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ABSTRACT

A review of the hitcvature on the growth, distribution and commor uses of
Colophospermum mopane (mopane) is presented, with particular emphasis being given

to the and frequently i opiniow: ssand concering the role

of soil as a limiting factor in the development of this species.

Initially the phytogeographical limits of mopane were investigated in order to pro-
vide a wider context within which subsequent fleld and laboratory studies could be inter-
preted. The chorological limits of the taxon appeared to be determined by the 1000 mm
mean annual rainfall sohyet and the 5°C mean daily minimum isotherm for July. A mark-
ed disjunction associated with the 18°8 Iatitudinal line was tound to be corzslated with
fow winter temperatures and very probably also, deep Kalahari sands.

Eight sites ive of the known i ic diversity of mopane woodland
were chosen in Rhodesia, Botawana and South Africa. The correlation between mopane
performance (as measured by % ciameter ot breast height times density, over six height

classes) and selected physical and chemical properties of the soils was examined using
simple linear and step-wise multiple regression analysis. Performance values were highly
sorrelated with total N and NaHCOg-extractable P in the surface soil, percentage moisture
i the subooil at 6,33 anrt 15,2 bars matric suction and finally, with exchangeable Mg con-
tent in the surfrce and sub-soil. The importance of ragnesium was demonstrated further
by the tendency of performance to decline with increases in calcium and sodium relative
to this cation.

Based on the evaluation of the ficld date, experiments were designed to study:

(a) the interaction of nitrogen, phosphate and soil moisture stress on mopane growth;

(b} the interaction of magnesium, potassium and sodium on mopane growth,
under controlled conditions of temperature, light and humidity.

Measurements made on the yield response, water consumption and relative nitrogen
content of plants in experiment (1) suggested that mopane was capable of internal osmotic
adjustment. Seedlings responded to increased N and P supply on two solls with over 20
per cent water at 0,33 bars matric suction. Fluctuations in the available water supply from
100 to O per cent had no effect on yield, evapotranspiration rate or coefficient of water
utilization on these soils. On a third soil, with only seven per cent water at 0,33 bars suc-
tion, yield and iration rate decreased sij (P < 0,01) with increased N
end decroasing avaitable water supply. The coefficient of water utifization, however, re-
mained unaffected by rising soil moisture stress. Decline in yield was primarily due to in-
creased soil osmotic suctions ssociated with increased nitrogen treatment. The growth of
mopane declined progressively with increases in osmotic suction from 3 to 8 bars but
thereafter remained unaffected Hil 16 bars at least (32 bars total soil moisture stress).




Stressed plants showed a marked increase in relative nitrogen content and it is suggested
that the resistance of this species to severe soil moisture stress might be partly due to the
build up of sotuble nitrogenous compounds within the celi sap.

Sodium and potassium supplied at the rate of 15 per cent «f the C.E.C. caused a
significant (P < 0,001} decline in yield on all th¥ee soils. Furtb :rmore, there was a significant
positive interaction between K and Na such that the depression in yleld was greater when
the two salts of K and Na wuore supplied at tlic same time, This effact was due to an increase
in osmotic suctions in the soil sofution ( «2—8 barJ), Intermediate levels of magnesium par-
tially reversed the detrintental effects of & and Na. This trend could not be explained in
terms of an improvement in cation balances within the plant tissue. It appeared therefore
that magnesium played a direct role in the water economy of the plant. It is possibie that
this catlon catalyses the metabolic production of orginic solutes thereby Increasing the os«
motic pressure of the cell sap and enhancing the plants ability to withstand moisture stress-
£8,

This study concludes with a brief summary of the main conclusions to emerge from
the fisld and i work. These are discussed in terms of
the present day chorojogical limits of mopane. In view of the tolerance of mopane to a
wide range of environmental stresses, it is suggestod that this species acts as an important
buffering element in the maintenance of ecosystem stability within the dry tropics.
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A, INTRODUCTION

Colophospermum mopane (Kirk ex Benth.) Kirk ex J. Leonard, a non-nodulating
tegume belonging to the sub-family Caesalpinioideae, has been variously referred to as
the tutterfly tree, the turpentine tres, the baisam tree and Rhodesian ironwood, The
more comsmon vernacular names, however, are the Tswana and Venda derivatives “mo-
pane” and “mupini® fespectively. in view of tie almost international recognition of the
specific epithet “mopane™, this colloquialism will be used hersafter.”

Mopane may be recognised by its leathery resinous jeaves which are made up of two
trignguiar leaflets hinged togetiier by a short midrib. The leaves are thus characteristicalty
shaped like the wings of a butterfly (Plate 1 ). Morphologically it varies in size from z short
coppicing shrub, less than half = 1etrs high, to a medium sized tree exceeding twelve metres
In height (Plate 2), Occasionally specimens may attain a helght of twenty three metres,
tho rough, deeply fissured trunk exceeding one metre & diameter (Do Winter ef ¢, 1966).
The flowers ars smait, pale gresn and borne In tassels; the pods are flat and kidney shaped,
and the single seed within is wrinkled and covered by numerous resin secretory glands
{Flate 1). According to Palmer snd Pitmen (1961), these resin glands are an effective dis-
persal mechanism in that they causa the seed to adhere to the hooves of passing animals.

The distribution of this species Is limited to South Central Africa (Wild; 1968). Its
trans-continental extension includes representntion in Angola, South West Africa, Bot-
swang, Zambia, Malawl, Rhodesia, South Africa and Mogambique (Porter, 1968).

The heartwood of mopanre Is hard und dursble and Is used for smal. articles of furni-
ture, mine props, fence posts and raitway sleepers (Pardy, 1953). The wood is very com-
bustible and the ash is said to have o high phosphorus and calcium content (Watt and
Broyer-Brandwijk, 1962; van Wyk, 1972a). The leaves are host to a black hairless
caterpillar catfed the mopane worm (Gondmbrasia beltna), These worms are considersd
& delicacy amongst rural Africans and are sald to have a high protein content.**

*This species {5 not without ils quota of African romanticism, Livingstone, in his
travels noted that the Zambezi inhabitants fenred mopane during thunderstorms. *Light-
ning hates it” they would say, whilst cautioning travellers never to go near the tree {Palmer
and Pitman, 1961). It Is rumoured that Zambian natives use extracts from mopane bark
to treat syphilis (Fanshawe, pers, com.), whilst certain Rhodeslan tribes clnim that the bark
Is an effective fish poison (De Winter e al., 1966).

**The mopane worms, with their characteristic white and orange stippied spines, are
gutted and then sun dried or ronsted before eating. The writer has tasted this “delicacy™
and found it to be soniewhat leathery with a distinet turpentine flavour,




PLATE 1, Mopane shoot showing “buttesfly”
leaves and kidney shaped pods contain
ing a single wrinkled seed,

A
Rogird

PLATE 2. Stands of shrub ¢A) and tree (B) mopune in the Northern Teansvanl, occurring
within a few kilometers of one another




Prabably the most valuable ecanomic attribute of mapane is its browsing potential.
Although this species does not nodulate and fix atmospheric nitrogen (Eyles, 1971} it
nevertheless forms a valuabie food supplement for cattle in the dry tropics (Lawton, 1967).
Even though the leaves and seeds smeli strongly of turpentine, milk and meat remain un-
tainted (Watt and Breyer-Brandwijk, 1962). The nutritional value of mopane leaves com-
pares very favourably with a number of dry tropical browse species (Myre and Coutinho,
1966; Lawton, 1967; Du Toit, pers. com.), The shrub and tree forms of this species are
browsed by & wide range of wild game, including Elephant (Loxodonta africana), Kudu

strep and Impala (Aep; melapus) (Jarman and Thomas, 1969).
Eleplmnts will often foll Iarge mopane trees to browse off the soft and succulent apicai
shoots (Plate 3) (Codd, 1951).

Over much of Afriea today, the problem of a protein deficlency in the human diet
Is becoming more acute, Recently, incrensed attention has boen directed towards the
management and utilization of wild animals as » protein source. Talbot ef af, (1965) have
reviewed the literature on the meat production potentil of wild animals In Afvica, Much
of South Centrat Africa today is semi-arid woodiand savanna of marginal value, Yong dry
seasons, together with the widespread distribution of tsotse fly, limits the mumbers of do-
mestic animals that can survive in these arens (Flotd, 1968}, Wild ungulate populations have
selooted against these hazards and therefors hold prospects for 4 sustained protein yiell,
In many such areas, mopane is the dominant primary producer,

Despite its ability to colonise dry, barren and eroded land, mopane has excited very
tittle rasearc™ futerest. The literatuse on this species is sparse and very often contradict-
ory, This is to be expected since most of the observations so far have been of  superficlal
#nd subjective nature, The environmentai factors goveraing its growtl and distribution
remain untesolved, In view of the many Ideas on this
browse plant, & study was made of the influence of selected soil factors on the growth
of mopeane. Estimates of growth porformance were obtained from severnl diverso sitos in
Borgwana, Rhodesia and South Aflrica, and carrelated with the chemical propertles of
tie surface and sub-sulls. Hypotheses were wduced from significant correlations and inter-
actions, and then tested by controlled environment studies.

The phytogeograplical relationships of mopane were studied at the outset with the
view to obtaining a broador interpretation of the mors specific studies mentioned above.




PLATE 3.  Mopane trees fefied by elephants in the Wankie Nationnl Park (A) and
Chete Game Reserve (B).




B, REVIEW OF LITERATURE

B,1. Distribution

At the sixth plenary meeting of the *Association pour I’Etude Taxonomique de
1a Flora de’ Afrique Troptuale” (A.E.T.F.A.T.), it was proposed that an atlas of ecologis-
ally important plant species in Africa be constructed (White, 1968). Some four hundred
plant species were proposed,one of which was mopane. Apart from the chart constructed
by Porter {1968), there ate no other maps depioting the globul (he. African) distribution
of the species (Fig. 1). !

Perhaps the most noticeable feature in Porter's map Is the apparent gap in mopane’s
Bast-West ext. sion between the 179K and 21°E meridians. No mopane is deploted between
thess lines of longltude in the vegetation maps of Angola and South West Africa (Grand-
vaux Barbosa, 1970; Gless, 1971). These observations are in agreement with floristio studies
cartied out In the Kovangoland of Soutls West Africa (Volk, 1966).

Other noticoable features on this distribution chart are, fivstly, the northerly exten-
slon of this species along the low lying Luangwa Valley (Zambia), and secondly, its ab-
sence from ths highveld reglons of Rhodesia, Mopane shows & strong affinity for hot low
lying areas (White, 1962) and rarely occuss at altitudes gfeater than 900 meters (Alry-
Shaw, 1947; Porter 1968). Dceasionally it may be found growing at higher altitudes
{Beatrice, Rhodesia) where unfavourable soil conditions prevent the growth of other
speoies (see Section B.3.), Jts southern boundaty in the Northern Transvaal coincldes als
riost exactly with the foothills of the Zoutpansbers motittains, The exclusion of this
speoias from higher altitudes Is probably due to the comtbined Influences of increased
precipitation and Jower temperatures (see Section 3.2:).

Porter’s map was constructed princlpally from specimen localitles obtained from
the National Herbarlum in Pretoria. In many Instances the boundaties depicted on this
chart vary significantly from those depictod in current reglonal vegetation maps (Acocks,
1953; Rattray and Wild, 1961; Wild and Grandvaux Barbosa, 1967; Grandvaux Barbosa,
1970; Gless, 1971; Weare and Yalala, 1971). In view of these discrepancies, the writer
has revised Portet’s distribution map of mopane, uslng the reglonal vegetation maps Hsted
above as 4 guidetine (Fig, 7 — Sectlon D).

B.2. Climatic Factors
According to Thompson (1960}, areas receiving fess than 456 mm of rainfuil per
anhum may be as the most niche of mopane. This




FiG, 8. Distribution of Colaphospernan mopané (Porter, 1968).
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figure is in close agreement with the values reported by Child (1968) and West (1969),
Mopane can ~1rvive in areas ceceiving as little as 200 mm p.a,, but is excluded ffom arzas
recelving over 800 mm p.a, (Porter, 1968). In the Kaokoveld (South West Africa), shrub
moparte survives in areas teceiving les than 125 mm p.a. (Owen-Smith, 1970} Clinning,
pers. com.), fresumably mopane is precluded from higher rafnfall zones throigh com-
petition from species more adapted to wetter environments.

Mopane is able to grow in areas experiencing high summer temperatures. At meteoro-
logical stations along the Zambezi valley, for examyls, mean maximum temperatures often
exceed 36°C during the months of October arid November (Climatological Summaries,
1963) {Appendix {), Low winter temperatures, on the ather hand, appear to be an im-
portant factor restricting the southern extensian of this speties. The southern boundary of
mopane's distribution shows a clase correlation with the July mean dally minfmum iso-
therm of 100C (Porter, 1968). Although tolerant of ight frosts (Thompson, 1960; West,
1969) this species is susceptible to severe {/ st conditions (Child, 1968; vih der Schijff,
1969). In many areas the coppicing growth habit of mopane has been attributed to frost
damage (Tinfey, [966; Joubert, 1971). The writer is of the opinion that this ¢oppicing
response may be due to a release of apical bud domirance after severe frast dimage (Leo-
pold, 1964),

B.3. Edaphic Factors

Tt would appear from the literature that mopane hos a wide scological amplituds and
Is thus copable of surviving on u varlety of soil types, Mopane is often associated with shal-
low, compucted, clayey and strongly alkaline solls that are poorly drnined {Henkel, 1930;
EiHlls, 1950; Vincent and Thomes, [961; Hudson, 1970; Louw, 1970). Ocoasidnally it may
bie found on deep, well drained, slightly acid soils, where high temperatuies and tow rain-
fall restrict the downward movement of water to a shallow depth, Almqutlvle $Southern banks
of the Kafue River (Zambia) it occurs on hard, compacted, greyish hlnok‘elny soils thet
are gencrally covered by & wash of sand at the surface (van Rensburg, 1968). In the Sabi
Lundi and Gokwe districts of Rirodssia, shrub mopane grows on alkaline, heavy clay soils,
but attains woodland status on lighter, better drained soils (Farratl, l96§nj 19680),
Tn South West Africa, however, this species generally oceurs on shaliow, sandy alkaline
solls (Joubert, 1971) or sandy well drained solls, and appears to avoid heavy clay con-
ditions (Volk, 1966). :

Observations in the Kruger National Park (South Africa) indicate that mopane does
not grow on poorly drained impermeable soils, Waterlogging during the rhiny season is




normally associated with species such as Ct imberbe, C

and Acacla xanthophloea but never with mopane (van der Schijff, 1969). The intolerance
of this species to waterlogged conditions has also been reported by Rattray and Wild (1955),
Thompson (1960), West (1969) and Child {pers. cont.).

This species frequently grows ou shallow stony soils (Miller, 1938; Wild,1953; Wild,
1955), and does not encroach upon very deep sands of the Kalahari type (Boughey, 1963;
van der Schijff, 1969; van Wyk, 1972a; Attwell, pers. com.). A study of the soil maps of
Rhodesia and Zambia (Trapnell ef al., 1948; Thompson ef al., 1960; Thompson. 1965)
would seem to indicate that mopane occurs predominantly on skeletal, lime accainulat-
ing,shallow to moderately shallow loamy sands over sandy loams, or sandy loams over
sandy elay loams. Staples and Murray (1951), however, contend that where mopane oceurs
particularly in the hotter and drier regions, the soils will be completely different from the
types depicted in current soil maps. “Mopane soils are characterised by a fairly light, neutes]
or slightly acid top soil overlying a compacted heavy alkaline subsoil. These areas are unsuit~
able for general crops, but are suitable for grazing particularly if mopane is stumped out.”

The viéwpoint that mopane is respansible for a radical change in soil properties
{from that normally expected under a given set of soil forming factors) is also shared by
Ellis (1950) and Hudson {1970). Both these authors are of the opinion that soils under
mopane gradually develop a high exchangeable sodium content, which inevitably results
in 2 reduction in permeability ard an increased susceptibility to erosion. As examples,

Ellis cites the soils at Umgusa and Beatrice (Rhodesia) where sodium is the dominant ex-
changeable cation { > 50% of total exchangeable cations). It should be noted, however,
that both these areas oceur on tha Rhodesian highveld, beyond the normal altitudinal
limits of this species. Field trials earried out by Thrmpson (1960) indicate that mopane
seadlings are able to grow under sodium influenced conditions, albeit at a reduced growth
rate. Tolerance to  high . exchangeable sodium might weil enable this species to colonise
unfavourable soils (e.g. Umgusa and Beatrice) in the absence of competition from other
less tolerant species | Beyond its normal distribution imits, mopane is a reliable indicator
of unfavourable soil conditions (Wild, pers. com.) and for this reason it is generally and
sometimes erroncously associated with infertile soils (Vincent and Thomas, 1961),

Grass cover under mopane woodland is generally sparse and discontinuous (Henkel,
1930; Miller, 1938; Bawden and Stobbs, 1963; Myre and Coutinho, 1966; Weare and
Yalala, 1971), In the southern lowveld of Rhodesia, however, mopane soils support a
fairly dense substratum of perennial and annual grasses (West, 1967), whilst in the Moremi
(Botswana this species is often associated with a dense grassland understorey (Tinley,




1966). According to van der Schijff (1969), the grass cover under mopane does not
differ significantly from that under other woodland types.

Presence ot absence of an adequate grass cover has often been used as a subjective
assessment of fertility status in mopane soils (Ellis, {950; Bawden and Stobbs, 1963;
Hudson, 1970). Ellis attributes the sparse grass cover under mopane to the adverse con-
ditions assocjated with high sodium saturation, together with competition for ¢ssential
nutrients and moisture. Mopang roots seldom penetrate to a depth greater than four feet
(Thompson, 1960) and the dense mat of fine roots produced near the surface coincides
with the zone of i soil moisture ion (Ellis, 1950).
of soil fertili y based on grass cover should be regarded with some reservation, since in
numerous instances the ground storey vegetation appears subject to other influences (see
Sention B4.).

B.4. Biotic Factors

According to Thompsos (1960) the sparse grass cover under mopane woodiand may
be attributed to competition, Conversely, seedlings of the species will not compete favour-
ably in dense grassiand ereas. In addition to competition for nutrients and moisture (Bllis,
1950}, light may also be an important limiting resourcs, When mopane trees are felled by
elephants, increased fight penetration through the canopy enables n denss sward of grass
to develop {Tinley, 1966). Competition with indigenous grasses, and .ot soils and climate
directly, Is said to preclude the establishment of mopane on the highveld region of Rho-
desia (Thompsan, 1960).

Numesous authors, hawever, are of the opinion that sparse grass cover under mo-
pane is primarily the result of overgrazing by game and cattle (Rattray and Wild, 1955;
Mitohell, 1961; West, 1967; Child, 1968, Farrell, 19684; Weare and Yalala, 1971). Mo~
pane seedling survival is also significantly reduced through browsing by a varlety of game in-
cluding Impala, Kudu, Warthog and Baboon (Farman and Thomas, 1969). Severe browsing
pressure may induce the coppicing growth habit of this species (Boughey, 1963).

Fire is yet another factor that should not be excluded in the assessment of mopane's
competitive ability, Severe bush fires often resuit in complete destruction of the aerial
components of this species. Recovery is rapid, however, in the form of & multi-stemmed
coppicing shrub which develops from the protected underground parts {Seagrief and Drum-
mond, 1958; Boughey, 1963; Tinley, 1966; Joubert, 1971). The vigour of perennial grass-
land is generally reduced by indiscriminate burning and overgrazing, thereby favousing in-




vasion and colonisation by fire tolerant woody species such as mopuse (Child, 1968).
Coppicing, induced by fire contributes to the apgressive competitiveness of this species
and thus favours its A on perennial lands (Mitchell, 1961;
Tinley, 1966; Brynard, 1964). This encroachment is enhanced by drought condifions
(van Wyk, 1972b), especisily on shatlow, gritty lithosolic soils (Austen, 1972).




C. MATERIALS AND METHODS

C.1. Phytogeographical Studies

Vegetation maps of the countries in which mopane occurs were photographically
reduced to a scale of 1:10,000,000. The distribution limits of mopane were then traced
off these reduced copies and reproduced on z single §:10.000 000 ground chart of Africa.
The collated distribution map of this species is presented to a scale of 1:15 000 000 (Fig. 7,
Section D). The sources referred to for this construction are as follows:

(a) 1:1500000, Veg. mapof South Africa (Acocks, 1953)

(b} 1:2 500,000, Veg map of the Federation of Rhodesia  (Rattray and Wild, 1961)
and Nyassaland

(¢) -1i2 500,000, Vog. map of the Flor Zambesiaca area (Witd and Grandvaux Barbosa

1967)
(d) 1:2,500.000, Casta Fitogeografica de Angola (Grandvaux Barbosa, 1970)
{¢) 1:3000000, Veg.map of Botswana (Weare and Yalala, 1971)
{f) 1:3,000000, Preliminary veg map of South West (Gless, 1971)

Alffrica

Eikewise, a 1:10 000.000 map of the various geological formations under mopane veld
was drawn (Pig. 10, Section D). The sources referred to for this construction are as follows:

a) 1:2.000000, -Carte Geologique de’l Angola (Mouta and O’Donnel, 1953)

{6) 1:2500000, Prov. geological map of Fed, of {(Fed. Govt, Printer, Salis-
Rhodesta and Nyasaland bury, 19611

{¢)- 1:1000.000, Geological mup of South West Africa (Martin, 1963)

(d) 1:2000000, Caste Geologica Provincia de Mo- (Obecholzer, 1968)
cambique

(&) 1:2000.000, Prov. geological map of Botswana (Boocock, 1968)

(£ 1:1.000.000, Geological map of the Republic of South (Coertze er al,, 1970)
frica

The Climatologleal Atlas of Afriea (Jackson, 1961) was studied and synoptic charts
were made. These showed close correlation with the distribution limits of mopane (Fig. 8
and 9, Section D).




