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Abstract

Providingthe foundation of every agrarimconomy the soil can be considered one of the
most important resources in Namibia. Contemporary probler@adfdegradation therefore
demand major emphasis on sustainable treatment, based on careful land use planning. This is
especially trudor sensitive ecosystems such as those fourmgntralNamibia, location of

the study area. The present study aimed at evaluating approaches for the investigatiisn of
and geomorphology in order to provide a basis for furtdneat capabilityclassification. This

was achieved by literatureeviews, remotesensing,geomorphological and pedologidaid

work including sampling of material, and analysis and evaluation akethéts obtained. The
theoretical framework was provided by the land system approacthamatenaoncept, the

soil classificatiorwas based othe FAOSoil ClassificationSystem.The results showed a
strong influence of the denudatiohistory andthe complex landscape evolution on the
character of thestudy areaThree different landystems with fouircomparable land facets
could be identified. The land system approach was shown to be very helpful for recording the
nature of extensive anditially unknownland over ashort period of time. Simultaneously,
understanding othe entire ecosystenmcreased.The catena concegiroved not to be
applicable in an environment affected by long-term denudations@uoieys shouldherefore

be based on the largystems andhereby linked to the entilandscapeThe two major soil
groupings found were Regosols and Leptostite FAOSsoil classification system provided
correct but insufficient information about theils inthe context of landise planning. It is
desirable to develop regionally applicab&ibgroups. Furthermorethe use of soil
classification systems evolved in similar environmental conditions might be of advantage, and
local knowledge should be taken into account.

Keywords: Namibiasemi-arid environment, land capability, land sysi@oproach catena
concept, FAO soil classification system, landscape evolution, denudation.
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1. Introduction

1.1. Background

The soll is probably one athe most important naturaksources iAfrica since itforms the

basis of the essential agrarian economy of most countries. Assessment of past anthptdesent
degradation in order to pldor a sustainable use tife soil resources hasince long been a

key issue which received considerable attention. The Southern African countries have long co-
operated on these matteirough organizations such &ARCCUS and more recently
through SADC-ELMS. Yet, the overall knowledge of the soilssidl rather scanty; there is a
dearth of detailedtudies ageflected in the paucity of large-scaeil maps. In Namibia, in
particular, interdisciplinary projectsuch asAgro-ecological Zoning anderosion Hazard
Mapping at the Ministry of Agriculture, Water and Rural Development are ainstiress the
necessity in these fields, and the present study hopefully can make a contribution.

During the 20th century, the land use in Namibia became increasingly intensified, except in the
Namib and some natumeserves. Thiscombined withthe fact that Namibia isne of the
poorest countries in the world (SIDA, 1991), results in a risk that it will be unable tevered

half of its population in the future (Stockin993). Thusthe governmenhasunderlined the
importance of improvements in the agricultussdctor. The limiting factor in Namibian
agriculture iswater,and in most parts ahe country semi-arid conditiorignit agricultural
activities to grazing and browsing. As known from areas wiithilar conditions, problems of

land degradation like overgrazing, bush encroachment and soil compgaké&golacg Kempf,

1994). This demandsnain emphasis on sustainable treatment, which in turn reqo@esul

land use planning.

Namibia's landscape balance reacts very sensitively to external influences because of its weak
equilibrium and poor resilience. The environmental conditions are extremely variable and as a
consequence of this high degree of complexity, environmental dynamics doeaubt
homogeneously to uniform cultural systems. This makes it difficult to apply a zonation concept
of Namibia's natural landscapes, sadnstead surveys shouldregard the small-scale
environmentathangesThe mainreasons fothe high variability in ecologicalconditions are

found to bethe primary physical factorslimate and geology. They influence the landscape
balance by mineralcomposition, weathering form and intensitgediment supply,
hydrodynamics, relief energy, soil formation, transponnaterialand energy balance. These
factors influence each other as well, which makes it difficult to model their effect and intensity.
Slight variations of the basic physical factors as climate or geology may result in very different
processes, which iturn lead to differenformations of ecosystems. Consequendgfining
"normal” conditions as a basis for land use planning involves great difficulties (Kempf, 1997).

In addition, even the stability ofecosystems dependseavily on the variability of the
environmental conditions, especially precipitation and available soil water capacity. Because of
the extreme rainfall variability ilNamibia, most ofthe ecosystemsre regarded as unstable
since they are characterized bjow regeneration capacity. This exacerbdtes degradation
hazard. The Khomas and Windhoek highlands, where the atedyissituated, belong to the

most susceptible regions Bfamibia in terms of sokrosion andoush encroachmenthus,

this region experiences very severe damages and land degradation.

! Southern African Regional Commission for Conservation and Utilization of Soils
2 Southern African Development Community - Environment and Land Management Sector



1.2. Aim

Sensitive ecosystems demand major emphasis on sustainable treatment, which in turn requires
careful land use planning. One of theses for this is eapid appraisal of the land capability.
Thereforethe aim ofthis study is tadevelop andevaluate a practicapproach to provide a

basis for further landapability classification, founded on investigations of land conditions in
terms of past and presgmocessactivity of geomorphology andoils. This is achieved by
literature reviews, remote sensing, field visits, soil sampling and analysis of key soil
parameters, and witthe theoreticaframework of twocommonapproacheshamely the land

system and the catena approach (Cooke and Doornkamp, 1990; Gerrard, 1992; Stromquist and
Larsson, 1991).



2. Study area

2.1. Location

The study area is situated east of Windhoek 22 S, 1708 E - 2235' S, 1725' E;
approximate location in UTM 75 19 000 N, 7 19 500 E - 75 01 000 N, 7 48 500 E; see Figure
1), covering about 5300 ha.The maininvestigations were carried out on three of the
indicatedfarms, namelyBergviug, Neudamm and Bellerode, together representing one-third
(17 500 ha) ofthe total areasize, while the sampling on farniHoffnung was donemore
sparsely. These four farms were assessed to be representative of the whadeestanly had

the advantage of comparatively easy access.

Figure 1: The location of the study area

2.2. Climate

Knowledge ofthe climateaffecting a certain area is importaotr studies on ecosystems in
relation to human activities. This is becaudenatological factors such againfall and
temperature determirgeomorphologyweathering and soil formation, transport roaterial,
flora and fauna, and the use of natural resources. Ovbrltjimate inNamibia is influenced
by two factorsithe distancérom the humid tropics and the Namaesert.The distance from
the humid tropicgesults in a northern-southern gradual changehef climate,where the
Tropic of Capricorn (situated in the central part of ¢bantry)can beseen aghe boundary
between the tropics and the subtropics. The Namib desert, located near thexadiéiss this
zonation, especially regarding the rainfall, to a south-western - north-eastern one.



The main circulation over southern Africa is anticyclonic throughout the year above the surface
layer (Tyson, 1986).Subtropical fields of high pressure ovtre southernAtlantic are
responsible fothe summerains, whichare brought by thunderstorms dhe continental
convectional typgGiessand Tinley,1968). The regional climatesesponddistinctively to
changes in tropospheric pressure fields @kersubcontinent; wetter conditions are associated
with lowered pressure ovéhe subcontinent and increaspassure ovethe Gough Island
region of the Atlantic ocean, while the reverse applies during drier conditions (Tyson, 1986).

The study areabelongs tahe part of central andorthern Namibia, whichs, according to
Kdppen (1923), classified as semi-arid hot steppe climate with summe(B&hw/). Amore
detailed classification of the regionalimate is provided by the FAG through the
Agroclimatological Station inWindhoek. The mean annual temperature 18.0°C, with
January ashe warmest month (23@3) and July ashe coldest(12.8C). The mean annual
rainfall lies around 360 mm. The rains are markedly seasonal and occur slumnger,from
January to March, with a@rratic distribution within the raingeasonwhile there is often no
precipitation at all during winter (see Figure 2). The growing season is determittes rayny
season and extends from the middle of January until the first days in April. Average crop water
requirements are never fulgovered,because the potential evapotranspiratioaligysmore
than the precipitation. The high mean annual evapotranspifatdri mmaccording taFAO,
other sourcesindicate abou2500 mm andnore (Ganssen1963; Dept. ofWater Affairs,
1992)) also influences surface runoff and capillary rise of soil water leadorgsibformation
and salinization (FAO, 1984; see Appendix | for more detailed figures).
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Figure 2: The distribution of temperature and precipitation over the year. Windhoek. Mean
values for 49 years between 1921 and 1980 (Source: FAO, 1984).

The main characteristic of the precipitation in Nami@awell as in thewhole of southern
Africa) is its high variability, including spatial, temporal and quantitative variations. dailya
scale, the rainfall variability is a function of three factors; (1) atmospheric moisture content and
thermal instability, (2) mesoscale forcing and cumulus convection, &By larger-scale

% Food and Agriculture Organization of the United Nations
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synoptic forcing(Tyson, 1986).The dimensions othe rainfall variability areshown by the
guotient of the standard deviation over the average annual precipitation, which in Windhoek is
189% (Kempf, 1994)Looking at shorter periods thanyaar, the variabilityincreases. The
mean monthlyprecipitation, for example, variemticeably more than the annuake Figure

3), which means that the course of the rainy season is not unifai(leempf, 1994).This
variability, combined with the mainly small amounts of rainfall, results in severe problems for
agriculture in terms oflimited cultivation opportunities. Such problemeequire careful
planning of both crops and pasture.
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Figure 3: Rainfall variability on a monthly basis for 49 years. Windhoek. Max: absoiotahly
maximum of precipitation; Mean: arithmetic monthly mean of precipitatibhin:
absolute monthly minimum of precipitation; V: coefficient of variation, representing
the quotient of the standard deviation over the average monphécipitation
(Source: FAO, 1984).

The importance of the rainfall variabilityasled to manystudies into thigghenomenon. For
example, on the big scale, Tyson (1986) presents an 18-year osciltatmmon throughout
southern Africa (9 dry years, 9 wet years). This pattern can be overlaid by shorter oscillations,
where Namibia, for example, sibject to a 6-year oscillation. Thgsatterns, however, are

not simple, as stressed Wryer and Marker(1978) and Kempf(1994), whorefer to a
considerably higher complexity, especially regarding Namibia.

