in Itation rate (Tab. 5.8 and
Tab. 5.9. The same might be valid for bivalent cations Ga and Mgy., though the
increased values under shrub canopies were not signi cant.

On summary, the increased in Itration values found below shrubare presumably
a result of various factors the most important ones of which area reduced amount
of ne particles, especially coarse silt and clay, that have a péanic function in the
soil, an increased amount of the fractions medium and coarse sahdt act as sceletal
components in soil, the increased amount of aggregate stabiligiagents, in this case
bivalent cations and organic carbon, and, nally, probablythe shielding e ect of the
plant crowns that protect the soil surface against the dispersiahe ect of rain splash.

Another interesting aspect of the in ltration tests arises from he comparison with
topsoil water contents after a rain event. The three Open Soilnits on the test site
represent sediment depositions that ranges in age in the ordetddAccumulation (AO)
> Young Accumulation (AY) > Rivier (RV). In Itration rates increase in the same
row, while water contents after a 25 mm rain event are the samexdhe three units.
This indicates that in Itration capacity of these units is not limiting the uptake of
water, at least not at a rain event as occurred on the 24 to 25 Meln 2005. The exact
amount of precipitation in timely resolution is of crucial inportance for the evaluation
of the in Itration rates and their ecosystematic role. This havever, is not quantifyable
since the BIOTA weather data only shows a rain amount of 5.4 mm fahe whole
night, which implies either a malfunction of the rain gauge oa high variability of the
rainfall patterns within short distances. Therefore, a statem& upon the relation of
threshold in Itration rates for a certain rain intensity cannot be provided at this point.
However, for this speci c rain event of 24 mm on Gellap, it can bstated that an e ect
occurred on the crust site with its relatively decreased in Itation rate of 180 mm/h
since obviously not all water could in Iltrate and run-o was generated.

Other units show reduced water contents compared to the OperoiSunits (Fig.
5.17). Those are the Crust site, a site under a shrub on the old Accutation Area and
a site below the canopy of a tree in the D3-unit "Younger Accumation". The test sites
under plant canopies stored less water compared to the Open ISaiits because of the
shielding e ects of the canopies. Further it can be concludethat the rain intensity was
too weak to generate runo that would result in higher topsoil vater contents below
the plants. On the other hand, the low water contents of the Crst site result from the
sealing e ect of the physical soil crust that must have resulted it some runo or a
higher water content would be expected. This corresponds Wwithe lowest in Itration
rates obtained for this unit.

A last group showed increased topsoil water contents compared@pen Soil units
in samples taken in direct vicinity to grass tussocks. The water aosmulation is inter-
preted as a result of interception e ects by the funnel-like sipe of the tussock that
direct the trapped raindrops to the centre of each plant andius enhance water storage
in the rooting zone.

The nature and functioning of grass-tree interactions in savas has widely been
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discussed (Rodrguez-lturbe & Porporato, 2004; Scholes & Wdr, 1993; Hipondoka
et al., 2003). Ecohydrology is regarded as the main factor contholg the co-existence
of grasses and trees or shrubs. Although the Nama Karoo is a specialdkof a savanna,
the theoretical background applies here as well. Two type$ models exist that either
assume that savannas are in a state of equilibrium or disequilibm. Equilibrium mod-
els are niche separation and balanced competition models, dfigh the rst postulates
that competitors avoid competition by using qualitatively, spatially or timely di erent
resources while the second assumes that an interspeci c compietit exists which is
subsidiary, however, to intraspeci ¢ competition. Disequilibium models regard savan-
nas as not stable. The fact that savannas persist is regarded astresult of frequent
changes in the environment (for example re or herbivores) tht prevent the extinction
of either competitor or biasing it alternately toward one or aother competitor (Scholes
& Archer, 1997).

The e cient water collection during rain events observed forgrasses in the above-
described experiment suggests that grasses are not capable of@kpg water resources
of deep soll layers to the same degree as woody plants are. Thame their survival
strategy dictates them to intensively trap rainwater, to quikly respond to rain events
by intensively using topsoil water and rapidly ful lling their life cycles. When topsoill
water is used up, the outer parts of the plants die o and a well idden live core part
persists during the dry season. In-between, shrubs use water staagf deeper soil
layers which they may have facilitated by stem ow.
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6 Concluding Discussion on Scale-Dependent Pro-
cesses in Southern African Drylands

6.1 Introduction

In the preceding chapters, the variability of topsoil propeties was described with re-
gard to landscape units of di erent scales, di erent parametegroups and two di erent
biomes, whereas main focus was placed on small- and meso-scagaurfes. In this
chapter, it is attempted to deduce a more holistic understandg of scale-dependent
processes and their interactions in drylands. For this purposprocesses are identi ed
on the micro- and the meso-scale, and later linked to large scafepacts. In conclu-
sion of this chapter, the implications for further research ahfuture challenges in the
management of drylands are outlined.

6.2 Processes on the Microscale (D4 = dm? - m?)

The literature review and the ndings from observations in tle Succulent Karoo and
Nama Karoo revealed multiple interactions between topsoil pieerns and micro-features
of the so-called D4-scale. To visualise potential processes behihese interactions, a
scheme is presented showing the D4 units in an idealised drylantbsystem (Fig. 6.1).

b)
/
a) iy h

\ \\ D

d) e)
/
9) \
c)

Fig. 6.1 : Scheme of D4-patches in an idealised dryland landscape. Extions see
text.



6 Concluding Discussion

Most striking micro-structures of semi-arid landscapes are cried by vegetation,
be it dwarf-shrubs (a), as occur in the Succulent Karoo, largshrubs (b) as for instance
the speciesCatophractes alexandriior Boscia foetidatypical in the Nama Karoo, or
tussock grasses (c) which are a structural component of savannasigound on the
Gellap study site. Plant patches in either form typically altenate in drylands with
open soil patches (d). However, apart from a "typical” open sopatch, special charac-
teristics may occur on such areas that in turn make up own structal units exhibiting
di erent in uences on soil properties. Those are mineral (e) obiological soil crusts
(f) and pebble covered (g) areas, for instance so-called "despdvements” (Gellap/
Nabaos) or quartz elds (Soebatsfontein). All of these structuralinits may be fur-
ther superimposed by disturbance spots (h) caused by digging marals, insects or
through trampling, and by microtopographic alterations ofdepressions and elevations
that dictate the run-o courses (i) in case of excessive rain even

Part of the soil variability could be explained by a liation w ith di erent D4-units,
which could be shown by ANOVA-results. This variability applied indi erent degrees
to the parameter groups analysed: it is concluded that the obsed topsoil patterns are
generated by underlying processes that are in turn linked to pigcular micro-features.
Therefore, the variability of topsoil properties is regarde as an indicator for processes
occuring in the ecosystem on the D4-scale.

Processes were found that could be interpreted as having eithen increasing or
homogenising e ect on the variability of soil properties. Ofta, e ects appeared for
only particular parameter groups while others behaved radr immanently. This often
proved to be dependent on the dynamic of the property groupshereas the analysed
parameters appeared to be less dynamic in the following row:

temperature > hydrologic parameters (water content, in Itration) > watersoluble
ions and EC> plant available nutrients (Kq, Pg) > organic matter related properties
(Corgs Nt, C/N-ratio) > total contents of other elements

Furthermore, it could be deduced from the ndings of this stug that some micro-scale
processes had quite an increasing or - to the contrary - homog&ng e ect on the
patchiness of soil properties.

Against the background of these assumptions, the observed processed#scussed
in detail in the following and their validation is underlined by examples from the
Succulent Karoo (Soebatsfontein) and the Nama Karoo (Gellaglabaos).

Small Scale Distribution of Water This process complex comprises of several
factors and processes that in their combination lead to patahéss of water in drylands.
The determination of the fate of precious rain water starts wh the impact of raindrops
on the landscape surface. Where plants occur, the rain dropspmge on leaves rst
and the force with which they contact the soil is reduced. In serarid environments,
however, open soil patches are a typical structural element tfe ecosystems. Here,
rain drops impact on soil particles with full strength, which nay lead to the dispersion
of clay and silt, a slaking of the soil surface, pore clogging anaally, the formation
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of mineral soil crusts. The extent of crust formation depends on &eral soil factors,
which are summarised by Francigt al. (2007). They include clay mineral composition,
pH, electrolyte concentration, exchangeable cation comptien and soil organic matter
content, whereas humus, calcium and iron oxides act as stabiftig constituents that
reduce the tendency of soils to crust. Soil crusting in turn e ds the in ltration capacity
of soils. Therefore, raindrop impact and solil crusting trigger @atchiness in terms of
higher in ltration rates below plant canopies where raindop impact is reduced, and
potentially lower in ltration rates on patches with mineral soil crusts.

This e ect could be demonstrated on Gellap and Nabaos study siteghere single
ring in Itration rates measured under seven plant canopies a@hadjacent open soil
patches on six di erent D3-sites revealed an increase of in lation rate below canopies
in all cases, ranging between factor 1.5 and factor 8 (Chapter45l1.1).

The patchiness in terms of high and low in ltration areas hasd be further in-
terpreted as the structuring of the small-scale landscape intam-o and run-on zones
which determines the optimal storage and use of resources suclwaser and nutrients.
A demonstrative example for the relation of in Itration rate and distribution of water
in topsoils after rain events could be provided for Gellap (Gipter 5.4.11.2) although
the soil properties of this landscape are not favourable for posoil crusting due to the
kind of texture found here. The demonstrated e ects on the Sbatsfontein site were
less relevant, since the observed rain events, which were indapical for the winter
rainfall regime, were too weak to result into run-o .

On summary, the patchiness of water content after rain is cortled by variability
of in Itration rates between D4-units, rain intensity and D4-patch sizes. The discussed
factors contributing to the process of small scale distributionf available water in dry-
lands may be interpreted as a predominantly variability inceasing process. On the
other hand, it also acts as an homogenising agent when e. g. cdesing the redistribu-
tion of water-soluble ions from zones of concentrations (fanstance former plant sites
or disturbance patches due to digging activities of animals).

Distribution of Water-Soluble lons In drylands, the distribution of water
soluble ions proved to be very patchy, as could be shown by owrvéstigations. The
patchiness is increased by the spatial constancy of one-way sodtér movements, for
instance as a result of irregular in Itration rates or root uptake. On the other hand, a
permanent change in soil water ow direction leads to a decrea in the variability of
ions as well as simple di usion processes in wet soils. Parametehsittindicate these
processes are watersoluble cations and anions as well as thateel parameter EC. It
has to be noted that the process may have two di erent implicabns for ecosystems:
certain water soluble species are nutrients such as Mg or Ca,e; an increase of these
parameters therefore has often to be regarded as desirabiles for instance, for the sites
in Gellap and Nabaos where generally low EC-mean-values of 58/cm on Nabaos and
90 S/cm for Gellap indicate the paucity of the ecosystem. The slighbut signi cantly
increased EC-values and also N{). values that could be detected for the less degraded,
commercially managed Gellap site, verify this assumption. Hower, an increase of EC
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and watersoluble ions may also be disadvantageous when EC-eauncrease beyond a
threshold of approximately 1000 S/cm in 1:2.5 water-extract and more osmotic and
toxic e ects on vegetation become increasingly possible. Thigdmittedly, depends
on the kind of plant species and the texture of the particular sb Also, particular ion
species have to be regarded as nutrients, while others, namely,C have to be regarded
exclusively in their role as determinants of osmotic potentizand salt stress. Even if
the osmotic stress is still low at this value, the increase in osmotpressure with drying
of the soils may reduce water availability near the wilting pmt and thus a ects the
water balance of non-adapted plants.