C.2. Field Techniques

€.2.1. Techniques available for the assessment of plant performance

‘The term “plant " describes loosely, the of a par-
ticular species as reflected by its density, ground coverage or yieid per unit area. Many
techniques have been devised for assessing the performance of plant species in the field
(Phillips, 1959, Brown, 1963). When one penetrates to the core of any of these methods,
one finds that plant performance is measured and assessed by one or more of four criteria:
frequency of occurrence, number of individuals per unit area, area covered by base or
canopy, or weight (Brown, 1963). Frequency alone affords valuable information on flor-
istic composition and distribution (Brown, 1963), but is subject to numerous limitations
in the i of i or within a plant community
(Penfound, 1945; Kershaw, 1973). Weight measurement, obtained by destructive sampling,

offers the most direct and accurate means of vegetation assessment and is widely used in
pasture management and forestry. is application in the analysis of indigenous woodland

fon ig limited, however, i in protected areas where destructive sampling
is prohibited. The remaining parameters, density and cover, offer an’ accurate and ab-
sfute measure of performance (Brown, 1963; Kershaw, 1973),

More recently, dimensional analysis has bean used as a non-destructive means of estimat-
ing the weight of plants (biomass) in stands of woody species (Poole, 1974}, Allometric re-
gressions of diameter on the weight of different tree components have shown that this para-
meter (diameter) .may be used to give reliable estimates of tree waight (Kittredge, 1944;
Nomoto, 1964; Loomis ¢f al., 1966; Whittaker and Woodwell, 1968). According to New-
bould (1967) diameter at breast height (D.B.H.) may be used for biomass estimation in
slands of vasied age and physiognomic type. The product of diameter squared and height
(DZH) is also significantly correfated with tree weight and {s widely used in dimensional
analysis (Newbould, 1967; Nihigard, 1972).

The choloc of sampling technique to use in any particular study is governed by the objeoti\fes n:
mind and by the nature of the vegetation being analysed. Quadmts ate favoursd by numerous
workers because of their versatility and adaptability to a variety of vegetation types (Phillips,
1959; Brown, 1963).. The line intercept method of Canfleld (1941) has been widely used
and s a rapid and accurate means of assessing cover over wids stretches of grassland, This
method Is easily adapted to the measurement of woodland vegetation, cover being determ-
ined as the percentage of the total length of line covered by the canoples of bushes and trees.
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Tn phytosociological studies much attention has been devoted to ways and means of
determining the most suitable quadrat size for sampling various vegetation types. Accord-
ing to Hopkins (1957) and Greig-Smith (1957) minimal area as determined by species-area
cusves can never be more than a gross imation, and subjective j Is often

necessary in assessment of quadrat size. Some authors are of the opinion that quadrat size
is of little relevance when quantitative measurements such as density and canopy cover are
made (Penfound, 1945; Ashby, 1969).

Undoubtedly quadrat size (as determined by variance-area curves) is of prime im-
portance in pattern analysls (Poole, 1974}, but in stands composed of randomly distribut-
el individuals, this eritesion is immatesial except from the standpoint of convenience
(Kershaw, 1973). Most plant pop'ations do, however, exhibit groupings of individuals
and since it is usually difficuit to predetermine the scale of this pattern, quadrat :iie has
to be thosen quite arbitrarily (Kershaw, '1973). According to Scheepers (pers. com.) and
Morris (pers, com.) ten metre square quadrats are more than adequate for sampling in the
various South African savanna woodiand types.

C€.2.2. Sample site selection

Field studies were carried out at eight localities in Botswana, Rhodesia and South
Africa. The purpose of these studies was to obtain some estimate of growth performance
in the fleld and to relate this to selected physio-chemical properties of the sofis. Sites were
selected to include the full range of mopane growth habit from dwarf coppice to the tall
trée form (Plate 4). The soiis at these loalities everlie a varlety of geologicst formations and
with the exception o sites | and 2, mopane is almost exclusively the dominant woody vege-
tation element. The elracteristics of each sample site have been sumimarised in table form
¢Table 1),

€2.3 Sampling procedure

I each of the mopane populations listed in Tabls 1, n 240 metre square sample site
was sefected (area 57 600 m2, 5,76 heotares), Each site was sub-divided into four {20 metre
square replicate sub-plots in which a number of 10 metre square quadrats were distributed at
random (Flg. 2). The sides of each replicate were treated as axes of length (12 units) and co-
ordinates for quadrat location were thed selected from random number tables (Raynes, 1967).
‘The co-ordinates thus selected were located using metre tapes and a prisimatic compass, using
the lower left hand corner gs the origin of the quadrat. Stratified random sampling of this
nature was used to obtain an even distribution of quadeats throughout each sample site,
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PLATE 4. Diversity of growth habit encountered in this study:
{A) Site 4, short coppice mopane (< 2m}-Orapa, Botswana.
(B)  Site 6, shrub mopane (1--3m)- Bubi River, Rnodesia,
(C) Site 5, small tree mopane, {4~-8m) - Orapa, Botswana.
(D) Site 7, tall trec mopane {» 8m) - Wankie, Rhndasla,
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TABLE1 ~ Vegetation characteristics and soil parent materials of eight sites represent-
ative of mopane woodland types in southern Africa,

Site  Location Underlying parent material Description of vegetation
No.

1 Chete Game Park, sandstone Dominant Combretum spp.,
N.W. Rhodesia mopane sub-dominent,
(1708, 28YE) height 4-7m

2. Chete Game Pax!. sandstone Dominant Combretum spp.,

mopane sparse,
height 4~10m

3. Tzaneen, N.E. Transvaal Archaean granites, Shrub mopane, height 1-3m;
12495, 3098) gnsiss tree mopane, height 6—8m

4 Orapa, S. of Kalahari Shrub mopane, heighit
Makgadikgadi Pan, sand over 0,5-1m
Botswana calerete and
(2198, 26°B) basalt

5 Orapa, Botswana Kalnhari sand over Small tree mopare,

oslerete and basalt helght 4—6m

6 Bubd River, parngnelss ‘Talt shrub mopane,
8. Rhodesia heightt 2--3m
(21,598, 30,59F)

7 Wankie, N.W. paragnedss ‘Tul} tree mopane,
Rhodesia hoight 10-12m
(18,598, 269E)

8 Wankie, N.W. saidstone Tall tree mopane,
Rirodesia height 8—~10m
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Individuals were grouped into height classes of two metre intervals and the follow-
ing parameters were then measured,

(a) Diameter at breast height (D.B.H.} — expressed in metres. For coppice and shrub plants

f basal diameter was used as an estimate for (D.B.H.).
{b) Density — expressed as o, of individuals per 100 sq. metres.

{c) Canopy cover — expressed as a percentage intercept along three 10 metre
lines in each quadrat (Fig. 3).

An “individual” was taken to mean any stem or coppice of stems that could reason-
ably be assumed to have a commen root stock.

Flve auger samples were collected from the surface (0—10cm) and sub-soil (20--30cm)
in each quadrat (Fig. 3). These sub-samples were combined in equal quantities and thorough-
1y mixed to obtain a representative sample of the surface and sub-soil for sach repticate.

The seiis were air dried in the field and stored in plastic bags for subssquent chemical
analysis. This method of sampling was used in the hopes of compromising the require-
ments for adeguate coverage of the soil with subsequent costs and time involved in lab¢
atory analysss (Petersen and Calvin, 1965). Soil pits w.re dug at each sample site. orof
descriptions made, and samples collected in tins so that moisture determinations couiu
made.

C.2.4. Sampling intensity

Sumple size (n) was chosen by calenlating the standard deviation (s) of the mean den-
shty, aiming to detect differe.ices between any two sample means (X) drawn from the
whole population that were greater than 15% at a confidencs limit of 95 per cent or
p < 0,05. A dstectlon limit of 10% (p < 0,05) would have necessitated a disproportionate-
ly higher increase in sempling tate, as may be shown by the formula:

=2 72 (Gregory, 1969)
0,15%

Trial values of (n) wers selected; moun density and standard deviation values determided,
and (n) then estimated from the above equation, Details of moan density, standard
devlation and quadrat frequency for each site are given In Table 2.
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TABLE 2 — Determination .of quadrat frequency and sampling precision for each
sample site.

Sample site 1 2 3 4 5 6 7 H

Meun density (%) 687 0,71 32,70 21,85 13,56 4550 6,16 8,50

Sample standard deviation (8) 7,62 1,07 11,10 538 301 11,76 145 220

Bstimated mirimum no. of

qtiadiats {n) . 219 378 20 133 4 12 10 12
Final quadrat no. 24 24 20 12 12 15 15 14
8.E. of the me.n 1,56 022 247 1,54 08 3,02 037 060
Précision

%E:L"Q 4 27 30 76 A1 63 &7 60 7l

at was iImmediately obvious that the values of (n) required to satisfy the original
préwmise for sites | and 2 were impractical, The high variation In density values obtained
for these two sample sites may be attributed to the heterogeneity of floristic compo-
sition and spatiat distribution within the two samples. Moreover, site 2 was composed
malaly of Combretum sp. and contained rolatively fow mopane individuals, Consequent-
ly zero density values for mopane were recorded in 2 number of quadrats, Ultimately 24
quadrats were focated at each of these sites, this nuniber constituting a 4% coverage of the
total area and being the largest sample that time would permit,

€.2.5. Treatment of vegetation data

‘The mean density of mopane in sach height elass was valculated and by summing

+ theye values over all height classes, the mean dessity for sach sample site was deterimined,

‘The percentage canopy cover at each site was caleulated in a similar manner. On regres-
sion analysis, however, no significant correlations were obtained between these parameters
anid the chemical properties of the sofls (see Sectlon C.3.).

‘The poor correlations obtained betwesn canopy cover nnd soil factors may have been
due to errors inherent in the measurement of this parameter, The open naturs of the cenopy
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prevented an accurate assessment of cover, particularly of individuals exceeding four metres
in height. Moreover, this error was exaggerated at sites four and five, both of which were
sampled during the winter months after leaf-fall had occurred.

The lack of o (relation between density and soil properties is not surprising, in view of
the varied ic types at each site, P , as estimated by dens-
Ity, was highest in the stands of coppice mopane aixd lowest in populations of the tall tree
form, despite the greater trunk diameter and telier stature of the latter. It was thus reasoned
that the density values of the taller height classes should be weighted by some factor which
varied proportionately with height, befors legitimate inter-stand compariscns of perform-
ance could be made.

Accordingly, the mean D.B.H. (m) of mopane individuals cncountered in this study,
was caloulated for sach height class, As mentioned previously (Section C.2.1.), diameter
'measurements have proved useful in the biomass estimution of stands. Furthermore, mear
diameters of mopane were found to increase curvilinearty with height (Fig. 4). By summing
the product of D.B.H. times density over all height classes, a performance value (No. of in-
dividuals/medre) was estimated for mopane at each site. Regression analysis revealed a num-
ber of significant correlations, and these were explored further under controlled environ-
ment conditions.

C.3. Soil Analysis

The composite sampies obtained from the field were first lightly ground in a pestle
and mortar to break any stable aggregates (Piper, 1944; Beckwith, 1964). The samples were
sieved (< 2mm) and chemical analyses then performed in duplicate on the fine earth.

€31, pH

pH was measured in 0,01M CaCly according to the method of Peech (1965), vsing &
soil to ligrid gatlo of 1:2 (White, 1969),

€.3.2. Catlon exchange eapacity (C.E.C.)

C.E.C. was measured according to the CaCly equilibration procedure adapted from
Tucker and Emerson (1961),

A 20g sample was equilibrated with 200mis of 0,1M CaCly for one hour and then
centrifuged at 3500 r.p.m. to bring the soif out of The
was repeated three times using fresh 0,1M CnCIz on each occasion. The advantages of using
CaCly over NaOAc and NH4OAc (Chapman, 1965), may bs summiarised ns follows:

i
i




05, HEIGHT CLASS!1-0-2m
2-2-4m
T 3-4-6m
4-8-8m
81019 m
i m
04L
—~ 03]
£
T
m 02}
o
oL

0 1 2 3 4 5 8
HEIGHT CLASS

FIG. 4. The relation betwecn D.1B.H.(m) and Helghi Class. Vertical bars (1) indicate
S.E. of mean D.B.H.




5

Calcium is generally the dominant exchangeable cation in the soil.

{b) Calcium is an efficient dispiacer of other cations and is not readily displaced
from interlayer sites.

(c;

Tt may be used for both acid and calcareous soils and is easily anatysed by a
variety of methods.

After equilibration the entrained CaCl solution was removed wita 100mls of iso-
propyl alcohol. Washing with alcoho! was justified since there was very littie positive charge
per gram of clay (at pH of 7 and above), which might have led to internal charge compen-
sation on expansion of the double layer (Sumner, 1963). The qualitative ammonium oxal-
ate test (Chapman, {965) showed that the last few mis of isopropyl aicohol contained
negligible amounts of calcium.

Adsorbed calcium was displaced by leaching with 450mls of INNHyNO3 in 605
ethanol. For caleareous soifs (pH 7,4 in 0,01M CaCly), NH4NO3 buffered to pH 8,5 was
used to minimise solution of CaCOj3. The filtered teachate was made up to 500mis and the
concentration of calcium (ppm) ined by atomic i Y.

Standards (0—10ppm) and test solutions contained equal amounts of 1N NH;NG3
to eliminate any extraneous effect this compound might have had on the readings ob-
tained. 0,24 strontium (as SCly w/v) was used as a “reicasing agent” to eliminate the

of stable calcium ds (e.8. CaAl50y) in the flame (Rich, 1965; Isaac
and Kerber, 1971), The results obtained for C.E.C. were expressed as meq.Ci* * /100g soil.

C.3.3. Total exchangeable cations (T.E.C}}

T.E.C. was determined by the NH4C! displacement technique of Tucker and Emerson
(1968).

A 25g sample of soil was first feached with 100mis of 60% ethanol to remove ail
soluble saits. No traces of calcium could be detected in the last few drops of alcohot. The
exchangeable cations were then displaced by leaching with 450 mis of 1N NH4CI in 60%
ethanol (pH7 —~ 0,01M CaCly). For calcareous soils (pH 7,4 ~ 0,01M CaCly) IN NH4Cl buffer-
ed to pH 8,5 was used, The feachate was made up to 500mls and the concentration {ppm)
of Ca, Mg, K and Na then deterniined using the SP.90 atomic absorption spectrophoto-
meter. Calcium and jum were ined by jon, in the presence of 0,2%

strontium, whilst potassium and sodiun were estimated by emission. The resuits obtained
were expressed ss meq per 100g soil.
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C34. Total nitrogen

Total nitrogen (including NO3-N) was determined by the macroXjeldahl ¢ method
of Bremner (1965). By using *“Quick-fit” apparatus (Plate 5), the quantitative transfer
step between digestion and distillation was «liminated. Bumping during distillation was
reduced to a minimum by adding three grams of granulated zing to the digest (Vogel, i961).
The NHg-nitrogen released on addition of 10N NaOH was distifled into 50mls of 2% (w/v)
H3B03 and then determined by titration with standard 05N H)804(1 ml =,7 mg NH3—N).
A mixed methylene bive-methyl red indicator (McKenzie-and Wailerce, 1954) modified
by Coe (pers. com.) was used to determine the end point of the ritration. Equal quantities
of methylene biue (1% wiv) and methy) ed{ 1% w/v in 99mis abs. aleohol + 1 miQ,IN
NaOH) were mixed and one ml then used for each titration. Tize end point was marked
by a colour change from green to blue to purple. Recovery rates in excess of 98 were
obtained when the efficiency of distiflation was tested according to the procedure of
Vogel (1961). Blank determinations were performed regularly and taken into consider-
ation when caloulating the nitrogen concentration of the soil digest.

C.3.5 “Available” phosphorus

Available phosphorus was determined by the sodium bicarbonate extraction pro-
cedure of Olsen et ul, (1954). In calearsous, alkaline or neutral soils containing caleium
phosphate, this extractant (,5M NalHCOg: pH 8,5) decreases the concentration of caleium
in solution by causing precipitation of Ca as CaCOS; as a result, the concentration of P in
solution increases (Olsen and Dean, 1965). In acid soils, the hiph pH of this extractant
liberates phosphorus from sparingly soluble compounds such as variscite and strengite,
should thess be present (Olsen and Dean, 1965).

Phosphorus was determined «; -2 +ophotometrically by measuring the intensity {ab-
sorbance at 882 nm. with 4 cir » -hilength cells) of the molybdenum blue cofour de-
veloped on reduction of phosphomolybdate by ascorbic acid (John, 1970). A correction
was applied to the normality of [»12804 used in thﬁ‘s reagent, in order to neutralise excess
NaHCOj3 contained in a Smt aliquot of extract. The ascorbic acid procedure was used in
preference to stannous “loride (Olsen and Dean, 1965}, because of its relative insensitivity
to temperature, time. and concentration of reductant (John, 1970). Reagent blanks were

regularty and the
per million (ppm}.

in the sofl was expressed in parts




23

k-flt apparatus used for the macro-Kjeldahl determination of nitrogen,

Quicl

PLATE 5,



PLATE 5.

Quick-fit apparatus used for the macro-Kjeldah] determination of nitrogen.
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C.3.6. Potential buffering capacity for phosphorus (P.B.C.}

P.B.C. has been defined as the abikity of a soil to maintain the concentration of phos-
. phorus in the soil solution (intensity factor-1), on addition of phosphorus to or its re-
o moval from that soil. P.B.C. is thus dependent on the amount of phosphorus held by the
solid phase {(auantity factor-Q) and may be determined by measuring the stope of a curve
relating quantity and intensity factors (Beckett and White, 1964).

ThusPBC. = (4 Q
wnr-1

whare (4 Q) is the amount of phosphate taken up or released by the soil over a given
range of concentration (' —1'").

P.B.C. measurements were made according to the procedure outlined by White and
Haydock (1968). Soils from each replicate were bulked to obtain composite samples of the
surface soil and sub-soil at sach site. 23 sub-samples were shaken for one hour in 100mis
0f 0,01M CaCly containing graded amounts of Ca(HyPO4);. The equilibration rates and
soil to sofution ratic used in this method were based on earlier studies by White (1964),
White and Beckett (1964) and White (1966).

The suspension pH was measured priot to centrifuging at 3500 r.p.m, and the phos-
phorus ion in the clear the}x ined using the ascorbic acid
procedure (John, 1970). Graphs were then constructed of net gai * or loss of phosphate
per gram of sall, aginst the final phosphate concentration in soluticn. The slope of the
resuitant Q/1 refutionship was used to define P.B.C. (Fig. 5).

Thus PB.C. (Lfg)= ¢ (4 P)
{aT) Jeg ~ Imax

Where 4 P equals the net gain or loss of over ions in so-
Jution (4 1), from the equilibrivm phosphate concentration (leq — obtained by interpola-
tion) to the phospi at which i yield is attained (Imax). A value

of 2,2 uM wag. chosen for {Imax) based on yield responses of Siratro pastures to variations
in the soi} phosphate concentration (White and Haydock, 1968).

€37 Bulk density

The significance of soif bulk density in creating favourable conditions for root pene-
tration and growth is discussed by Daubenmire (1964) and Russell (1973),
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A number of oven dry clods representative of the various horizons were selected
From profile samples taken at each site, The clods were weighed and then immersed in 2
1:50 v/v rubber-benzene sotution (Abrol and Palta, 1968). This coating procedure was re-

peated throo times allowing for a five mimute drying interval SEIEAORRS WSEs sglocted

The rubber coated aggregates were cacefully supposted in a fine nylon hair net and
then suspended in a beaker of deionised water placed on a Mettler top pan balance. The
volume of each clod was determined directly by measuring the weight of the submerged
elod, which was regarded s & floating body. Thus, from the adjacent dlagram it may be
segn that at equilibrium:

=F+U

= W-F

= weight of body suspended in water
(recorded by balance) P

w
LU

But U (upthrust)
= walght of water dispiaced
{Arohimedes principie)
= vol. of water displaced
= vol. of suspended body

This method proved more convenient for large elods (2—3cm diam.) than the procedure
advocated by Abrol and Palta (1968). Meanvalues for A and B horizons over all soil pits
at each site were calculated, thus giving a represontative bulk density value (g/cm3) for the
surface and sub-solis.

C.3.8. Available water capacity (A.W.C.)

Available water has been defined ns the amount of water hield between molsture con-
tents at fleld capacity (F.C.) and at the permanent wilting point (P.W.P.), It was originally
suggested (Veiimeyer and Hendriokson, 1949) that alf this water was equally avallable
to the plant for growth. Wadleigh and Ayres {(945), however, showed that avail-
abitity, as measured by the growth response of the plant, declined as the percentage water
tended townrds PW.P. Howaver, the original postulate is reasonably valid for light
textured soils, wherein most of the available water is held at moisture tensions close to
those corresponding to F.C. (at least < 1 bar (Russet!, 1973).
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A number of oven dry clods ipresentative uf the various horizons were selected
from profile samples taken at each site. The clods were weighed and then immersed in a
1:50 v/ rubber-benzene solution (Abrol and Palta, 1968). This coating procedure was re-
peated three times allowing for a five minute drying interval between each immersion.

The rubber coated aggregates were carefuily supported in a fine nylon hair net and
then suspended in a beaker of dejonised water placed on a Mettler top pan balance, The
volume of each clod was d directly by ing the weight of the

" elod, which was regarded as a floating body. Thus, from the adjacent diagram it may be
seen that at equilibrium:

W =F+U
U = W-F
= welght of body suspended in watey
{recorded by batance)} F

But U (upthrust)

= weight of water displaced
(Archimedes principle)
wol. of water dispiaced
vol. of suspended body

This method proved mote canvenient for large clods (2—3em diam.) than the procedure
advocated by Abrol and Patta (1968). Meanvalues for A and B horizons over all soil pits
at each site were calculated, thus givintg a represantative bulk density value (g/cm3) for the
surface and sub-solls,

€.3.8, Available water capaciiy {A.W.C.)

Avuilable water hias been defined a5 the amount of water heid between moisturs con-
tents at field capacity (F.C.} and at the permanent wilting point (P.W,P.), It was originally
suggested (Volhmeyer and Hendrickson, 1949) that all this water was equally available
to the plant for growth. Wadleigh and Ayres (1945), however, showed that svail-
ability, us measured by the growth response of the plant, declined a3 the percentage water
tepded towards P.W.P.. However, the original postulate is reasonably valid for Hght
textured soils, wherein inost of the avatlable wa.er is held at moisture tensions close to
those corresponding to F.C. (at Jeast < 1 bur) (Russelt, 1973).
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The assessment of A.W.C. of 2 soil depends on the accurate measurement of F.C. and
PW.P. (Salter and Haworth, 1961a.} . Direct pcthods, such as sampling after irvigation
and after vilting of indicator plants, offer the most accurate and consistent results (Veih-
meyer and Hendrickson, 1949; Salter and Haworth, 1961b), but have the disadvantage
of being both tedious and time consuming.