Rainfall diagrams ovethe last 80years (cf. Kempf, 1997) showalearly that drieryears are
more common than wettenes,compared witithe mean annual precipitatimver the same
period. This plays aimportant role regardingrosion processes, which goes beyond the
already existing hazard by the distinct erosivity of thmfalls. A dryyear providesgood
conditions for winderosion, with processege outblow of material, transportation and
sedimentation, while in wet years, which thus are intensively wet, fluvial erosion is favoured.



2.3. Geology

A considerable part of Namibia is made up sghists, quartzites, granitesietamorphic
limestones, dolomitesconglomerates and otheocks belonging to formations of the
proterozoicDamaraSequence. Interspersedilie archaic Mokolian Complex of the Kalahari
and Kongo Cratons (gneisses aniller highly metamorphimcks) inthe north-west, centre,
south-east andouth. Karoo-Volcanics occur at intervals in thmrth-western,central and
north-eastern areas (SACS, 1980).

The study areabelongs tothe southern and soutbentralzones ofthe precambriafbamara
Orogen, which isabout+ 700 to + 1100 million years ofage (SACS, 1980; Geological
Survey, 1996 (map))The main part of the area lies in the Onyati-Mountgthist Belt,

which is part ofthe tectonostratigraphi&homas Terrane (Kasch, 1988).The Khomas
subgroup is the youngest of the Damara Sequence and consists of metamorphic rogka like
schist, traversed by micaceous quartzite, subordinate calcareous schist and impure marble, and
amphibole schist (Geologic8lurvey, 1996and unpublishednaps).Especially in thesouth-

eastern half of the study area, many south-west - north-east striking faults occur due to intense
precambrian foldingKrenkel, 1928).Younger faults result in extremely small-scale changes

of rock types inthe direction of theilting. Therocksare partly of higher age (mainly Auas
formation), but of similar type as in the Khomas subgroup. Different formsoafschist also
dominatehere, but the interbedded quartziteecurs more extensively (Geologic8lrvey,

1996 and unpublished map§)eposits of economic interest dmind inthe Otjihase Mine a

few kilometers north othe study area, wherstratiform massive sulphide orebodies occur

with the Matchless greenstone (Amphibolite) (Geological Survey, 1982).

2.4. Geomorphology

2.4.1. The geomorphological development of southern Africa at the macro-scale

The present landscape of southern Africa is largely a product of the breakopdwanaland
and thetectonic processesssociated with thievent. The other major influence since the
creation of Africa as a distinct continental block has been continuing episodpffrifting,
volcanism, warpingand subsequent denudation and erosion dieetareation ohew base
levels. These processes have formed certain specific characteristics of pregentaaych
as theseries of broad upwarps which rparallel to the coastline in seveemkas.These are
flanked on theirseaward side by a sharp topograptigcontinuity in theform of a major
escarpment, separating the interior plateau from the coastal regions (Summerfield, 1996).

Although the majoprocesses forminthe macrogeomorphology sbuthernAfrica are fairly
well known, the landscape still remains highly controversial,thec is debate regarding the
genesis of the land (quanation)surfaces andheir ages (Dardis andoon, 1988).Different
numbers of surfaces comprisirige southernAfrican landscape have been recognized at
different times. The different interpretations arigeom the problems of correlatingerosion
surfaces acroshie GreatEscarpmentthe difficulties inherent in determining treges of the
surfaces,and the structural contrghat has affected theprogress ofthe major planations
(Moon andDardis, 1988). Asummary of present-day knowledge abdlé geomorphic
development of southern Africa is presented by Partridge and Maud (1987) (Table 1).

Partridge andMaud show that the development of the landscape at the macro-scale has
occurred in discrete stages. The existencthe$urfacegelated to thesstages irthe present
landscape is evidence of landscape development progressing through backwearing, but the



Table 1: Stages in the geomorphic development of southern Africa (after Partridge and Maud,

1987)
Date Event Geomorphology
Late Pliocene Climatic fluctuations, sea level Marine benches, coastal dunes,
to Holocene changes, small-scale tectonismriver terraces
Late Pliocene Post-African Il erosion Post-African Il surface formed,
to Holocene incision of gorges
Late Pliocene Major uplift (up to 900 m) Asymmetric uplift of continent,
(ca. 2.5 Ma BP) westward tilting
Early mid-Miocene Post-African | erosion Post-African | erosion surface
to late Pliocene formed (imperfectly planed, major
(ca. 2.5 Ma BP) deposits in Kalahari basin)
End of early Moderate uplift (200 - 300 m) Interruption of African erosional
Miocene phase, westward tilting of African
(ca. 18 Ma BP) surface
Late Jurassic/early African erosion Large-scale planation of African
Tertiary surface (at different levels above
to end of early and below escarpment), deep
Miocene weathering on erosion surface
Late Jurassic/ Fragmentation of Gondwana- New base levels formed,
early Cretaceous  land, initiation of Great rapid erosion

Escarpment

variants ofthe Africansurfaceattest to landscape developmentdmyvnwearing as well. The
modern landscape is not static, tiat theexisting surfacesvill continue to develop at the
expense of higher lyingreas,and lowering and incision will continue (Moon abdrdis,
1988).

2.4.2. The geomorphology around Windhoek

The regionaround Windhoek is part dihe south-westAfrican plateauxBridges, 1990) and
characterized by extremeiggedness (see Figudg. Near Windhoek, an east-west axis of
uparching transverse tihe Great Escarpmeititas generated th&Khomas highlands at an
elevation 0f1900 m. Inselbergs and ranges tbe Khomasplain all show asummitlevel

around 2300 m, decreasingetevationeastwardsnore rapidly than th&homas surface and
indicating an early wargKing, 1951).According toKing (1963),the smooth ridge crests of

the Khomas highlandare assignable to th&ondwana'land surface,originated during the
Jurassic, with extensive "post-Gondwana" valley systems between them, which correspond to
an early stage of the "African erosion" of Partridge and Maud (1987).

Next page:

Figure 4: Topography of the study ardafter the 1 : 250 000 Topographical She2216
Windhoek, Government Printer, 1975).






Some kilometers south of Windhoek a further disseplat@au makes thieansverse range of
the Auas Mountains, a great barrier averaging @000 m inheight and attainin@484 m in
the Moltkeblick. Many rivers take their rise here, some flowing transversely tarniges. The
Windhoek Valley, formed duringhe CretaceougKing, 1963) by erosion through the
Otjihaveraand Usib rivers,appears as a depression al@b® m belowthe plateau crest and
maintains a width of 10 to 15 km for a distance of 65 km.

In contrast to this interpretation, Kem{i999, inprint) refers to someadiometrically dated
Oligocene volcanigplugs and intrusive dykesear Windhoek, whichare saprolised and
peneplanated in both the Khomas and Windhoek niv8dgspeneplanation islso evidenced

by relicts of fossil ferralitic soils on the highlands, which are proposed to be of post-oligocene
to mioceneage. Following thignterpretation, the Windhoek vallefprms anintramontane

basin associated to tectonic stressfield with numerous rupture fissur@sluced by
upwarping, whereot fluvial incision but peneplanatiomas the dominantrocessuntil the

end of the Miocene.

The country east of thealley, the Windhoek or Neudamimghlands, forms aounterpart of
the Khomas highlands, also comprising of residualsolofer cyclic landscapes upon the
"African" cyclic surface (King1963). It is agently slopingplanation surface with inselbergs
and ranges. Towards the east, the highlands submerge graduatheittalaharisands in the
intramontane plain oBeeis,probably of Early Tertiaryage (King, 1967). The mountainous
complex on this plain ithe north-western corner adhe farm Neudamnwith peaks around
2000 m belongs genetically to the planatsmface inthe west. Animportant divide ifound

in the area: In the@orth-western parthe Swakoptakes itrise, while the south-eastermart
belongs tothe drainage of th&lossob-Auob-systemAlthough characterized by ephemeral
drainage, these riveege of important valuéor Namibia(Kempf, 1994;King, 1951, 1963,
1967; Wellington, 1955).

Figure 5 showsthe landtypes (orland systems) ofthe study area according to the
classification carried out by the FAO (1991, with the present authors' own interpretation due to
the small scale). The division of the study area iwmw partsagain becomesbvious: (1) The
north-western part (A and B) belongstte centralhigh mountains othe highlands of the
plateau country. In the west (A), long and steep slopes occur, which show a moderate cover of
grasses and herbs, interspersed Wile rocksurfaceslLand type B is characterized by hills

with pointed ridges andteep,concaveslopes, whicheither appear as bareck or are
permanently covered with green vegetation including trees and some shrudrassesEven

the so-called Bismarck Mountains in teeuth-eastern corner tie study areabelong to this

land type. (2)The eastern part of ttetudy area(C) is classified as east-central plateaiih

ridges in the plateau country. Th&ateauregion is characterized as neddyel upland with a
moderate cover of grasses and herbs.



Figure 5

Figure 5: Land types of the study area (after FAO, 1991).

2.5. Soils

Soil formation is determined by climate, flora dadna, topographgnd parent material,e.
bedrock or unconsolidated sediment. Because of the long time required for afeom,td is
important not only to be restricted to a synoptical viewhef present situation batso totake
past environmental conditions intonsiderationThe bedrock incentral Namibia is of high
age, deeply weathered and therefore not a good basis for soil developanintyecause old
bedrock provides limited leaching ofinerals. Insteadhe soils are generally rich imaterial
derived from physical weathering (Scholz, 1973). They contain little orgaatiier (Coften <
1%) because ofow litter supply andrapid mineralization. This results in a decrease of the
water-holding capacity. Furthermotég soils areshallow and also often skeletiespecially
on slopes, where they can turn into blockfields and bare be{Bakssen, 1963PDuricrusts
like calcrete, silcrete and ferricrete are commompounds irthe soils. These accumulations
are often polygenetically developed and not necessarily genetically relatedhostlsediment.
This is true especially ithe case of calcreteshere a descending developmémtough the
soil profile is possible (Blumel, 1991).
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There is no modern soil map of Namibia. Apart from some minor local studies there is only the
FAO/Unesc6 Soil Map of theWorld (1974), the scale ofwhich (1 : 5 000 000) is far too
small to beuseful for planningourposes.According to thisFAO map, about one-third of
Namibia is covered by extremely erodillleptosols, soils on whiclhe majority of the
commercial farmland is situated.