The analysis of water soluble ions on a D4-scale led to a high \aility in the
mentioned parameterswithin D4-units, which resulted in terms of EC-values, as the
representative parameter for the whole group of highly solublspecies, in a high per-
centage of residual variances within all ANOVA-applications. Iother cases, signi cant
di erences betweenD4-units could be observed. Plants show the tendency to incieed
EC-values in comparison to adjacent open soil patches. This wesn rmed for canopy/
open soil comparisons on Nabaos, and - though not signi cant - forree D3-sites lo-
cated in the Mountain Top area in Soebatsfontein. However, foGellap and other
plant sites in Soebatsfontein, the process could not be con rdend it is questionable,
whether the e ect is species speci c.

The highest variability increase due to redistribution of wate-soluble species was
observed on the Western Slope Matrix site in Soebatsfontein. Hermclined areas
covered with BSC and plants alterated on the small scale with me level, open soil
patches, leading to a strong di erentiation in EC-values bet@en the D4-units: while
BSC-samples had a mean EC-value of 35 - 65/cm, open soil samples showed the
30fold values with mean values ranging between 1450 and 1788/cm in the three
layers.

Other examples indicate that directional soil water ow patierns are a typical phe-
nomenon of drylands. In case of salt imports on the D3-scale (Sa&ffontein, Western
Slope Matrix), strong di erentiation on the D4-scale (with 3Gold increased EC-values
on planar open soil patches compared to inclined plant and BSgatches) indicate the
temporal stability these processes can obtain.

Humus and Nutrient Accumulation and Organic Matter Decompo sition
Frequently discussed at points in this thesis was the occurrencé so-called islands
of fertility. This term is used for the accumulation of G4, N; and varying kinds of
nutrients below shrubs in arid and semi-arid ecosystems. The démement of fertility
islands is described by Hookt al. (1991): litter fall leads to the accumulation of organic
matter below the crowns of shrubs and trees. The redistributionf topsoil material
by wind and water erosion and the trapping below canopies inease this e ect. In
addition, nutrients are taken up by roots from inter canopy &eas, are accumulated in
tissues and deposited again as litter beneath the plants. Animatgeking shelter under
plants contribute to the fertility island formation by leaving behind their excrements
and unconsumed food components.
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The accumulation of organic matter and nutrients indicatedby Coy and N; was
evident under plant canopies of Soebatsfontein, Gellap and b&os. In Soebatsfontein,
this e ect applied to the predominantly occurring dwarf shribs on the rst centimetre
of soil; in deeper layers the e ect receded and even tended teverse. In Gellap and
Nabaos, however, the accumulation of & and N; was signi cant in all cases but one.
Additionally, in most cases accumulations of further nutriendé could be identi ed as
was already discussed in Paragraph 6.2.

The decomposition of organic matter is a permanent e ect whittcounteracts the
variability-increasing e ect on humus accumulation but at the same time increases the
variability in terms of nutrients that are set free during this process (e.g. N&e). Usu-
ally, organic matter accumulation and decomposition are inddance at a certain climax
stadium, for instance in the case of a fully developed fertilitisland. Therefore, although
in this case organic matter decomposition has to be regarded asromogenising pro-
cess in terms of G4 and N, it will have little e ect on the already existing variabilit y
between canopy and open soil. The homogenising e ect becomesrenobvious when
considering the example of so-called "ghost islands" (Halvorsat al., 1997). Those
are former fertility islands where plants have died away andngderwent a process of
decay. In some cases, accumulations are still detectable aftgrto 10 years (Halvorson
et al., 1997), although morphological evidence of the formerlylng plant is long since
missing. Nonetheless, these ghost islands are bound to be complettdgomposed at
some point in time, which underlines the homogenising e ect dhis process. Neither
on Soebatsfontein nor on Gellap and Nabaos ghost islands wereed#¢d. However, the
increased values of &y and N; below dead shrubs that exceeded those of plant canopy
soil samples, indicate the e ect that these patches most likely kra on soil variability
even after years of decay.

Establishment of Biological Soil Crusts A lot of publications exist regard-
ing BSC and their role in ecosystems (see Chapter 3.3.7 and 3.B5C occurred on
Soebatsfontein and were thoroughly observed with regard to mononly assumed in-
teractions with topsoil properties. Basically, BSC were attbuted with the following
e ects:

they increase pH-values (Badekt al., 2004; Garcia-Pichel & Belnap, 1996)

they are important suppliers of N in the otherwise N-depleted gtands due to
their N- xing ability (Belnap, 2001)

they contribute to C-content in soils (Evans & Lange, 2001)

they increase nutrient availability (Harper & Belnap, 2001)

they bind dust particles on the surface through dust trapping (Bank et al., 2001)
they in uence the in ltration of rain water into the soil (War ren, 2001b)
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The ndings of this study could con rm the observations of othe research groups
to some extent but also, certain parameter groups failed to viéy expectations. In terms
of pH, on practically all of the study sites increases on BSC-siteslative to adjacent
open soil sites could be detected, although these sites were tedaon strongly di ering
parent materials, ranging from calcareous heuweltjie substes to lower-pH matrix
units of the slopes. Also in line with literature were the observains that BSC sites had
higher amounts of silt particles in the upper topsoil layer copared to adjacent open
soils, which corresponded also to increased total contents of pemlar elements such
as Mn, Aly, Tiy, Fe and Zn.. Concerning the in uence on in ltration rates, it could
be shown that BSC-sites were always among those sites with the &sw in Itration
rates and exhibited in most cases lower in Itration rates tharadjacent open solil sites
(Chapter 4.4.11.2).

Expectations that were not clearly met in the present study carern the increased
values of N, C and nutrients, the latter expressed by the paramet&C. N; and Cyg
showed strongly inconsistent trends with in parts increased, deased or equal values
on BSC and adjacent open soil sites. Kshowed no di erences in a combined data set,
and Py -values were even signi cantly decreased on BSC-sites on & [@.1 signi cance
level. EC-values were in one of six cases increased, otherwisedréased on BSC-sites,
and NOs,e-contents were always lower on BSC-sites. On the other hand, E/ratios
showed in all cases lower values on BSC-sites.

The ndings were attributed to the following reasons:

The precondition for the establishment of BSCs is a stabilised $surface. There-
fore, BSC occur on sites that are more strongly leached, whickptains the lower
EC-values in most cases

Because open patches in general are intruded by roots from tserrounding
plants, a fact which is ampli ed by the stability of soils, plants may probably
extend ne roots to areas below BSC and directly consume nuémts such as
NOswe and Py at the place of xation/ availability

nutrients may be readily leached and redistributed amongst t boundaries of
analysed D4-units

Generally, BSC occurrence may promote di erent processes wrdvarying scenar-
ios of ecosystem states: in an undegraded system, BSC increase thehiaess of water
availability and thus increase the stability of plant communiies. In a degraded system,
BSC may a) disappear, for instance due to the combined e ect ofampling and ero-
sion; in this case, patchiness is reduced; or b), BSC occurrermnay on the contrary
increase due to reduced vegetation and subsequent crusting whieads to an increase
of BSC patch size that may result in higher run-o amounts and sukequent resource
losses for the ecosystem.

With regard to the soil properties that showed detectable di eences between
open soil and BSC, the process of BSC establishment has to be es&dd as variability
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increasing on the D4-scale. With regard to the other parametgrfor instance input of

N into the ecosystem by N- xation, an e ect of BSC is most probablealthough it was

not veri ed by means of a comparative analysis of open and BSGi@usted topsoil

on a D4-scale. Here it is suggested that nutrients are redistribedl across the relevant
scale; consequently, the e ect is rather homogenising in ternod D4-patterns.

Bioturbation and Trampling Bioturbation and trampling are processes that
lead to disturbances of the soil. The degree of disturbance mange from small digging
holes of ants that lead to increased in Itration rates in an oherwise encrusted D4-
patch, to large disturbance patches of\ardvarks (several nf, up to one m depth)
that are frequently found in heuweltjie centres. The latter des not only strongly alter
soil propertiesin situ but also in the surrounding area, where excavation material is
deposited to some extent after short-distance translocation byimd and water.

In the short term, bioturbation and trampling increases the vaability of top-
soil properties, as could be shown on Soebatsfontein, where apleuwf mole mounds
led to a strong increase of variability within a D4-unit. But in the long run, the ef-
fect is homogenising, which should not be underestimated in it®le for ecosystem
stability. As an examplifying example, reference may be mad® tthe work of Con-
stanze Grohmann, who currently analyses the bioturbating e@ of the termite species
Macrotermes michaelsenin central Namibia. The author estimates a soil turnover
by mound construction and decay of approx. 20 kg hd a ! (pers. comm.). This es-
timation, however, has to be regarded as a rst, rather rough @roach due to the
high variability between di erent mounds and di erent rain intensities. Nonetheless,
the amount of sheeting materials that undoubtedly also contbutes to turnover by
termites, has to be added to the estimation and will probably eeed turnover rates
derived by mound materials only. In any case, this has a strongnplication for the
juvenilisation and the maintenance of soil fertility. The samdunction may be ful lled
by other soil dwellers such as ants or digging mammals.

Wind Erosion and Wind Accumulation The e ects of wind erosion and
wind accumulation of dusts could be shown to increase the varidity on the D4-scale.
This became most obvious in observations of the large phytogemrmounds developed
below shrubs on the Gellap and Nabaos study sites. In the 1-5 cenétre topsoil layer,
signi cantly increased amounts of coarse silt, nest ne sand and mdle sand were
detected, particle size classes that are known to be transportalby wind (Herrmann,
1996). Further, this process applies to BSC-sites, where thecty components of algean
laments trap and bind dusts of airborne materials, which coud be demonstrated in
terms of increased values of silt and several total element cents (compare Paragraph
"Establishment of BSC").
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6.3 Processes on the Mesoscale (D3 = m? - 1000 m?)

Interactions between ecosystem features and soil propertigsthe D3-scale are far less
numerous than on the micro-scale and are basically related tavd processes:

1. water and material translocation

2. biological activity

An example for 1) is the di erentiation of D3-units into run-o and run-on zones, of
which the generation of rock fringes with their usually humusand nutrient-enriched
soils and and their additional supply with run-o water from adiacent bare rocks results
in higher biomass production. This could be demonstrated for @t scale study sites
in the mountain top area in Soebatsfontein. The same process geally applies for
outcrop areas in Gellap and Nabaos although the much harsheiinchtic conditions
make the run-on less e ective since these additional water supgs obviously appear
much less frequently so that an establishment of plants is not fditated as clearly
as in Soebatsfontein. Instead, rivier structures as D3-unitshich are receiving more
regular and higher amounts of water than other D3-units, show denser vegetation
of adapted shrubs, especiallfatophractes alexandriialong their edges or in form of
vegetated, slightly elevated patches witin these structureseferred to as rivier islands
in Chapter 5.4.2. Another example in this context is the di eentiation of slopes in
Soebatsfontein into the stronger sloped heuweltjies and the neostable matrix units.
Fig. 4.14 demonstrates this for the parameter Galong a mesotopographical gradient
from the heuweltjie top to the matrix on a transect of approxinately 25 m. The relation
between Ca-content and relative topographical height across this tragect initially
decreases exponentially from the upper heuweltjie centretioe lower heuweltjie margin.
Between the heuweltjie foot (Matrix 1) and the adjacent plaar inter-heuweltjie area
(Matrix 2), however, the contents of Ca are similar.