Determination of the 0,33 and 15,2 bar % as approximations of F.C. and P.W.P. re-
spectively. ovarcome this problem at the expense of accuracy, Pretreatment of samples
(drying, sieving etc.) often influences moisture retention properties of soil (Richards and
Fireman, 1943). In addition, the use of a single pressure (0,33 bar) precludes the accurate
measurement of F.C., since the percentage water at F.C, is held at different pressures for
different seils (Jamison, 1936).

Compesite sub-soil samples were prepared for each sample site. Alr dry specimens
(< 2mm) were wetted for six hours with an excess of water (Richards, 1949) and then
brought to equilibri: m with the pressure membrane apparatus of Coleman and Marsh
{1961), The samples were housed in gauze based perspex containers (~ 4,5cm diam, x
2,5cm ht.) and packed to within 15% of the mean bulk density values obtained for each
sample site. Dialysis tubing was used &s membrane materinl and was backed against a porous
bronze disc of grade A porosity. The ir. ~branv was kept moist throughout the equilibra-
tion peried to ensure against excessive g s leakage and consequent drying out of the ~ample.
Comumercial nitrogen was used to obtain the required tensions and leakage across the mem-
brane was Jess than 3% over a 24 hour period. F.C, and P.W.P. were obtained by inter-
polation from percentage moisture versus tima curves (Fig. 6). In addition, moisture reten-
tion curves (0,33 to 15,2 bars) were constructed for selected semple sites.

C.4, Controlled Enyironment Studies

Based on the evaluation of the field date and soil analysis, experiments were designed
to study:
(a) the interaction of nitrogen, phosphate and soii moisture stress on mopane growth,
and.

(b} the interaction of magnesium, potasstum and sodium on mopane growth

under controlled conditions of temperature, fight and humidity (Plate 6). Soils from sites
2,4 and 6, which provided the full range of mopane performance in the field, were selected
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FIG. 6.  Equitibration curves for some selecled sotls to iilustrate the delermination of
meoisture contents at 0,33 and 15,2 bars matric suction.
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PLATE 6. Mopane ssedlings grown under contrelled environment conditions,
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for the above experiments. Approximately 250kg soil was taken from each site by
collecting randomly located sarnples (~ 10kg) to a depth of 2Gem (Andrew and Fergu:,
1964},

C4.1. Experimental design
(a) Nitrogen, phosghate and soil moistus. stress

A factorial combination of three levels of N, two levels of P and three moisture regimes
was imposed, with two replications in time, on mopane grown in soil from sites 2, 4 and 6.
A grid pattern of randomization was used and all pols were re-randomized at weekly inter-
vals to eliminate positional effects on the yield responses obtained (Haydock, 1964).

Nitrogen was applied as NH4NO3 in solution at the rates o1’ 0, 0,29g, pot (56 kg/ha)
and 0,86g/pot (160 ke/ha); phosphorus as KH,PO,, mixed through the soil at the rates
of @ and 0,45g/pot (56K&/ia). These standard agricultural applications were scaled down
to gfpot by using a conversion factor for a pot of 15,2cm diameter at soil level (Andrew
an { Fergus, 1964). Soil moisture levels, initially at a vafue corresponding to 0,33 bars;
were allowed to fall to approximately 90%, 407 and 0% of the “available water” {defined
as the amount of water held between tensions of 0,33 and 15,2 bars), before being re-
stored to the original value. These moisture treatments were applied from the fourteenih
day, when the seedlings were well established.

The pots were weighed daily to measure evapotranspiration. Deionised water was
agplied when n<cessary,according to the change in moist soil weights; a correction was
made for the inorease in fresh plant weight, determined from weekly harvests of plants
grown in & series of control pots under optimum conditions of N, P and moisture. Evapo-
transpiration rate was computed by linear regression analysis, in g HyO lost per day, and
the coefficiant of water utilization expressed as g HyO lost per gram dry weight per day.

After harvesting and drying, nit:ugen content in the plant tissues was determined by
semimicro-Kjeldah! procedure. Samples of tissues were wet ashed in concentrated FNOg,
HCIO, and HyS04, and the phosrhorus concentration measured using the molybdo-
vanutate method of Kitson and Mellon (Jackson, 1958) (Section C.4.3.).

®) i i and sodium i

A factorial combination of three leveis of Mg, two fevels of K and ¢wo levels of Na
weus wposed, with three replications, on mopane grown in soil from sites 2, 4 and.6.
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Chemical analyses were performed on the bulked sample from each site (Table 3); the
various treatment levels were then applied, commencing from the natural levels of ex-~
changeable Mg, K and Na, expressed as a percentage of the C.E.C. for eech soil. The aim
was to achieve i the same ion of any one cation for each
soil (see Table 4). It was unavoidable in the attainment of a suitable rarse of ind.vidual
cation levels, that total cation saturations greater than 100% were atiained at the higher

treatments.

Magnesium as Mg804.7H, 0, potassium as KC1 and sodivm as NaCt, were mixed
through the soil at the rates specified in Table 4. The sulphate supplied under optimum
magnesium t-eatment, was “balanced out™ in pots receiving intermediate or zero levels
of magnesium, by adding graded amounts of 0,1N HpSOy to the soi} during the pre-planting
equilibration period. Phosphate as H3PO4 and nitrogen as NH4NO3, were applied in solu-
tion at the rates of 0,32 and 0,29g/pot respectively.

‘The soils were watered to field capacity and stored at 20%C for two months (Martin
et al,, 1953; Andrew and Fergus, 1964). During the equilibration period the pots were
weighed regularly and brought to 0,33 bars tension with deionised water.

During the growing petiod, a grid pattern of randomization was adopted and all pots
were resandomize:d at weekly intervals. The soils were watered to field capacity on every
alternate day, a correction was made for increment in fresh weight, using the data obtained
from the control pots of the previous experiment. After harvesting and drying, tissue
samples were wet ashed and the cation contents determined by absorption and emission
spectrophotometry (Section C.4.3.).

C.4.2. Plant growth techniques

Mopane seeds were removed from their pods and then soaked in aerated water for
twelve hours, The presimbibed seeds were sown on the surface of pots containing the
equivalent of 2,5Kg air dry soil. The pots were lined with disposabie polythene bags to
facilitate the removal of roots from the soil during hasvesting (Hewitt, 1966).

The seeds and soil surface were covered by & 2,5cm layer of black “alkathene™
granules to reduce evaporative losses and to exciude ight during the preliminary stages
of root growth (Hewitt, 1966). A single application of a modified Long Ashton nutrient
solution (Hewitt, 1966), excluding the nutrients under study, was applied to each pot
before sowing (Appendix 2). The seedlings were thinned on the tenth day for uniformity
and vigour, to four individuals per pot (Hewitt, 1966).
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The plants were grown under a 14 hour yhotoperiod (at approximately 12 k lux).
Air temperatures varied from 30°C in the light to 18°C in the dark, with a relative humidity
in the range 60—65% . Temperature and humidity settings were based on mean values, ob-
tained from & number of meteorological stations situated within the distribution limits
of mopane (Cli ical Statistios, 1954; Cli i ies, 1963).

After 60 days, shoots and roots of the plants were harvested, the roots being removed
from the soil by washing. Dry weights were measured after drying the plants in a forced
draught oven at 80~90°C for 48 hours. The dangers of driving off volatile nitrogenous

at higher drying is discussed by Bryan et al,, (1964).

C.4.3. Chesvical amalysis of plant tissues

Roots and shoots were ground in a “Wiley" mill to pass a 0,5mm sieve. According to
Piper (1944), finely ground tissues (< 0,5mm) renders a more homogeneous sample, es-
pecially when smail quantities (+ 1--2g) are used for individual chemical determinations.
The sampies were stored in airtight specimen tubes and the contents were thoroughly mixed
and re<Iried before an aliquot was withdrawn for analysis (Hegarty, 1964).

(a) Semimicro-Kjeldahl determination of nitrogen

Mitrogen content was determined on 200mg suples using a semimicro-Kjeldabl
digestion technique (Humphuies, 1956), modified to include nitrate nitrogen (Bremner,
1965). Ammoniz was distilled into 35ml of 2% w/v H3BO3 using the steam distiliation
apparatus of Markham (1942). NHz-N was determined by titretion with standard 0,01N
HpSOy (1 mlN/100 H,8Q4 = 0,!4mg NH3 —N) usivg a mixed methylene blue-methyl red
indlcator (Section €.3.4.). Recovery rates varied between 95—99%; blank determinafions
were parformed regutarly anr allowed for when the nitrogen content of the digest was
caleulated.

(b) Tri-acid digestion for the determination of phosphate and cations

Aliquots of piant tissue (1 500mg) were wet ashed {n HNO3—HC10,4~H;80,4 mixture
(Piper, 1944; Humphries, 1956) and made vp to volume with defonised water. The Kjel-
dahl digestion flasks were cafibrated to {25mls beforeband, using mercury of SG 13,54
2t 225°C. )




34

A 25ml aliquot of digest was transferred to & 50ml volumetric flask and reacted with
molybdate-vanadate solution (Yackson, 1958), Phosphorus was detetermined after two
hours by absorption at 480nm, using phosphate standards in the range 0,8~8,0ppm.

For cation determinations (Ca, Mg, K, Na} a 2ml aliquot of uigest together with 10mis
of 0,024 SrCly wers transferred to 100l volumetric flasks, made to volume with deionised
water and ined by ion and emission . Lower t

tions of “releasing agent™ were used so as not to exceed the solubility product of 8r804 and
thus cause precipitation of this compound in the standard and test solistions (Vogel, 1961).

C.5. Statistical Methods

‘The correlation between performance and the chemicat properties of the surface anst
sub-soils was examined using simple linear and stepwise muitiple regression analysis (Freese,
1967; Bishop, 1969). Factor i ions in the i i were
examined using analysis of vrriance (Bishop, 1969).

C.5.1. Simple linear regression

Simple linear regression analysis was performed by IBM 3600 computer programmed.
to calculate the {ollowing values for each data set:

<(a} the regression cosfficients a and b defined by the regression equation
{y=a+bx)

(b) thegeneral means of the data (%,7)
(o)  the correlation coefficient (r)
Data on time versus cumulative water loss (Section C.4.—N, P and soil moisture inter-

actions) was also subject to simpie linear regression analysis, the regression coefficient b
giving the rate of evaporation from each pot.

C.5.2. Stepwise multiple regression analysis

Stepwise multiple regression analysis was performed by the computer programmed to
calculate the foliowing values:
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the regression sum of squares

cumulative regression sum of squares for the introduction of successive factors,
singly

multiple correlation coefficient (R}
coefficient of determination (R2)

coefficient of ination for each new factor introduced

Fevalue, for analysis of variance

regresstont coefficients a and b

The percentage varfation accounted for by regression of performance of any soil
factor, or combination of soil factors, was calculated using the formula:

~R?2)x 100

Where n = no. of observations per problem; p = po. of coefficients in the multiple regression
equiation and R = coefficient of determination.

C.5.3. Analysis of variance

Analysis of variance was performed by the computer programmed to calculate the
following values:

Sum of squares, degrees of fresdom, and mean squares for each source of vari-
ation recognised

Fictor means for ¢ach treatment and block

Grand mean

Variance ratios were tested for significance against standard F tables. L.5.D. valuies
were caloulated using the formula:

P <0,05) / 2error v e
a

where n = number In the mean.
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D. RESULTS AND DISCUSSION

D.1. Phytogeographical Relationships

D.L1. Distribution of mopane

A map of the approximate limits of distribution of mopane is given in Figure 7, As
mentioned previously (Section C.1.) this chart was collated fromt a number of regional
vegetation maps, Possible inaccuracies in these maps will therefore be reflected in Figure'7.
Kerfoot, Attwéll awd Mitdhell(pers. com.), for example, contend that mopane extends
further north slong the Luanywa valley than actvally depicted by Wild and Grandvaux
Barbosa (1967). Prospectors in the Téte district of Mogambique claim that the published
vegetation map of this area is inacourate, These views are, however, lecking in dirsct evi-
dence and must therefore be regarded with some reservation.

The distribution chast presented here varies considerably from that given by Porfer
(1968) {compars Fig. 1 and 7). Noticeable differences are:

{a;

Mopane does not extend to the Atlantic coasts of South West Africa and Angola.

(b) Fairly lasge stands of mopane occur in the N.W. corner of Zambia along the upper
reaches of the Zambezi valley (River system 1 — Fig, 7).

{c) The intitudinal extension of this species through Malawi and Mogambique is
‘roken and discontinuous.

The appar “a distribution along the Okavango fiver system between South
West Africa g -l its absence from the highveld of Rhodesia and the Trans-
vna; are reflecc.. ~3ps.

D.1.2. Climate

The southern limit of this species may be sef by low winter temperatures, lsotherms
for the July mean daily minimum temperature, shown in Figure 8, indicate that mopane
does not vxtend far beyond the 5°C line, Low wint« r temperatures may also explain its
disrontinuous distribution along the Okavange river system (ef. Flgs, 7 and B). There would
seem to be 1o correlation between the southern boundary of this species and the 10°C
Isotherm, as suggested by Porter (1968). The intolerance of mopane to low temperatures
has boen discussed in Section B.2.
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FIG. 7, Distribution of Colophiospernmun topane — collated Trom 1he regionat vegelatisn
maps of Acocks (1953), Rettray and Wild (1961), Wild and Grandvaux Barbosa (19673,
Porter {1968), Grandvaux Barbosa (1970), Weare and Yalela (1971) and Giess ({971},
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FIG. 8. Mean daily minimum temperntures for July, (after Juckson, 1961). lsotherms litied by ¢ =

aulhor; the brokeu Hne indicates the approximale Hmils of mopane, simplified from Fleer




As well as a temperature limitation to growth, mopane appears to be restricted to
regions of low to moderate rainfuil (Section B.2.). It is noteworthy that the northern and
eastern limits of its distribution appear to be set by the 1000mm, isohyet of mean annual
rainfalt (Fig. 9). The bulk of its distsibution, howsver, ccurs within the range 200~-800mm.
Rainfalt values below and above these limits may prevent the extension of mopane to the
Atlantic coast, and onto the highveld regions of the hinterland, respectively. It has been
suggested by Thompson {1960) that mopane is excluded from higher rainfell zongs through
competition from species more svited to wetter conditions.

Tt is possible that phytoclimatic studiesof this nature, at the regional or sub-regional
level, could reveal further i 1 ips between climatic and the
distribution of this species.

D.1.3. Geology and soils

Mopane grows on:séils overlying: a wide variety of parent materials, notably; sand-
stone, dolomiti: limestone, granite, paragneiss and sediments derived from various deposl-
tional processes (Fig. 10). The major soil types with these
havi been extracted from the mapping units of the 1:5,000.000 soil map of Affica
(D*Hoore, 1964) and are presented below,

(a) Non-differentiated skeletal solls with poorly developed structure (lithosols):

‘Thess ¢ceur on dolomite (S.W. Africa), granite and paragneiss (S. Rhodesia,
N. Ttansvaal, Zambia) and sandstone (N, Rhodesia, Zambia), and are indicstive of steep
slopes sporadic rinfall and sparse vegetation, all of which are conducive to erosion. They
often ocour-on calsarsous or ferruginous deposits.

(b} Brown soils of arid and semb-arid tropical reglons:

These solls are common on Kalahari sand in areas where the annual rainfall rarely '
exceeds 500mm (8. of 18° parallel; ¢£Fig, 5 and 10), but may also ocour on other super-
ficial deposits (8. Mogambique) and in association with lithosols on dolomits (S.W. Africa)
and granite (N, Transvaal, 8. Rhodesla, 8. Zambia). They sre zonal soils and are character-
ized by caleium carbonate accumulation at depth. The organic matter content is low
{<1%4) but well distributed throughout the profile. Cation exchange capacities are
~ 15 meq/100g and cation saturation ranges from 60~-80 per cent,

oot




FIG. 9. Mean annuat rainfail for South Central Africa (alier Jackson, 1961), The broken tine
Indicates the approximale limits of mopane, simplified from Figure 7,
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(€} Perruginous tropical soils on sandy parent materials:

These are generaily found between the 500—1200mm ischysts, and are common on
Kalahar sands north of the 18° line of latitude, and on schists and granite (S.W. Aftica).
They also occur in association with brown soils on superficiat deposits (8. Mogambique),
and in association with lithosols on sandstone. (N. Rhodesia, Zambia). These soils generally
have wef} ped ferric oxide at depth,

Cation exchange capacities range from 4-20 meq/100g and cation saturation is
usuaily greater than 40 per cent.

(d) Ferrallitic soils on loose sandy sediments:

‘These soilis oceur on Kalahari sand (N.W, Rhodesla, N,W, Zambia), and in assor iation
with Hthosols and ferruginous tropical soils on sandstone (N, Rhodesia, Zambia). They
are characterized by a sandy layer several metres thick and showing only slight differenti-
ation down the profile, Catlon exchange capacity and percentage saturation .are fowsr than those
of fatruginous tropical soils.

(e) Halomorphic sotls:

This group is generally comprised of solonetz, saline and alkaline soils. Halomorphic
soils are commeon on Jlfuvial and lacustrine deposits of recent origin {Zambezi R, — N.-W.,
Zambla, Ckavango Swamps and Makgadikgai Pan — Botswana), They also oceur in assocl
ation with lithosols, ferruginous and ferrallitic soifs, on sandstone (N. Rhodesia, Zambila),

The more temperate highveld regions of Rhodesia and the Transvaal are associated
with non-differentlated fertisols, humic ferrallitic soils and ferruginous: soils derived from
acldic igneour rocks, Mopane is generally absent from these regions and occurs only in
isolated arcas with a salt-affected overburden (Beatrice district — Rhodesia). According
toThompson {pers. com.) the hizh salt content of the Beatrice soils creates a condition of
physiological dryness, which is not to the i d establi of most
Rhodesian highveld - species (sec faction B,3.).

Purther mention should be made of the discontinuity in mopane distribution along
the eighteenthiparallel. D'Heore (§964) depicts the overburden in this area as being brown
soils on loose sediments which grade Into ferruginous tropical soils further northwards.
According to Shantz and Marbuf (1923), however, the northern extremities of the brown
soils unit are associated with very deep, sandy conditions. Some idea of the depths involved
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may be gauged from Mountain (1968) who reports that the Kalajra-i sands east of Ftosha
(S.W, Africa) often exceed 240m in thicknese.

Large tracts of the north eastern and south eastern Kalahari have also been described
as deep, povous and structureless semi-desert sands (Bawden and Stobbs, 1963; Blair
Rains and McKay, 1968). These soils have a slightly acid reaction and are extremely low in
exchangeable cations, organic matter and total nitrogen content (Blair. Rains and McKay
1968). Mopane is conspicuousl; absent from these areas.

More recently, surveys carried out by De Beers Mining Group in the Central Kalahari
(8. of Makgadikgadi Pan — Botswana) indicate that wherever this species occurs on Kala-
‘ari sand it s invariably associated with calcrete deposits at or near the surface (Plate 7,
cf. Table 1). This observation is in keeping with the common view point that mopare is
most frequently associated with shallow sojis (Section B.3.),

Tn jon, the salient envi features ining to mopane’s di
may be summarised as follows:

{2) The southern extension of this species coincides with the July mean daily mini-
mum isotherm of 5°C. The discontinuity in its distribution along the 18° tine
of latitude, may in part be explained by its intolerance of low winter tesnpera-
tures,

(b:

The northern and eastern distribution limits of mopane appear to be set by the
1000mm mean annual rainfalt isohyet. The bulk of its distribution occurs with-
in the range 200—800mm.

{c;

Deep Kalahari sands which aze reportedly low in exchangeable cations and total
nitrogen content are not conducive to mopzne growth, even in areas with a
favourablz climatic regime (compare Figs. 8, 9, 10). This observation is in agree-
ment with the viewpoints of Boughey (1963). van der Schijff (1969), van Wyk
(1972a), Attwell (pers. com.), Waiker {pers. com.} and Wild (pers. com.).

Futher attention will be given fo the phytogeography of mopane after the field and con-
trojled environment studies have been reported and discussed.

1t is felt that certain observations to emerge from these studies may in part, shed more
light on its present day distribution pattern.




PLATE 7.

Calcrete deposits ocourring in South Central Botswana. Note the relatively
shatlow overburden of Kalahari sand.
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D.2. Soil. Studies
D.2.1. Profile characteristics

Pits were excavated tangentially to the stems of mopane individuals so thatroot and
soil features could be studied simultaneousty. Detailed profile descriptions were made
using the terminology advocated by Clark and Beckett (1971), and are presented in Ap-
pendix 3. A sumple of the range of profite types and root growth habits encountered is
shown ir Plates § and 9.

All the pits examined were relntively shallow and seldom exceedv.. 100cm in depih.
At sites | and 4 the soils exhibited lithosotic charactecistics (¢f. Millar et al., 1965), show-
ing very little profile development and consisting of shallow weakly developed sands over
lonmy sands or sands over silty clay foams (Profiles 1, 2, 7 and 8) (Plate 8A), At site 2
(Profiles 3 and 4) the soff consisted of weakly developed sands over sandy loams and show-
ed some degree of resemblance to the ferruginous tropical soils described by D’Hoore
(1964). Sols from the remaining sites consisted i of loped
sandy loams over sandy clay 13ams, and showed a marked co.npaction in the subsoil. (Plate
8B to 8D). Thare was also a variable accumulation of lime at depth, a feature common to
the brown tropical soifs described by D’Hoore (1964).

. Soil properties such as percentage moisture, bulk density, pH, C.E.C., and total cation
saturation showed fairly consistent increases with increase in depth down the profile {Ap-
pendix 2). Moisture levels were tow throughout the soil (3--12% ), a feature not unconon
it the semi-grid savanna regions of South Central Africa. Even in the rainy season, moisture
levels below the permanent wilting percentage may persist for as long as five weeks at a
time (Walker, pers, com.).

Bulk density values ranged from ~ 1,5g/om® in the loose surfuce ol to ~ 1,9g/em’
in the more compacted subsoils. Total cation saturation values were high (60~-95% ) and
in alf vases calcium was the dominant cation. i , sodium tribut-
ed least to the total exchangeable cation content, and rarely exceeded 5% saturation in the
lower horizens.

D.2.2. Physio~chemical properties of surface and subsoils

(a) pH,CEC.,and TEC,

Mean values of pH, cation exchange capacity and exchangeahle cations for surface

and sub-soils at each site are given in Table 5, The of ti
(ECyepcxl00 “,’U) isprosented in Table 6.
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.