The soils of the study area consist of two soil units; Xk - 2ab and | - X - calagc Xerosols

and Lithosols/Xerosols, further defined pgrticular characteristic€alcic Xerosolsare soils
occurring under an aridic moisture regime f@ros= dry), having a week ochric Aorizon,

and a distinctalcium carbonate enrichmenithin 125 cm ofthe surface (Fitzpatrick1980).

The calcic Xerosols in this case are medium textundd a stony phase aratcur inlevelled

to undulating areas (0 - 30% slope). They atwtude cromicLuvisols andcambicArenosols

and are associatedth calcic Cambisols and Lithosol§.he other mapping unit of thetudy

area consists of Lithosols/Xerosols, which are actually two major soil groupings. Lithosols are
soils limited in depth by continuous hard rock within 10 cnthefsurface(gr. lithos =stone)

and develop mainly imountainous areas (Fitzpatrick980). The Lithosols/Xerosols of the

area are characterized by a phrephiase referring to the occurrence ofgaoundwatertable

within 5 m of the surface without being reflected in therphology ofthe soil (FAO, 1988).

The relief is steeply dissected to mountainous (> 30% slope) and rock debris/desert detritus is
defined as a miscellaneous lamait. In the Revised Legends of ti&oil Map of theWorld

(FAO, 1988),the majorsoil groupings Lithosols anXerosolsare not inuse anylonger.
Instead, Lithosols are classified as lithic Leptosols, wkéeosolsare completely deleted and
instead grouped into other units. Nevertheless, the characteristics of the soils remain.

A typical soil profile inthe study area oftenshows acut or very thin A horizon. This is
because théorizons neathe surface contain much coarse silt and finertedium grained
sand, whichare easilyblown out. Ifthe surfacesare already eroded this way, apavement
remains, whichmay have a stabilizing function if ndestroyed bythe tramplingof, mostly
domestic, animals (Kempf, 1997). The erodedmaterial from these processes,mainly
occurring on upper anchiddle slopes, igransported downslope and builds tne colluvial
soils found in the valley floors.

These colluvialsoils, partly even of alluvialcharacter, are frequentlgistinguished by a
heterogenetic development; palaeosoils &vskile erosion surfacesan befound in the
profiles. Inolder colluvials these features caicate climatechanges duringhe Holocene,

and in younger soilshey may be explained by changes in lars®. Another important
characteristic is the concentration of exchangeast®ns, i.e. K, Na‘, C&* and M¢*,

which is often higher inthe colluvial soils than in the areaffom which the sediments
originated. This fact has important implicatidos fluvial erosion, with regards to sheet, rill,

and gully erosion. Not only are the highlands especially susceptible to this kind of erosion due
to the high relief energy, but also because of the presence of soils with a high sodium content.
That means that these soils are very hanén dry,but thecohesion is drastically reduced as
soon as they get wet, and ththe fine material can beashed awayBecause of the duplex-
character of many colluvials (differences in grain size in diffetemizons due toclay
movement), it is often the subsoil that is affected, wihieetopsoil caves. Triggers for this

kind of donga formation (erosional gully system) are processes midisgbsoilsusceptible

to wetting, like the holes of warthogs thie trampling of domestic anwlild animals(Kempf,

1997).

4 Food and Agriculture Org. of the United Nations/United Nations Educational, Scientific and Cultural
Organization
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Although dongas have been part of the landscape for at least many decadeX(taniids,
personal communication), if not longer (cf. Eriksson, 198®jir developmenseems tdave
become aggrevaterkecently. The erosion energy inthe dongas isextremely high, even
bedrock, including especially strongly weathered material like saprolite, can be eroded, and the
formation of badlands is not unusual. Altogethibe processes aneffects of soil erosion are
regarded as very degrading and there is not much foopgenprovement in the neduture.

Many soils are already irreversibly damaged (Kempf, 1997).

2.6. Vegetation
2.6.1. Characteristic vegetation types

In the central highlandglements of botlthe Sudano-Zambezidfiora andthe Namib-Karoo
Flora can be found, depending on small-scale environmental féikemspf, 1994). In a map
of vegetationzones, Giess (1998)lassifies thecentral mountainousarea of Namibia as
Highland Savannayut also emphasizéke importance of azonal elements lkifferences in
hydrology andpedology, whichcan cause mangubgroups.Having this in mind, the
observation of twanore vegetatiortypes, ThornbusiBSavanna and Cameltho®avanna,
during field work is not surprising. The three occurring vegetatialypes showtypical
characteristics regarding tree and grass species (cf. Muller, 1984).

(1) The Highland Savanna

The Highland Savanna igharacterized by trees lik€ombretum apiculatum Acacia

hereroensisA. reficiensssp.reficiensandA. erubescenamongothers. The undisturbed
grass cover consists of climax grasses such a#nthephora pubescens Brachiaria

nigropedata Digitaria eriantha and many othegood pasturegrasses. Adecline in these
valuable grasses can be attributed to selective grazing and overgrazing.

(2) The Thornbush Savanna

In the Thornbush Savann#he grasscover varies more depending on thal type, but the
species composition is similar to that of the Highl&aannaOther characteristispecies are
Schmidtia pappophoroidesStipagrostis spp (especially S. uniplumiy and Schmidtia
kalahariensis the lattershowing aclear sign of deterioration in theseld. The grassveld is
interspersed with trees and largarubs like Boscia albitrunca Acacia species often
dominate, and bush encroachment®macia melliferassp.detinensmay cause problems.

(3) The Camelthorn Savanna

(3) The Camelthorn Savanna is an open savanna onsdeedy soils with good grasever,
wherethe camelthornAcacia eriolobd is dominating among other trees aidubs. Inthis
vegetationtype, hardand unpalatablgrasses such as specieskyagrostis (especiallyE.
palleng andAristida stipitatacan be found.

Additional grass species found ithe study area areAristida sp. and Cenchrusciliaris.
Aristida meridionalisandFingerhuthia africanaarevery common orslopes inthe eastern
part, while Stipagrostisnamaquensisand Themeda triandrathe lattermostly in small
colonies, are observedmainly on valleyfloors. The occurrence of bigger trees is also
connected witithe valleyfloors in the form of so-called gallenforest. Thismeansthat,
despite thadrying up ofthe rivers during most othe year, there isflowing water atleast
during parts of the rainy season and the ground water table lies higher.
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2.6.2. Reflections on savanna ecology

There is no generally accepted definition of the tésavanna”and there is no savanmeer
se "Savanna" describes various forms of vegetation, which depeniifferent ecological
factors at the specifitocation. Nevertheless, songeneral characteristics can batlined.
Savannas show \&ery distinct appearanaguring the year; in the raingeasonthe biomass
production is high anthe shrubsand trees are coveradth fresh new leavesyhile during
the dry season, which lastsetween three and tenonths,many of thewoody species shed
their leaves and the part of theassesabovegrounddie (Leser, 1992)Due todifferences in
water household conditions and root systems, there is antagonism between grassesdgnd
species in these types of ecosystems.

The variety of vegetation formations canooly be explained by patterns of zonal{gs for
example in Walteland Breckle,1984). Firstly, each ecological determinant in Namibia is
extremely spatially variable, and secondly, vegetation formations may differ markedly even in
areas with comparable physical and anthropologicatitions. Thisclearly showsthe inner
dynamics and reactions havingrain influence. Thes@rocessesnay vary distinctively and
arevery difficult to model, whichmakes it almost impossible to predict thealitative and
guantitative effects of ankind of change. Besided\amibian ecosystemare often very
sensitive with low resilience. Stromgpacts involving degradingrocesses such as pasture,
reaping, clearing, or burning may, therefore, result in irreversible damage (Kempf, 1997).

One effect of an ecological imbalance betweswody speciesndgrassesnduced by human

impact can be seen in bush encroachment, where the spreading of bushes is much more intense
than under undisturbed conditions. This process leads not only to a quantitative loss of grazing
land, but also to a change in pasture quality due to "gemetision”, whichmeans reduced
biodiversity, mainly regarding perennial grasses (Kempf, 1997).

2.7. Land use
2.7.1. Farming

Water is the most important limiting factor in Namibian agriculture. Raiotdilvation is only
possible in the north of the country, where mainly maize, sorghurmgietiarecropped. On
the main part of the agricultural utilizablend, commercial big-scale livestock farming is
taking place. Irthe north, farmers keep mostlgattle onfarms of 5 000 - 10 000 hectares,
while farm size increasesuthwards (about 15 000 - 20 000 ha) dueldéoreasing rainfall,
and the animal-keeping concentrates on sheemaats. The studyarea in the central part of
the country is located in the transitional zone, and therefore the livestock consists sihalbth
and large stock.

The livestock are kept in camps with a regulated change of pasture land by drivamgntiaés.

A mixed pasture after a rotation scheme where grazers are followed by browsers is favourable.
The camp practice is meant to hawe effects; (1) intensification of production, and (2)
preservation of pasture land. Unfortunately, the latter isatt@ihedvery often; in many cases

land use in the camps is very intensive, leading to buslbachment and more lesssevere
degradation. This happens because the dimensions of the aaargitenchosen according to
access of watesupply andregular and manageabtivision of the farmland, and seldom
according to land capability and numberligéstock, atleast notfor dry-year conditions. An
illustration for the latterissue isthe fact that80% of the livestock in Namibia had to be
slaughtered during the last drought (1995 - 1996).
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A short description othe farms, wherghe main part of the fieldvork was carriedout, is
given below:

(1) Bergvlug

Bergvlug is a governmentdhrm, run bythe Directorate of Veterinarervices within the
Ministry of Agriculture, Water and Rural Development. The farserves asVeterinary
Research and QuarantiBgation. It covers amarea of approximately 800 ha and keeps a
mixed livestock of cattle, sheep and goats. The usual number of cattle am@0ashat due
to thedroughtthe numbemas reduced tol80 in October1996. Compared withthe figure
mentionedabove,the reduction in livestockumbers is notjuite as extremewhich may be
explained by a relatively small stock during "normal” years.