Processes summed up under point 2) nd application in Soebatsteim in terms
of the distinct di erentiation of the slopes into matrix and heuweltjie-units (compare
Chapter 4.4.2.3). But apart from these features restricted ta belt of approx. 50 km
along the west coast of South Africa, other examples occur on ettparts of the BIOTA
transect. Those are for example the so-called fairy rings thatere introduced in the
literature review (Chapter 4.4.2.3), and - much more commady found - the mound
structures of the termite speciedlacrotermes michaelsenivhich would be regarded as
D3-structures in the particular ecosystems.

6.4 Large Scale Processes as Determinants of Small Scale Pat-
terns

It was observed that the structuring of landscapes into small salfeatures and the
linked processes are expressed in very distinct ways in the two casadies. This applies
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on the one hand to the occurrence and abundance of structurasdeon the other hand
to the degree to which variability is developed. This phenoanon is triggered by large
scale processes impacting on the biomes in di erent ways.

Three factors have to be discussed in this context. The most donaint is probably
climate : the climatic conditions of Namaqualand are characterised biighly pre-
dictable winter rainfalls with low intensity that, together with additional water supply
in terms of sea fogs and dews, favour a denser vegetation. Potaherosion processes
on the landscape scale of the Soebatsfontein study site are therefcounteracted in a
double sense: by the low erosivity of winter rains on the one handnd the stabilising
e ect by high coverage of plant species on the other. By contsg the predominant
rain regime in the Nama-Karoo is summer rainfall, and althougithe annual amount
of precipitation is widely comparable in both biomes and ewea bit higher in Gellap/
Nabaos (compare Fig. 4.2 and Fig. 5.2), the low predictabijitand the thunderstorm-
like character of rain events poses a challenge to the estabiigtnt of plants which is
expressed by much scarcer vegetation.

A second factor isgeology . Here again, both ecosystems are to a certain degree
comparable, since both are structured geomorphologicallytinmountains and slightly
sloped plains, though these are more inclined in Soebatsfontestso, both systems are
comparable in geological diversity, since one rock type ocsuon either site: granites/
granitic gneisses in Soebatsfontein, and shists in Gellap and NalsaYet, the substrates
derived from these bedrocks are so dierent in their propertse soils derived from
granites in Soebatsfontein consist of loamy sands. The weatheayiof these rocks is a
rather long-term process and the degree of material transldans is comparatively low.
Shists of the Nama-Karoo in contrast prove highly unstable to wélaering (compare
Chapter 5.3). In interaction with the harsh climate (erosiviy of rains, destructive force
of high radiation), the geology leads to a landscape-wide hogenisation of soils. This
probably accounts for the fact, that small scale structures suchs BSC and widely
also MSC are missing as well as larger landscape-di erentiatirsgructures of biogenic
origin such as heuweltjie oMacrotermesmounds.

Factor three impacting on small scale processes lenduse . The e ect of this
factor could be studied by comparing the D1-sites Gellap (conercial management,
low grazing intensity, fenced camps) and Nabaos (communal lamsk, high grazing
intensities, open access grazing). Apart from observations inguious studies (Petersen,
2008; Wolkenhauer, 2003) that reported of stronger degradan and the lack of grass
species on the Nabaos side of the fenceline, ndings of this watktected signi cantly
lower nutrients on Nabaos (expressed particularly through th@parameters EC and
NOaye), @ suggested stronger adaption of plants by increased develagmh of fertility
islands and an increased amount of D4-structures on the Gellapsi(occurrence of
grass- and MSC encrusted patches).
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6 Concluding Discussion

6.5 Implications for Landuse Options, Climate Change, Bio-
diversity and Vulnerability

It could be shown that numerous processes on the small scale, esgcihe micro-scale
(D4), are critical for controlling the redistribution and e cient storage of resources
such as water and nutrients, the input of certain elements intdhe system and the
rejuvenation of soil and therefore maintenance of soil ferty. Conclusively, the degree
of small scale di erentiation of landscapes determines the uséty of arid and semi-arid
ecosystems as rangelands.

The inventory of drylands in terms of small-scale patches vas; this could be
clearly shown by the two case studies in the Succulent Karoo antle Nama Karoo.
The degree of small-scale variability is widely determined barge scale preconditions
such as climate and geology and as such a natural determinatidrowever, it is further
impacted by anthropogenic use where over-utilisation leads tlegradation, lower degree
of small scale structuring and hence a higher vulnerability ohe ecosystem.

Ecosystems with higher structural heterogeneity have to be ragled principally
as more stable with regard to vulnerability which includes awsiderations regarding
the maintenance and protection of the inherent biodiversityThis is underlined by a
comparison of own ndings with the studies of Petersen (2008)hé Succulent Karoo
as the system with a clearly higher structural heterogenity andorresponding topsoil
variability on micro- and meso-scale showing the highest pedadbiodiversity indices
of the BIOTA transect. The comparatively strongly diminished sd variability in the
Nama Karoo is in line with the much lower degree of diversity obsesd for this area.

The question remains, how this stability has to be evaluated witregard to the
expected climate change?

The ndings of this study indicate a high dependence of the esgstems on the
climate conditions they have adapted to: the majority of raa events occurring in the
Succulent Karoo are low erosive winter rains, yet deep erosionliies incised in the
landscape bear witness to the occasionally appearing summemsaand their destruc-
tive force. With the expected shift of climate regimes to the &ith, the summer rains
are predicted to become more frequent in this area. While exystems like the Nama
Karoo may appear less stable due to landscape homogenising esees$ described above,
they are nonetheless adapted to the harsh conditions and wilkgbably prove to be
more resilient when facing the e ect of climate change than a siem like the Succulent
Karoo: while the Nama Karoo will have to cope with decreasing amnts of annual
precipitation, the Succulent Karoo will additionally haveto cope with a change in rain
regime, which is most likely the greater issue.
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6 Concluding Discussion

The e ects of climate change will hardly be preventable. Mesaures taken to ensure
sustainability of rangelands, both in terms of biodiversity andn their role as range-
lands providing food for an increasing population, have to @i at the maintenance
and restoration of small scale patterns, and an appropriate lande management. This
thesis may serve as a reference combining previous and new mgs regarding the
processes on a small scale, thus providing a crucial backgroumfiormation for the
development of action plans.
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/  Summary

A part of the ecosystem, soils control the composition and abundee of plants and
animals and vice versa. Thus biodiversity and pedodiversity ardirectly linked and
also re ect geologic, topographic, climatic and anthropogec in uences. In drylands,
small scale patchiness of soil properties and vegetation a edtse distribution of water
and nutrients and therefore ecosystem functions. However, degpthis obvious signif-
icance, processes linking pattern and scale are not yet compglgtunderstood in these
environments. Therefore, this work aims at investigating theariability of topsoil prop-
erties, their scale-dependent patterns, their drivers and urdlying processes with the
focus on the micro- (dm - 1 m?) and the mesoscale (1 /- 1000 n¥). The work was
conducted within the scope of the BIOTA Southern Africa projetcand ties in with the
work of Petersen (2008), who analysed soils on a habitat and |lswhpe scale on the
same sites.

Field work was conducted on or in direct vicinity to three stadardised BIOTA
observatories of which the "Soebatsfontein" observatory wasdated in the Succulent
Karoo of South Africa and "Gellap” and "Nabaos" in the Namibian Nana Karoo. The
study sites were comparable in terms of geologic and geomorjdgic diversity and
the annual amount of precipitation; yet they di ered in rain regime (Succulent Karoo:
winter rain, Nama Karoo: summer rain), vegetation and landscapdynamics. The two
sites in the Nama Karoo were furthermore di erentiated by contasting landuse prac-
tices (Nabaos: communal open access farming, Gellap: commaréand management
with fenced camps and grazing control). A special feature ob8batsfontein is the oc-
currence of fossil termite mounds, so-called "heuweltjies", iftné landscape that exhibit
a noteworthy structuring e ect.

For the assessment of topsoil variability, the landscapes were sudided into
nested scales in a hierarchical system with

D1: representing the landscape scale and its degradation statugculent Karoo,
severely and weakly degraded Nama Karoo)

D2: structuring the landscape into habitat units (e.g. Mountan Top, Slopes)

D3: subdividing habitats into mesoscale units (e.g. Matrix sal heuweltjie cen-
tres, heuweltjie margins, di erent deposits of sedimentation)

D4: representing the microscale patches (e.g. open soil, plarx@nopy, biological
soil crusts).

Seven small scale study sites covering the most abundant D3-unitere established
in Soebatsfontein, ranging in size between 20 and 15G.rhligh precision surveys were
conducted on each of these sites that generated the basic datatfte creation of digital
elevation models (DEM). These provided information about ta areal range of D3 and
D4-units, the distribution of perennial plant species and testand sampling points. The



7 Summary

same approach was applied for Gellap and Nabaos. Here, two smalllstudy areas
were established and surveyed on each site, ranging in size betw&g)50 and 5,600
m?2.

Samples of the 0-10 cm topsoil were taken separately with redao three layers
0-1, 1-5 and 5-10 cm on ve locations within each D4-unit. Wh this procedure, a
statistical analysis was assured. The samples were analysed in thiedratory according
to a set of standardised parameters that comprised pH, EC,fg, N, Ciorg, total
element contents, watersoluble ions, texture (in composite saieg) and plant available
nutrients (K g, Pq). Furthermore, eld tests were conducted on selected D4-urgton
all observatories (determination of topsoil water contentsfter rain events, single ring
in ltration rates).

The data set derived from 498 soil samples in Soebatsfontein an@33soil sam-
ples in Gellap and Nabaos was analysed with regard to the detext of patterns on
the D3- and D4-scale, the in uence of microtopography and theomposition of total
variability in the data set in terms of di erentiation into un its of the scales D1 to
D4, di erentiation into the three topsoil layers and residualvariability, the latter rep-
resenting the unexplained variability occurring within the scale-units. An additional
subchapter dealt with the eld test measuring of small-scale hydtogy e ects.

The main results derived for Soebatsfontein comprised the foling ndings:

Total variability was most strongly explained by di erentiation of the data into
D4- and D3-units, whereas the di erentiation into D2-units &plained only a small
percentage of variability.

On the D3-scale, di erentiation of slopes into heuweltjies ahmatrix had strong
in uence on topsoil variability in terms of pH, Ca;, Mn¢, Zn, P; and plant avail-
able nutrients. The expected in uence of rock fringe units onocky outcrop areas
in terms of additional nutrient supply was only partly con rmed.

On the D4-scale, comparisons of biological encrusted (BSC) amdn-crusted
open soil resulted in higher pH-values, lower C/N-ratios, higher Isicontents
within the rst centimetre and corresponding increased valuesf particular total
element contents (e.g. Mp) on BSC-sites. Expected increased values of ,NCyq
and nutrients as described in literature were not found.

Plant canopy sites showed the fertility island-e ect: topsoil lelow plant crowns
relative to adjacent open soil was enriched in organic mattehad increased pH-
values and higher contents of coarse fractions when compayithe texture. Partly,
the soil was also enriched in nutrients.