PLATES, Profile characteristics and root growth habit of mopane:
(A) Profile 7, Site 4. - Shallow soils (~ 50cimn) of weakly developed structure, showing

niumerous adventitious roots derived from a coppice form of mopase.

Profile 5, Site 3. — Sandy clay loam of moderately developed structure, showing

the tap root system of a shrub mopane. Note the inereasing abundance of CaCO3

concretions with depth (~80cm).

Profile {1, Site 7 — Moderately developed sandy clay loam showing the tap root i
develapment of & talt tree form of mopane. Soil very compact at depth (80—1)Dcm)
and tap root diverted to grow laterally.

Profile 13, Site 8. — Shallow (~ 70 em) moderately developed sandy clay loam, show-
ing the iateral root development of a tall tree mopane. Note the absence of 4 tap
Toot.

[
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[

:
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|
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PLATE 9. Root growth hablt of mopane:
{A) Site 3. Tall tree form of mopane with a well-developed [ateral
toat system. No tap reot gvident.
(B) Site 1. Shrub mopane growing on exposed parent material
{sandstone) and exploiting eracks and crevices for root growth,
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pH values ranged from an acid reaction at site 2 (5,44 at 0—10cm; 4,40 at 20~30cm)
to slightly alkaline conditions at site 4 (7,20 at 010 om; 7,48 at 20--30cin).

C.E.C. was lowest at site 2, varying from 3,37 meq % In the surface soll to 3,48
meq % in the sub-soil. In contrast, the C.
surface soil to 23,90 meq % In the sub-soil. These values are consistent with those quoted
by D’Hoote (1964) and Thompson (1965) for a variety of dry tropicat soil types (Section
D.13)

. at slte 5 ranged from 18,63 meq % in the

Exchangeable cations folinwed closely the trends exhibited by C.E.C. Except for the
sub-soit at site 2, calelum was 412 dominant exchangeable cation, generally followed by
magnesium, potassium and sodium in order of decreasing abundance. This sequence is com-
mon for most scil types (Mitlar, Tusk and Foth, 1965), alth- ugh in teached acid soils (site 2)
and alkali soils, calcium is more often than not exceeded by exchangeable magnesium
and sodium respectively (Russell, 1973).

Caleium frequently exceeded 50% satuzation (Tabie 6); at site 4, for example, caleium
levels in the sub-soil were 8:20 and 80 fold higher than exchangeabls Mg, K and Na re-
spectively, Exchangeable magne sium ranged from 0,30 meq % (8,6 % saturation) in the sub-
sofl at site 2 t0 4,27 meq § (17,9 % saturation) in the sub-soil ut site 5. Mg levels were thus
well above the 0,2--0,4 meq % Jimits below which festilizer application becomes necassary
10 promote crop growth (Russelt,1973).

Exchangeable potassium levels were low at sites I, 2 and 3 (0,12--0,39 meq %); moder-
afe at sites 4 and 6 (0,59--0,81 meq %), and moderate to high at sites 5, 7 and 8 (0,83
1,43 meq % ). This assessment was bused on the broad limits set by Blair Rains and
MeK:v (1968) during recent fand resource surveys in Botswana, Levels of ¢xchangeable
K sufficient for crop growth are seldom given in the literature, probably because its avail-
ability to plants is governed by numerous criterla (of, Truog, 1961; Townsend, 1973,
Russell, 1973). For example the transfer of this cation into the exchangeable pool is largely
dependent upon the activity ratio of the K* lon (aK* :/aCa** 4 Mg* *) in the soil solu-
tion (Russell 1973). Furthermote, the growth response to this cation is considerably in-
fluenced by the N, P and Ca status of the sofl (Albrecht, 1943; Baver, 1943; Cullinan and
Batjes 1943). The potassium supply of a soil may be adequate for crops grown under low
N and P, but becomes inadequate if the levels of these nutritients are increased (Cullinan
and B+ »r, 1943, Russell, 1973),

The exchangeable Na content at most sites was generally in the range 0,03-0,30 meq%.
In the sub-soif at site I sodium attained v level of 0,61 meq % (8,6% saturation). These vatues




TABLE 5

pH, cation exchange capacity and total exchangeable cations for surface and
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sub-soils from each sample site. (The values given are the means of four
veplicates together with S.E.'s).

Site

Depth
(em)

o

CEC

(meq §)

<

My

cations (meq %)
3

Na

Total

0-10
20-30

5,872 0,32
597067

547 0,14
7.0821,53

2335038
2,04 0,04

1,00 0,24
1,81£ 0,62

0,1710,03
0,16£0,03

0,21%0,06
0,61£0,18

3,7940,14}
5,535 2,0

0-10
20-30

5444004
4,40:0,09

3,3740,26
3,48:£0,03

0,91£0,04
0,21:£0,04

0,4040,02
0,30£0,07

0,1240,01
0,13::0,01

0,03£0,01
0,06:£0,04

1,46 0,66
0,700,10)

0-10
2030

5324007
5338031

11,98£0,85
17,7841,62

5,683,356
7,00%4,08

2,6340,13
3,5210,30

0,3940,03
0,1310,01

0,150,02
0,200,07

8,85 0,64
10,94 21,11

010
20-30

7,2040,08
7,480,06

20,83£1,19
16,65:42,75

11,9530,96
12,7841.64

2,0740,26
1,64:£0,28

0,81:0,01
0,65 30,05

0,19£0,02
0,16£0,03

15,0241,32)
15,23 £3,97|

010
20-30

6,98£0,10
7,24:40,09

18,63£0,45
23,9021,02

11,93£0,86
15,05:40,82

3,4940,29
4,2740,35

0,95£0,03
0,92:40,05

0,19£0,01
0,21 £0,01

16,46:£0,7%
20451048

0-10
20-30

6,18+0,06
6,6420,15

14672183
18,384 1,81

6,300,88
B,25),07

2851037
3,86 £0,47

0,73:£0,09
0,5940,05

0,0720,02
0,17:0,04

9,951,330
12,8741,05|

TABLE 6

9-10
2030,

0-10
20-30

6,8420,18
7,i550,15

677£0,25
,8820,30

12,6041,56
18,054:2,14

13,3022,27

6684123
9,30£1,74

6,9041,75

1,20£0,89
2,07£0,08

0,83£0,14
1,4330,09

0,0820,01
0,1020,61

1,40£0,22 0,84£0,15 0,05:£0,01
Li6£0,08  0,2740,14 14,01£2,70

179142,52 10,2842,23 2304034

8,88:£1,52;
12,90£1,81

9.194:2,08

Cation saturation vaiues for surface and sub-smls from each sample site. (Cal-
culated from replicats means given in Table

Stte

Depth
Comd

)

Catlon saturation (5 of CECY
3 i

T

0-10

20-30

428
41,5

3
23

38
8,6

693
78,1

0-10

2030

70
60

36
37

09
17

43
0,4

=10

20~30

ard
35,8

33
0.7

13
16

7.9
84,7

010

20-30

58,2
685

40
35

0,9
09

32
81,7

010

20-30

640
63,0

5.4
39

10
09

88,4
85,6

0-10

20~30

42,9
44,8

19,4
21,0

50
3.2

0.5

678
70,6

910

2030

52,2
515

10,1
115

6,5
79

06
06

69,4
it

0-10

20-30

519
574

10,5
12,8

63
65

04
1,5

69,
18,2
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were considered more than adequate for growth,particularly since there appeared to be

no potassium deficiency in the soils studiec. A sodium requiring crop such as sugar-beet,
for example, only responds to fertilizes treatment if the soil contains less than 0,05 meq/
100g of readily exchangeable sodium (Russell 1973). It is noteworthy thet the sndin: con-
tent at ali sites fell well below the 15§ saturation limit set for alkali soils by the U.S.
Saftnity Laboratory Staff (1954}, It is difficult to reconcile this observation with the con-
clusions of Bllis (1950) and Hudson (1970) namely, that mopane is best adapted to sodium
infiuenced soils (Section B.3.).

(b) Total N, availnble P and P.B.C.

Meau values of total nitrogen, available phosphorus and phosphorus buffering capacity
areé given in Table 7,

Percentage N was low at all sites (compare Blair Rains snd MoKay 1968) and ranged
from 0,032% in the sub-goil at site 2, to 0,088 in the surface soil at site 3. According ta
Lawton {1955), the total nitrogen for most mineral sofls (1.-5% organic matter) falls with-
in the range 0,050,258,

NaHCO; extractable phosphorns ranged from 0,25 ppm in the subsoil at site 4 to
7,56 ppm in the surface sl at site 6. These values were high by compatison with those
quated by Blair Rains and McKay (1968) for the Northern State Lands of Botswana,
but nevertheless well below the 20 ppm limit suggested by Ofsen e al. (1954) for crop
sufficiency,

P.B.C. values generally exoeaded | L/g, although lower values were obtéained for the
surface soils at sites 2 (0,63L/g) and 4 (0,85 L/g), and for the sub-soil at site 5 (0,89 L/g).
A vilue of 3,40 L/g was obtained for the sub-soif at site 3. The buffering capacities of 42
West Australian solls (megsured as 4 Q/ 2 T; Imax = 0,2 y g/uit}) wers found to range from
0-5 Lig (Barrow 1967),

(¢) Bulk density; F.C., WP, and‘ivnilablc’water

Details of bulk density, moisture content at 0,33 bar and 15,2 bar matris suction
and available water are given In Table 8, .

Bulk density readings were high and often exceeded X,E{Lx/cm3 in the subsoils.
According to Russell (1973) the roots of most herbaceous sind semi-woody plans rarety
penetrate a light textured soil if its butk density exceeds 1,7—1,8g/cm3, or o heavy tex-
turad soil if its bulk density exceeds 1,5—1,6 g/cma. The author is of the opinion that
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TABLE7 Total nitrogen, ‘“available” phesphorus and potential buffering capacity for
phosphoms for surface and sub-soits from each sample site,

Site Depth Total Available Tuffering capacity
fot P
tem) £ (ppim) (Lig)
1 0-10 $h066 0,003 331 « 009 L10
2030 G046 £ OMS L3 w636 13
2 0-10 0050 £ 0,002 294 % 0.6 0,63
20-30 0032 + 0002 265 £ 082 1,02
3 0-10 0088 E 0003 400 T 018 148
2030 085 *oone 336 * am 340
1 0-10 066 £ 0005 181 £ 049 [
2030 0056 % 0007 025 % 010 114
3 0-10 0060 & 0003 619 & 047 108
20-30 0057 ¥ OOb2 388 ¥ 094 089
s 510 0058 x 0,004 786 % 18 106
20-30 0047 % 0001 072 & 017 183
7 0-10 6,077 & 0,005 218 x 104 L7
20-30 0063 % 0008 350 & 097 178
3 0-10 0,062 + 0,006 309 ¢ 142 1,30
20-30 6061 3 0.005 313 & 024 1,40

avaflable water content for soils ﬁ-om ench sample site.

TABLES  Bulk density, maisture content at 0,33 bar and 15,2 bar matrie suction, and

Sle Degth Bulk danslty Molstuze content at AW
3 0,33 bar 15.; tar
{em) ( gfom® ) [§.] (%) %
1 010 1,60 - ~ -
20-30 1,9t 03 6,1 s
2 0-10 17 - - -
20~30 1,81 6.8 24 43
] 0-10 1,63 - - -
2030 136 WS 106 39
4 0~10 1,83 - -
20-30 136 24,0 14,7 93
5 0-10 521 - - -
20-30 1,86 25,8 13,7 12,1
6 010 161 - - -
20-30 162 0.6 13,7 69
K 0-10 168 - - -
20-30 19t 172 18 54
8 0-10 L1 - - -
20-30 L8 19,9 106 %3




the high butk densities exhibited by mopane soils is due to partial cementation of sub-
soil horizons by calcium carbonate. This situation is most prevalent in arid and semi-arid
reglons subject to alternate periods of intense wetting and dehydration (Barshad, 1955).
Of course, the shallow rooting behaviour of mopane may 2lso be a contributory factor
towards subsoil compaction (Section D.2.4,}.

Available water content of the 2ils was refatively low, tanging from 3,4 at site I to
12,1% atsite 5 (6,5% to 22,4%, by vol.} . Soil surveys in England and Wales showed avaii-
able water contents (% vol.) rangiag from 8~16% for loamy sands, and 12-40% for clay
Joams, silty clay loams and sandy clay loams, Higher textural classes (clays - silty clays)
had lower available water contents (§2—-24% ) than Joams, mainly because P.W.P, increased
08 the sofl texture became finer {Russell 1973), Certainly the relatively high P.W.P, at
sites 3—8 (predominantly sandy clay loams) restricted the amount of water available to
mopane. The concept of available water skould be regarded with some reservation, how-
ever, singe drought resistant speoies are often capable of extracting water at soil moisture
contents well below P,W.P. as determined by 15,2 bars suction (Levitt, 1972).

D.2.3. Root growth habit of mopane

Observations from the field and controlled environment studies indicate that mopane
seedlings initlally give rise to 2 well developed tap root system which grows vertically down-
wards, This rooting habit persists in some individuals (Plate 8), but more often thay not the
tap root disappears altogether leaving o systeny of shaltow lateral roots (Plate & and 9).
1t is the latter rooting belaviour that is most frequently described for mopane (Eliis, 1950;
Thompson, 1960).

Mopane trees with no tap root nearly always show signs of termite attack (P~ = 10),
Although the two phenomena i:.ay be purely coincidental, the author is of tl o
that termite attack follows directly on tap root senescence. Senescing tap v wld be
very susceptible to termite action and would also expose the dead heartwou. f the stem
trank to further attack,

Possible reasons for tap root disappearance, and the characteristic rooting behaviour
of mopane generally, are given in Section D.2.4,

D.2.4. Discusslon o results

‘The main characteristics of mopane soils, as assessed from observations ot eight dif-
ferent sites distributed throughout southern Africa, may be summarised as follows:
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(a)

They consizted predominantly of shallow te moderately shallow, lime ac-
cumulating sands over loaray sands or sandy {o.4ms over sandy clay toams, and
often exhibit a marked degree of compaction in the subsoil.

(b) Total cation saturations ranged from 20% af site 2 to 88% at site 5.
Caleium was generally the dominant exchangeable cation followed by magnesium,
potassium and sodium, in order of decreasing abundance Compaction in the sub-
soil could not be atiributed to the influence of sodium since the levels of this ca-
tion rarely exceeded 1,54% saturation of the exchange complex.

(¢

Apart from the paxti high fevels of calcium, the overatt nu-
trient status compared very favourably with that of most other semi-arid tropical
soils (cf! D’Hoore, 1964; Blair Rains and McKay, 1968). Nitrogen and phosphorus
levels, however, were low by agricultural standards,

[C

Av::table water contents were low and bulk densities were high, the resuit being
that the soils developed an extremely hard congistency during dry periods.

Brondly speaking, therefore, the soils examined in this study had much in common
with the dry tropical soil units described by D’Hoore (1964) (compare Sections D.1.3. and
D:2.), and also wlth 2 variety of soil types described for Rhodesia (Trapnell et al., 1948:
‘Thompson et al., 1960; Thompson, |965). This suggests that climate and geology are the
‘main factors governing soll fosmation under mopane woodiand,

The author belleves that many of the adverse soil conditions reportedly associated with
mopane (infertility, high sodium levels and compaction), are not a direct consequence of
its presence at all, but merely reflect the wide ecofogical ampiltude ané resvitant competitive
advantage which this species has over other xerophytlc plants, Its association with sodium
influenced soils outside its normal disiribution range serves to illustrate this point (Section
B.3.). No doubt this opinion will be hotty disputed by those who subscribe to the views of
Ellis (1950), Staples and Muzray (1951) and Hudson (1970},

It is possible that the shallow rooting habit of mopane contributes to compaction in
the subsoil. The absence of root activity at depth would tend to restrict those biclogical
processes which govern aggregate formation and hence increase porosity and reduce com-
paction (cf. Russel}, 1973). The author subs: to the view that ion under mopane
soils is primarily caused by cementation processes operative under arid and semi arid climates
(cf. Barshad, 1955) (see Section D,2.2.),
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There is little doubt that mopane’s shallow Jateral root system offers this species a
strong competitive advantage, particularly in areas of low P/E ratio where moisture pene-
tration is . ftenrestricted to a shallow depth (Kerfoot,1963; Savory, 1963; Levitt, 1972).
Its shallow rooting behaviour may also help to explain its apparent absence from deep
Kalahari sands, where water tables are often at great depths, and where the loose surface
soils exhibit poor moisture retention properties and offer inadequate mechanical stability.

What is ; puzzling is why the tap roots of many mopane individuals atrophy after a
certain period of time. This phenomenon would appear to have very little adaptive sig-
nificance, particularly in shailow to moderately shallow soils which should become saturat-
ed throughout the profile after cloud bursts in the dry tropics (¢f Climatological Summar-
ies, 1963). Increased rooting depth in these soils would obviously enabte the plants to with-
stand longer periods between profile recharge,(cf. Pearson, 1974),

It is possible that tap root disappearance is associated with the observed tendency
towards compaction in the lower horizons. C soils are i with
of reduced porosity and soil aeration (Taylor, 1974) and as such are prone to watetlogging.
Despite the controversies regarding mopane and waterlogging (Section B.3), it seems
more than likely that mopane soils i become during in-
tensive cloud bursts in the dry tropics,albeit for relatively short periods of time. This situ-
ation would be prolonged at depth and could cause tap root degeneration. The adverse ef
fects of waterlogging on root developi.ent are discussed at length by Merkle (1955),
Kerfoot (1963), Russell (1973) and Stolzy (1974). The view has been expressed that
mopane individuals with senescent tap roots become susceptible to termite attack (Section
D.2.3.).

‘The above hypotlhesis is in keeping with the suggestion that mopane adapts to 2 wide
range of adverse soli conditions, and is not a prima facie cause of such conditions. The
author's views are, however, only conjectural and emphasize the need for more detailed
studies along the mopane Lelt of southern Africa.

D.3. Relation of Mopane Performance fo Soil Factors

‘The relation of performance value to verious soil factors was studied using linear re-
gression analysis, the main aim being to detect any factors which might limit mopane
growth in the soils under study. The use of linear regrossion analysis was considered ade-
¢uate for this purpose since growth responses to timiting factors (i.e. limiting to growth
either through i or excess) are i finear between certain limits (cf.
Russelt, 1973,
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Freese (1967, + uns of the dangers in ascribing more meaning to fitted regressions than
isactually warreated. A linear regression, for example, does not show that the line fitted
gives the best possible description of the data (a curved line might be better), nor does it
menn that the true mathematical relationship between the variables has been found. With

- =ind, experiments were subsequently designed to test the validity of hypotheses
< - alysis of the field data (Section C.4., D.5.). This strategy was prompted further
* . sloeration that performance valie was assumed to be  relisble index of mopane
iumass, without prior verification involving destructive sampling.

2.3.1. Performance value of mopane at each site

"The mean density {no. of individuals/100 sq. m) at each site is giver: in Table 9. A
breakdown of the data from which these values are derived is presented in Appendix 4.
To enable inter site comparisons of growth performance, D.B.H (Tabie 10) was applied as
a multiplicative correction factor to the density values given in Table 9 (see Section C.2.5.).
The performance values (no. of indiv./m) thus obtained are given in Table t1.

There was a 1 6-fold range in mopane performance vatues, the lowest being 0,11 indiv./m
at site 2 and the highest 1,77 indiv./m at site 6, An intermediate performance value of 0,83
indiv./m was obtained at site 4. Mopane “biomass” assessed in this manner was significantty
correlated with a number of soil factors (Section D.3.2.).

D.3.2, Simple kinear regression analysis

Correlation coefficients obtained on regression of performance value against various
oil factors are presented in Table 12. Mopane was signil ly lated
with the following goil parameters (cf. Table 12):

Total N ~ 4t 20-30em ° (r=+ 0,69, F < 005);
Available P - at0-10em (r=+059,P<0,10}
PB.C. — at 20-30cm (r=+0,61,P <0,10);

$H0(0,33bar) — 6t 20-30em  {r=+ 0,72, P < 0,05)
#Hp0(15,20ar) — at20-30ecm  (r=+ 0,75, F < 0,02);

Ex. Mg ~ at 0—10cns {r=+0,78,P <0,02);
Ex. Mg — &t 20~-30cm {r=+0,85F<0,0)and
T.EC. - at20~30¢m  (r=+0,63,P <0,10).

Regression fines of performance value on total N (subsoil) and percentage Hy0at 0,33
bar and 15,2 bar (subsoil), ate given in Figure 11;and of performance value on exchangeable
Mg in both surface and subsoi, in Figure {2.




TABLE9  The mean density of mopar.

« .ch sample site,

e ctose Mean denslty (no. of indlv,/100 sq.m) total
i 2 3 4 5 5
Slte 1 538 083 025 038 023 6,87
Site 2 021 017 6,08 0,04 017 004 0,71
site 3 2105 11,15 025 0,26 005 - 32,70
Site 4 2010 L8 - - - - 21,85
site 5 440 383 5,00 033 - - 13,56
Slia 6 4040 510 - - - - 45,50
Sita 7 193 1,00 013 073 170 067 6,16
st 8 440 0,80 0,40 140 140 0,10 B,50
TABLE 10  The mean D.B.H. (m) of mopane in each helght class, averaged over all sites,
Ht.slass 1 2 3 4 s 6
o, in semple (n) 2 40 2 4 5 1
BH. () 0,035 6,070 0135 0215 0318 0440
40,008 40,006 $0,014 0,013 +0.019 0,021
TABLE 11 Performance values (D.B.H. x density) of mopane at each sample site,
[ Performange (. of indiv. ] m) Totst
1 2 3 4 5 6
st t 0,181 0058 0,034 0082 -+ 0073 - 0428
Site2 0,007 0012 0012 0,009 0,054 0018 6112
site 3 0737 0781 0,034 0043 0016 - 161t
Sled 0,704 0123 - - - - 0827
site 5 L&) 0,268 0675 0071 - - 1,168
Site§ 1414 0357 - - - - um
Stte 7 0,068 LI 0054 0157 0,536 0,295 1144
Ste g 0184 0,085 0,054 01 0,441 0,044 1,050




TABLE12  Correlation coefficients obtained on regression of performance value
agalnst the measured physical and chemica} properties of the soils
from sites 1 to 8.