(2) Neudamm

Also Neudamm is government-owned and also hotiseggriculturalCollege.The farm has
six divisions; trainingjarge stock, small stock, dairy,agriculture andgeneral.The training
division includes 64 studentdtending agriculturatducation.The area of slightly more than
10 000 ha is divided into 9 blocks and Z2d&mps. 200 hareused forexperimentagrowing
of vegetables and maize. The large stock (Oct. 1996) consists of Afrikander(Z&d)edairy
cows (40)and horses (40)kept for twice weekly counting of thevhole stock.Different
breeds of sheep and goats (gxampleBoerbok,Damara-and Karakul sheepnake up the
small stocktotally amounting to 1200 animals.These are kept on abo60% of the area,
mainly in lower parts wherbushesmakebrowsing suitable. Ipracticable, the quality of the
grass isdecisivefor planning.The watersupply is provided by 9 boreholes, soneaching
down to 110 m, and 19 dams.

(3) Bellerode

Bellerode is a private farm of approximatelb@0 ha.The livestockconsistmainly of cattle.
Because farming on a comparatively small area is getting increasingly difficfial keeping

is not theonly source ofincome anylonger. Ascommon among many other farms in the
country, tourism is seen as atiernative byoffering, for example, lodgingdyunting and
photo-safaris.

(4) Hoffnung

Hoffnung is aprivatly owned farm of more than 1000 ha with somecattle and a
concentration on keeping wildnimals, both servingexperience of thewilderness" for
tourists and meat production. An extra income seems to be provided by running a scrap yard.

2.7.2. Reflections on degradation and flexibility

As explained earlier, natural conditions in Namibia are highly sensitivevaable, with low
ecosystem stability. Today’s problemsan beseen as an inadequaability of inflexible
cultural systems tadapt to the ecosysteoonditions. Consequentlgreas of highest natural
variability and lowest economic flexibility are most severely affected by degragaborsses.
Therefore, increaseitexibility in the landuse systems is ofital importancefor sustainable
land use to be achievedhere is also a needbr local investigations adapted to theea,
because the natural variability makes it impossible to develop genapallicable strategies
(Kempf, 1997).0One example othis approach ighe "Holistic Resource Management", a
pasturemanagemenbased on Savory (1988). It is a ndarm of High-Impact-Grazing;
iIntensive pasture on small camggring a very shortime with long regeneratiorperiods,
resulting in an improvement gbastures byperennial grasses which, in turnreduce
degradation processes.
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3. Methods and materials

3.1. Background
3.1.1. The land system approach

The information-gatheringprocesspreceding decisions on sothanagement or land use
planning is founded onthe investigation of land conditiondike characteristics of
geomorphology andsoils, and relatedprocesses. Acommon approach to this kind of
landscape description and assessment is tatimdlistribution and pattern of physical factors
defining the terrain and tdelineateunits or regions of specific, uniform character. Such
studies based on analyses of genesispmndesses, awell as directly observable surface
attributes,canform part ofthe basis for decisionabout the utilizatiorand management of
land. One way to find the units forming the terrain is to apply the physiographic or land system
approach (Larsson an8itromquist, 1991).The term"land system"was first defined by
Stewart and Perry (1953)The topography anthe soils are dependent on the nature of the
underlying rockgi.e. geology)the erosional and depositionaiocesseshat haveproduced
the presentopography(i.e. geomorphology)and theclimate under which thes@rocesses
have operated. Thughe land system is ascientific classification of countrypased on
topography, soils anglegetation correlated witgeology, geomorphologgnd climate" (in
Cooke and Doornkampd,990). Conclusivelythe landsystem is amareawith a recurring
pattern oftopography, soils and vegetation, and withektively uniform climate. The land
system approach is more about dividing @m®a into morphologicategions ratherthan
defining individual landforms or slope characteristiEach landsystem is divisibleinto
smaller components (lanf@dcets), whichare associatedith a defined and uniform set of
geological, pedological, vegetational, and sometimes hydrologmadiitions. The facets
within a system are not a randawllection ofcontiguous areas bate often causalllinked,

by geomorphologicgbrocessesorigin or groundwater flow (Cooke and Doornkamp, 1990;
Larsson and Stromquis’,991). The landsystem approach provides amtremely simple,
cost-effective, and versatile methfud rapidly classifying large areas otlatively unknown
territory, even if there are weaknesses in terms of being general and, reffsgdegction of
criteria, both qualitative and subjective (Cooke and Doornkamp, 1990).

3.1.2. The catena concept

Linked to the landsystem approach, but havingneore soil scientific point ofiew, is the
catenaconcept. As concluded frothe above,the landsystem andhe land faceare,among
others, based othe assumed close relationship between slppeesses and soil-forming
processes and, consequentpil morphology.The catena concegbcusses on justhis
relationship, assuming that particular slope foares associatedith particular soil sequences
(Gerrard, 1992). The properties of the soil that are directly influenced by slope forsngiad
include drainage, soil depth, texture, stone content, and occurrence of indurated layers or iron
concretions. Slopenay also influence otheproperties,including colour, clay mineralogy,
humus andnhutrient status,and the content of weatherabt@nerals.The structural stability
and, consequently, the risk of soil erosion also vary with slope (Areola, 1996). Thatesasl
as a taxonomic unit can, therefore, be seen as a "grouping of soils whilehthey fallwide
apart in a naturabystem of classification oaccount of fundamental and morphological
differences, are yet linked in their occurrence by conditions of topographgramdpeated in
the same relationships to each other wherever the same conditionst an¢h" (Milne, 1935,

in Gerrard, 1992).

These two approaches of land systemsaatenas providethe theoreticaframework for the
choice of methods.
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3.2. Air photo interpretation

Air photo interpretationvas made to get an initial classification of td#ferent landsystems
and land facets and to choose representatoges in homogeneoaseasfor afield survey.
The primary classificationvas made before the fieldinvestigations, which then could be
checked in the field and comparetth reality. The interpretatiorwas based on set of air
photographs in the scale of 1 : 50 000 coveringetitege area.Three pictures of thenain part
of the field investigation were also available in the scale of 10020 providing moredetailed
information.

3.3. Field surveys
3.3.1. Slope profiles

With the aim of characterisingjopes andand facets, andnvestigating soil catenas, 15 slope
transects (in this report commonly refered td'@msfiles”) from the top of ahill to the valley
floor and further tadhe opposite top werenadewith the help of a pendulurfor the levelling
and atapemeasure. Fronthe resultingfigures, the shape and length dhe slopescould be
calculated. The position of the transects is shown in Figure 6.

Figure 6

Figure 6: The location of the slope transects and the single soil sample points.
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3.3.2. Soil samples

To classify the soils of the study area, and tgain information about past and present
processestotally 104 soil samples in 56 soil profiles werellected. The majority othem
were taken alonghe slope transects, but at foptaces samplingvas done without any
correlation to a slope transggdor the position of these samples see FigGje The overall
depth of the soil profiles, dug aeep agossible, waslependent on thkeardness othe soil
or the depth of the parent material, and varied between 1@@hdcm. If possiblesoil
samples of approximately 1 kg were takenaious depths of a single soil profilEhe soil
profiles were described according to colour (determifedthe dry soil, usingthe revised
Munsell Standard SoiColor Chart), rootabundance and diameter, stone contgatent
material, and moisture (if perceptible) (SBAO Guidelines for soil description1990).
Different horizons weradentified and sampled present.The labelling of thesoil samples
was doneaccording to theollowing system: “Slope profile : Soiprofile, Depth in cm”;
example: “lI:3, 0 - 10", which is read as: soil sample at the depth of O - 10 tma third soll
profile of the slope profile I1.

3.3.3. Surface characteristics and vegetation

For the further characterisation of the |laystems andand facets,the surface characteristics
of the slopes andhe valleyfloors weredetermined by walking along every transect with a
stick, pointing it randomly on thgroundevery second step (approximately everm® The
surface characteristic at that particular point was classified as vegétatibrdead and alive),
fine material(soil matrix) or coarsematerial (gravel, stones) anthenexpressed in pecent
surface cover.

This “stick method” cannot give a picture abdl shrub density asormally theway of

easiest accessibilitwas chosenThe shrub density was estimatealthough with difficulty

since onewas standingoeneaththe canopies. Usingir photos for thisdetermination was
neglected because of the inactuality of the photos for this kind of investigation.

3.4. Laboratory analyses

The sieving part of the grain size analysis was carried out in the Agricultural Laboratory of the
Ministry of Agriculture,Waterand RuralDevelopment inWindhoek. The otheranalyses of
physical and chemical parameters of the material < 2 mm were done in various laboratories of
the Department of EartBciences, Uppsala University, Swedémalyses were carried out
according to a laboration manual at the Agricultlwaboratory, based ote Booker Tropical

Soil Manual (Landon, 1991)and the Field and Laboratoiyandbook for Soils (Stocking,
1983).

3.4.1. Physical parameters

(1) Grain size analysis

The soil samples were passed through two sieves of 2 mn3.&8ndm (noaccess to other
sieves). The grain size distributiorior three grain sizeclasses (< 2 mm, 2 - 3.5 mm,
> 3.5 mm) could becalculated(in per cent of weight). The grain size distribution of the
material < 2 mm was determined by sedimentation, using a hydromkeéaesults werdghen
grouped into grain size classes of sand, silt, and clay.

(2) Particle density
Particle density was measured with a pyknometer.
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3.4.2. Chemical parameters

(1) pH
pH was measured in both water and a KCI-solution (ratio soil : fluid as 1:4).

(2) Cations, acidity, cation exchange capacity, base saturation

The amounts of K Naf, C&*, and Mdg*" were determined byatomic absorbance
spectrophotometrythe acidity bytitration. The cation exchangeapacity (CEC;maximum

amount of exchangeable cations that a soil can adsorb) abddbesaturatio(BS; proportion

of the adsorptioncomplex of a soil saturated with exchangeable cations otherhgfgmgen

and aluminium) could be calculated from these results.

(3) Electrical conductivity
Measuring of theelectricalconductivity (EC) with a conductivityneter (ratiosoil : water as
1:4).

(4) Organic matter
Organic matter (OM) was determined by loss on ignition.