Smallscale-topography showed e ects on the mesoscale and in s@xamples ex-
plained the variability between D4-units. Correlations betveen microtopography
and selected soil properties within D4-units were not found ancould therefore
not be used to explain additional percentages of variabilitpelow the D4 and
Layer-hierarchical level.
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7 Summary

The main results derived for Gellap and Nabaos can be summarisesifallows:

D3-units were far less determinant with regard to variabily compared to Soe-
batsfontein due to a strong homogenising e ect of landscape dymécs

D4-patchiness was far less pronounced compared to Soebatsdontapart from
one crusted and one grassy patch, di erentiation on D4-scale wésited to the
alteration of open soil and much less abundant shrub patches.

The comparison of the D4-units open soil and shrub canopy resudtén strong
di erentiation in terms of increased N-, Cyq, C/N- and EC-values as well as
increased in ltration rates below shrubs.

In terms of microtopography, the size of phytogenic mounds sled strong pos-
itive correlations with the parameters pH, EC, Ky and S. Between phytogenic
mounds and the parameters g4, N; and C/N-ratios lower r-values were obtained.

Total variability was not a ected by D2 in terms of pHy 0 and EC,5, but was
more strongly determined by D2 with regard to those parameteithat indicated
parent material.

Di erences in the two grazing systems were found with regard thigher pH-
values in Nabaos which were attributed to geologic e ects; l@v nutrient contents
in Nabaos indicated by lower NQ -, Cyq-, Ni- and EC-values; and stronger
pronounciation of shrub - open soil di erentiation which was eferred to either a
stronger need of plants for facilitation, or the stronger destiction of Cq in 0pen
soil patches due to the degradation-induced lack of grasses asttier structuring
elements.

Hydrology experiments could exemplify the in Itration-cortrolled interaction of
run-o and run-on on the small scale and the corresponding patatess of soil
water contents after a rain-event.

From the ndings on topsoil patchiness in the two case studies, pcesses on the D4-
scale were deduced that are regarded as potential drivers ofedentiation in dryland
ecosystems in general. The main processes were combined to thecess complexes
small scale distribution of water, distribution of water-solubé¢ ions, humus and nutrient
accumulation and organic matter decomposition, establishmeonf BSC, bioturbation
and trampling, wind erosion and wind accumulation.

On the next hierarchical level, D3, which was also a focus ofighwork, di eren-
tiations were mainly driven by water- and material transloctions and by biological
activity.
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7 Summary

The Succulent Karoo and the Nama Karoo were found to vary strohgin terms
of small-scale patterning despite the above-mentioned compaite preconditions. The
causes for this phenomenon were linked to large scale impactstsas climate, geology
and landuse.

In the conclusion, the implications for further research anduture challenges for
the management of drylands are outlined.

216



8 Zusammenfassung

Beden steuern als Bestandteile deBkosystems das Vorkommen und die Zusammenset-
zung von Tier- und P anzenarten. Umgekehrt beein ussen auch diArten ma geblich
die Auspragung von Bodeneigenschaften. Somit sind Biodivemsitund Pedodiversiat
eng miteinander verbunden und spiegeln au erdem geologisctiepographische, Kkli-
matische und anthropogene Einusse wider. Die kleinskalige Variabil&t von Boden-
eigenschafterebt insbesondere in Trockengebieten ma geblich Ein uss auf diVertei-
lung von Wasser und Mhrsto en aus und beein ut damit auch die Funktionalit at
der Okosysteme. Die den Mustern zugrundeliegenden Prozesse und gkalenbasierte
Wirksamkeit werden trotz ihrer augenscheinlichen Bedeutungoch immer nicht ver-
standen. Aus diesem Grund beleuchtet diese Arbeit die Variabiéit von Oberbeden in
Trockengebieten, deren skalenalsimgige Muster und deren zugrundeliegende Faktoren
und Prozesse mit Schwerpunkt auf der Mikro- (dfhbis 1 n?) und der Mesoskala

(1 m? bis etwa 1000 m). Die Dissertation wurde im Rahmen des vom BMBF gefderten
Verbundprojektes BIOTA Sedafrika erarbeitet und kreipft inhaltlich an die Dissertati-
on von Petersen (2008) an, der die Pedodiverattderselben Fachen auf Habitat- und
Landschaftsskala untersucht hat.

Die Gelandearbeiten zur vorliegenden Arbeit wurden auf oder in unrtelbarer
Nahe zu drei standardisierten BIOTA-Observatorien durchgehrt, wobei sich das Ob-
servatorium , Soebatsfontein\ in der sidafrikanischen Sukkulenten Karoo und die Ob-
servatorien, Gellap\ und ,Nabaos\ in der namibianischen Nama Karoo be nden. Die-
se Untersuchungsachen weisen eine vergleichbare geologische und geomorgisthe
Diversitat und eineahnliche Menge an Gesamtjahresniederschlag auf. Andererseits u
terschieden sie sich stark durch das Wirken unterschiedlicher gnregime (Sukku-
lenten Karoo: Winterregengebiet, Nama Karoo: Sommerregestget) sowie durch die
vorherrschenden Vegetationsformen und den Grad der Landscisalynamik. Dareber-
hinaus unterschieden sich die beiden &then in der Nama Karoo durch unterschiedliche
Landnutzungsformen (Nabaos: kommunales Weideland mit unbesenkter Nutzung,
Gellap: kommerziell gadhrter Betrieb mit kontrollierter Rotationsbeweidung). Eine
Besonderheit des Standorts Soebatsfontein war das Auftretealdreicher fossiler Ter-
mitenheigel, der sog, Heuweltjies\, die einen deutlich strukturierenden Ein uss atidie
Landschaft ausiben.



8 Zusammenfassung

Fur die Untersuchung der Oberbodenvariabilst wurde ein Untersuchungsansatz
gewahlt, der die Landschaft wie folgt in ineinandergeschacht&tEinheiten gena eines
hierarchischen Systems untergliedert:

D1: reprasentiert die Landschaftseinheit und ihren Degradationszustdr{Sukku-
lenten Karoo, schwach und stark degradierte Nama Karoo)

D2: strukturiert die Landschaft in Habitat-Einheiten (z. B. Bergkuppe, Hange)

D3: untergliedert die Habitat-Einheiten in sog. Meso-Einheén (z. B. Matrixbe-
den, Heuweltjie-Center, Heuweltjie-Rnder, verschiedene Ablagerungen von Sedi-
menten unterschiedlichen Alters)

D4: reprasentiert Einheiten der Mikro-Skala (z. B. o ene Bodeneachen, Kronen-
bereiche, biologische Bodenkrusten)

In Soebatsfontein wurden sieben Teikchen ausgewiesen, die dieachennmaig am
starksten ausgepagten D3-Einheiten umfassten. Diese waren zwischen 20 und 150
m? gro. Die Flachen wurden in gro er Dichte kleineumig mit einem Tachymeter
vermessen, anschlie end wurden aus den Koordinaten 3D-@etlemodelle (DEM) ge-
neriert. Diese lieferten Informationenuber die achenhafte Abgrenzung der D3- und
D4-Einheiten, die Verteilung von perennierenden P anzenten und eber Proben- und
Teststandorte. Der gleiche Ansatz wurde auf den Untersuchungsgetan Gellap und
Nabaos durchgedhrt. Die hier etablierten Teil achen waren go er und wiesen eine
Flache zwischen 1050 und 5600%mauf.

Oberbodenproben wurden in drei Schichten 0-1, 1-5 und 5-16h@n fenf Stellen
innerhalb einer beprobten D4-Einheit entnommen. Durch dge Vorgehensweise wurde
eine statistische Auswertung der Daten geshrleistet. Die Proben wurden im Labor
gema einer Anzahl an Standardparametern analysiert. Dazu gaiiten die Parameter
pH, Leitfahigkeit, Coq, N, Cinorg » Elementgesamtgehalte, wassedliche lonen, Boden-
art (aus Mischproben) und p anzenvereigbare Nahrsto e (K 4 und Py ). Daruberhinaus
wurden auf ausgewhlten D4-Einheiten im Geklnde Feldtests durchgefhrt. Diese be-
standen aus der Bestimmung des Wassergehaltes im Oberboden neictem Regener-
eignis und Einring-In ltrationstests.

Der untersuchte Gesamtdatensatz umfasst 498 Bodenproben aus l&dsfontein
und 363 Bodenproben aus Gellap und Nabaos. Dieser wurde hinslicht der Muster-
bildungen auf D3- und D4-Skala, des Ein usses der Mikrotopogphie und der Zu-
sammensetzung der Gesamtvariabibit untersucht. Fer letzteres wurde berechnet, wie
stark die Di erenzierungen in D1- bis D4-Gruppen und in versdedene Bodenschichten
die Gesamtvariabilitat im Datensatz beein ussen. Ein zustzliches Teilkapitel befasst
sich mit kleinraumigen E ekten der untersuchten hydrologischen Eigenschatt.
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Fuer das Untersuchungsgebiet Soebatsfontein ergaben sich folgemthuptergebnisse:

Die Gesamtvariabilitat wurde am s#rksten durch die Gliederung der Landschaft
in D4- und D3-Einheiten erklrt. Der Dierenzierung in D2-Einheiten konnte
dagegen nur ein geringer Anteil an der Gesamtvariabitit zugewiesen werden.

Innerhalb der D3-Skala hatte die Di erenzierung der ldnge in Heuweltjies und
Matrix &chen eine starke Variabiliat der Oberbodeneigenschaften hinsichtlich
der Parameter pH, Caq, Mny, Zn;, Py und p anzenverfugbarer Nahrsto e zur
Folge.

Auf D4-Skala resultierten Vergleiche von o enen Obemden mit und ohne bio-
logischer Bodenkruste (BSC) in bheren pH-Werten, engeren C/N-Verhaltnissen
und heheren Schlu -Gehalten des ersten Zentimeters sowie den dawerbunde-
nen ertwhten Gehalten bestimmter Elementgesamtgehalte (z.B. Mnauf BSC-
Standorten. Die in der Literatur beschriebenen ewhten N;-, Cy4- und Nahrsto -

gehalte an BSC-Standorten trafen auf die vorliegenden Daténingegen nicht zu.

Proben aus Kronenbereichen von Zwergstuchern wiesen einen E ekt auf, der
in der englischsprachigen Literatur als,Fertile-Island-E ect\ beschrieben wird:
Oberbeden unter Strauchkronen zeigten - relativ zu angrenzendenenen Bo-
den achen - Anreicherungen von organischer Substanz, sie wieseneatd pH-
Werte auf und zeichneten sich au erdem durch éhere Gehalte der Grobfraktio-
nen in den Kernungsdaten aus. Zum Teil konnten auch &hrsto anreicherungen
in Beden der Kronenbereiche nachgewiesen werden.

Die kleinraumige Topographie zeigte E ekte auf der Mesoskala. Au erdenrid ar-
te sie in einigen Beispielen die Variabildgt zwischen D4-Einheiten. Es konnten
aber keine Korrelationen zwischen kleimumiger Topographie und ausgeshlten
Bodenparametern innerhalb von D4-Einheiten nachgewiesererden, somit konn-
te die Mikrotopographie nicht als weiterer erkérender Faktor unterhalb der hier-
archischen Einheiten,D4\ und ,,Bodenschichten\ in die Gesamtvariabiliatsana-
lyse integriert werden.