‘V Correlation coefficient (r)
Soil Factors
0~10cm 20~30cm
Total N (%) + 0,496 + 0,690%*
|Avaitable P {ppm) + 0,586* + 0,136
|Buffering capacity for P [i13) + 0,517 + 0,612*
Bulk density (g/em) - o021t - 0,078
iMoisture content (%)
at 0,33 bar - + 0,715%%
f at 15,2 bar - + 0,748
“Avatiable'” water (%) - + 0,532
pH + 0,133 + 0,393
cations {meq.%)
Ca + 0,487 + 0,567
Mg + 0,781%*% + 0,853 wkuk
X + 0,557 + 0,291
Na - 0,006 - 0,127
TEC, + 0,537 + 0,632%
Cation saturation (%of CEC)
Ca ) + 0436 + 0,446
Mg + 0,416 + 0,334
K + 0,351 + 0,072
Na - 0,422 ~ 0,467
T.EC. + 0,565 + 0,443

Significance rating: ¥ (P< 0,01); *¥(P < 0,05); ***(P < 0,02); ****(P <0,01)
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Performance also seemed to be directly related to the quantities of available calclum
and potassinm (Table 12), although high tevels of the former cation were slightly detriment-
al to growth (Figure 13). The of growth jction by i or excess of
any particular factor is a manifestation of “Shelford’s Law of Tolerance” (Odum, 1958).*

The adverse effacts of ligh levels of exchangeable Ca may have been due to an im-
balance in the supply of caleium and magnesium (Fig. 14), sinee the plants responded so
markedly to magnesium. It may be seen from Figure 14, however, that sites 1 and 2 had
low performance vaiues desplte huving apparently favourable ‘Ca:Mg ratlos in the surface
and subsoll. Because of this the regression of performance vatue 6n CaiMg ratio yielded
very poor cotrelation coefficients (¢ = 0,007 for surface solt, r = + 0,121 for subsoil),
Nevertheless, this did not excfude the possibiiity of mopane being sensitive to imbalasices
In Caand Mg particularly since soils | and 2 were deficient in most nutrients (Tables 5-7),
alf of which could have contributed towards the low performance values at these two sites,

By way of example, Koy ¢f al (1962) found that soybeans did not respond to favouss
able Ca:Mg ratios in solls of low C.B.C. (< 3 meq %), and attributeu this to cotion deflcien-
oy overriding the influence of Ca:Mg ratio. Similarly Viemis (1949) found that lettuce and
barley grown in serpentlne soil dId not respond to N, P and X fertilizers, unless Ca lovels
in the 2oil exceeded a certaln critioal minlmum. The observations of these two authors serve
to illustrate “Lisbigs Law of the Minimum® (Odum, 1959).** This law implles that if
several factors limit the growth of a species, then favourable levels of any one factor (in
{hds ease Ca:Mg ratio in solls 1 and 2 would be Ineffeotual in stimulating its growth (ef.
Russell, 1973).

Sndium appeared to be detrimental to growth, particularly at the levels found in the
subsoif { = ~ 0,127;cf. Table 12 and ), This effect was more apparent when sodium i the
subsoil was measured relative to tl\e/c—rr: ﬁ; {r = 0,457}, or to C.E.C. (r = —0,467) or
t0T.EC. (r 20,755, P < 0,02). These observations prompted d closer look at the effect of

*Shelford's “law” of telerance: The prosence and suocess of ant organisim depends upon the
completeness of o complex of conditions. Absence or failure of tn organism can be con-
troited by the i or i or excess with respect to any ane
of saveral factors which may approach the limits of tolerance for that organism.

**Liebigslow” of the minimum: To oceur and thrive In a glven sitvation, an organism
must have essential materlals which are necessary for growth and reproduction ..., The
essontial material avaifable in amounts most closely approaciing the critical minimus
needed, wlill tend to be the limiting “ne.
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sodium when measured relative to other soil cations individually. Performance vaius was
found to be strikingly corretated with increase in Mg:Na ratio in both the surface and sub-
soil {r =+ 0,835; P <0,01 for surface soil; r = + 0,762 P <0,02 for subsol), This suggested
that increased Mg levels lﬁ particular were able to overcome the detrimental effects of sodium,
Regression lines of performance valug on Na:T.E.C. ratio in the subsoil and Mg:Na ratio in
the surface and subsoil are given in Figures 15 and 16, respectively,

D.3.3. Multiple segression nnalysis

Data obtained from the regression of performance value on various swil factor combina-
tions simultaneously, are piven In Appendix 5. Analyses accounting for a significant portion
of the variation in performance value were summarised from Appendix 5 and are presented
in Table 13,

Thus phosphorus and nitrogen (010 em), and phosphorus, nitrogen and polassium
(0~-106im) aceounted for £7,9% and 82,5% respectively of the variation in mopane pet-
formance. Magnesivm and sodium in the surface and sub-soil accounted for 63,7% (0-10cm)
and 68,4% (20--30cm) of the variation In performance, The latter values, however, did sot
differ substantially from those obtained on regression against magnesium singly. (54,59
surface sofl; 68,4 %-sub-soil).

Similarly Mg:Na and Mg:K tatios in the surface soi! aceounted for 69,84 (P < 0,05)
of the variation in mopane performance, as opposed to a value of 62,5% (P < 0,05) obtained
with Mg:Nn ratio stugly. In the subsoil, however, the lntroduction of Mg:K ratio into the
regression of performance value on MgrNn ratio, caused the percentage varintion a. sounted
for o tncrease appreciably from 51,08 (P < 0,05) 10 72,6% (P < 0,05},

From the above analyses it appeared that mopaue growth was strongly influenced by
N,E K, and cation ratlo interactions in the soil. In purticuiar, the significance attached to
soil mugnesium on simpls linear regression annlysis was augmented by <‘te muitiple regres-
slon of performance value « . magnesium ratios in the soil,

D.3.4.  Discussion of resulis

{8) Nitrogen, phosphorus and soil moisture

. In section D,2.2. (b), it was pointed out that nitrogen and phosphorus levels in the soil
were well below the limits suggested for crop sufficiency. It was not surprising therefors,
that mopane performance was positively correlated with total N (20~30cin, Fig. 11A),

e i




65

~
(=]
T

14

PERFORMANCE (indiv/m)
S
»
7
@

J

A

&2
) , i
0 604 008 012

(Na: TEC.) RATIO

FIG. 38, Regression of performance value on Na:TBC ratio in the subsoll (r = ~0,76;
P e0,02). .




PERFORMANCE (indiv./m)

20

158
1oL
os|
e
e
0 10 20 30 40
(Mg:Na) RATIO

~ 201
E s,
3
o A3
s A5
2 1ol AS
<
=
x .
2 osl
w i
w
a
AZ - 1 L
0 5 10 15 20
(Mg: Na) RATIO
FIG. 16.  Regression of perforuance value on:

{A) My: Na tatio In the surface soil (v = + 0,84; P = 0,01).
(B) Mg: Na ratio in the subsoll (r = + 0,76 P < 0,02),




67
TABLE 13 Stepwise multiple regression of performance value on the measured chemical
and physical propesties of soils from sites 1 to 8, (Simplifiea from data pre-
sented in Appendix 5).
Step Scil Factor Depth R %varlation  F-value
’ (emy accounted
for
1 B 0-10 0,586 233 3,138
2 P; N “ 0,856 67,9 8,438%
1 P 0-10 0,586 23,3 3,138
2 P N » 0,856 67,9 8,438%
3 P; N; K. ” 0,928 82,5 12,026%
H Mg 0-10 0,781 54,5 9,392
2 Mg; Na. " 0,836 63,7 7,167*
1 Mg, 20-30 0,853 68,1 15,971%¢
2 Mg; Na. » 0,832 68,4 £,560%
1 Mg/Na. 0-10 0,835 62,5 12,696*
2 Mig/Na; Mg/K. " 0,865 69,8 9,087%
1 Mg/Nu. 20-30 0,762 51,0 8,302¢
2 Mg/Na; Mg/X. ” 0,879 72,6 10,287*
3 Mg/Na; Me/K; Mz/Ca, i 0,902 76,6 8,653%

Significanca rating: *( < 0,05);  **(P < 0,01)
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available P {0—-10em, Tabie 12), P.B.C. (20--30cm, Table 12), and that nitrogen and phos-
phorus (0-—10cm) accounted for 67,9% of the variation in performance value (Table 13).

Mopane performance was aiso significantly correlated with mojsture content at 0,33
bar and 15,2 bas matric suction (Fig. {1 B + C), but bore no sigaificant relationship to the
“avail.ble” water content of the soil (Table 12). This suggested firsity, that the overall
water holding capacity of the soil, as defined by the amount held at 0,33 bars, was of great~
er significance to mopane than “available” water content as such, and secondly, that this
species was capable of extracting soil water at tensions corresponding to the P.W.P. (15,2
bars, nominal P.W.P.}.

The sbove interpretation casts some doubt on the contentions of Hendrickson and
Veihumeyer (1945), and others, that P.W.P. is a soil constant indicating the lower limit of
water avallability for all plants. Indeed, Slatyer (1957a, 1957b) puts forward the thesis,
subsequently acknowledged by Levitt (1972}, that P.W.P. is essentially dependent upon the
osmotic patential of the cell sap in the plant under study. The argument is advanced that
irreversible loss of turgidity (permanent wilting), can only occur when the water potential
of the plant and fotal soil moisture stress tend towards equilibrium. n an enlightenir.3 re-
view, Siatyer (1957b) explains how standard laboratory procedure for the determination
of PW.P. (cf. Veihmeyer and Hendrickson, 1949; Salter and Haworth, 19610) may cause
plants to udjust osmotically, such that xerophytic species become induced to wilt at ten-
sions more typical of mesophytic plants. Only when groups of plants exhibit similar osmotic
characterlstics, does it become possible to associate a single value for the B.W.P. with wilting
phenomena of plants within any one group.

In view of the above correlations a factorial experiment was designed to test yield
responses of mopane to applications of nitrogen and phosphorus, and to variations in soil
moisture stress. The suggestion that this spevies was capable of extracting water at tenstons
corresponding to the P.W.

., prompted a study of its water utilization pattern under condi-
tions of varying soil moisture stross, Details of experimentat pracedurs have bsen reported
in Section C.4., and results are presented in Section D.4.

(b) Soif cations

Mopane performance was signifi with i fum, the
values of which ranged from 0,30 to 4,27 meq % (Fig. 12). These corresponded to mag-
fiesium saturations from & to 26% of the C.E.C.
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Bear and Toth (1948) found magnesium saturations of 10% to be optimum for alfalfa
when grows in soil where 65% and 3% of the exchinge complex was occupied by calcium
and potassium respectively. Citrus seedlings grown in Hanford sandy loam (C.E.C. =
t117 meq$ ) were found to be insensitive to Mg-saturations in the range 6—28% (Martin
and Page, 1969). Higher saturation levels of this cation caused a marked decline in citrus
yield, unless compensstory levels of caleium were also made available to the plants, Martin
and Page (1969) i this ion as a degree of calci jum antago-
nism.

Calcium at high levels appeared to be detrimental to the growth of mopane (Fig, 13).
This may have been due o a caicium-magtesium entagonism sines performance decreased
appreciably with increase {n Ca:Mg ratio (Fig, 14). Ca: Mg ratios in the field ranged from
approximately 2 to 6 with the higher performance values occurring at a value of 2:1 in both
the surface and sub-soil. Key et a/. (1962) found that soybeans and corn, grown in soif and
sand resin culture (C.E.C. = 3,9 and 27 meq % ), were unaffected by Ca:Mg mtios in the
range 50:1 to 1i1. Yield always declined, however, when exchangeable magnesium exceed-
ed exchangeable caleium (Ca:Mg < 1). Variationsin theCa:Mg ratio from 1:4 to 32:1 had no
effect on the yield of alfalfa plants, despite corresponding decreases in plant magnesium
from 95 to 20 meq¥ (Hunter 1949). In the absence of acded sodium, sudan grass was
found to grow best at ratios of 2:1;In the presence of sodium (§5% of C.E.C.) the optimum
ratio rose to 11:1. Joffe and Zimmerman (1944) interpreted these observations as a mag-
nesivm and sodiunt antagonism to calcium uptake.

The appareitt intolerance displayed by mopane towards sodium (Tables 12 + 13;see
Section D.3.2.} was surprising, particularly since the fevel of this cation seldom exceeded
1,58 saturation of the exchange complex (Table 6), Significant correlations obtained on re-

.gression of parformance value against Na:T.E.C. ratio (Fig. 15) and Mg:Na ratic (Fig. 16),

suggested that this species was sensitive to imbalances between sodium and other soil cations,
particulasly magnesium, Bower and Wadleigh (1948), using a mixture of sand and synthetic
resin, found that bean plants were sensitive to exchangeable sodium percentages exceeding
155 of the C.E.C. Rhodos grass and gavden beot wore found to be tolerant of much higher
sodium levels (« 75%). 1n all the test plants, applications of sodium caused corresponding
decreases in the calejum, magnesium and potassium contents of the shoots us well as a
marked decrease In the potassium content of the roots. Marttn ef af. (1953) found that
increases in exchangenble sodium percentage from 4-28% caused a progressive decline in
the yieid of citrus seedtings. Increased sodfum uptake by the citrus plants was assoc’ .ted
with a corresponding decrease in leaf calcium. Leaf magnesfum on the other nand, only be-
came appreciably reduced at 28% exchangeable sodium.
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soil individually (Table [4). There were no significant interactions between N, P and avail-
able water supply on the total yield of mopane grown in pots. Phosphate increased the yield
on alt thres soils, and nitrogen the yield on soils 4 and 6, but the effects were not significant.
The effact of nitrogen on shoot growth in soif 6 was significant (P < 0,05) but a concomit-
ant decline in root growth rendered the effect on total yield non-significant.

A striking feature was the significant (P < 0,0} decrease in yietd with increasing
N supply and moisture stress on soil 2, Repeated fluctuations in the available water supply
from 100 to 0 per cent had no significant effect on growth in soils 4 and 6. The decreasing
yields on soit 2 with increased N snd moisture stress were accompanied by a significant
(P < 0,01) decresse in evapotranspiration rate from the soil-plant system (Table 15). Evapo-
ratlon from the soll alone, measured in control pots, was never greater than 10g HyO per
day, under the most soil moisture i
e0ils 4 and 6 were unaffected by N, P and fluctuating water supply.

rates from

In spite of large d screases in yield and vaater consumption with inereasing N and soil
inoisture stress on sof’ 2, the coefficlent of water utilization remained unchanged (Table 16).
Phosphate treatment on soil 2 caused a significant (P < 0,05) decrease in the coefficient
of water utilization, whilst on soil 6 values increased significantty (P < 0,01) with rising
50i} moisture stress, However, apart from these two significant frends, the changes in rates
of evapotranspiration and growth were mutually compensatory so that the coefficient of
water utilization was relatively independent of soil type and the imposed treatments,

The nbove observations suggest a capacity for internal osmotic adjustment (Slatyer,
1987 . Wilson et al, 1970; Levitt, 1972; Russell, 1973) by mopane, especially when
viewed In thelight of the moistuze retention properties of the three soils used (Fig. 17),
Most of the available water was held at suctions less than 6 bars on solls'4 and 6, and at
suctions below 1 bar on soil 2. Clearly, plants subjectod to the most unfavourable water-
ing treatment absorbed water against a wider mnge of increasing soil molsture suction,
before reaching the 15,2 bar percentngo. In the absence of an esmotic adfustment mechan-
Ism therefore, one would have expected a marked decresse in evapotranspiration rate to-
gether with an even greater decrease in yleld, thus leading to an overall increase in the co-
efficient of water utilization on ail three soils under the most unfavourable watering treat-
ment {Section D.4.3.).

The absonce of an effect of extreme varlation In available water supply on mopane
growth on soils 4 and 6, suggested that the detrimental effects of increased N level and
tising soil moisture stress in soit 2, may have been due to excessive osmotic concentra-
tions of the soil solution. Soil 2 contalned only 6,9% water at 0,33 bars and had an ex-
tremety low range of “available” water, most of which was held at suctions less than ! bar
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sojf indivigually (Table 14). There were no significant interactions between N, P and avail-
able water supply on the tota} yield of mopane grown in pots. Phosphate increased the yield
on all three soils, and nitrogen the yield on soils 4 and 6, but the effects were not significant.
The effect of nitrogen ot shoot growth in soil 6 was significant (P < 0,05) but a concomit-
ant dectine In root growth rendered the effect on total yield non-significant.

A striking fenture was the significant (P < 0,01) decrease in yield with increasing
N supply and moisture stress on soil 2. Repeated fluctuations in the available water supply
from 100 to O per cent had no significant effect on growth in soils 4 and 6. The decreasing
yields on soit 2 with increased N and moisture stress were accompanied by & significant
(P < 0,01) decrease in evapotranspiration rate from the soil-plant system (Table 15). Evapo-
ration from the soif alone, measured in control pots, was never greater than 10g H,O per
day, under the most soil moisture it ion rates from
20ils 4 and 6 were unafiected by N, P and fluctuating water supply.

In $pite of large d zcrenses in yleld and water consumption with increasing N and soil
moisture stress on soi’, 2, the coeffizient of water uti remained uncl (Table 16).
Phosphate treatment on soil 2 caused a significant (P < 0,05) decrease in the coefficient
of water utilization, whilst on soil 6 values increased significantly (P < 0,01) with rising
soil mofsture stress. However, spart from these tww significant trends, the changes in rates
of evapotransplration and growth were mutually compensatory so that the coefficient of
water utilization was relatively independent of soil type and the imposed treatments.

The above observations snggest a capacity for internal osmotic adjustment (Statyer,
195744, Wilson et al,, 1970; Levitt, 1972; Russell, 1973) by mopane, especially when
viewed in thelight of the mofsture retention properties of the three soils used (Fig. 17).
Most of the avallable water was held at sustions fess than 6 bars on soifs'4 and 6, and at
Suctjons below 1 bar on sofl 2. Clearly, plants subjected to the most unfavourable water-
ing treatiment absorbed water against a wider range of increasing soil moisture suction,
before reaching the 15,2 bar percentage. [ ths absence of an osmntic adjustsent mechar-
ism therefore, one would have expected a marked decroase in evapotranspiration rate to-
gether with an even greater decrease I yield, thus leading to an oversll increase in the co-
efficient of water utilization on all three solls under the most unfavourable watering treat-
ment (Section D.4.3.).

The absence of an effect of extreme varistion in avaiiable water supply on mopane
srowth on soils 4 and 6, suggested that the detrimental effects of increased N level and
rising soil moistuze stress in soil 2, may have been due to excessive osmotic concentra-
tions of the soif solution. Sof! 2 contained only 6,9% water at 0,33 bars and had an ex-
tremely fow range of “available” water, most of which was held at suctions less than 1 bar
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d for each soil, taking

(Fig. 17, A , soil solution ions were
into account the salis added in the basel nutsient solution and the nitrogen treatments, at
two extreme moisture regimes:

(a) at 0,33 bars matric suction, and (b) at 15,2 bars matric suction,
Osmotic suction was calculated from the approximate formula;

w = RTC

where C s the molar concentration of the soil solution, Total plant yields, averaged over
replicates and phosphate levels, aio plotted agalnst  in Figure 18, Clearly, on soils 4 and
6, increased Nelevels over the two extreme watering regimes caused only minor fluctu-
ations in osmotic suction of between 0,3 and 3,0 bars (up to 18,2 bars T.S.M.5.). Yield
was not markedly affected, indicating that nmopane could toferate total soil moisture siress
of up to 18,2 bars in these heavier toxtured soils without any apparent ill effects. On soil 2
osmotic suctions were never less than 3 bars and increased up to 6 bars with increased
nitrogen applications at 0,33 bars matric suction (6,33 bars T.S.M.S:). Although yield was
significantly (P < 0,05) depressed within this range of osmotic suctions, the coefficient of
water utilization remained constant (Table 16), This pointed to an osmotic adjustment
mechanism within the plust which enabled it to maintain a favourable water potential
gradient between the cel sap and the soil solution. Evidence presented later (8ection D.4.2,
and D.4.3.), suggests that such a mechanism might involve an increase in osmotically active
solutes within the cell sap, possibly through an increase in amino-ncids snd sugars re-

Iative to proteins and other carbohydrates respectively. After such an adjustient, increased os-

motic suction had no further effect on yield and plants were able to tolerate total soil
moisturs stresses reaching 31,2 bars (15,2 * 16 bars) for imited periods.

D4.2,  Chemical analysis of plant tissue
{a) Reiative nitrogen content of shoots

The mean refative nitrogen content of mopane shoots grown under factorial combina-
tlons of N, P and sofi moisture stress is given in Appendix 9, and a-summary of the matn
treatment efTects is presented in Table 17. The mean relative nitrogen content of plants
grown on the three soils differed markedly, velng 1,76% for soil 2, 1,05% for soil 4 and
1,217 for soil 6. In all three soils the nitrogen concentration in the shoots increased sig-
nificantly (P < 0,01 with increase fn N level.

Phosphorus significantly (P < 0,01) enharced the uptake of nitrogen by plants grown
on soil 4 and showed variable intoractions with nitrogen in soils 2 (P < 0,05) and 6
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(P < 0,01). Moisture stress had a variable effect on the nitrogen accumulation in plants
grown on the three soils. On soi 6, for example, percentage N decreased significantly
{P < 0,05} with rising soil moisture stress, whilst on soils 2 and 4 a positive but non sig-
nificant response was abtained.

The ability of plants grown on soil 2 to accumulate significant (P < 0,01) amounts of
nitrogen at moisture stresses and N levels unfavourable to growth {cf, Tables 14 and 17),
prompted a closer ook at the telation between relative nitrogen content and rising osniotic
suction. Percentage nitrogen values, averaged over replicates and phosphate levels, are plot-
ed against « at 15,2 bars snatric suction in Figure 19. Clearly, the refative nitrogen content
of plants increased significantly (P < 0,05) with rising osmotic suctions between 1,3 and
16,5 bars. The possible role of nitrogen in the nsmoregulation of the cell sap is discussed in
Section D.5.3.

(b} Relative phosphorus content of shoots

The mean relative phosphorus content of plants grown under factorial combinations
of N, P anid soil moisture stress is given in Appendix 10, and a summary of the main treat-
ment effects is presented in Table 18. Th. vaean refative phosphorus content of plan’s
growh on soils 2 and 6 was 0,24% and C,43% resper dlvely, whilst a considerably lower
value of 0,15% was obtained for plants grown on soil 4. On ali three soils the percentage
phosphorus increased significantly (P <0,01) with increase in phosphate level.