3.5. Soil classification

The soils were classified according to the Revised Legend of the FAO/UnesddafmIf the

World (1988), asthis system is in use in Namibia. Thitassification is based on the
identification of diagnostic horizons. These soil horizons combine a set of properties which are
used for identifying soilinits. Since the characteristics sbil horizonsare produced by soil-
forming processesthe use of diagnostic horizondor separating soil units relates the
classification to general principles of sgi&nesisCharacteristics of horizons or sailaterials

that cannot beconsidered as diagnostic horizoase referred to as diagnosicoperties.
Finally, phases are used for furtferaracterisation of theoil units. They are limitingfactors
related tosurface or subsurface featurestiod land, not necessarily related &oil formation

and generally cutting across boundaries of different soil units.

Thus, the classification of the soil profiles was carried out accorditing tmentification of the

following characters: (1)najor soilgrouping, (2) soil unit, (3yiagnosticproperties, and (4)
phasesAdditional characterising features not fitting into 880 classification system were
indicated separately.
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4. Results

4.1. Soil samples
4.1.1. Physical and chemical analyses

The interpretation and rating of the content of the analgkethical parameters is maah
help of theBooker Tropical Soil Manual (Landon, 1991)and the Field and Laboratory
Handbook for Soils (Stocking, 1983ven if theanalyses were carried out as carefully and
accurately agossible,they should be regarded as providichiefly “order-of-magnitude”
results, capable of interpretation in genert@rms. Contamination as &ource of error is
possible, but many extreme values correlate well with other samples from theashprefile

or can be explained with values of a different parameter of the same samptg (aghtotal
acidity, for example, seems to baiable if the pH idow). Appendix Il provides complete
tables of the results of all analyses.

(1) Grain size distribution

The markedly dominating texturass is sandy loam, followed bgam and siltloam, and
loamy sand and sand in single cases. ddw@ent of rock fragments (>r@m) varies between
0 and 91%, and the absolute clay content is low, around 5%.

(2) pH

The pH (in HO) intakes values between 4.82 and 8.74. These veduebeseen as extreme,
as the pH of the majority of the samples kesundthe mean pH 06.38, which ismedium
acid to neutral (5.5 - 7.0). The pH measured in KCI is commonly loweayerage about 0.8
units.

(3) Cations
The total amount of cations lsw to medium inmost samples, atheir meanvalues (in

me/100g soil) show clearly: N®.34, K 0.38, Md* 1.32 and C& 13.2, even if amounts of
cations rated as high or very high occur.

In four samples, the Naontent exceeds 15% of the TEBotal ExchangeablBases, sum of

Na", K*, Mg® and C4&"), in eight sample40%. Thesesoils can be regarded adic and
therefore as structureless and easily erodable (see S2&jonA good andstable structure is
provided by a higltalcium contenaind, consequentlyhe sodium-rich samples contain only

little calcium. In three samples, theCaontent exceeds00 me/100g. As alsother samples
from the samesoil profiles show very high contents, it does ndiave to depend on
contamination. Furthermore, an intensive reaction thighextracting agent ammoniuscetate
was observedpointing to a high content alkalinity (possibly CaCGg). As theanalysis of
exchangeable calcium had to be carried out with high dilution, the margin of error increased.

In theupper 40 cm othe soil profilesthe Ca : Mg ratio i 5 : 1, which meanthat Mg is
increasingly unavailable with increasing Ca. The ratio then decre#@bedepth.The K : Mg
ratio lies in the optimal range from the agricultural point of view.

(4) Acidity

The total exchangeable acidity (TAhows lowvalues around anedian 0f0.18 me/g. In
samples not containing any exchangeableidysthe TA is made up of Hions alone. The
amount of Al-ions inthe 30 affected samples never reachasgerous levelsThe high
presence of Alions in slope profiles Il and IV istriking. The relativelyhigh total acidity in
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sampleV:1 (1.61 me/g) probablydepends on contamination, but the otherhandthe very
low pH is supporting.

(5) Cation exchange capacity
The average cation exchange capaC) is high with about 33 me/108gil, but with a
broad variation between low and very high values. In most samples, the high value of the CEC

can be explained by the high@&aontent or by th&A. Soils with a high CEC provide good

fertility, but if the base saturation is low, most of the CEC is occupied ‘biprt$. Such soils
are regarded as only potentially fertile.

(6) Base saturation

The base saturatio(BS) depends othe amount of cations and thatal acidity. The values
vary between 7 and 98%, which contains the whole spectrum from very low thigbryThe
average BS lies at 42%, which is medium and sligiyistric. Aswell as theCEC, the BS is

strongly influenced by the high content ofZ€a

(7) Organic matter

The contents of organimatter are rated agery low to low;the valuessary betweerl.0 and
6.5%, with a mean value of 3.4%. It should be obsetirathboth referencesate contents of
organic carbon,not of organicmatter as avhole asanalyzedhere. Besidesthe obtained
values areprobably toohigh, because the samples containadible, barely mineralized
organic matter likeparts of rootsthat were difficult toremove. Thereforethe content of
organic matter in all the soil samples is regarded as very low.

(8) Electrical conductivity

The measured values of electrical conductivity (EC) are multiplied by a factor of five to get an
assessable ECvalue. With values betweerD.2 and 2.2 mS/cm (samplel03 probably
contaminated) and mean of0.8 mS/cmthe samples can be considered as fsak, the
salinity effects are negligible. Especially regardihg fact that theamples are takeinom an

area used for grazing, there should not be any salinity problems for this type of vegetation.

(9) Colour

Brown isthe dominating colour and can be considered as the charactevistia, together
with yellowish brown, bright brown, and dull yellowishbrown. Other colours present,
although moreuncommon,are olivebrown, dull yellow orange, reddistbbrown, and dark
olive brown.

4.1.2. Variations with depth, slope position, and land system

For better interpretation of the characteristics of the soils and the variability of the physical and
chemical parameters, the samples were grouped into different classes according to depth and to
position inthe slope transects arttle landsystems (se&able 2). The position inthe slope

profiles was determined by dividing the transects drawn on paper into clasggseofmiddle

and lower slope, and valley floor according to subjective criteria. In the slagges, only the

first four depth classes wemmnalysedpecause samples > 50 cm were exclusively taken on
lower slopes andalley floors. The division of the samples according to theiosition in the

different land systems becomes obvious by comparing Figures 5 and 6. Land systems A and B
aregrouped together as they represietmountainous areayhile the relief energy in land
system C is much lower.
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Table 2: Grouping parameters

Depth class Depth Slope class Slope position Land system class
1 0-15cm usS Upper slope A+B
2 10-30cm MS Middle slope C
3 25-40cm LS Lower slope
4 35-55cm VF Valley floor
5 50 - 100 cm
6 100 - 200 cm
7 200 - 300 cm

2 samples classified as both class 1 and 2.
6 samples classified as both LS and VF, 3 as both US and MS.

Tables 3 and 4 shothe variation of grain sizeith depth and slopposition. Tables 5, 6, 7
and 8showthe changes of thehemical parameters in relation depth, slope position, and
land system, and between the soil groupings.

Table 3: Variation of grain size in relation to depth

% of fine earth fraction

% of whole sample

Depth class Clay Silt Sand > 2 mm
1 6.5 32.8 61.5 40.2

2 9.3 33.8 56.9 23.1

3 9.3 40.9 49.8 34.2
4+5 9.5 36.7 53.9 20.0
6+7 10.1 37.2 52.8 20.4

Table 4: Variation of grain size in relation to slope position

% of fine earth fraction

% of whole sample

Depth class Clay Silt Sand > 2 mm
us 7.7 36.3 57.9 54.5
MS 8.4 33.0 58.7 51.0
LS 10.7 32.3 58.0 26.3
VF 7.6 37.2 55.2 711

! 4 of 31 samples on VF contain high amounts of material > 2 mm. If they are excluded from the

calculations, the mean value of material > 2 mm decreases to 1.2%.

It is important to bear in mind that the tables show medimes, from whichthe divergence of
single samples may sometimesebxéreme. This is illustrated veglearly byFigures 7 - 17.
Thesebox plot diagrams argraphs for displayinghe 10th, 25th,50th (median), 75th and
90th percentiles of a variable (horizonkales). All values forthe variable above the 90th
percentile andelow the 10th percentile are plotted separately to indicatdliers (Abacus
Concepts, 1996). The box plots illustrate the variation betweeslope classesccording to
the idea of the catena concept (see Section 3.1).

Figures 7 to 13 show the variation of the different grain sizes. The absolute conteateidl

> 2 mm increases markediypslope.The valleyfloors contain only a very small amount of
coarse material, and tlspreading igelatively small asvell. Due to the extreméncrease of

coarse material upslope, the absolute amount of the fine earth fraction (< 2 mm) decreases. The
absoluteclay content of thdower slopes, which iigher than in the valleyloors, is
interesting. Even relatively, the lower slopes have the highest clay content, but at ttieneame

the lowest content ofsilt. Otherwise,the differences in the relatively fine earth fractions
between theslope classeare rathesmall. This is supported ke resulthat sandyloam is

the predominating texture class, with only a slight tendency of finer texture classes downslope.
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Figure 7

Figure 7: Boxplot diagram showing the distribution of material > 2 mm according to slope
class

Figure 8
Figure 9

Figure 8: Boxplot diagram showing the distri- Figure 9: Boxplot diagram showing the distri-

bution of the absolute clay content bution of the relative clay content
according to slope class. according to slope class.

Figure 10

Figure 11

Figure 10: Boxplot diagram showing the distri- Figure 11: Boxplot diagram showing the dis-
bution of the absolute silt content tribution of the relative silt content
according to slope class. according to slope class.
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Figure 12
Figure 13

Figure 12: Boxplot diagram showing the dis- Figure 13: Boxplot diagram showing the dis-
tribution of the absolute sand con- tribution of the relative sand con-
tent according to slope class. tent according to slope class.

With regard to the chemical parameters, whose distribution is shoile figures 14 - 17, it
can be stated that the variatiansthe slope classes themselves always superior to the
variations between the slope classes. Nahemical parametelincreases or decreases
continuously from upper slope to valley floor. The lower slope always motligepattern by
having lower or higher values th#ime valleyfloor, in most cases even beitige part of the
slope having the highest tre lowest (medianyalues. However, continuoufianges can be
seen from lower slopes to uppdopes. Insomecases,these straight relationships between
lower, middle andupper slopeare somewhat modified byhe middleslope. Therefore, the
most pronounced differences between the parameters danrskbetween théower and the
middle slopes.