Fur Gellap und Nabaos lassen sich folgende Hauptergebnisse festsielle

D3-Einheiten waren im Vergleich zu Soebatsfontein weit wager variabilitatsbe-
stimmend, was auf eine @éhere Dynamik der Landschaftsprozesse agkgekihrt
wurde.

Die Dierenzierung der Landschaft auf D4-Skala war weit weger ausgepagt
als in Soebatsfontein. Neben einer Krusten- und einer grasbesianen Kleinst-

ache war die Landschaftsdi erenzierung auf dieser Skala aufrd&Vechsel von
o enen Boden achen und weit klein achigeren Kronenbereichen von Siuchern
reduziert.
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Der Vergleich der D4-Einheiten, 0 ene Boden achen\ und , Kronenraum von
Strauchern\ ergab eine Di erenzierung der Oberbden durch ertohte N;-, Corg-,
C/N- und Leitf ahigkeitswerte sowie erbhte In Itrationsraten unter Str auchern.

Mikrotopographische Analysendhrten zu der Erkenntnis, dass ein positivkorre-
lierender Zusammenhang zwischen dem Grad der Ausgung von Sedimentak-
kumulationen unter Strauchern (sog.,phytogenic mounds\, Abk. ,PGM\) und
bestimmten Parametern wie pH, Leithhigkeit, Ky und S besteht. Zwischen den
PGM und den Parametern G,g, N; und C/N-Verhaltnis waren ebenfalls Korre-
lationen nachweisbar, allerdings waren diese weit scagher ausgepgt.

Die Gesamtvariabilitat der pH- und Leitfahigkeitswerte wurde kaum durch die
Untergliederung in D2-Einheiten beein u t. Allerdings wurde ein starker Ein uss
auf die Gesamtvariabilimt durch D2-Einheiten in solchen Parametern ausgét,
die das Ausgangsgestein charakterisieren.

Zwischen den beiden Fichen mit unterschiedlichen Beweidungssytemen konnten
Unterschiede in den Bodeneigenschaften festgestellt werdene® zeigten sich
durch geringere Mihrsto -Gehalte in Nabaos, die durch geringe N©-, Cyg-, N;-
und Leitfahigkeitswerte indiziert wurden, und durch eine strkere Auspmgung
der Di erenzierung in Kronenraum und o ene Boden achen, die dadurch erlert
wurde, dass

(a) P anzen sich entweder an die harscheren Lebensbedingungkrmch eine
Aufakkumulation von Neahrsto en anpassen oder dass

(b) der hehere Anteil an o enen Bodenachen durch degradationsbedingten
Reickgang der Gaser zu einer vergirkten strahlungsinduzierten Gq-
Zerstorung im Boden #ihrten.

Anhand der hydrologischen Untersuchungen konnte exemplariscledn Itrati-
onsgesteuerte kleimumige Wechselwirkung von Ablauf- und Zuschusszonen nach
einem Regenereignis sowie die daraus resultierende inhonmag®erteilung des
Wassergehaltes im Oberboden dargestellt werden.

Anhand von zwei Fallbeispielen wurden aus den Ergebnissen degikfaumigen Unter-
suchungen der Oberbodeneigenschaften Prozesse auf D4-Skatgelitet, die als po-
tentielle Verursacher der kleinaumigen Landschaftsdi erenzierung in Trockengebieten
betrachtet werden. Diese Prozesse wurden zu folgenden Prozesgkexen zusammen-
gefa t: kleinraumige Verteilung von Wasser, Verteilung wass@dlicher lonen, Humus-
und Nahrsto akkumulation sowie Zersetzung organischer Substanz, &blierung biolo-
gischer Bodenkrusten, Bioturbation und Viehvertritt, Winderosion und Windakkumu-
lation.

Als landschaftsdi erenzierende Prozesse demohsten hierarchischen Einheit D3, die
ebenfalls in dieser Arbeit eingehender betrachtet wurde, wadgen vor allem Wasser-
und Materialtranslokationen sowie die biologische Aktivit de niert.
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8 Zusammenfassung

Zwischen der Sukkulenten und der Nama Karoo wurden trotz der eb genannten
vergleichbaren Ausgangsbedingungen starke Unterschiede in despmgung kleinmumi-
ger Bodenmuster festgestellt. Diese Tatsache wurde auf den Eissl loher skaliger
Prozesse wie Klima, Geologie und Landnutzung auckgetihrt.

Abschlie end wurden Schlussfolgerungen zu weiteren Forschunigseat eten und

zu zukeinftig hinsichtlich des Klimawandels anzupassenden Bewirtsafiungsformen der
Trockengebiete gezogen.
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Fig. A.8 : Reference pro le for Heuweltjie Matrix-unit on Lower Easten Slope (ES-HM):
BIOTA pro le P534: Hypocalcic Duric Hypersalic Solonchak (Aridc). *3

BGraphics and classi cation according to WRB (2006) kindly provided by Andreas Petersen. Data
available on www.biota-africa.org.
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A Appendix for Soebatsfontein

clay: | Texture Water soluble ions
silt: B fine BXRAmed. XXJ coarse |[_]FI+Br+NO, KX Heo, | Na [k
sand: EZZ fine EZZmed. X coarse |[CINO, KXNIso, I ci Eemg RXJca
X XXX XXX
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Fig. A.9 : Reference pro le for Matrix-unit within quartz eld on Low er Eastern Slope
(ES-MA2): BIOTA pro le P220: Hyperskeletic Leptosol (Humic, Dystric). 4

4 Graphics and classi cation according to WRB (2006) kindly provided by Andreas Petersen. Data

available on www.biota-africa.org.
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A Appendix for Soebatsfontein

clay: | Texture Water soluble ions
silt: B fine BRXXmed. XXJ coarse |1 Fl+Br+NO, X Heo, | Na [k
sand: 7] fine med. [ZZ coarse | NO, KNIso, I cI Eemg BRXJca
—— O %A oy XA
oe o " 2SS
- A i |
- O X
|- HEE O
- bh o %
A /_
! v (S —
Poiaowd —
—
T T TTT T T i T T T

Fig. A.10 : Reference pro le for Rock-Fringe-unit on Mountain Top (MT-RF1): BIOTA-
pro le P209: Haplic Cambisol (Calcaric, Hypereutric, Episkelgc). 1°

15Graphics and classi cation according to WRB (2006) kindly provided by Andreas Petersen. Data
available on www.biota-africa.org.
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A Appendix for Soebatsfontein

clay: | Texture Water soluble ions
silt: B fine B med. KXXJ coarse |1 FI+Br+NO, X Heo, | Na [k
sand: EZZ fine EZZmed. [ coarse |[CINO, Kso, I ci Eevmg RXca
R T
—o \ 1
1= o S
—— Lo . [}
R N H \ [}
H |-o- S) ':JI‘ v
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Fig. A.11 : Reference pro le for Matrix-unit on Mid-Eastern Slope (MSMAZ2): BIOTA-
pro le P210: Endopetric Durisol (Arenic, Chromic)1°

6Graphics and classi cation according to WRB (2006) kindly provided by Andreas Petersen. Data
available on www.biota-africa.org.
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(WS) in red colours, Lower Eastern Slope (ES) in green colows; darker colours designate Matrix-units.
Di erent letters indicate signi cant di erences with p = 0. 05.
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Fig. A.13 : Comparison of Heuweltjie- and Matrix-units on D3-scale (Il): Boxplots are based on weighted means over 0-10 cm of each
minipro le. Boxplots are based on weighted means over 0-10 cnof each minipro le. D2 Accumulation Zone (AC) in blue colours, Western
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signi cant di erences with p = 0.05.
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Fig. A.14 . Comparison of Heuweltjie- and Matrix-units on D3-scale (Ill): Boxplots are based on weighted means over 0-10 cm of each
minipro le. Boxplots are based on weighted means over 0-10 cnof each minipro le. D2 Accumulation Zone (AC) in blue colours, Western
Slope (WS) in red colours, Lower Eastern Slope (ES) in greendadours; darker colours designate Matrix-units. Di erent letters indicate
signi cant di erences with p = 0.05.
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Slope (WS) in red colours, Lower Eastern Slope (ES) in greenatours; darker colours designate Matrix-units. Signi cance tests were

omitted due to low samples numbers of partly< 5.
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AC-HC AC-HM AC-MA WS-HC WS-HM WS-MA

n mean = SD n mean + SD n mean = SD n mean + SD n mean = SD mean = SD
PHi20 10 902@ 404 10 81®+07 10 879103 10 9.0@+04 10 91@ 107 15 58106
PHcaciz 10 80@+03 10 71® 103 10 71® 101 10 77®@ 102 10 78@ 105 15 55® 408
ECos [uS/cm] | 10 149 @ £ 44 10 427@:s570 10 51104 10 132 @ £ 56 10 227@i168 15 687 @ + 838
ECs [uS/cm] 10 111 @+ 33 10 253@1340 10 35 416 10 120 @ 1 53 10  184@+137 15 426 @ + 507
Corg [%] 10 035@:005 9  030@:007 10 032@1009 10 082@:038 10 072@:027 15 131®:039
Ny [%] 10 0042@:+0004 9 0031®:0006 10 0034® 10007 | 10 0079@+0028 10 0070@+0020 15 0.082@+0.018
C/N-ratio 10 82@104 9 100®+16 10 93® 107 10 1202®:11 10 102@:11 15 160®:10
Kq [g/ka] 4 0.33 +0.06 4 0.30£0.16 3 0.17 +0.02 4 0.51 +0.09 4 0.59 £ 0.16 6 0.23 +£0.02
P [g/kg] 4 0086+0.049 4  0010+0005 3 0.041 +0.02 4 0080+0038 4  0040£0030 6 0.017 £ 0.007
St [g/kg] 10 022®:003 10 023®:010 120 017® 1005 10 023@:+009 10  020@:005 10 035@+018
Al [%] 10 602®:031 10 570@:055 10  511® 1030 10 606@+015 10 627®:013 10 617@ 1008
Nay [g/kg] 10 930@:042 10 1144®:087 10 1150®:151 10 1183@:077 10 1220@:079 10 1230 @+0.40
Kq [g/kg] 10 303@:11 10 412®:15 10 413®:15 10 379@®:04 10  383@:05 10 369®:11
Ca, [g/kg] 10 1302@:372 10 364®:032 10 350®1033 10 977@1+418 10 779@:308 10 501®:018
P, [g/kg] 10 046@:003 10 038®:003 10 035®:003 10 044@:002 10 041® 1003 10 040®:0.01
Tii [9/kg] 10 234@:010 10 201®:020 10 15191016 10 264@:013 10 279®:000 10  260@:013
Fe [o/kg] 10 193®:07 10 155®:i27 10 1129114 10 204@ 110 10 211®:07 10 200 ®+11
Mn, [mg/kg] 10 066@:+007 10 020®:010 120 017® 1003 10 0902@:014 10 0901®:012 10 018®+003
Zn, [mg/kg] 10  550@:28 10 320®:i62 10 274@i32 10 717®:s55 10  704@:68 10 412® 422
Clye [/ 4 17£05 4  576.9:6962 4 10.8+10.6 4 39.9+37.3 4 95.5+115.6 5  898.7+1038.6
NOaye [M/] 4 15412 4 42+71 4 23%32 4 26.1+23.6 4 15.7+15.9 5 18.4 % 16.2
SO e [Mg/l] 4 31403 4 11231449 4 35+1.9 4 19.1+24.8 4 36.2+51.8 5 243.5 + 303.3