On sail 6, the uptake of phosphorus increased significantly (P <0,01) with increased
N levet and decreased significantly (P <0,01) with rising soil moisture stress. Significant
interactions were oblained between moisture stress and phosphorus on soils 2 (P < 0,061}
and 6 (P < 0,05); between moistuze stress and nitrogen on soil 2 (P < 0,05) and between
nitrogen and phosphorus on soil 6 (P < 0,01),

D.4.3, Discussion of results

The yield response of mopane to N and P was not as marked as might have been ex-
pected from the field data (Section D.2.2.(b); D.3 Aa)particulurly in soils 4 and 6, where
the range of available water was sufficient to prevent the development of harmful osmotic
effects. The lack of a significant response cannot be attributed to a possible unavailability
of Nand P (cf. Birch, 1958; Russell, 1973), since the accumulation of both these nu-
trients in the shoots responded strikingly to increased N and P level respectively.

Russell (1373) paints out that when yieid responses are appreciably jess than expected,
then other factors limiting yield are geaerally present. For exampie Vlamis (1949 found that
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Iettuce and barley did not respond to N, P and K fertilizers unless caleium in the soil ex-
ceeded a certain critical minimum (see Section D.3.2.). Bven though standard nuttient solu-
tion (Appendix 2) was applied to all three soils before commencement of the experiment,
this did not exclude the possibility of some nutrients remaining unavailable to mopane,
Perhaps certain essential nutrients were rendered unavaltable during the alternate wetting
and drying of the soil {of. Wadleigli and Richards, 1961), The observed disparity between
N and P uptake and yield response, suggested a reduced rate of utilization of these nu-
trients in fundamental growth processes such as DNA, RNA and protain synthesis. Re-
duced metabolic efficiency may be induced by a wide variety of nutrients when in short
supply. In a review article Steinberg (1961) concludes that inadequate supplies of nutrients
such 2s Cn, Mg, K, S and B iead to an accumuiation of smino acids over protein and re-
ducing sugars over carbohydrate. In support of the above argument is the observation that
s0il 6, which had the most favourable nutrient status as assessed by pesformance value, afforded
the best yield response to increased N and P ieve! (Table 14).

Thestimulatory effect of N and P Jeve! on the reletive nitrogen and phosphorus gon-
tent respectively was consistent on il three sofls. The remxiining trentment effects, however,
differed markedly from soil to soil, as did the various treatment interagtions (Tables 17 and
18). Tt is difficult to ascribe iologicai, or ecological signi to these varled effects,

particularly in the absence of meaningful yield responses. The interactions reported in
‘Tables 17 and 18 were i but no i ions couild be
gleaned from the data. In experiments of this nature it Is often difficult to distinguish be-
tween interactions that occur in the soil and those that occur in the plont (cf.. Hiatt and
Leggett, 1974).

The response of mapane to soil moistura stress was not that expected of a drought
senstitive spacies, For example, Wadlelgh and Ayres (1945) found 2 continuous decrease i
the growth of red kidney beans with increase in soil moisture stress from 1 to 10 atm,
Furthermore,the effects of increasing severity of soil moisture stress, whether due to o
reduced supply of available water, or due to Increasing osmotic suction, were comparable,
The results obtained from this experiment (Fig. 18), suggested that mopane growth was un-
affected by fluctuating osmotic suctions up to 3 bars at least {and tota§ soil moisture ten-
sions up to 18 bars) on the two sofls of higher available water content (sites 4 and 6). On
the soll of very low field capacity and available water content (site 2), however, growth
was reduced by the consistently high osmotic suctions (36 bars) imposed by increased
nitrogen fevels, At the higher osmotic suctions (616 bars), internal osmotic adjustment ap-
peared to have occurred and yield values remained unchanged., With such an ad}ustment
transpiration rate was reduced, but the coef! of water utili was at
a value applicable to unstressed plants (Table 15 and 16),
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On soifs 4 and 6 transpiration rate was unaffected by drying the soil to 15,2 bars
‘matric suction. Slatyer (1957b) found that the transpiration rate of tomato, privet and
cotton plants declined progressively with rising soil moisture stress. Continued transpira-
tion was still observed aithough at considerably reduced rates, at total soil moisture ten-
sions corresponding to permanent wilting of the leaves (20, 38 and 48 atm. for tomato,
privet and cotton respectively). A measure of mopane’s drought resistance may be gauged
from the fact that no symptoms of wilting were detected, even in plants grown on soil 2,
where total soil moisture stresses sometimes exceeded 30 bars under the most imfavourable
watering rogime. Unfortunately the total soil moisture stress equivalent to permanent
wilting of mopane leaves was not determined in this experiment. Nevertheless, observations
made on mopane grown in pots lend support to the hypothesis that the 15,2 bar % does not
set the lower fimit of water availability for this species (Section D.3.4(a)).

Nitroger was implicated in the ability of mopane to ensure a sustained water supply
on soil 2, where total soif moisture stresses fluctuated above 18 bars with alternate wetting
and drying of the soil. Plants subjected to water stress generally show a decline in RNA,
protein and poly ide couwnt, and a ji build up of amino acids and
reducing sugars, (Singh and Alderfer, 1966; Kramer, 1969; Levitt 1972). Assuming this
phenoinenon to hold true for mopane, then the significant accumulation of N in response
to rising osmotic suction (Fig. 19), must have caused a substantial increment in the con-
centration of osmotically active solutes (sugars and amino acids) in the cell sap of the
plants subjected to severe soil moisture stress. This observation, therefore, favours the hypo-

thesis that mopane’s drought resistance mechanism is essentially one of osmotic edjustment
through solute accumulation.

Levitt (1972) broadly classifles xerophytic plants into either a drought-avolding or
drought-tolerating category, Drought avoiders are characterised by the ability to maintain
a high water potentlal, sither through the restriction of transpiration (the water savers),
or by being able to locate sufficient water at depth to maintain a high transpiration rate
{the water spenders). Likewise, drought tolerating plants may be divided into two categor-
les; the dehydration avoiders and the dehydmuon tolera(ors. Plants belonging to the former

category are able to avoid by m equilibrium  between plant and
environmental water potential. This is generally achieved by osmotic adjustment through
solute The tolerators, on the other hand, are capable of almost
complete ion without ining structural or ic damage.

The daily water requirement of mopane (~ 10g/g dry wt./day) places i outside th
category of water saving species (ct.Millar ¢s, ¢/, 1965; Kramer, 1969; Stavik, 1974).
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Equally, the observed tendency of this species to shed its leaves during extended periods

of drought, excludes it from belonging to the class ~f dehydration tolerators. Thus it would
seem that mopane is either a drought avoiding water spender, or a drought tolerant de-
hydration avoider.

The results obtained in this experiment suggest that the drought resistance mechanism
of mopane is primarity one of dehye vition avoidance by osmotic adjustment. Qbservations
made in this study (Section D.2.3.) and by other workers (Miller, 1938; Wild, 1953; Wild,
1955; Thompson, 1960; Porter, 1968, and others) indicate that mopane is not inherently
a deep rootlng species, Water spenders generaily have deep root systems, and rely on water
riserves at or near the water table to ensure 2 high water potential and sustained franspira-
tion output. In the absence of readily utilizable reserves, water spenders exhibit a linear de-
cling in transpiration rate after a set period of time, and usually at soil water potentlals
in the range —6 to -2 bars (Levitt, 1972).

In addition to being shallow raoted, mopane is reportedly associated with alkaline,
calcareous or sodium rich soils {(Henkel, 1930; Eliis, 1950; Hudson, 1970; Eouw,1970; and
others), where osmotic suctions may be expected fo rise sharply on depletion of the avail-
able water supply (ef. Russell, 1973), Cne would not expect a species to colonise such soils
tnless {& was capable of utifizing the high salt content to counteract the detrimentatl of-
fetts of rising osmotic suction.

The adaptive significence of mopane’s resistance to soil moisture stress is discussed
further in Section B. Unfortunately, the existence of an efficient osmotic adjustment
mechanism within this species is based solely on circumstantial evidence. Conclusions
deawn from this hypothesis are therefore only tentative, and must awalt the outcome of
mote detailed studles designed to monitor changes in plant and soil water potential with
time (of. Eevitt 1972). With recent technical advances in the measurement of plant and
soil watar potential it is now possible to conduct this type of study in the field, The pressure
bomb technigue of Scholander of. al, (1965) offers a rapid and fairly reliable means of
assesslng plnnt water potential (cf Statyer, 1967; Kramer, 1969), whilst the temperature

devel by Rawlins and Dalton (1967) may be
used for obtaining field recoxﬂlngs of soil water potentinl, More recently, readings on
plant water potential have been obtained using an adaptation of the latter techsique
(Stavik, 1974).

D.5. Controlled Environment Studics — Mg, K and Na Interactions
D.5.). Yield

The mean yield responses of mopane to factoriui combinations of Mg, K and Na are
siven in Appendix 11. The main treatment cffects were best reflected in the analysis of
whole plant yields (roots and shoots). A summary of the results is presented in Table 19,
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Mean yields on the three soils differed appreclably being 2,03g on soit 2, 5,17g on soil
14 and 4,61g on soil 6. Overall, magnesium increased the yield on all threg soils but the effect
was only significant (P < 0,001) on soil 2. isingly, tum had a detri effect
ot the growth of mopane on alt three sojls (P < 0,001 for soils 2 and 6; P < 0,05 for soii
4). Increased sedium level was also associated with a significant (P < 0,001) decline in

yield on aif three soils.

‘The sbove effects are filustrated in Figure 20 where ylelds are plotted against increased
magnesium level in the presence and absence of added potassiim and/or sodium. By itsalf,
magnesiun stimulated growth on soil 2 but caused a deciine in yield on soils 4 and 6. How-
sver, planis grown on the two latter soils did respond positively to intermediate jevels of
magnesium in the presence of sodium or potassium (cf.. Fig. 20 and Plate 11).

Sodium and potassium interacted significantly (P < 0,05) on soils 2 &nd 6. The nature
of this interaction may be gauged from Figure 20 where clearly, the reduction in yield
with Na and K supplied individually was greater than the offect on yield of supplying the
twir elements together. A similar trend was apparent on soil 4, but failed to attain signi-
ficance at the 95% confidence limit. The above Interaction is illustrated further in Figure
21 whers yield values averaged over replicates and maghesium levels are plotted apainst the
sodium content of the soll,

The observed effects of Mg, K and Na on yield gave tise to a number of distinct pos-
sibilities, For example, the detrimentat effscts of K and Na treatment may have been due
to the creation of cation imbalances within the plants, or alternatively, to the imposition
of unfavourable osmotic stresses in the soil. Tissue analyses were therefore performed in
an attempt to clarify the above observations.

12.5.2. Chemical analysis of plant tissue

The relative cation content (Ca, Mg, K and Na): of mopane grown under factorial
conibinations of Mg, K and Nn is given in Appendix 12 and 13. A summary of the main
trentment effects on the relative content of individual cations is given in Tables 70 1o 23
and the effects on fotal relative cation content & Co, Mg, K, Na meq %) in Tabie 24.

(a) Relative calctum content

‘The mesn relative calcium content of plants grown on the three soils was 39,5 meq %
for s0il 2, 75,8 meq % for soll 4 and 68,0 meq § for soil 6 (Table 20}, Increase in magnesium
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PLATE 1}.

The elfect of factosial combinations of Mg, K and Nu on the growth of mopan- in
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lavel was associated with a significan? uectease in calcium concentration within the plant
tissue (P < 0,05 for soil 2; P < 0,001 for soil 4 and P < 0,01 for soil 6). Potussium caused
a significant (P < 0,001) decrease in the relative Ca content of plants grown on soif 2. On
soils 4 and 6 a positive response to K was obtained, but this effect was only significant

(P < §,05) on the latter soit. The effect of sodium was similar to that of potassium, but
significance (P < 0,01) was only atfained on soit 4. The significant negative interactions
between Na and K on soils 4 (P < 0,05) and 6 (P < 0,001) are illustrated in Figure 22.
Clearly, ti.c increase in relative calcium content of plants was greater for Na and X indivi-
dually than when supplied together.

(b) Relative magnesium content

The mean relative magnesium content of mopane did not vary markedly, being 24,01,
20, 79 and 24,01 meq % for soils 2, 4 and 6 i (Table 21). The of
magnesium on all theee soils increased significantly (P < 0,001 for soils 2 and 4; P < 0,05

for sail 6) with increased magnesium level. Potassium significantly enhanced the uptake of
agnesium on soils 4 (P < 0,05} and 6 (P < 0,01}, whilst on soi! 2 a slightly negative response
was obtained. Sodium also enhanced the ion of fma, causing a s

increase in the relative magnesium content of plants grown on all three soils (P < 0,001 for
s0ils 2 and 6; P < 0,01 for soil 4). There wer> no significant interactions between Mg, K and

Na on the relative imagnesium contént of mopane grown in pots.

{c} Relative potassium content

Fhe mean refative potassium content of mopane was 73,66 meq % on soil 2, 64,04
meq % on soil 4 and 69,35 meq % on soil 6 (Table 22). Incréased potassium Jevels catised
a significant (F < 0,001) increase in the ac*umuiation of potassiom on all three sofls, So-
digm decreased tl: relative potassium content of planis grown on soil 2, whilst on soils 4
and 6 a positive bul nonsignificant response was obtained. Magnesium ireatment decreased
the level of potassium on all three soils, but this effect was only significant (P - 0,05) in
plants grown on soif 4, There was aiso a significant (P < 0,05) interaction between K and Na
on the relative potassium content of mopane grown on soil 4. Relative potassium values,
averaged over roplicates and magnesium levels and plotted against the sodium content of the
soil, showed this interaction to be positive (Fig, 23). Clearly the increase in relative potas-
sivm content was greater for Na and K supplied together than for each cation supplied in-
dividually.
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(d) Relative sodium content

Mopane on 2ll three soils accumulated very little sodium. Mean values for relative
sodium content were 7,8 meq % on soil 2, 4,20 meq % on soil 4, and 10, 11 meq % in soil
6 (Table 23). Sodium treatment enhanced the accumulation of sodium by plants in all
three soits (P < 0,01 for svil 2; P < 0,001 for soils 4 and 6). Potassium also enhanced
sodium accumulation on ail the svils but the effects were not significant. Magnesium on
the other hiand decreased the relative sodium content of plants, but this effect was only
significant (P < 0,05) on soil 4. There were no significant interactions between Mg, K and
Na on the relative sodium content of mopane grown in pots.

(e) Yotal velntive cation content (£ Ca, Mg K Na meq %)

The mean total relative cation content of mopane was 144,9 meq % on seil 2, 163,85
meq % on soft 4 and 171,4 meq % on soil 6 (Table 24), Magnesium treatment caused an
overall decline in total cation fon, this effect being signifi (P < 0,001) on
scil 4, Potassium caused an appreciable increase in total cation sccwmulation on all three
sofls (P < 0,01 forsclls 2 and 4, P < 0,001 for soil 6). This was also true for sodium treat-
ment on seils 4 and 6 (P < 0,001}, whilst on soil 2 a slight negative response was obtained.
The above responses clearly reflect the main effects of Mg, K and Na treatment on the re-
lative content of individuat cations (comparz Table, 20.to 23 with Téble 24), There were no
interactions between Mg, K and Na on the fotal relative cation content of mopane grown
in pots,

+as immediately apparent from the tesuits reported that the detrimental effects
“1and potassium could not be explained in terms of these two » *+ ats causing
«tion Imbalances within the plant tissue. For example, both Na. a 4 \ caused ap-
precigbie inoreases in the relative magnesium content of plants grown on ah ... v soils
(Table 21), Thus the favourabls effects of Mg-treatment were not due to incrsased levels of
this cation ing a K—Na fsm to ium uptake. A istic effects
to sodium and ium did oceur. For example, on soit 2 so~

dium inhibited potassium uptake (Table 22) and potassium inhibited calcium accumula~
tion, Further, & Jimited degres of K~Na antagonism could possibly be inferred from the
interaction of these two nutrients on yleld (Fig. 21) and from the observation that sodium
treatment reduced the total amount of ~otasslum (meq) accumulated by plants on afi
three solls. However, these trends and intetactions did not account for the strikingly de-
trimental effects of sodium and potassium on yield.

It seemed possib » therefore, that the mein effect of these two monovalent cations
was to cause a build up of unfavourable osmotic suctions in the sofl solution. This view
was prompted further by the observation that both sodium and potassium caused a marked
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increase in the total retative cation content of the plant tissue (Table 24). Evidence has

afready been preduced for mopane ing an osmotic adjf ism, and the
importance of organic solute accumulation (amino acids and sugars) in such a mechanism
was outlined (Section D.4.3.},

A , soil solution fons at the 0,33 bar were

for each soil, taking into account the ammonium nitrate added in the basal nutrient solu-
tion, the “balanced out™ levels of sulphate (see Section C.4.1.(b)) and the amounts of chlo-
ride anion ing sodium and i ‘The contributions of Mg*,

K* and Na* to osmotic suction were not taken into consideration since it was not possible
to estimate the soil solution concentrations of these cations for each treatment. The osmotic

values piven here are therefore an und . sstimation of those which actually prevailed at
commencement of the experiment. ' ¢ contribution of sodium and potassium ions to
osmotiv suction must have been fairly substantial, particularly in those pots where cation
saturation exceeded "100 pes cont (Table 4 — Sertion C.4.1.(b)).

Total piant yields and total relative cation content, averaged over replicates and mag-
nesium levels, are plotted against osmotic suction in Figure 24 (» = RTC ;see Section
D.4.1.). Clenrly, an increase int osmotic suction from ~ 2--9 bars with increased application
of sodium and/or ium was iated with a marked ieli decrease in yleid on
alt threc soiis {Fig. 24A). This trend was identical to that obtained in a previous experimtent
{Fig. 18) when increased N levels caused the osmotic suction on soil 2 to rise above 3 bass.
Decfine in yield was accompanied by a marked increase in the relative cation content of
the plant tissve, (Fig.24 B). With the exception of plants grown on soil 2 {where salt
uptake was imited by low T.E.C. and C.E.C.) the cation content curves appeared to be
mirror images of the yield curves. This suggested that increase in relative cation conteni
was due mainly to a concentration effect brought about by reduction in yield at the higher
osmotic suctions. A specific mechanism for the pumping of solutes into the plant to create
higher osmotic pressures of the cell sap would therefore ssem to be highly Improbable.

D.5.3. Discussion of results

‘The most striking features to emerge from this experiment were:

(]

the adverss effects of both sadium and potassium on yield (Fig. 20; Plate 11);
{b]

the refatively low levels of sodium accumulated by mopane (Table 23);

{c

the favourable effects of increased levels of sodivm and potassium on the
relative content of magnesium (Table 21), and finally,

{d;

the ability of intermediate levels of magnesium to partiaily reverse the de-
trimental effects of sodium ang potassium on yield (Fig, 20),
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The detrimental effects of Na and K were primaxily due to unfavourable osmotic
suctions which developed in the soil solution, Osmotic suctions between ~ 3 and 8 bars
resulted in 1 marked curvi-linear decrease in yield on all three soils (Fig. 24 A). This re~
sponse was strikingly similar to that obtained on soil 2 when increased fevels of nitrogen
at 0,33 bars moisture content caused osmotic suctions in the soil solution to exceed 3 bars
{Pig. 18). The slight tendency towards levelling off of yield-dscline at suctions exceeding 8
Dbars could be interpreted as further evidencs for an osmotic adjustment mechanism in this
species. It should be remembered that the osmotic suction values given i Figure 24, and in
particulay those values representing maximum treatment levels of Na and K (K Nay), are
snore than likety an underestimation of the suctions which actually prevailed in the soil so-
lution (See Section D.5.2.). Had the contribution of cations to osmotic suction been taken
into consideration then the tendency towards levelting off of yield response would undoubt-
edly have been more pronounced (in that higher suctlons would have been achieved).
Measurements on the tota} relative cation content indicated that soil solutes were rot
specificafly pumped into the plant to counter the detrimental effects of soif moisture stress
{Fig. 24B). The possiblity of the osmotic adjustment process occurring through a change
in metabolism to produce an accumulation of organic solutes is discussed at a later stage.

For a species which reportedly ¢olonises soils of high exchangeable sodium content
(Ellis, 1950) mopare accumulated surprising'y little of this cation. By way of contrast
Bower and Wadleigh (1948) found that sodium-sensitive bean plants were able to accumulr.te
up to 100 meq % Na when this cation was supplied at a rate of §5% of the C.E.C.. Rains and
Epstein {1967a) (1967b) and Epstein ef al. {1969) offer a convineing theory for the almost
universal presence of K* over Na* jons in plant cells. Their workon excised barley roots
fed them to conclude that there were two distinct uptake mechanisms In plants, The first
mechanism (Mechanism I) was operative at low external concentrations {0,002:-0,2mM).and
had a much higher affinity for K* than Na* lons. The second mechanism (Mechanism I1)
operated at higher concentrations (,2~50 mM) and possessed more or Jess equal affinity
for both sedium and potassium. Since both mechanisms are thought to be functional
at concentrutions exceeding 2mM plants must invartably accumulate more potassium than
sodlum. Mechanisms 1 and 11 of atkali cation transport have become widety nccepted today,
the only proviso being that workers now think that absorption through mechanism IX is
essentially n passive process involving diffusion and Donnan phenomena (Hiatt and
Leggett, 1974; Mengel, 1974),

The low levels of Na accumulated by mopane would seem to suggest thal this cation
is only absorbed passively, possibly throrgh a system similar to that of mechanism Il of
alkail "cation transport. In recent years, however, much attention has been given fo evi-
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dence of an active sodium extrusion mechanism in higher plants (Pitman and Seddler, 1967;
Pierce and Higinbotham, 1970; Mengel, 1574). The possiblity of such a mechanism account-
ing for the low Na status in r;opane cannot be excluded, although no convincing evidence
could be obtained from the data in this regard. Unfortunately factorial experiments do not
fend tiemselves to conclusive predictions on the precise nature. of uptake mechan-

isins operative in plants {cf, Hiatt and Leggett, 1974). Moreover, Elzam and Hodges (1967)
warn of the hazards of applying results with one or more plants to all species. Furthermore,
care should be faken in extrapofating the findings of excised root studies fo whole plant be-
haviour (White, 1973).