Figure 14
Figure 15

Figure 14: Boxplot diagram showing the dis-  Figure 15: Boxplot diagram showing the dis-
bution of pH according to slope tribution of the base saturation
class. according to slope class.
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Figure 16
Figure 17

Figure 16: Boxplot diagram showing the dis-  Figure 17: Boxplot diagram showing the dis-

bution of the K content according tribution of the K)igcontent accor-
to slope class. ding to slope class.

Certain interesting relationships are worth while mentioning in greater detail. The pH increases
downslope with the highest mean valuetiomlower slopes, wherée total acidity idowest.

Both the highest antbwest extremes ahe pH arfound on upper slopes®ut even on the
valley floors the spreading is remarkabl&he variation in the content of cations between the
slope classes is similar for each element. Their content is highest onslopes, whereven

the spreading is most pronounced.

4.2. Soil classification

As the FAO soil classification (1988) is based on diagnostic horizons (see Seb)ioafforts

were foremostmade to identify thesborizons. However, irthe field it was impossible in

most cases to identify any horizons at @lften itwas even hard to dividéhe profiles clearly

into masterhorizons(like A, B and Chorizons), for reasons dacking accumulation of
organicmatter orstrongweatheredoedrock, etc.which eliminated theborder between soil

and parent material. After the physical aimemicalsoil analyses had be@onductedstill no

layers fulfilling thecriteria of certain diagnosticorizons could béound in any soil profile.
Diagnostic properties are present in four profiles as sodic properties (refering to a saturation in
the exchange complex df5% or more of exchangeablsodium or of 50% ormore
exchangeable sodium plus magnesium).

Because of the lack of diagnostmrizons andthe scarcity of diagnostiproperties, the
classification of the majasoil groupings waslifficult and had to be based on other criteria.
The first major soil grouping identified was Leptosols(LP), soils limited in depth by
continuous hard rock within 30 cm from the surface or having less than 20% of fine earth over
a depth of 75 cm fronthe surface. Twenty-six profiletulfilled these characteristics. The
requirement “continuous hard rocWas considered to Helfilled if it was impossible to dig
any deeper, or if the material was estimated to be bedroskpoolite. A further divisionnto
soil units Lithic Leptosols (LPgjimited in depth within 10 cm fronthe surface), Dystric
Leptosols (LPd; having a base saturatiessthan50% in atleast some part dhe soil), and
Eutric Leptosols (Lpe; having a base saturatioB@¥ ormore throughout) could bearried
out. Apart from two exception#he base saturation dhe Leptosols wasnarkedlylow, with
values rated as low to very low.

The remaining 3Gsoil profiles had to be classified &egosols (RG)the one major soil

grouping left after not responding to onetloé othergroupings. Regosolare coarse textured
soils formed from unconsolidated materials, havingdragnostic horizons othehan an
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ochric or umbric Ahorizon. The Regosols were furthetivided into DystricRegosols (RGd;
having a base saturation l#ssthan 50%) andEutric Regosols (RGe; B&50%). As the
definition requires this low/high base saturation to be at least from 20 - 50 cm from the
surface, the majority of Regosols could not be definittdgsified, becausamany profiles did

not reach 50 cm in depth. Therefore, the labels in braeketssed toindicate the tendency of

the base saturation, for example RG(d).

Three differenphasescould be recognized in trsmil profiles,namely the lithic, theskeletic

and the sodic. The lithic phase requires continuous hard rock within 50 crnihsurface. It
often occurred together withe skeletigphase, which refers tsoil materials thatonsist of
40% or more of coarse fragments (> 2 mm), with a thicknessleésit25cm, the upperpart

of which occurs within 50 cm fronthe surface. (Observe: TheFAO (1990) classifies
according to pecentper volume, in this studthe coarse fragmentgere assessed eight

per cent.)The labelling of the skeletiphase in brackets (skeletic) indicateat the sample
contained more thad0% coarseamaterial, but without reaching the requirgdckness. All

eutric and dystrid_eptosols showedhe lithic phase,and 70%are also skeletic.The sodic

phase, finally, marks soikhat have more than 6% saturatiaith exchangeablsodium at
least in some horizons within 100 cm from the surface.

A clay enrichment o& 3% downwards irthe soil profile was obvious in 75% oéll soll
profiles consisting of more than one sample. This typelayf enrichment is diagnostior an
argic or a cambic B horizon, but as not all criteria for them can be fulfilled, a groupimese
diagnostic horizonsvas not possible. Thereforeglay enrichment is indicated separately
combined withthe soil units. Insamples noshowingclay enrichmentthe clay content was
either the saméhroughoutthe profile or decreasednly slightly (1 - 2%). 15% of the
Leptosols and almost 60% tife Regosols werelay enriched. (Thealetailed classification of
all soil profiles is presented in Appendix IV.)

4.3. Surface characteristics and vegetation

The surface characteristics vary evidently within only sohialances, which is why it seems
meaningless to giveeanvalues for a whole slope even smalleparts of it. Often,coarse
material dominates, mainly in the form of a pavement of weathering regjsit, followed

by fine materialand vegetation. No correlatiomas beenfound between variations of the
surface characteristics and slquesition, form, angle, osoil unit. Onthe farmNeudamm,
fine material dominated thgurface,but there were no differences in soil units or properties
and phases; it did not seem to result in more vegetation by means of grasses either, their degree
of covering was rathdow with only 10 -20%. Onthe otherhand, shrubs wenmuch more
common onNeudammthey covered, on averagabout30% ofthe slopes (between 10 and
50%; distinct variation could occur on one d@hd sameslope). Onthe farms Bergvlug and
Bellerode, shrutandtree cover representedlound 5 - 10% othe slopes.The valleyfloors
were often shrub-free, at the same time as the biggest and greenest trees mredasing

the river beds with the most favourable ground water supply.

4.4. Slope profiles
4.4.1. Geomorphology
As presented in Figure 5, the geomorphologyhefstudy area is divisible into three different

land types or land systems within the plateau country, whemorth-western part (A and B)
belongs tahe high mountains othe highlands andhe south-eastern pafC) is classified as
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east-central plateau with ridges. These different land sysaeansade up of the same type of
land facets,even if their characteristics mayry. Fourland facets can be distinguished: (1)
Rock outcrops, (2) Slopes, (3) Valley floors, and (4) Dongas.

(1) Rock outcrops form mainly the summitstibé mountainous part ahe study area(which

are not included in thslope profiles asheir accessibility isstrongly limited), butare also
found on slopesMinor valleys without sediment filling are sometimes cut directly into the
bedrock.

(2) Slopes occur in different forms, angles and lengths. The slopgwedominantlgonvex,
sometimes with straight sections across the middle slope and concave lower slopattditms

Is especially obvious in land system B. Figure 18 shotypiaal slope profile from thisarea.
However, a comparison with the other slope transects (see App¥hdikowsthat theslope

form canvary markedly.Even the inclination of thelopes showgreatvariations,there are
slope angles betweefi tb 45’; at outcrops nearly vertical walls may be present. In general, the
slope angle decreases from land system A to land system C. The FAO ¢hf&itterised the
morphology of land system C as neddyel upland,but a classification as gently undulating
upland, slightly dissected by streams, may be more appropriate. Figure 19 illustrates a profile
of this land typewhile a profile from land system A with stesfopes is found iRppendix

V.

(3) The valley floors differ markedly in their extension and characteristics. Most vallegs,
especially the bigger ones, are filled with fine grained colluvial sediment of a depth between a
few decimetres up to three or four metdrseir inclination lies normally between 0.&nd 3

in both directions (fronthe slope tothe water channel and along tbleannel).The border
between lower slope and valley floor is morphologically distinct ontphéwider valleys, but

IS not as expressive ime undulatingupland, where slopand valleyfloor often form a
smooth curveTherivers inthe valleyfloors are ephemeral, carrying watenly during the

rainy season inlate summer.Marked river channels are natways fully developed, but
sometimes gravely riverbed@se found. Smaller valleys in thenountainousarea often have
sediment-free valley floors or contain only little sediment.

(4) As explained in SectioR.5, dongasare erosionalorms like gullies, occurring irthe fine

grained sediment of the valley floors. Their depth varies betwéew decimeters up to three

meters and more (depending on ttheckness ofthe sediment), causing severe erosion
problems. The eroding power is immense; downcutting into the weathered bedrock beneath the
sediment is notinusual.Protecting featureke walls or similar barriers seldom fulfitheir

function. On their upper end, most dongas show an undercut head, but a relatively smooth and
gradual change from intact valley floor to incised donga has alsoseeerirhe occurrence of

dongas does not seem to be influenced by factors like inclination, valley gpsitoon in the

drainage system. Since 1979 (date of the aerial photographs), new dongas have developed and
some of the old ones have extended.

4.2.2. Soils

Figure 20 provides aexample of the typical spatiaistribution of thesoils andtheir
characteristicgfor the otherslope profiles,see AppendixV/). Absolutely validrules for the
distribution of thesolil units, properties and phasesinnot be laicdown, but tendencies are
obvious. On upper slopesainly Leptosols occur, whickven cover aboutvo-thirds of the
middle slopes. On lower slopesnd valleyfloors, Regosolsare the dominatingoils. Two
Leptosols are found on valley floors, but their presence is restricted to smaller valleys with no
or little sediment of colluvial material. THeegosols on upper andiddle slopes andabout

70% of them on lower slopes show mostly a lithic and/or skeletic phase.
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Figure 18
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Figure 19
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Figure 20
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This typical distribution of Leptosols on the upper parts of a slope and Regosbsianer
parts and on the valley floors results in the fhat theirphysical andchemicaldifferences are
similar to the differences in relation to slope position (see Tables 6 andRgamds 7 -17).

As an examplethe textureclass "sandyoam" is dominating markedly amongeptosols,
while some finer textureclassesmainly occur in combinatiorwith Regosols,and this
relationship is reflected in the presence of finer texture classes on lower parts of the slopes.

The units of eutric and dystric in both Leptosols and Regosols are distributed wiadiera;
both units occur on every part thfe slope and do nathow acorrelation withcertain slope
transects either. Furthermore, no othmarked differences in physical ohemical parameters
are found between dystric and eutric solls.