Tab. A.1 : Comparison of Heuweltjie and Matrix-units on three D2-sites. Means and SD were calculated from weighted means over 0-10
cm for each minipro le. Di erent letters within each D2-unit

indicate signi cant di erences at p < 0.05. | continued.
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PH-HC PH-HM PH-MA PH-QF

n mean = SD n mean = SD n mean = SD n mean = SD
PHiz0 15 93@103 20 96103 5 81103 10 619106
PHeace 15 81@+01 20 80® 02 5 73@ 102 10 52@+05
ECys [uS/cm] 15 411@s180 20 250® 1110 5 1199 + 89 10 21309 4053
ECs [uS/cm] 15 205@s110 20 206 @ + 01 5 85©@ + 52 10 141D 4178
Corg [%] 15  206@:083 20 093®:i050 5  089®:026 10 135@9Di016
N, [%] 15 0149@1+0039 20 0083°7+0038 5 0069 @+0013 10 0.000 ) +0.008
CIN-ratio 15 132@+19 20 101®:17 5 125@ 112 10 151D +10
Ka [9/kg] 6 0.73£0.23 8 0.60 £ 0.37 2 0.56 + 0.14 4 0.19+0.02
Py [o/kg] 6  0234+0087 8  0178+0.110 2 0.047 +0.013 4 0.026 + 0.006
St [g/ka] 10 045@:006 15 02091011 5 020+003 10  030® 010
Al [%] 10 s562@:000 15 614®:022 5  610™ 1017 10 6.37@ +0.19
Nay [g/kg] 10 901@:048 15 957®i079 5 1060@:033 10 11329:033
Kq [g/kg] 10  330@:08 15 358®ig17 5 400 +0.3 10 3049105
Cay [g/kg] 10 3037@+239 15 1441®i671 5 460©+027 10 390@:0.16
P, [o/kg] 10 069@:002 15 0561012 5 041@+001 10 045@:0.01
Ti [g/kg] 10 260@:012 15 294®i011 5 256@+020 10 271®@iom
Fe [9/kg] 10  101@:08 15  205®:08 5 183@ 115 10 186@+06
Mn, [mg/kg] 10 121@s004 15 110®:016 5 064©+003 10 02291003
Zn, [mglkg] 10 752@:38 15 759@ 447 5 570 +30 10 387 @13
Clye [Mg/] 5  2103+1955 8 60.3 £ 86.3 2 81.2 + 84.5 4 229.4 + 265.3
NOgye [Ma/] 5 454+ 433 8 25.7 +29.6 2 53104 4 54166
SO4e [Mg/l] 5 27.1£195 8 18.7+31.1 2 8.1%8.0 4 199.9 £ 220.9

69¢

Tab. A.2 : | continued.
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Fig. A.16 : Comparison of Rock Fringe and Matrix-units on D3-scale (I): Boxplots are based on weighted
means over 0-10 cm of each minipro le. D2 Mountain Top (MT) in violett colours, Mid-Eastern Slope
(MS) in turquoise colours; darker colours designate Rock Fnge-units. Di erent letters indicate signi -
cant di erences with p = 0.05.
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iy Fig. A.17 : Comparison of Rock Fringe and Matrix-units on D3-scale (II): Boxplots are based on weighted means over 0-10 cm of each
= minipro le. D2 Mountain Top (MT) in violett colours, Mid-Eas tern Slope (MS) in turquoise colours; darker colours desigate Rock
Fringe-units. Di erent letters indicate signi cant di ere nces with p = 0.05.
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Fig. A.18 : Comparison of Rock Fringe and Matrix-units on D3-scale (lll): Boxplots are based on weighted means over 0-10 cm of each
minipro le. D2 Mountain Top (MT) in violett colours, Mid-Eas tern Slope (MS) in turquoise colours; darker colours desigate Rock
Fringe-units. Di erent letters indicate signi cant di ere nces with p = 0.05. Signi cance tests of watersoluble anionsvere omitted due to

low samples numbers of partly< 5.
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Fig. A.19 : Comparison of Rock Fringe and Matrix-units on D3-scale (IV): Boxplots are based on weighted means over 0-10 cm of each
minipro le. D2 Mountain Top (MT) in violett colours, Mid-Eas tern Slope (MS) in turquoise colours; darker colours desigate Rock

Fringe-units. Signi cance tests of watersoluble anions wee omitted due to low samples numbers of partly< 5.

uIL1u0)s1eqaos 1o} xipuaddy Vv



v.c

MT-RF1 MT-MAL MT-MA2 MT-RC MT-RF2 MS-MA1 MS-RF MS-MA2
n mean = SD n mean + SD n mean + SD n mean = SD n mean = SD mean + SD n mean + SD n mean = SD
PHi20 10 64@9 1038 5 68@+03 10 70@+05 5 63® 102 5 5809104 7 6.1@+06 5 57@ 402 5 73® 106
PHcaci2 10 59@9409 5 66@ 104 10 60 105 5 540 103 5 499404 7 50@ 405 5 48@ 101 5 65105
ECys lusfem] 10 1045®@ 1474 5 563 ® + 485 10 201®9 1253 5 879 +63 5 146 9 1 223 7 153 @ £ 239 5 1190 @ £117 5 67 @124
ECs usicm] 10 687 @ 1359 5 363 ™ 1 282 10 102® 1170 5 57 +36 5 103 ®9 1+ 151 7 93 @ 4153 5 65 @ + 69 5 43@ 413
Corg %] 10 284@+031 5 2.01®9 +0.78 10 1.27® +0.29 5 1.48 ®9 +0.49 5 2159 +0.41 7 062®:021 5 114®:098 5 0.73@ 1021
N, %] 10 0166@:0013 5 0137 :0047 120 0081®:0016 5 0007® 0026 5 0.12© +0.023 7 0051®:0016 5 0095®:0079 5 0.064@ 10017
CIN-ratio 10 172®:12 5 145® 108 10 153® 4115 5 150® 1009 5 176110 7 120@ 109 5 113@ 417 5 113@ 106
Ka lo/kg] 3 0.34£0.16 2 0.20 + <0.01 4 0.19 £ 0.09 2 0.10+0.02 2 0.37+0.28 4 0.190.05 2 0.19+0.18 2 0.15+0.03
Pai lo/kal 3 022240119 2 0.137 +0.109 4 0.051 + 0.026 2 0020£<0001 2 0.064 +0.022 4 0016+0006 2  0038+0038 2  0.036%0.022
S [wkal 10 064@:021 5 039@ 1016 10 020® 1005 5 0.179 +0.05 5 0.25® 1+ 0.09 7 019®:015 5 018@:011 5  016@ 004
Al 156] 10 s572@ 1028 5 582 @ +0.04 10 58 @:022 5 564@ 1028 5 5.65 ™ +0.09 7 560@:018 5 571@:036 5  579@:007
Na [g/kg] 10 1732@9:+1318 5  1607® 1037 10 1754@:i061 5 1557@:i069 5 1453 +0.28 7 1305@:049 5 1257@s042 5 1262®:022
Kt fokal 10  368@:07 5 302® 4112 10 410906 5 241209412 5 408® 109 7 405@:05 5  402@4119 5 415105
Ca okal 10 739@ 062 5 7.73® +1.39 10 57791025 5 519 @ 1047 5 5.45 ) + 056 7 421@:028 5 455@i004 5 487® o047
Py lg/kg] 10  056®:+004 5 050@+008 10 039" :002 5 038®:004 5 0.40 ¥ +0.03 7 041®:005 5 043@:010 5  038@:002
Tiy lg/kq] 10 247®:017 5 2.25® £ 0.09 10 1.96@+0.18 5 1.87© 1029 5 1.84© 1014 7 190@:008 5 199@:038 5 183@:i011
Fe, [okg] 10 181®:12 5 154® 108 10 13.09+16 5 13.0%9 124 5 1329113 7 140@+08 5 148®@ 125 5 136@z:08
Mn, mgka] 10 027@® 4005 5 0.30 ® +0.05 10 019@z:002 5 0.199 +0.03 5 0.189 +0.02 7 018®:002 5 028®:008 5 0201002
Zn, [mgrkg] 10 516@ 442 5 4640 +6.1 10 3429139 5 3229160 5 3420133 7 326 @119 5 370@ig7 5 366 P +23
Clye g/l 4 9530:6587 2 622.8+616.8 4 322.9+323.4 2 62.2+765 2 191.8 + 263.2 4 949+1187 2 17.7 4 23.0 2 25412
NOsye g/l 4 12337 2 78+9.7 4 127+111 2 3.1+18 2 147+125 28.3+34.0 226.6+272.8 39.1+24.0
SO4ue ] 4 4440:3764 2 86.7+36.2 4 82.9+86.9 2 17.1+18.2 2 63.9+83.4 4 1828+3435 2 10.9£12.9 2 50+2.1

Tab. A.3 . Comparison of Rock Fringe and Matrix-units on two D2-sites. Means and SD were calculated from weighted means over 0-10

cm for each minipro le. Di erent letters within each D2-unit

indicate signi cant di erences at p < 0.05.
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A.4 Microtopographical E ects
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Fig. A.20 : Correlation between surface roughness percentage and thenstard deviation
of selected parameters within each D3-unit.
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B Appendix for Gellap and Nabaos

B.1 Reference Proles
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Fig. B.21 : Reference pro le for Old Accumulation-unit on Gellap, Sednentation Area
(G-SE-AO): BIOTA-pro le P1337: Epileptic Regosol.
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Fig. B.22 : Reference pro le for Young Accumulation-unit on Gellap, S#imentation
Area (G-SE-AY): BIOTA-pro le P1335: Haplic Regosol.

clay: | Texture
silt: B fine BXXImed. BXXJ coarse
sand: LA fine K4 med. | ] coarse
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Fig. B.23 : Reference pro le for Rivier-unit on Gellap, Sedimentatio Area (G-SE-RV):
BIOTA-pro le P1324: Epileptic Regosol.
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Fig. B.24 : Reference pro le for Brown Ridge-unit (South) on Gellap, @tcrop Area
(G-OC-BS): BIOTA-pro le P1333: Hyperskeletic Leptosol.

clay: | Texture
silt: B fine BXXImed. BXXJ coarse
sand: 0777 fine med. [Z7] coarse
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Fig. B.25 : Reference prole for Rivier-unit on Gellap, Outcrop Area (GOC-RV):
BIOTA-pro le P1331: Haplic Leptosol.
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Fig. B.26 : Reference pro le for Old Accumulation-unit on Nabaos, Sedinmation Area
(N-SE-AO): BIOTA-pro le P1270: Haplic Regosol.

clay: | Texture
silt: B fine BXXImed. BXXJ coarse
sand: L4 fine K4 med. | ] coarse
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Fig. B.27 : Reference pro le for Young Accumulation-unit on Nabaos, Sedlientation
Area (N-SE-AY): BIOTA-pro le P1290: Haplic Regosol.
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Fig. B.28 : Reference pro le for Rivier-unit on Nabaos, Sedimentation Aza (N-SE-RV):
BIOTA-pro le P1286: Haplic Regosol.

clay: | Texture

silt: BB fine BXXImed. BXXJ coarse
sand: P77 fine BEZZAmed. [Z7] coarse
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Fig. B.29 : Reference pro le for Rivier Island-unit on Nabaos, Sedimenti@an Area (N-
SE-RI): BIOTA-pro le P1291: Haplic Regosol.
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Fig. B.30 : Reference pro le for Brown Ridge-unit (South) on Nabaos, Outop Area
(N-OC-BS): BIOTA-pro le P1338: Haplic Regosol.