Contrary to expestation, sodium and potassium treatment regularly increused the re-
lative magnesium content of the plant ticne. Bower and Wadleigh {1948) for exumpls,
found that sodiunrireatment {1 5% of C.E.C.) was sssaiciated with a decline in yield and a

concomitant deiiin in relative calcium, magresivn and pefassium content. Potassium and

sadiur treztire at is frequently associated with a decline in caicium and magnesium accumu-
{ation. {Co-sper and arvan, 1942; Wallace ed il 1948; Lunt and Nelson, 1949; Martin
et al, 1953, Omar aad £1-Kobbia, 1966.7 uswll, 1973).

‘There tlid appear to be a certain degree of jonic antagonism involving Na and K on.
all three soils For example, sodium inhibited potassium uptzke and potassium inhibited
caloium accw 2ulation in planis grown on soif 2 (Tables 22 and 20). Also, the interactions
obtained tett. een potassium and sedium or yield (Fig. 21) and on calcium accumulation
(Fig. 22) were suggestive of a imitcd degree of K—Na antagonism on soils 4 and 6. It is
possible that these competitive fnferactions prevajied as a resuit of soil solution concen-
trations approaching the range at which Mechanism I1 of alkali catior transport is operative
{see above). i these int: jons could be a i of the concept nf

“cation equivalency” i.e, that there is a imit to the total internal concentration of cations
which a plant can tolerate (¢f: Russel, 1973; Hiatt and Leggett, 1974). In support of this
suggastion it may be noted that the healthiest plants on all three sofls seemed to be those
associated with the lowest total cation concentration {compare Tables 19 and 24).

A third interpretation may be accorded to the interaction between K and Na on the
dry weight yield of mopane (Fig, 21). It is possible that the greater osmotic suctions in
the soil solution when K and Na were supplied together induced an increased capacity
for osmutic adjustment of the cell sap, With such an adjustment yield was not depressed
85 much as might have been expected if the effects of K and Na were additive.




102

The yield response of mopsne grown in pots i the i of

to this species. On soil 2 which had low levels of exchangeable magnesium (Tables 3 and
5, cf. Bould, 1963: Russéll, 1973) this cation caused a significant increase in yleld under
all favtorial combinations of Mg, K and Na (Table 19, Fig. 20). On soils 4 and 6, however,
magnesium only improved the yield of piants subjected to potassium and sodium treat-
ment. On zll three soils increased Mg levels were associated with significant increases in
relative magnesit'ra content and a concomitant decline in relative calcium, potassium and
sodium content. With the possible exception of relative calcium content, this trend ap-
peared to be a dilution effect brought about by the stimulatory effect of magnesium on
growth. The significant (P < 0,05~P ¢« 0,001) decline in relative calcium content on all
three soils was suggestive of a marked degree of competition between magnesium and cal
cinm. On sofl 6 in particular, the relative and (-tal caicium vontent decreased significantly
with magnesiuin treatment. This observation Is cansistent with excised roat work on other
species ( ¢f. Hiattand Leggett, 1974).

1t is doubtful whether the observed yield responses to magnesium on soils 4 and 6
could be explained in terms of an improvement in cation balances within the soil-plant
system. The application of magnesium to soil 4, for example, caused the Ca:Mg ratio to
change from 6,33(Mgg)to 2 more favourable value of 1,85 at Mg, (see Section D.3.44b)).
This change, however, had an rdverse effect on mopane grown in pots (Fig. 20). The fact
that sagneslum was caly beneficial to plants grown under conditions of osmotic stress
(i.e. plants receiving & w...! Na treatments), suggested that this cation played a tole in the
osmo-regulatory system of mopane. Megnesium is of universdl Importance in enzyme
systems which catalyse group transfer (e.g. Fuy, javd o nvime importance in organic acld
production (Hewitt, 1963, Nason and McElroy, 1963). A magnesium catalysed production
of organic solittes would benefit the plants by increasing cell sap concentration and thereby
countering the detrimentai effects of rising soil moisture stress.

Although the concentration of soil cations In the plant tissue increased markedly with rising
osmotic stréss (soils 4 snd 6, Fig. 24B) these levels were nevertheless within the range ex-
pected for mesophytic species (cf. Bower and Wadlelgh, 1948). A metabolic contribution
towards Increased celt sap conceniration appeared therefore to be highly probable,since~
mopane was able to tolerate soif moisture stresses inimical to mesophytic plants. 1t is
possible that unfavourable moisture stresses in the soil solution trigger off a Mg-catalysed
preduction of organic solutes. This suggestion is in keeping with the view developed in the
previous experiment where it was argued that the osmotic adjustment mechanism involved
a shift in equilibrium between protein and non-protein nitrogen (Section D.4.3.),
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The fact that the highest treatment levels of magnesium (Mgy) were detrimental to growth
may have been due to internal salt concentrations exceeding ths cation equivalency optimum
for this species.

In the light of the above resuits, it would seem that the role of magnesium in improving
growth performance in the field (Fig. 12), Jies mainly in its ability to partialty reverse the
detrimental effects of osmotic stresses imposed by soit moisture deficit. The relationship
of performance value to various cation ratios in the soil (Fig. 14 and 16) cannot be reconciled
in terms of impeded magnesium uptake or specific membrane effects as was previously sug-
gested (SectionD.3A(b)). The ability of this species to adjust to osmotic stresses, together
with its ability to maintain a low Na status, may account for its reported occurrence on
sodium influenced snils (Ellis, 1950 Hudson, 1970), Clearly this species would enjoy a com-
petitive advantage on such soils, which, apart from having sodium as a potentially detriment-
aljon, usually have poor structure and unfavourable moisture characteristics, Further research
involving, for example a study of Michaelis-Menton type absorption kinetics (of. Fried and Broes-
hart, 1967) and organic solute equilibria under conditions of osmotic stress must obviously
be forthcoming before the above views can be verified.
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E. CONCLUDING DISCUSSION

‘The main conclusions of this study have been ised from preceding

and are iitemived below. Future and perhaps more intensive investigations along the
mopane belt of isouthern Airica may well inedify existing concepts, and it is hoped that

this preliminary study will stimulate renewed Interest in one of the most ecologically im-

portant taxa sotith of the equator,

€

0

O

(c:

Mopane is generally coafined to areas of low to moderate rainfall (200--800mm
p.a.) and is Intolesant of severe frosts. The northern ut d southern boundaries

of this spacies appear to be determined by the 1000mm mean annuel rainfat!
isohyet and the 5°C July mean daily minimurm isotherm, respactively (Section
D.1.2), Htsd of low winter in particular. may well account
for disjunction in its distribution noted atong the 189 line -5 iatitude (Fig. 7).

The distribution range of mopane exiends over a wide variety of geological
formations and soit types {(Section D.1.3; Fig. 10). It is nevertheless conspicuous-
iy absent from areas with an overburden of deep Kalahari sand, Qbservations
made on a regional basis also suggest that mopane is intolerant of deep sandy
soils (Boughey, 1963; van der Schijff, 19692; van Wyk, , 1972a; Walker, pers.
com.). It is possible therefore, that the discontinuity in the distsibution of
mopane along the 1898 line of latitude coincides with sandy soils too deep for

its effective isation ond According to Mountain {1968)

the Kafahari sands east of Btosha (S.W. Africa) often exceed 240in In thick-

ness.

Qbservations made at eight different san.ple sites in southern Africa suggest
that mopane is essentially a shallow rooted species, growing predominantly on
shalfow to moderatety shallow,lime-accumulating sands over loamy .ands or
sandy loams over sandy clay loams (Section D.2.4; Appendix 3). This con-
clusion is in accordance with the views of Mille:  238), Trapnell ef 4l (1948),
Wiid (1953)(1955), Thompson (1960)(1965) and Thompson et al, {1969). The
shallow rooting habit of mopane may be one of the criteria responsible for its
fatel rance of deep sandy soils. Apart from affording very little mechamcat
stabiity, these scils also exhibit poor moisture retontion properties at or near
ihe surface.
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(d) Measurements aade on the growth of mopans in the field {as assessed by per-
formance value) and in pots under controlled environment conditions suggest
that this species is capable of growth at matric suctions exceeding 15,2 bars
{cf. sections D.3.4, and D.4.3.). Indeed mopane szedlings grown in pots were
capable of withstanding total soil moisture stresses up to at feast 32 bars without
showing visible signs of temporary wiiting. This observation supports the view ~f
Slatyer (1957a; 1957b) that the P.W.P. (as given by the soil water content at
15,2 bars matric suction) is not a soil constant defining the lower limit of water
availability for «ll plants.

(e

Although the dry welght yield of mopane declined appreciably with rising os-
motic suctions within tne range ~ 3 to 8 bars, It nevertheless malntalned 2 con-
stunt growth rate at suctions exceeding 8 Lars (up to 15 bars at least) (Fig. 18).
This, together with the fact that stressed plants maintained a constant coefficient
of water utilization (Table 16), indicated a capacity for internal osmotic adjust-
ment. The significantly higher relative nitrogen content of stressed plants (Flg.
19) suggested that this mechanism may involve an increase in osmotically active
nitrogenous compounds within the celt sap. An inevitable consequence of stich
an sdjustment wonld bs a reductioy in growth because of a shift In equilibrium
detween rotrin and '’ in mitrogen. tess this shift in f

eould . e strong survival nnd competitive advaatages. Clearly one would not

e <pect mopane to colonise saline or -4it kecunulating soils{ct. Hudson, 1970)
unless it had an effective mechanism for vasuring a sustained water supply, par-
toularly in times of drought when soil osniotic suctions might be expected to
inerease sharply (Russelt, 1973 p.751).

(f)

Growth performance in the fisld was appreciably reduced in solls with Jow levels
of nitrogen and phosphorus (Fig. 11) and in soils of low C.E.C, and T.E.C. con-
tent (a.¢. Soils 1 and 2; of. Tables 5 and 11). In particular, mopane showed a
striking on ium content and on ths ratic of
this eation to other soll nutrients, notably ealeivm and sodium (Fig. 12, 14 ond
16). Exchingeable sodium and optimum levels of exchangenble calcium, on

the other hand, appeared to be detrimental to growth (Fig. 13 and 15). The
Importance of magnesium was demonstrated further under controlied environ-
ment conditions. Intermediate levels of this cation partially reversed the detri-
mental effects of osmotic stress Induced by sodjum and potassium supplied at
18% of the CE.C. (Fig. 20 + 24; Section D.5.3.). The response of performance
vatue to increased magnosium ratios In the flefd appeared therefore, to be tie
result of a Mg-induced improvement in water uptake rather than an improvement




in the status of this cation relative to other cations in the plant tissue, Mag-
nesfum may well play a role in the osmotic adjustment mechanism of mopane,
by catalysing the formation of orginie nitrogenous compounds snd thereby in-
creasing the osmotic pressure of tHg cell sap (of: Sevtion D.4.3. and D.5.3.).

In this context it is tempting to subgest that the intolerance of mopane to deep
sandy soils stems amongst other things from an inadequate supply of magne-
sium (cf, Blair Rains and McKay, 1968) and a consequent inability to adjust

to drought conditions.

Mopane seedlings grown in pots maintained 8 low sodium status inspite of this
catlon being supplied at o rate of \15% of the C.E.C. {Table 23). This observation,
together with that of the plant’s ability to withstand severe soil moistura stresses
may well account for its reported.oecnirrence ont soils with a high sodium content
(Ellis, 1950; Staples and Murtay, i_@Sl 3 Hudsun, 1970). Implicit in this statement
Is the viewpoint expressed in Sectiéxi D.2.4., that mopane is not a prima fucie
cause of sofl Infertility as is popularfy believed. Rather its ocourrence on such
soils reflects its wide ecologleal ampiitude and adaptability to wdverse solf con-
ditiong, Many of the conflicting qiﬁlhions held on this species could be reconciled
it viewed in the light of the nbave»_&umluslun (Section B.3.),

(&

Finally, mention shoull be made of tl\éjpossih]r. 1ok of this species in the maintenunce
of ecosystems in the dry tropics of southern Aftica, Current thinking, suggests that eco-
system integrity in such arens deponds largelyf 6n the presence of certain plant species which
possess 8 high level of tolerance of a wide spiécfnlm of environmental stresses (Walker, pers,
com.). Although the removal of these speciés hay result in a flusk of increased productivity
by less resistant plant groups, thie long term g\ljco1ne i3 inevitably one of regression towards
barren and eroded land. The fretors responsibié for this dectine in ecosystem vigour are as
yet rot fully understood, Mopane may well # fato the “key spacies” category outtined
above. Apart [rom being resistant to a wide t@nge of unfavournble soll coridlitions; it possess-
o5 a remarkable ability for recovery from ﬁra! light frost and overbrowsing (Section B.2,
and B.4.), Its recovery invarlably takes the {8 of an extremely competitive coppicing
shrub which excludes the 51 of less ¢ plant species. The
i ing its role fx the sinos
{e.. indiseriminate bun-

Iatter should not ba
copplee mopane s an inevitable
ing and overgrazing). The reslstance of mopnﬁm to a wide spéctrum of environmental stress-
38 together with its lnportance as a source oﬁb}eww for wild animals, suggests that this
species piays an indispensibio role in the mné%lonmg of ecosystems in the dry tropics.
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APPENDICES

APPENDIX 1 Mean maximum tempesatures (°C) for three stations along the Zambezi
Valtey. Northern Rhodesia (Cllmatological Summaries, 1963).

Blnga Chirundu Kariba Gorge
Month 17,3898, 27,20°E 16,0008, 28,54°E 16,3198, 28,46°E
Alt. =617m Alt. = 395m AL = 60d4m
July 26,8 28,4 28,4
August 297 31,4 31,1
September 334 34,6 34,2
Qctober 36,2 375 36,8
Novenber 33,5 35,6 355
December 32,6 32,5 324 {
Jnnuary 31,1 31,6 31,8 i
Pebruary 30,3 31,2 31,0
March 318 32,0 32,4
April 32,2 32,3 33,7
May 30,6 30,9 30,7
June 274 28,2 28,3
Year 31,3 32,2 32,1
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APPENDIX 2 Standard nutrient solution used in controtled environment studies

Application per pot

Stock solutions
(M) or {g)/litre

Diintion procedure

2,8mM, CaCly.HyO
2,8mM. Mg804.7TH 0
1AmM. K450,

20mg, Fe-BED.T.A.
70mg. MnCly 4H,0
7mg, ZnS04.7HoO
3,5mg. CuS04.5HHO
3,5mg, HBO3

1,4mg. Nay, M004.2H20

0,4M
0.4M
0,2M
4,00
10,08
1,08
0,5¢
0,58
0,2g

350ml aliquots of
ench stock solution
were combined in a
5L volumetric flask
and made to volume,
100mls of bulk
solution yielded

the required
nutrient levels

per pot,
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APPENDIX 3. Profile descriptions for soil pits dug at each sample site (¢f. Clark and

Beckett,1971). :

!

Profile § Sample site 1. Pit 46cm deep at base of mopane tree (8m), !
0-{5cm Horizon . Light grey sand, self-coloured, structureless and loose, |

Several very large woody latera) roots, no tap root, Merges into i
horizon 2.
15~-460m Heorizon 2. Light brown fonmy sand, self-coloured and joose, Very

wenkly developed siructure — small crumbs with soft consistency
when dry. Several very large woody lateral roots with numerous
{ibrous secondasy roots. Gacasionat boulders, becoming increasing:
1y stony with depth.

46cim Hortzon 3. Suightly darker, very stony, decomposing rock - (sand-
stone)
i
. Profile 2 Sample site 1. Pit 46em deep, st foot of scrub mopana {Im)
| 0-15em Horizon t. Light grey send, solfocolouted, structureless and loose.

One farge tap root, with many flbrous secondary roots developing at
12crm; merges into horizon 2.

15~46cm Horizon 2. Light reddish brown Joamy sand, self-coloured, loose,
Very weakly developad structure — small and medium crusmbs;
with soft consistency when dry. Few reddish coneretions and
numerous small rounded stones which inorease In size and number
down the profile. Large tap root, no secondary roots,

46 om Darker, d ing horizon 3, fy lavge stones and
rock, Large tap root penetratos into decomposing parent material
(Sandstone).
Analytical data for profiles { and 2
Frofils Dopth  Moisture Bulk P CBC lxshangoablo antlousimen %) Saturtion
D (e (maq &) Cu Mg 3 Na )
1015 6 e 678 g2 230 280 0% 099 818
] 1546 RIS 1,9 848 B46 290 280 08 0N 950
i
2 0-15 586 16 586 628 248 L10 029 043 684

185-46 795 192 798 838 350 1,60 048 062 788
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APPENDIX 3 (continued)

Profile 3 Sample site 2. Pit 61cm deep, at foot of scrub mopane (1m}.
0—10cm  Horzon 1. Light grey sand, self-coloured, structureless and joose.
10~20cm  Horizon 2. Light brown sand, self-coloured, structureless aid loose,
Large tap root with large, strong, woody secondary roots at 20cm.
20-6tem  Horizon 3. Clenrly defined. Reddish brown sandy lowm, self-coloured
and friabte, Weakly developed structure - lasge crumbs with soft

consistency when dry. Large, free growing, woody tap root with fine
florous secondary roots.

o 6lem Horizon 4, Very stony with occasionat boulders, Stones coated with
red and black dust, probably iron und manganese stainiug, Difficult to

penetrate with pick. Tap root into

Profile 4. Snmple site 2, Pit 53cm deep, at base of tall scrub mopane (3m).
O—10om  Horizon 1. Light brown sand, self-coloured, structureless and loose
Single, large, fres growing, woody and strong fap root.
10-22em  Horizon 2. Clearly defined. Reddish brown sandy loam, self-coloured
and friable. Weakly developed structuse — large crumbs and oceasion-
o] gmall nuts with soft consistency when dry. Large free growing woody

tap root with well developed secondary roots at 15~53om depth.
S3em Darker decomposing horizon 3. Very stony and gravelly, Tap rgot
twisted and distorted,

Analytieat data for profiles 3 and 4.

Proffio Dopth  Moistur gull:n i CLEC TGixohangeablo ontlons (mag % ) Satuzation
o g
o) (R) (g (g %) Ca Mg XN [§2]
3 0~15 5,69 126 5,59 3,50 2,60 0,24 018 0,04 874
15-60  §41 1,83 341 4,04 238 0,34 026 0,04 748
i 4 010 6,53 172 6,53 5,84 25 0,74 0,32 0,04 62,2

10-50 750 180 750 505 340 091 099 006 878
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APPENDIX 3 (continued)

Profile 3 Sample site 2. Pit 6icm deep, at foot of scrub mopane (1m).
0—10cm  Horizon |. Light grey sand, self-coloured, structureless and loose.

10-20em  Horizon 2. Light brown sand, self-coloured, structurefess and loose,
Large tap root with large, strong, woody secondary roots at 20cm,

20~6icm  Horizon 3. Clearly defined. Reddish brown sandy oam, self-cotaured
and friable. Weakly developed structure « large crumbs with soft
consistency when dry. Large, frce growing, woody wap root with fine
fibrous secondary roots.

6lem Horizon 4. Very stony with cccasionnt boulders. Stohes coated with
red and birck dust, probably iron and manganese staining. Difficult to

penetrate witlt pick. Tap roct Into posing

Profile 4. Samply site 2. Pit §3em deep, at base of tall serub mopane (3m).
O~10¢m  Horizon 1. Light brown sand, self-coloured, structureless and Joose
Singte, lasge, free growing, woody and strong tap root.

J0-22¢m  Hotizon 2. Clearly defined. Reddish brown sandy loam, self-coloured
and friable. Weakly developed stricture —~ large crumbs and ocoasion-
al smai] nuts with soft consistency when dry. Large free growing woody
tap root with well developed secondary roots at i§—§3om depth.

$3cm Darker decomposing horizon 3, Very stony and gravelly, Tap root
twisted and distorted,

Analyticat data for profiles 3 sad 4.

Puoflle Depth  Mobturo Ik CRC_changoablosatons (meq 5 ) Seturstion
e () g Gnoq #) Ca Mg KN §]
305 56 126 589 350 260 024 08 004 874
15-60 541 1,83 541 404 238 034 2% 0,04 8
4 0-10 6§53 Ln 6,53 5,84 53 0,74 032 004 62,2

0-50 7,50 160 750 605 340 091 093 006 B78
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APPENDIX 3 (continued)

Profile 5 Sample site 3. Pit 100cm deep, at foot of scrub mopane (3m).

0-2em Horizon 1. Light grey sand, self-coloured, structureless and loose.

2—12cm  Horizon 2. Greyish sandy loam, seif-coloured and friable. Moderately
developed structure — medium nutty with slightly hard consistency
when dry, Large tap root, woody, free growing, with large well develop-
ed secondary roots starting at 12 em.
Merges with horizon 3.

12—100cm Horizon 3. Groyish brown sandy clay loam, speckled with aumerous
white flecks, and fairly compact. Moderately devetoped with small round-
ad and anguler clods, hard consistency when dry, Hordzon scored by
numerous, thin vertical cracks, White concretions (CaCO3) become evi-
dent ¢t 80om, Large tap root, woady, free growing and strong; secondary
roots becoming more fibrous with depth. Tap root ends abruptty at 80em.

100cm White impenetrable crust, probably calcrete,

Profile 6. Sample site 3. Pit 40cm deep, base of largs mopaie tree (10m).
0-20m  {Same as profile 5).
2-10cm  (Same as proflie 5). Numerous very Jargs interal roots, woody, free growing
and strong; no fap root; trunk holiow.
12~40cm  (Same as profile 5). Large lateral roots traverse profile pit, making
further digging difficult.

Annlytical dotn for profiles 5 and 6.

Proflls  Dupth  Molature 3«"':4 ; P CREG Exchangoubls cations(nioq %) Sutarution
nslty
Cem)  (3) gromd) tmog ) Ca My 3 Na &
H 0-10 440 1468 50 1690 6,87 3,86 0,50 02l 65,8
40-60 9,90 1,99 62 28,25 10,78 872 0,87 228 84
6 0-10 241 1,64 59 16,00 630 2,63 097 038 64,3

30-40 860 199 T 125 L8 941 082 038 96,3
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APPENDIX 3 (continued)

Profile 7 Sample site 4. Pit 46cm deep, at foot of scrub mopane (3,5m).
0—Sem  Horizon 1, Light grey sand, seif-coloured, structureiess and loose. Merg-
ing into horizon 2.
5—46cm  Horizon 2. Greyish brown silty clay loam, Weakly de “oped and friabie
with large crumbs, soft ta slightly hard consistency when dry. Many hard
and rounded white concretions (CaCOj3) increasing in number and size
down the profile. Numerous large, woody lateral roots and a dense

network of fine fibrous roots; no tap root.