The sodic properties are present mainly in the vdlteys, and only once on middle slope.
The sodic phase, however, occurs in every slope position.

The clay enrichment isot restricted to certaislope classes, @éan befound in soil profiles
from every part of a slope, even if thalley floors intakefirst position with abouB0% of all
clay enriched profiles.

A good correlation between soil characteristics and slope form could ndole, the
distribution of the differensoils does noseem to depend on tHigctor. There isperhaps a
slight tendency that the skeletic and the lihiasesare more common on convejopesthan

on straight or concavenes. Asomewhat surprising result tfe comparison betweesiope

form and soil characteristic is the dominating clay enrichment in convex parts.

The slope angledoes notseem to have a marked influence on #ud distribution either.
Certainly,the steepestlope covered by a Regodws a slopangle of 11 (°/400°), steeper
slopes are all carrying Leptosols, but on the other hand Leptosols can be foafieyifioors
or on slopesinclining only 2. Therefore,the soils or their distribution on the slightly
undulating uplands do not differ markedly from those of areas with more relief energy.
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5. Discussion

5.1. Geomorphology

As already outlined in Sectidh 4, the landscape evolution in central Namibasbeen very
complex and intricateToday’s landscapshows acomplicated patterrwoven by different
endo- andcexogenetiqrocessegffective at different times in thearth's history.The maybe
most important exogenetic factor influencithg presengeomorphology ishe succession of
palaeoclimate¢Birot, 1968),and there istrongevidencefor marked environmental changes
In southernAfrica during the past.Most of the literature concentrates ohanges during the
Quarternary, whereDeacon and Lancaster(1988) give a comprehensive overview of
palaeoenvironments, while articles about more specialized research topics are found in journals
like Palaeoecology of Africand thesurrounding islands (Heine, editor). Tys(I986),
however, reviewslimate change insouthernAfrica since thePrecambrian.Due to the
multiplicity of environmental changes, some of the present landforms and depagitafely
be assumed to be relicteft there by different — moister or driercenditions.Otherfeatures
may reflecttransitions between environments ahé related disequilibriuntconditions that
appear to accompar(pr follow) climate change(Garner, 1974).These aspectmake the
landscape difficult to interpret, at the same time as they may help to exphithe picture is
not always as expected.

According to Budel(1977), the study area is classified as "Warme Trockenzone der
Flachenerhaltung und traditionalen Weiterbildung" ("wamd zone of preservation of plains
and continued traditiondiormation™), comparable to the Sahara and inner Australia. The
morphology, though, doesot show much of the characteristics of an arid or semi-arid
landscapelike the sharpness of formdue to differentialerosion orthe existence obroad,
perfectly plainsurfaces (althougBeaudet andMichel (1978) name the planatiosurface of
Seeis (land system C) "glacis sur roches schisteuses" ("glacis on schist bedrock™)). Neither are
forming processe$ke episodic sheetlows or intensive aeoliartransport fullycomparable
with those ongoing in arid/semi-arateas, ashere is no evidenc®und for, e.g., coarse
materialtransported alonglopes oraeoliandepositions. Nonethelesthere might be several
explanations for Budel's and Beaudet's classifications and descriptions.

Regarding Budel'gllobal classification, it might just be in a scale too srullbeing able to
reflect regionalvariations. Furthermorehe study area faces the problem to berderland in
two aspectsfirstly, it is situated close to a semi-desert environmdém, Kalahari, and
secondly, it lies between the tropics dahdsubtropics. Thereforehe area mighbhot show a
morphology typical for the nucleus of onlmatic zone,but represents a combination of two
climatically controlled zones of morphodynanpcocessesAnother possibleexplanation for
the complexity of the landscape is given by the great influentectainics. Thesendogenetic
activities both disturbed former stages efjuilibrium and inducednew conditions for
geomorphologicaprocessesEven if there have not occurred any redeatonic events, the
areawas markedly affected by them in thgast, whichmight have provided conditions
"unfavourable" forthe development of a characteristic semi-anidrphology. Thisaspect is
also interwoven with the time aspect,ea®n in optimatonditions the development @drms
like pediments requires a long time of both tectonic eimoatic stability. The morphodynamic
processes, which according to BludEd77) andBeaudet and/lichel (1978) shouldead to a
landscape typicdior semi-arid environmentsnight not have hag@noughtime to affect the
area, and consequentbyder landformsare not fully reworked. Herethe idea of regular
climate changeturns up againOne example can keeen inthe plain of Seeis - described as
glacis by Beaudet anilichel (1978). This glacis isstrongly dissected andhows, as the
whole ofthe study area, a very narropattern ofdrainage, which probably is ralict from
more humidperiods. Orthe macro-scaleall denudation cycle¢King, 1963, Partridge and
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Maud, 1987)demand somewhat moister conditidos processe$ike pediplanation. Another
examplefor amore humidpalaeoclimatiqpphase is provided ithe recordleft by weathering:
About 50 km W of the study area, time Khomas highlandsgxtremely weathered amphibolic
mica schists (saprolite) is found (Kempf, 1999, in print)thistudy areaitself, the bedrock
Is strongly weathered, too, often digging is no problenthé&soil profiles onthe slopes it is
iIn most cases impossible decidewhere to drawthe line between regolitandbedrock. The
development of these residuals of an intensh@micalweathering requires a warm antbre
humid climate, conditions comparable to thos¢éha humidtropics. Also some rock summits
show clearsigns ofchemicalweathering in theirounded and strippeshape.The stripping
and removing of the humid weathering profile is assumed to takea venylittle time as the
material has had ideal transport dimensions. Pattteoerodednaterialfrom the summits and
slopes builds up the present colluvium, which today is pesgthorked byalluvial processes,
provable by the distindborder between hillslope and sedimédiit in, especially in wider
valleys. It may be possibkaat the colluvial material on the vallépors can be derived from
the climatepredominanttoday, but the main supply hasmore likely taken placeduring
environmental conditionsapable of more rapigroduction and transportation of firgrains.
Today, denudation is stilongoing, mainly on theslopes.There is no transport of coarse
material from the slopes to the valley floors, which mehaseither intensive sheiows are
absent or the vegetation cover gsfficient, butthe existence opavementsbuilt up by
relatively weathering-resistaguartz, showghat fine material isvashed or blowraway.
Apart from the occurrence of heawginfalls, when enormous amounts s#fdiment can be
carried,the fluvially transportedmaterialmostly stays irthe system, whereghe valleyfloors
often serve as sediment stores.

A complex evolution, asoutlined above,complicates the interpretation ofl@andscape. The
delineation of landsystems andand facets, though, helps tdivide the landscape into
manageable units, which can tiearacterized by themorphology andactive processesThis
approach seems to be superior to classical geomorphological mapping inwaysraFirstly,

it is a muchless time-consumingprocedure, secondly, it givesluable results even in
situations of unfavourable mappipgovisions,and thirdly,the understanding fothe system
"landscape" increases, asveral factors constituting the physical environment have to be
considered simultaneously. Furthermorelaad systems description probably provides all
information - or at least the geomorphological pareeessary for sothanagement and land
use planning. However, in this study there were sdiffieulties to detect "certain predictable
combinations of surfacdorms and their associatedsoils and vegetation” (Cooke and
Doornkamp, 1990); this is discussed more in detail in the following section about soils.

5.2. Soils

According to the catena concept, there is an assumed close correlation between slope form and
soil properties, and it is usualixpected that meaningftglationships between slope and soll
will be the inevitable result of any properly conducséady. Ifthis always was true, thisoil
investigationwould have been considered asadure, as noclear correlation betweeslope

form or slope position anthe majorsoil groupings oeven specific soil properties could be
outlined. Howeverthe soil is greatly influenced bgll processe®perating in the ecosystem

and by the history of the landscape. Considering the complex landscape evolitiestodly

area with its erosive phases and regular periods of climate change as dedmriledtmight

not be self-evident to expect amglationships, asealistic correlationonly occur if the
processes of soil formation are in the same sort of equilibriumtiaetiurface and subsurface
processes acting dhe slope. Thereforedistinctive soil-slope relationshigse found mainly

In extreme situations dominated by frigid or arid conditions, by landslides, by duricrusts or by
highly porousparent materialundernon-extremeconditions, as inhe presenenvironment,

the processes of slope erosion, slogeposition and pedogenesise probably almost
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inextricably interwoven. Conclusively, itan be considered premature rielate climate -
geomorphologicakystems to soil§especiallywhen the interference betweetlimate and
geomorphology is not astricate as in centraNamibia), and thus thisack of significant
correlations may bgust as meaningful as an indicator of landscape statufieasighest
statistical relationship between soil and slope (Gerrard, 1992; Ollier, 1976).

Climate change denudation cycles arall other factors of influence duringe past have not
only had an impact on thmorphology and soil-slope relationships, but of course also on the
properties of thesoils themselves. Therefore, not onllge catena concept is ditle
applicability here, but theoils do noffit perfectly intodescriptions otypical soils developed

in semi-arid areas eith¢see forexampleBrady, 1990;Faniran and Areol&l 978). This lack

of some ofthe common characteristics likgowardsmovements of soluble constituents or
distinct alkalinity, depends probably dme long denudation history dhe area.According to

the weathering record and theay accumulation, thesoils have to be very old and
consequentlythey have had a longgme to develop. Despite this fact, the soils are very
shallow. The question is whethethe limited depth is due to regular denudation which
prohibited the proper development of tal, or if the soils should be considered i@mains
from older, deeper soils. This questiordificult to answer,but there is evidencgupporting

the second possibilityThe soils are mostlyskeletic, in whichthe coarsenaterialconsists of
remains of weathering-resistant quartz veinghm micaschist. Furthermorethe soils lack
distinct A-horizons and the slopes often show an erosion pavement, wiithragteristic for
residual slopes. Alsdhe somewhat higheclay content orlower slopes and in convex parts
can be explaineavith the hypothesis of old and denudated soiastly, lower slopes can
serve as a store fonaterialtransported from upslop@&nd secondly,convex sequences of
slopes act as a barrier for overland flow, which is why the transport capacity decreases in these
parts, causing deposition.