clay: | Texture

silt: B fine BXXImed. BXXJ coarse
sand: A4 fine K4 med. |

] coarse
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e N R T ——

Fig. B.31 : Reference pro le for Brown Ridge -unit (North) on Nabaos, Outmp Area
(N-OC-BN): BIOTA-pro le P1378: Haplic Regosol.

e e e —

Fig. B.32 : Reference pro le for Rivier Island-unit (South) on Nabaos, Otcrop Area
(N-OC-RI): BIOTA-pro le P1377: Haplic Leptosol.
clay: | Texture

silt: B fine BXXImed. BXXJ coarse
sand: 0777 fine BEZZAmed. [Z7] coarse
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B.2 Comparison of further Chemical Soil Parameters with the
BIOTA-Transect Data Set

Miniprofile Data Gellap

Parameter N Min. |Perc. 25 Median Mean Perc. 75 [Max. SD
Cl,e (mg/l) 69 1 1 2 15 5 222 40
Fue (Mmg/l) 69 0.00 0.10 0.10 0.12 0.10 2.20 | 0.26
Bre (mg/l) 69 0.00 0.00 0.00 0.07 0.10 1.30 | 0.19
NO3e (Mg/l) 69 0 12 34 97 91 1,334 | 192
NO,,e (Mg/l) 69 0.3 0.3 0.4 0.7 0.6 4.7 0.8
SOype (Mg/l) 69 1 2 6 25 20 370 55
HCO3ye (My/l) 0
Cay,.e (mg/l) 69 6 10 17 31 31 323 46
Mgwe (Mg/l) 69 2 4 6 11 10 98 15
Kuwe (Ma/l) 69 2 5 10 13 17 76 12
Naye (mg/l) 69 1 2 3 16 8 233 40
Fewe (Mg/l) 69 0.0 1.2 2.9 6.6 7.8 57.7 9.6
Anions . (mg/l) 0
Cations . (mg/l) 0

Transect Data

Parameter N Min. [Perc. 25 Median Mean Perc. 75 |Max. SD
Clye (mg/l) 1,629 O 2 6 294 25 34,477 1,517
Fuwe (Mg/l) 1,461| 0.00 0.10 0.20 | 0.43 0.40 21.90 | 1.13
Bre (mg/l) 1,479| 0.00 0.00 0.00 | 0.66 0.00 67.90 | 3.33
NO3,e (Mg/l) 15771 0 1 7 66 21 12,437 | 509
NO,e (Mg/l) 1,528 0.0 0.0 0.1 0.9 0.5 59.6 3.0
SOype (Mg/l) 1,626 O 3 5 105 17 4176 | 377
HCOg, (Mg/l) 1,178 O 28 89 147 148 10,609 | 454
Caye (Mmg/l) 1,628 O 7 17 66 34 3568 | 204
Mgye (Mg/l) 1,627 0 3 7 31 14 1530 | 112
Kuwe (Mg/l) 1,631 O 5 11 19 22 788 32
Na,. (mg/l) 1,632 O 1 5 154 33 20,680 | 828
Feye (Mg/l) 851 | 0.0 0.8 4.4 17.6 16.0 418.3 | 39.5
Anions . (mg/l) |1,183]| 0.1 0.3 0.6 14.7 2.9 1,041 | 55.4
Cations , (mg/l) | 1,181| 0.0 1.6 2.7 16.1 6.2 1,100 | 55.8

Tab. B.4 : Comparison of statistic measures of salt driven parameteretween the minipro le
data set of Gellap and the BIOTA-transect data soil data set
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Miniprofile Data Nabaos

Parameter N Min. [Perc. 25 Median Mean Perc. 75 |Max. SD
Clye (mg/l) 84 0 1 1 3 2 74 10
Fue (Mg/l) 84 | 0.00 0.10 0.20 | 0.18 0.20 0.90 | 0.14
Br . (mg/l) 84 | 0.00 0.00 0.00 | 0.03 0.00 2.10 | 0.23
NOg,e (Mmg/l) 84 0 0 2 44 10 1,716 | 206
NO,ye (Mg/l) 84 0.0 0.2 0.2 0.4 0.3 4.2 0.7
SOe (Mg/l) 84 1 1 3 18 6 487 71
HCO3ye (Mg/l) 12 19 20 33 48 83 130 37
Cay,e (Mg/l) 84 2 4 7 19 16 270 41
Mgy (mg/l) 83 1 2 3 8 7 140 18
Kwe (Mg/l) 84 1 2 5 12 15 98 18
Na,,. (mg/l) 84 1 1 2 3 4 22 3
Feye (mg/l) 84 0.0 0.9 2.3 5.1 7.2 49.0 7.2
Anions . (mg/l) 12 0.0 0.1 0.1 0.1 0.2 0 0.1
Cations o (Mg/l) | 12 | 0.4 0.4 0.7 0.9 1.5 2 0.6

Transect Data

Parameter N Min. |Perc. 25 Median Mean Perc. 75 |Max. SD
Clye (mg/l) 1,629 O 2 6 294 25 34,477 | 1,517
Fue (Ma/l) 1,461] 0.00 0.10 0.20 | 0.43 0.40 21.90 | 1.13
Bre (mg/l) 1,479] 0.00 0.00 0.00 | 0.66 0.00 67.90 | 3.33
NO3ye (Mg/l) 1,577 0 1 7 66 21 12,437 | 509
NO,e (Mg/l) 1,528 0.0 0.0 0.1 0.9 0.5 59.6 3.0
SO e (Mg/l) 1,626 O 3 5 105 17 4176 | 377
HCOg,,. (Mmg/l) 1,178 O 28 89 147 148 10,609 | 454
Caye (mg/l) 1,628 O 7 17 66 34 3568 | 204
Mgwe (Mg/l) 1,627 O 3 7 31 14 1530 | 112
Kwe (Mg/l) 1,631 O 5 11 19 22 788 32
Naye (mg/l) 1,632 O 1 5 154 33 20,680 | 828
Fewe (Mg/l) 851 | 0.0 0.8 4.4 17.6 16.0 418.3 | 39.5
Anions . (mg/l) |1,183| 0.1 0.3 0.6 14.7 2.9 1,041 | 55.4
Cations y,, (mg/l) |1,181| 0.0 1.6 2.7 16.1 6.2 1,100 | 55.8

Tab. B.5 : Comparison of statistic measures of salt driven parameterbetween the minipro le
data set of Nabaos and the BIOTA-transect data soil data set
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Fig. B.33 : Comparison of D3-units of Sedimentation Area sites in Gellapand Nabaos (I): Boxplots are
based on weighted means over 0-10 cm for each minipro le. Gelp sites in green colours, Nabaos sites

in turquoise colours. Di erent letters indicate signi can t di erences with p = 0.05.
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Fig. B.35 : Comparison of D3-units of Sedimentation Area sites in Gellapand Nabaos (Ill):
Range of Ky and Py. Gellap sites in green colours, Nabaos sites in turquoise tmurs. Signif-
icance tests were omitted due to low samples numbers of pastl< 5

286



B Appendix for Gellap and Nabaos

G-SE-AO G-SE-AY G-SE-RV
n mean = SD n mean = SD n mean = SD
PHH20 5 71+01@ 5 6.8+02® 5 72+0.1©
PHcacr2 5 6.4+0.1®@ 5 6.5+0.2® 5 6.4+0.1@
ECy s [us/cm] 5 59 + 62 @ 5 66 +33 @ 5 24+5®
ECs [us/cm] 5 39+38@ 5 43+23@ 5 15+2®
Corg [%] 5 0.25 + 0.05 @ 5 0.30+0.07 @ 5 0.22+0.03®
N [%] 5 0.119+0008® 5 0121+0006® 5  0.117+0.002®@
C/N-ratio 5 2.1+0.2@ 5 2.4+04@ 5 1.9+03®
K [o/ka] 2 0.29 + 0.04 0.16 + 0.06 2 0.10 + <0.01
Pyl [o/kal 0.015 + <0.001 0.015 + 0.004 2 0.012 + 0.004
S larka] 5 0.10+0.03 @ 5 0.10 +0.02 @ 5  0.07+<0.01®
Si [%] 5 34.74+0.23@ 5 34.73+0.22@ 5 35.06 +0.11 @
Al %] 5 7.47+0.14@ 5 7.48+0.19@ 5 7.30+£0.10@
Nay [g/kg] 5 6.15+0.34 @ 5 6.01+0.23@ 5 5.60 +0.13 ®
K lo/ka] 5 2087+056@ 5  2049+021® 5  2044+032®@
Cay [g/kg] 5 3.91+0.20 @ 5 419+0.11@ 5 3.79+013®
Mg lo/kg] 5 6.77+0.30 @ 5 6.63+0.19 ® 5 6.32 +0.10 @
P [g/kg] 5 0.44+0.02@ 5 0.41+0.01® 5 0.39+0.01©
Ti; [o/kg] 5 4.00+0.07 @ 5 4.00 +0.08 @ 5 392+010@
Fey [o/kg] 5 3393+023@ 5  3372+043®@ 5  3405+045@
Mn, [grkg] 5 0.37+0.01@ 5 0.35+0.01® 5 0.33+0.01©
Zn, [mglkg] 5 82.4+09@ 5 75.8+0.7 ® 5 76.7+ 0.6 ®

Tab. B.6 : Comparison of D3-units on the Gellap Sedimentation site. Boylots are
based on weighted means over 0-10 cm for each minipro le. Di eent letters indicate
signi cant di erences at p < 0.05.
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N-SE-AO N-SE-AY N-SE-RV N-SE-RI
n mean + SD n mean + SD n mean + SD mean + SD

PH120 6 72+06@ 6 72+05® 5 71+01@ 5 70+06®
PHcaci2 6 6.7+0.4 @ 6 6.5+0.2 @ 5 65+0.1@ 5 6.7+01®
EC, 5 [uS/cm] 6 14+6®@ 6 10+3®@ 5 11+£1@ 5 20£17@
ECs [us/cm] 6 11+5 @ 6 8+2® 5 8+1®@ 5 21+21®
Corg (%] 6 0.17+0.02®@ 6 0.14+0.01® 5 0.13+0.01 ® 5 0.18+0.03 @
N¢ [%] 6 0106+0.001® 6 0106+0.002® 5  0.106+0.004 @ 5 0.107 +0.005 @
C/N-ratio 6 16+02@ 6 13+01® 5 12+0.1® 5 17+03@
Ky loka] 2 0.41+0.22 2 0.10 + <0.01 2 0.11+0.02 2 0.13 £0.04
Py [o/kg] 2 0.029 + 0.002 2 0017+<0.001 2 0.018 + 0.006 2 0.026 + 0.008

Tab. B.7 : Comparison of D3-units on the Nabaos Sedimentation site. Boglots are

based on weighted means over 0-10 cm for each minipro le. Di eent letters indicate

signi cant di erences at p < 0.05.
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G-OC-BS G-OC-BN G-OC-RR G-OC-BR G-OC-RI
n mean + SD n mean = SD n mean = SD mean = SD mean = SD