46em Impenetrable calcareous crust. One or two fibrous roots entering
calcrete.
Profile 8 Sample site 4. Pit 50cm deep, at foot of voppicing serub mopane (im),

0~10cm Horizonl. Greyish sand, setf-coloured, structureless and loose.

Merging into horizon 2,

10-50cm  Horizon 2. Greyish brown silty clay loam, seff-coloured and friable.
Weakly developed structure — large crumbs with soft consistency when
dry. Numerous white concretions. Soil becomes slightly more compact
with depth.

50~60cm  Horizon 3. Little soil surrounding numerous large rounded white con-
cretions. Many medium, strong fibrous roots.

60cm Solid calcrete with few large woody lateral roots.

Anslytical data fox profiles 7 and 8

Proffls  Depth  Moisture Bulk pH  CEC angoablo cations{meq 5} Saturetion
density —e
(em) (B @ (eq®)  Ca Mg X Na 35
7 2030 532 1352 3 17,50 1,78 1,18 123 17 31
45 5,26 1,62 7.4 18,38 12,78 1,32 141 0,30 8.4
8 10-26 3,85 1,54 N2 19,38 12,18 L1 169 6,17 84

40-50 464 LSE 73 2025 ST nz o L8 ol 9.7
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Profile 9 Sample site 5. Pit 100 cin deep, at base of scrub mopane (0,25 m).
0-8m  Horizon 1. Greyish sand,self coloured, structureless and loose.
8-70cm  Horizon 2. Sharply defined. Darkish brown sandy clay loam, se'f-

coloured and compact. Moderately developed structure — large autty
peds with a hard consistency when dry. Large woody and strong tap
root with fibrous secondary roots coming off at intervals. Mesges into
horizon 3,
80—100cm Horizon 3. Similar to horizon 2, except for presence of numesous white

speckles. Tap root becomes twisted and distorted and terminates at
90cm. Holes in this horizon, probably caused by termite activity.

100cm Impenetrable calcrete.

Profile 10, Sauple site 6. Pit 59cm deep, at base of coppice mopane .(1,5m)..

0~5cm  Horizon 1. Light brown loamy sand,setf-coloured, structureless and
loose. Merging into horizon 2,

5-50cm  Horizon 2. Dark brown sandy clay loam, self-coloured and very compact,
Moderately developed with smail rounded 5ad angular clods. Few medium
and large clods with a hasd consistency when dry. Coppicing stems have a.
commion woody and strong tap root stock which terminates at 50cnt.
Numsrous fibrous secondary roots.

Analytical data for profiles 9 and 10.

Proffie  Depth  Moistury Bulk M CEC Sxchongoabls cations (meq ) Saturation
donsity e
(B e (meg % Cs My K Ne %3]
] 0-8 336 LTt &1 2300 1857 498 L3 443 &7.7
40-¢0 £39 LE 72 2215 1407 SS§ L1308 96,8
M50 854 L8 76 28D 847 625 178 L¥ 936
0 0-5 738 161 64 2688 (238 583 182 02 %2

40-50 12,78 L6273 2940 1737 N3 148 038 9,7
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APPENDIX 3 (continued)

Profile 11 Sample site 7. Pit 110cm deep,:at base of mopane iree (8m).
0-10cm  Horizon 1. Light brown sandy loam, self-coloured and friable. §
Medium crumbs with soft consistency when dry. Merges into
horizon 2.
10-110cm Horizon 2. Light reddish brown sandy clay Joam, speckled with

numerous white flecks. Compact, becomning very compact at 8Gem.
Moderately developed structure ~ rotnded and angular mediuth clods
and few large elods with hard to very hard consistestcy when dry. Large,
woody, strong tap root travérses this horizon, becoming twisted and distorted
at 110cms. Root diverted to grow lateraily at this depth. Many
fibrous secondary roots at 10—20cm depth. Few iarge strong éecpndary
rwots develop from tap root at various depths alon;, profile.

110cm Very hard and compact, profile not dug to parent material.

Profile 12 Sample site 7. Pit 100cm deep, at base of mopane tree (6m).
Similar characteristics to profile 11, Similar rooting habit. Numerous fibrous
secondary roots developed from tap root between 10—20cm, Thick strong
secondary roots developed fusther down. Tap root bends horizontally at
1000m and stops abruptly.

Analytical data for profiles 11 and 12,

Profi  Depth  Moiswre Bk pH  CRC. Exchangeablo cations (meq $) Satorution
donslty !

(em) (B (gom) mea® G Mg X N %)
0«10 286 L6s 58 L3 429 3 o9 a6t 65,1
60-70 628 L85 62 12,00 619 24 132 017 810
100-110 416 L9772 1500 938 L&l 120 030 846
12010 433 164 Gi 11,50 569 14 L3 0@ X2
50-60 598 197 68 1300 735 18l 146 009 827

90100 5,08 - 73 1550 998 165 132 021 849
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APPENDIX 3 (continued)

Profile 13
0—-5em

Sample site 8, Pit 70cm deep, at base cf mopane tree (8m).

5—50cm

50—70cm.

Horizon 1. Greyish sandy loam, self-coloured and friable merging into
horizon 2.

Horizon 2. Sandy clay loant, speckled with numerous white concre~
tions and fairly compact. Moderately developed siructure - medium
nutty peds with slightly hard consistency when dry. Large porous
crumbs with soft consistency also present. No tap root, and stem
trunk hollow. Very large, woady and strong lateral roots spread out
horizontally,immediately below the surface of the sofi. Large strong
secondary roots arise from the lateral soots .

Horizon 3. D parent material (

large stones and occasional boulders. Large white calcareous concretions

also present.

Analyticat data for prafile 13

Proflic  Depth  Molsturs Bulk pH CEC ‘Exchangeably catlons {nsq %) Sntumilon
donsi
tem) (%) (glem?) (meq %) Ca Mg K Na %3]
13 0- 10 .28 1,66 73 26,00 18,36 1,48 187 0.21 86,20
W30 785 466 74 26,20 1886 079 1,05 0.21 79,80
60-70 8,61 - 7.3 28,00 18,00 080 110 021 T840
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APPENDIX 4  The replicate mean density (no. of individuals/100 sq.m) of mopane for

Site 1

Sit2

Sie3

site 4

Rep.

Mean

Moan

each height class
Ht, Class
1 2 3 4 s [
0,50 - - 020 030 -
620 0,50 0,50 0,70 030 -
9,50 100 - 030 6,30 -
4,50 480 0,50 030 - -
5,18 083 0,25 038 023 -
Hi, Claws
2 3 4 3 s
- - - - 033 -
[55] 017 033 017 033 017
033 0,50 - - - -
0.21 0,17 0,08 0,04 017 0,04
He Class
! 2 3 4 F] [
23,00 860 - - - -
21,00 13,80 0,60 - - -
2960 13,20 - 030 00 -
10,60 92,00 040 950 -~ -
21,08 1L15 028 020 0.0 -
H, Class
! 2 3 L3 H 6
23,00 167 - - - -
19,00 033 - - - -
23,96 057 - - - -
14,70 433 - - - -
20,10 115 - - - -
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APPENDIX 4 (continued)
Ht, Closs
Sites Rep. 1 ) 3 4 s 3
1 100 5,00 470 -~ - -
1 530 430 4,00 100 - -
w 4,00 400 530 030 - -
v 430 230 6,00 - - -
Mean 440 38 500 933 - -
Ht. Cinss
stte Rep. ! 2 3 ¢ H s
1 58,00 37 - ~ - -
u 13,30 380 - - - -
m 46,80 400 - ~ - -
Lo 28,00 200 - -~ - -
Meas 4040 510 - - - -
H. Clnss
st 7 Rop. 1 2 3 4 $ s
1 - 100 - 125 3,60 028
. u 3,00 .50 025 ~ 125 156
i 2,00 050 - .50 18 ars
v 3,00 233 033 133 03 -
Mean 192 L,y 01 07 1,79 987
Bt Class
Y} Rep. 1 2 3 4 s [
t 267 2,3 - 170 1,30 -
u 3,00 - 130 070 130 030
m 525 0,50 025 100 2,60 030
i\ 435 850 - 2,00 1,00 -
Mean 440 080 5,40 140 140 010
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APPENDIX 5  Stepwise muitiple regression of performance value on the chemical and
physical properties of soils from each sample site

Step Soil Factors Depth R-value % variation PFevalue
(em) acoounted
for
1 R 0-10 0,586 233 3,138
2 BN " 0,856 679 8,438
3 P; N; PBC. » 0,840 63,2 35,0t1
1 N 20-30 0,690 39,0 5,466
2 N;PBC " 0,668 33,5 2,761
3 N; PBC; P, " 0,620 23,0 1,698
1 P, 0-10 0,586 23,3 3,138
2 BN " 0,856 87,9 8,434
3 PBNiK. " 0,928 82,5 12,026*
4 Py N; K; Ca ” 0,923 80,2 8,099
1 N. 20-30 0,690 39,0 5,466
2 NP " 0,664 32,9 2,716
3 NiP;Ca " 0,587 18,1 1,515
4 N;P;Ca;K. ” 0426 9,2 0,854
-

1 FC. 2030 0,715 42,9 6,269*
2 FGN. " 0,719 42,0 3,533
3 FGN; AvHp0. » 0714 38,6 2,469
4 FC; N; AvHpOp P " 0,628 19,3 1415

Significance rating ~ * (P < 0,05)
" (P <0,01)
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APPENDIX § (continued)

Step Soil Factors Depth R-value  %variation Feyalue
Com) accounted
for
PWP, 20-30 0,745 48,2 7,501%
2 PWP; Bulk den. ” 0,754 48,2 4,266
3 BWP; Bulk den.; FC. » 0,696 356 2,291
4 PWP; Bd- FC; AvH0. ” - - -

1 Mg 0-10 0,781 54,5 9,392%
2 Mg M » 0,836 63,7 7,167+
3 Mg Na; Ca. ” 0,805 56,2 3,976
4 Mg Na; Ca K, » 0820 564 3,251
1 Ma 20-30 0,853 68,1 15,971%%
2 Mg Na. " 0858 684 8,560*
3 Mg Nu; Ca » 0830 61,2 4671
4 Mg Na; Ca; K. » 0,795 510 2822
1 MgNa 0-10 0,835 62,5 12,696
Mg M
2 JSBilMe » 0 X ,087%
EiR 865 69,8 9
Me ; Mg ; Mg. "
3 SR 0,855 66,4 5,593
Mg Mg, Mp, Mg "
+ oiis itk 0,823 571 3,316
t My, 2030 0,762 51,0 8,302%
2 0,87 726 10,287
Mg, Mg ;M B
3 Mg Mg M ”
mee 0902 766 8,653
4 M Mg M Me "
neohp YR 0879 697 5,015

Stpnificance rating * (P <0,05)
e (P < 0,01}




131

APPENDIX 6  Mean dry weight yield (gms) of mopane under factorial combinations of

nitrogen (Ng—N3), phosphorus (Po-P| ) and rising soii moisture stress

Mg-My)

The numerical values attached to each treatment level are as follows

No~ -0Kg/ha Po— 0 Kg/ha Mg-10090
Ny—.56 * | T M;—100¢340
Ny-l68 » My—100¢ 0
Soit 2
Ny Ny Ny

My M My Mo M My My M My

Shoots Po| 320 223 144 | 202 205 157 | 127 1, 1,00

Pyl 287 189 171 | 253 18 1s6 | L2 1,74

Roots Py ] 043 046 026 | 042 036 o040 | 023 029 022

P} 052 038 044 | 040 030 033 | 030 o041 029

Whote Py | 363 269 169 | 244 241 196 | 150 1,714 12

plants Py | 339 227 215 | 293 216 188 { 201 219 20




APPENDIX 6 {continued)

Shaats

Roots

Whole
plants

Shoots

Roots

‘Whole
plants

)
Py

Py
)

]
By

]
Py

Fo
P

Py
By

132

Soil 4
g N N,
My My My Mg My My Mg My M
295 367 299 | 411 366 311 | 327 341 417
299 334 3701 3,16 330 409 | 354 326 430
070 092 063 | 077 U73 054 ! 058 086 030
066 067 081 | 057 074 084 | 071 069 082
364 459 362 | 487 438 365 | 393 427 496
365 401 451 | 373 404 495 | 424 395 512
Soil 6
No N Ny
Mg M, My Mg M M Mg M; My
3,67 409 372 | 427 418 405 | 422 4,00 4,66
365 3,78 391 | 508 458 455 | 474 448 486
1,00 135 1,00 | 077 104 08 | 079 085 085
150 1,08 123 | 1,07 090 092 ] 08 073 1,00
469 526 481 | 503 522 490 | s00 485 550
476 485 504 | 625 s48 547 | ss6 sm 583
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APPENDIX 7  Mean evapotranspiration rates (g HO/day! of mopane under factorial

combinatlons of nitrogen (Ng—-Ng), phosphorus (Pg~P3) 2nd rising

soil moisture stross (Mg—M3)

Numerical values atteched to each treatment level are given in Appendix 6.

No Ny Ny
My My M My My M, My M; My
sl2 By 23,53 2047 1575 | 17,00 1810 18,11 | 14,64 1326 12,32
py| 3079 19,13 17,79 | 241 1879 13,76 | 1630 1263 945
Soldt Py | 33,95 47,49 36,01 | 43,53 44,52 38,19 | 37,87 3851 4948
Py | 34,56 42,02 43,50 | 3639 43,08 47,59 | 41,85 39,10 45,58
SoHG Py 41,00 48,51 47,51 | 44,36 4548 4549 | 42,10 4229 50,95
By | 4000 4552 4745 | 47,80 49,28 52,25 | 4581 4648 38,84
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APPENDIX 8  Msan coefficients of water utllization (g HyO/g dry wt./day) of mopane
under factorial combinations of nitrogen (Ng--Ny), phosphorus (Po~Py)
and rising soil moisturc atress (Mg—M3)

Numericel values attached to esr'| treatment level are given in Appendix 6.

No Ny Ng
My M My (Mg M My My M M

Soil 2 Pg 1,02 10,77 11,03 | 11,37 12,86 9,33 9,67 13,67 12,57
n 9,06 10,37 10,66 9,56 8,81 12,70 973 746 6,67 i

Soil 4 Py 9,63 10,81 10,20 9,21 1044 10,46 | 1031 9,13 10,03
Py 9,66 10,88 9,8 | 10,61 10,7t 10,03 | 10,55 10,23 9,09

Soll 6 Pq 889 897 9,90 884 872 9,38 8,67 897 943 1
51 849 938 9,38 7,69 897 9,54 8,30 891 9,00 i
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APPENDIX 9  Mean telative nitrogen content: (% ) of mopane shoots under factorial
combinations of nitragen (Ng--No}, phosphorus (PP ) and 7ising

soil moisture stress (Mp—~M3)

Numerical values attached to each treatment Jovel are given in Appendix 6

No N N
Mg My Mp | Mg My My | Mp My My

Soil 2 Pyl 1,30 1,40 1,54 1,45 1,50 1,69 2,56 2,it 2,29
Py} 1,45 1,53 166 1,50 1,65 1,88 1,82 2,11 2,19

Soil 4 Py | 028 08 088 094 1,05 1,07 Lo L1l 116
Pi {092 081 088 1,05 1,23 1,14 1,21 1,30 1,35

Soil6  Fgj 097 085 08 | 1,37 133 1,33 [ 140 141 137
P | 087 085 088 | 130 1,30 125 | 147 148 145




APPENDIX 10 Mean re' & phosphorys content (%) of mopane shoots under factorial
combina s of nitrogen (Ng—Ny), phosphorus (Py—Py) and ising

soil moiswre stress  (Mg—Mp)

Numerical vafues attached to each treatment level are given in Appendix 6.

Ng Ny Ny
Mp M My Mg M My My My My

Soil 2 Py i 020 0,19 019 016 017 020 0,29 018 0,24
Py 025 028 032 02t 030 030 0,28 035 0,18

Seild Ppi 013 011 026 011 G12 013 012 0,12 0,12
Py g 017 015 017 0,16 017 0,16 020 049 0,17

Seil 6 Pyl 018 016 018 023 022 0322 0,26 024 0,24
Pl 023 023 021 827 024 @22 028 024 025
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AFPPENDIX 11 Mean dry weight yield (gms) of mopane under factorial combinations
of megnesium (Mgg—~Mgg), potassium (Ko—K, ) and sodium (Neg--Nay).
‘The numericel values (meq % ) attached tu each tres” nent level were

summarised from Table 4 ang are given for soils 2, 4 and 6 individuatly.

Soif 2
Mg,—0 mey % Ko~0 mea % Nag-0 meq %
Ms;--0,56 ” Kp-072 . Nej—0,75 ”
Mgy—1,00
Mgy Mgy Mgy
Ko Ky Kq Ky Ko S|
Shoots  Nag| 2,20 1,26 2,35 1,29 3,02 1,96
Naj | 1,08 0,74 1,50 1,06 1,83 1,27
Roots  Nag{ 051 0,34 0,54 0,39 0,65 0,43
Nag{ 0,34 0,26 0,34 033 0,48 0,32
Whole  Nagl 2,70 1,60 2,89 1,67 3,67 2,39
plants  Naj{ 1,37 1,00 1,84 1,39 2,30 1,59 j
IR |




APPENDIX 11 (continued)
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Soil 4
Mgo-0 meq % Kg~0 meqq Nag—~0 meq%
Mg ~2,67 7 Kj-2,15 » Na-2,92 "
Mgy-4,78 7
Mgg Mg Mgy
Ko Ky Ko K Ko Ky

Shoots  Nag{ 591 4,30 6,22 5,15 5,07 4,51

Nap{ 248 2,12 4,27 2,55 3,68 3,21
Ro6ts  Nag| 1,57 0,89 1,38 Lt2 1,64 1,02

Naj | 0,60 0.41 0,94 0,71 085 0,73
Whole  Nag| 7,48 519 7,60 6,27 6,71 5,52
plants Na‘ 3,08 2,52 5,20 3,93 4,53 3,94

Soit 6.
Mgg-0  meq % Kg—0 wmeq% Nag~0  meq %
Mg 0,98 " K{-1,76" » Noy~2,52 7
Mgy-2,77
Mg Mz; M, T
g K Ko K Ko K,

Shoots  Nagf 6,66 3,61 5,90 435 5,60 4,32

Nap| 192 1,10 3,76 2,05 3,15 1,56
Roots  Nag| 2,04 0,89 1,78 1,03 1,74 0,87

Nay | 048 0,27 0,72 0,38 0,60 042
Whole  Nagi 8,69 4,50 7,80 538 7,34 5,9
plents  Nay | 2,40 1,36 4,48 241 3,75 1,98
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APPENDIX 12,  Mean relative cation conmtent (meq % ) of mopane under fac-
toriat ions of (Mgg-Mgy), potassivm (Kg-K )
and sodiom (Nag—Na|).

Numerical values attached to each treatment level are given in Appendix 11 or

Table 4.
Soil 2
Meo Mgy Mgy
Ko Ky Ko Ky Ko Ky
Caleium  Nng {49,21 37,01 4840 3444 43,64 29,12
Noj {4642 38,60 46,19 34,21 4040 31,35
Mognestum Nag [ 17,43 15,14 22,69 2348 26,78 26,59
N {2420 18,18 821 26,59 3039 28,39
PBotessium Nag 67,14 96,85 6636 97,34 60,62 87,32
Ty {5540 9061 5664 86,60 5333 6570
Sodiom  Mag| 1,97 1080 136 497 3,70 553
Nay (15,89 1535 784 974 809 822




APPENDIX 12 (continued)

Caleiun

Magnesium

. Potassium

Sodium

Calcium

Magnesium

Potassium

Sodium

149

Nag

Nag
Nag

Nag

Nag
Nay

Nig
Nag

Nag
Najp

Nag
Nay

Nag

Soft 4
Mgy Mgy Mgy

Ko 3} Ko Ky Ko Ky
8,06 85,61 6433 7444 | 5347 6630
20,10 8590 | 8037 79,05 | 7804 6844
13,78 1632 1966 2127 | 21,17 2558
1849 19,55 1901 2238 | 2603 25,18
6037 67,02 63,68 6558 | 5828 6144
5982 69,71 59,60 67,25 57,10 66,58
199 262 206 1,74 320 1,25
686 9,69 508 567 539 494

Soil 6
Mz Mgy Mgy

Ko K, Ko X, Ko K,
6602 8346 6088 7597 | 5236 62,14
7330 10,15 6825 6422 | 13,16 6591
16,80 22,15 1960 2345 19,78 23,77
404 2974 | 22,77 2487 | 28,68 3445
6192 70,68 63,72 76,51 6435 12,77
6136 1982 67,80 73,01 6627 73,55
602 669 699 80l T4 590
1481 123,18 991 11,24 983 11,56
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APPENDIX 13 Mean total relative cation content (meq % ) of mopene under factorial
of ium (Mgg-Mg) ) (Ko~Kj)and
sodium (Nag~Nayp).

Numerical values attached to each treatment level are given in Appendix 1 or Table 4,

Mo Mg Mgz
Ko Ky Ko ¥y Ko L3

Soil 2 Nag | 135,75 159,80 138,81 160,23 134,73 14841
Nap | 14192 157,74 138,87 157,14 132,21 133,66

Soit 4 Nag | 158,30 171,57 149,73 163,08 136,12 155,07
May{ 17527 18505 164,16 174,35 16747 165,13

Soil 6 Nag | 150,76 182,98 149,19 183,94 143,80 164,58
Nap | 179,52 196,88 168,82 173,33 177,94 168,81
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FIG.10.. Geological map of South Central Africa - collated from the regional geological maps of Mouta and O'Donnel (1933,
Fed. Govt. Printer, Salisbury (1961). Martin {1963), Oberholzer (1968), Boocack (1968) and Coertze et al. (1970},

The thickened line indicates the

approximate limits of mopane. simplified from Figure 7.
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FIG. 10. Geological map of South Central Africa — collated from the regional gevlogical maps of Mouta and O’Donnel (1933),
By Lakes + Pans.
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The thickened line indicates the approximate limits of mopane. simplified from Figure 7.
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