The marked influence of denudation on thals can also explainthe minor differences
between théwo major soilgroupings, LeptosolandRegosols. Aslready presentedarlier
(in Section4.2.), the classification of thesoils according to the Revised Legend of the
FAO/Unesco SoilMap of the World (1988) was involved with difficulties, as this
classification system is based on the use of diagnostic horelatsd to general principles of
soil genesis. Here, no diagnostic horizons couldlbatified - but withthe background of an
erosional landscape thfact should not besurprising. Strictly speaking,the Leptosols and
Regosols of the study area only belong to different major soil groups because of differences in
depth, and the definition of the Regosols is based on théh&taho criteria of the other major
soil groupings could be fulfilledNonetheless, both Regosols and Leptoaotésdescribed as
non-bound to specificzonal climatic conditions (FAO, 1988) andre typicalfor elevated,
accidented terraivhere soil formation is hindered by erosion (Driessen and Dad8ll) -
characteristics being in accordance witie presentconditions. Thereforethe FAO soil
classification certainly is applicable in this case, but it might be questionable t@xtératt this
system provides a useful soil description for planqingposes.The amount of information
gained about soil propertieshouldideally be morecomprehensive, but with regard to the
worldwide applicability of the FAO classification this demand seems to be unattainable.

The presentation of theoil classes and properties in profiles and not imap has two
reasons. Fothefirst, the slope profilescorrelate wellwith the idea of landystemsand for
the secondthe distribution of thesoils does notlearly vary between, for exampleijfferent
land systems,and even if the occurrence béptosols higher upslope thategosols would
represent a statistically provable correlation and not only a digittency, it would be
Impossible to map these changes on a basis of air photographs in a scale of 1 : 50 000.
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Finally, some general remarks abth# problem ofdonga development. gertain amount of
this kind of gully erosion is natural, but to which extent is difficult to say. The faaffasting
gully erosioncan be divided into intrinsic variables that exsthin the geomorphological
system, forexamplesoils, vegetation, morphology and climate, and extrinsic varial@es.,
overgrazing and farming practice)at areforeign to thesystem and causthe system
variables to change (Stocking, 1981, in Nordstrom, 19B8se different variables influence
and interact with each other according to an intricate pateatably, it isthe sum ofseveral
stress factorgoinciding in their different amplitudes that the area affesiedidenlycannot
copewith, not one factor alone causing tbessing ofthe threshold of a new erosiorycle
(Nordstrom, 1988). Ashe presenstudy has not focusedspecially on triggersor gully
erosion, nodefinite statements about tl#ongas presentan be made, andespecially
statements about anthropogenic environmeintgdact have to bébased on a thorough
understanding othe natural characteristics arptocesses of amrea (Eriksson, 1998).
According to Schultz (1988), the required grazamgaper 500 kgdlive weight (approximately
equivalent to one cow or teseep) in dropical or subtropical arid region is 10 - bh§, and
regarding these values tiséock number orthe farms Bergviug and Neudamm lies within
these limits. Overgrazing might therefore not necessarily been the major cause of the
development of dongas on these farms, but one has to keep in mind that this statement is based
on only one reference. Furthermore, itingortant not only to look athe generalstock
number correlated to theshole farmarea, but to considehe probably relatively higher
grazing pressure orthe valleyfloors. To reduce thespreading ofdongas, itmight be
meaningful to try to limit grazing and trampling on thest affectectolluvial soils in order to
establish a healthy amdense grass cover, which probablythe most effective protection
measurement, as it increases infiltration, decreasesff, and reduces desiccation cracking
(Nordstrom, 1988).
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6. Conclusions and recommendations

From ageomorphological and soil-scientific point wkw, the character of thetudy area is
strongly influenced by its denudation history aedmplex landscapevolution. Thisfact
results in three major concluding remarks according taitmeof thestudy, providing a basis
for environmental management project®unded on investigations of soils and
geomorphology.

1. The landsystem approachvas helpful to record the nature of the large andially
unknown studyareaover a short period of time, both regarding morphology @mdesses.
Furthermorethe understanding fothe entire ecosystem increasedafisnfluencing factors
were studied simultaneously.

2. The catena conceptoved not to beapplicable in an environment affected by long-term
denudation. However, the form in which a catena often is studied and presantet;, with
the help ofslope profiles,seemed to be valuable even in this spemieiditions,especially
because slope profiles are closely linked to land systems.

3. The FAOsaoil classification systerwas not of especiallygood advantage in the present
study, as it could not provide sufficient information about the soils.

On thebasis oftheseconclusionsthe following recommendationshould be considered for
studies with aims similar to the present one:

Each landscape isighly individual, and it is important not tancritically use "commonly
accepted" models anguidelines, but to try to find outhe parameters considered being
decisive. This casstudy can, therefore, be seen aegample ofhow different techniques,
methodologies and/ays ofthinking and acting can be combined in a systen@ticess to
gather information. In thiprocess it is ofimmense importance to look #te landscape
development, to have an integrated view and to aetidlying only single factors or
parameters. Every sa@urveyor andand useplannerhas to beaware of the fact thdtis/her
object of interest is part of the landscape and strongly influenced higtivsy, bothregarding
landscape evolution and former lande. Knowledgefrom geographers and landsers,
especially fromindigenous people ifpresent, shouldtherefore always beaken into
consideration.

With regard to the evaluateapproachesthe landsystem approach proved to be useful for
studies where it is important to gain quick but still thorough information about past and present
processes of geomorphology and, to a certain extent, $bessurveyor does natecessarily

have to be a trained geomorphologist, and thereforertiisod can be highlsgecommended.
Although the rapid appraisal of ttsmil resources getsiore difficult without the"working
hypothesis" of aatenaconcept, a soil survegan instead bbased orthe landsystems and

land facets defined arttius will automatically be linked to the entitandscapeAccording to

the FAOclassificationsystem, it would belesirable to develofurther, regionally applicable
subgroups on the basis of this system, as it is already implemented in Namibagé&acale
studies with strongly regional character, it might be of advantage to test the applicability of soil
classificationsystemsdevelopedor similar environments as tHgoil Classification ofSouth

Africa (MacVicar, 1991), and to take local knowledge into account.
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9. Appendices

Appendix | Climate data
Appendix Il Vegetation list
Appendix I Laboratory results

la Physical parameters

b Chemical parameters
Appendix IV Soil classification
Appendix V Slope profiles

Va Legend

Vb Slope profile |

Vc Slope profile llI

vd Slope profile IV

Ve Slope profile V

\Ai Slope profile VI

Vg Slope profile VIII

Vh Slope profile IX

Vj Slope profile X

Vk Slope profile ND 1l

VI Slope profile ND IlI

Vm Slope profile ND IV

Vn Slope profile H |
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Appendix |

Climate Station Windhoek/Namibia

Latitude 2234' S
Altitude 1728 m over sea level

Longitude 106’ E

JAN FEB MAR APR MAY JUN

Precipitation (mm)
Temp averag€C)
Temp mean maxC)
Temp mean min°C)
Vapour pressure (mb)
Sunshine (% of poss. sunshir
Total radiation (cal/cAiday)

Evapotranspiration (mm)

73 78 81 39 8 1
23.3 225 21.0 19.0 156 13.1
29.6 285 26.8 252 221 19.8
170 16.3 15.2 128 9.0 6.5

12 13.7 11.7 9.6 6.6 5.5
e) 70 70 75 78 90 95
641 575 527 492 447 409
152 126 116 86 64 53

JUL AUG SEP OCT NOV DEC YEAR

Precipitation (mm)
Temp averag€C)
Temp mean maxC)
Temp mean min°C)
Vapour pressure (mb)
Sunshine (% of poss. sunshir
Total radiation (cal/cAiday)

0 0 2 11 29 39 361
12.8 15.7 185 21.7 221 23.0 19.0
19.8 23.0 252 288 29.0 30.1 257
6.0 85 11.3 146 152 16.6 124

43 45 4.7 5.8 8 10.1 8

e) 96 97 90 82 76 70 82
441 506 585 624 669 647 546
55 86 110 149 154 1601311

Evapotranspiration (mm)

(Source: FAO, 1984)
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Appendix I

Vegetation list

Names according to Coates Palgrave (1983, trees) and Miiller (1984, grasses).

Trees:

Acaciaspp.

Acacia erioloba Camelthorn
Acacia erubescens Blue thorn
Acacia hereroensis Mountain thorn

Acacia melliferassp.detinens Blackthorn
Acacia reficiensssp.reficiens False umbrella thorn

Boscia albitrunca Shepherd's tree
Combretum apiculatum Red bushwillow
Grasses:

Aristida spp.

Aristida meridionalis Giant stick grass
Aristida stipitata Sandveld long-awned stick grass
Anthephora pubescens Wool grass
Brachiaria nigropedata Blackfooted Brachiaria
Cenchrus ciliaris Buffalo grass
Digitaria eriantha Finger grass
Eragrostisspp.

Eragrostis pallens Broom grass
Fingerhuthia africana Thimble grass
Schmidtia kalahariensis Bushman grass
Schmidtia pappophoroides Kalahari sand quick
Stipagrostisspp.

Stipagrostis namquensis River Bushman grass
Stipagrostis uniplumis Silky Bushman grass
Themeda triandra Red grass
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Appendix llla

Appendix Illb

Appendix IV
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Appendix Va

Legend for the slope profiles

LP Leptosols

LPq

Lithic Leptosols (limited in depth within
10 cm from the surface)

LPd Dystric Leptosols (BS < 50%)
Lpe Other Leptosols
RG Regosols
RGd Dystric Regosols (BS < 50%)
Rge Eutric Regosols (BS > 50%)
Lithic phase Hard rock < 50 cm

Skeletic phase
(Skeletic) phase
Sodic phase
Sodic properties

> 40% material > 2mm ir 25 cm
> 40% material > 2mm in < 25 cm
Na+ conterni6% of TEB

Neacontent> 15% of TEB,
or N& + Mg?* = 50% of TEB

Clay enrichment > 3% downwards
-1 Slope profile I, soil sample point 1
7,5 Slope angle
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| Appendix Vb

Appendix Vc

Appendix Vd

Appendix Ve

Appendix Vf

Appendix Vg

Appendix Vh

Appendix Vj

Appendix Vk

Appendix VI

Appendix Vm

Appendix Vn
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