PHH20 5 6.7+03@ 5 7+06@ 5 78+03® 5 6.8+02@ 5 6.6+04@
PHcaci2 5 6.3+<01® 5 6.5+ 0.4 @ 5 6.7+01® 5 6.3+0.1@ 5 6.3+01@
EC,5 [usfem] 5 60 + 56 ® 5 38 + 25 @) 5 37+12® 5 24+7®@ 5 358 + 466 )
ECs [us/em] 5 55 +53 @ 5 36+23®@ 5 34+9@ 5 18+4® 5 268 + 348 @)
Corg [%] 5 0.15+0.01® 5 0.22 £ 0.14 @ 5 0.16 +0.03 ©@ 5 0.48 +0.11 ® 5 0.19+0.05 @
N¢ %] 5 0099+0.005® 5 0097+0013® 5 0.078 + 0.004 ® 5 0.124 +0.014 © 5  0.114 +0.022 @
C/N-ratio 5 15+01@ 5 2.1+0.9@ 5 21+04® 5 3.8+07© 5 1.6+03@
Kq lo/kal 2 0.13 +0.03 2 0.15 + 0.06 2 0.19+0.12 2 0.10 + 0.02 1 0.13
Par okl 0.015 + 0.002 0.097 +0.102 2 0.096 + 0.024 2 0.021 +0.021 1 0.025
Stlgrka] 5 0.12 +0.03 @ 5 0.11 + 0.03 @ 5 0.13+0.01 @ 5 0.11+0.01® 5 0.14 + 0.07 @
Si %] 5 34.65 +0.06 @ 5 34.74+065@ 5 34.01+0.26® 5 34.19 + 0.26 ®° 5 34.68 + 0.42 @9
Al 4] 5 7.48 +0.05 @ 5 7.34+0.23@ 5 7.26£0.23@ 5 7.85+0.46 ® 5 7.52 +0.38 @
Nay [g/kg] 5 557+0.31®@ 5 5.92+0.45® 5 6.09 £ 0.63 @ 5 6.59 + 0.86 @ 5 570+0.54 @
K. lo/kg] 5 20.29+0.71®@ 5 1945+052@ 5 19.05+0.78 ® 5 19.33 + 1.48 @) 5 19.31 +0.95 @
Cay [g/kg] 5 4.10+0.49® 5 5.77 £2.10 ® 5 6.60 £ 0.61 ® 5 5.26 + 1.17 @ 5 454 +0.41 @
Mg [g/kg] 5 7.13+0.05 @ 5  7.39+0.76 @ 5 8.12+0.20® 5 6.95 + 0.65 © 5 7.05+0.48 @
P, lgk] 5 0.40+0.01 @ 5 0.43+0.07® 5 0.74+0.12® 5 0.40 £0.03 @ 5 0.39+0.03@
Ti lgka] 5  407+0096€%® 5 3.90+0.07® 5 5.12 +0.26 © 5 424+0189@ 5 3.88+0.22 ®®
Fe, [o/k] 5 36.20 +0.49 @ 5 3411+061® 5 4257 +1.56 © 5 33.10 +3.04 ® 5 35.01+0.69 ©
Mn, [g/kg] 5 0.39+£0.02® 5 0.38+0.05 @ 5 1.36+0.30 @ 5 0.55 +0.04 © 5 0.36 £ 0.03 @
Zn[mglkg] 5 77.9+17@ 5 81.4+6.8®@ 5 111.2+135® 5 78.6 £19.6 @ 5 78.9+1.6®@

Tab. B.8 : Comparison of D3-units on the Gellap Outcrop site. Data are wéghted means and standard deviations calculated for 0-10 cm

for each minipro le. Di erent letters indicate signi cant

di erences at p< 0.05.
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N-OC-BS N-OC-BN N-OC-RR N-OC-BR N-OC-RI N-OC-RV

n mean + SD n mean + SD n mean + SD mean + SD mean + SD n mean + SD
PHz0 6 7.2+0.7 @9 6 8.3+0.8® 5 7.2+<0.1®9 5 72+076@ 3 6.9+0.16@ 3 6.6 +0.2 @)
PHcaci2 6 6.7+03@ 6 75£04© 5 6.4+0.1® 5 7.0£0.2 @ 3 63+02® 3 6.5+0.3 @
ECys [kSfcm] 6 24 + 271 @< 6 59 + 24 ®9 5 18 +3 @ 5 17 +7 3 9+1® 3 8+2®
ECs [us/cm] 6 20 + 15 @9 6 57+23® 5 14 +2® 5 13 + 4 3 8+1® 3 8+1®
Corg %] 6 011+<001® 6 0.34+0.04® 5 0.34+0.14 ® 5 0.27 +0.03 @ 3 0.14+0.01® 3 0.11 + <0.01 @
N¢ 1] 6 0.100+0.002®9 6 0.104+0.006® 5 0.091 +0.008 © 5 0.096+0.012@® 3  0102+0.004 @ 3 0.108 +0.002 ©
C/IN-ratio 6 1.1+<0.1® 6 3.3+03® 5 3714 5 2.9+0309 3 1.4+0.20 3 1.0+<0.1®
Ka [o/ka] 2 0.15 + <0.01 2 0.14+0.11 1 0.12 2 0.09 + 0.04 2 0.12+0.01 2 0.11+0.01
Pal lokg] 2 0.030 + 0.004 2 0.105 +0.137 0.032 2 0.026 +0.010 2 0.017 +0.001 2 0.018 + 0.004

Tab. B.9 : Comparison of D3-units on the Nabaos Outcrop site. Data are wighted means and standard deviations calculated for 0-10 cm
for each minipro le. Di erent letters indicate signi cant

di erences at p< 0.05.
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Fig. B.39 : Comparison of selected total element contents on D3-units o6Gellap (I): Boxplots are based
on weighted means over 0-10 cm for each minipro le. Sedimentan site units in green colours, Outcrop-

Site units in blue colours. Di erent letters indicate signi cant di erences with p = 0.05.
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Fig. B.41 : Comparison of selected total element contents on D3-units ofellap (ll1): Boxplots are based on weighted means over 0-10

cm for each minipro le. Sedimentation site units in green cdours, Outcrop-Site units in blue colours. Di erent letters indicate signi cant
di erences with p = 0.05.
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B Appendix for Gellap and Nabaos

B.6 Comparison of Texture in Gellap and Nabaos

D4-unit Layer Clay fSi mSi cSi Silt fsf cSf

G-SE-AO-O 0-1 6.68 3.85 5.73 525 1483 3.03 1.80
G-SE-AO-O 1-5 8.12 3.58 6.24 790 17.72 571 3.20
G-SE-AO-O 5-10 9.85 4.71 6.28 7.62 1861 5.35 3.20

G-SE-AY-O 0-1 7.33 4.20 4.92 3.77 1289 1.84 1.47
G-SE-AY-O 1-5 8.54 3.53 5.95 8.00 17.48 6.76 5.14
G-SE-AY-O 5-10 9.94 3.19 7.59 597 16.75 6.16 4.45

N-SE-AO-O 0-1 8.79 3.62 4.82 6.65 15.09 4.45 2.28
N-SE-AO-O 1-5 8.72 4.44 5.26 7.29 1699 6.93 4.35
N-SE-AO-O 5-10 9.84 4.53 4.23 463 1339 7.76 4.58

N-SE-AY-O 0-1 10.02 4.26 4.16 214 1056 231 2.95
N-SE-AY-O 1-5 11.05 4.77 4.54 3.26 1257 6.59 4.68
N-SE-AY-O 5-10 11.08 5.24 5.18 401 1443 3.21 3.21

D4-unit Layer s msS ¢S  Sand text. Rock-
class fragments
G-SE-AO-O 0-1 4.83 18.72 54.92 78.47 SI2 14.01
G-SE-AO-O 1-5 8.91 21.60 43.63 74.14 SI2 8.56
G-SE-AO-O 5-10 8.55 21.05 4193 7153 SI3 14.11
G-SE-AY-O 0-1 3.31 17.01 59.44 79.76 SI2 20.60
G-SE-AY-O 1-5 11.90 2494 37.21 74.05 SI2 19.88
G-SE-AY-O 5-10 10.61 20.72 4191 73.24 SI3 21.97
N-SE-AO-O 0-1 6.73 19.80 49.53 76.06 SI2 22.05
N-SE-AO-O 1-5 11.28 20.67 4231 74.26 SI2 23.65
N-SE-AO-O 5-10 12.34 22.09 4231 76.74 SI3 27.81
N-SE-AY-O 0-1 5.26 2290 51.27 79.43 St2 30.68
N-SE-AY-O 1-5 11.27 2359 4153 76.39 SI3 28.80
N-SE-AY-O 5-10 6.42 20.70 47.33 74.45 SI3 26.20

Tab. B.10 : Comparison of texture analysis of the D3-units Old Accumulation Area (AO) and
Young Accumulation (AY) Area of the Sedimentation Areas in Gellap and Nabaos.
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B Appendix for Gellap and Nabaos

B.7 Further Tables on In ltration and Microtopography

Particle class R Particle class R

clay -0.66

silt -0.52| fine silt -0.33
middle silt -0.28
coarse silt -0.61

sand 0.65| fine sand, total -0.38

finest fine sand -0.48

coarse fine sand | -0.07

medium sand 0.58
coarse sand 0.53
pebbles -0.20
clay + -0.77
coarse silt

middle sand +

0.70
coarse sand

Tab. B.11 : Coe cients of correlation between single ring in ltration rates and texture classes
of the 1-5 layer in Shrub Canopy and Open Soil units of Gellap ad Nabaos.
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B Appendix for Gellap and Nabaos

Parameter [wm 0-10cm | 0-1 cm 1-5cm 5-10 cm
PH 20 0.25 0.47* 0.20 0.30
PHcaci 0.38 0.54 * 0.34 0.46 *
EC,5 0.39 0.16 0.38 0.43 *
EC; 0.44 * 0.35 0.44 * 0.47 *
Corg 0.14 0.28 0.12 0.35
N, 0.16 0.20 0.12 0.40*
C/N-ratio 0.11 0.29 0.11 0.30
Kal - 0.67 * - -
Py - 0.37 - -

S 0.44 0.41 0.67 * 0.06
Si; -0.22 -0.13 -0.3 -0.11
Al, -0.03 -0.12 -0.01 0
Na; 0.01 0.28 0.04 -0.06
K; 0.11 -0.003 0.11 0.11
Ca, -0.31 0.02 -0.30 -0.29
Mg 0.14 0.27 -0.02 0.22
P, 0.08 0.73* -0.05 0.14
Ti; -0.32 -0.09 -0.28 -0.30
Fe, -0.25 -0.20 -0.26 -0.20
Mn;, -0.67 * -0.26 -0.56 -0.52
Cr, 0.02 0.00 -0.12 0.12
Cu, 0.07 0.13 0.02 0.05
Ni, -0.66 * -0.47 -0.50 -0.27
Zn, 0.08 0.12 0.14 -0.02
Pb;, -0.30 -0.08 -0.34 -0.19
Ba, -0.39 -0.39 -0.21 -0.28
Sr -0.72 % -0.28 -0.72 % -0.42
Zr, -0.03 0.17 0.02 -0.19

Tab. B.12 : Correlation coe cients between soil properties and PGM-height for weighted
means over 0-10 cm (wm) and the individual topsoil layers (r> 0.4 highlighted).
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C Raw Data

C Raw Data

Raw Data are available as attached les "Pro leData.pdf" and "Layer _Data.pdf".
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