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ABSTRACT

A  review o f  the h u n tu r e  on th e  growth, distribution and common uses o f  

Colophosperm um  mopane  (mopane) is presented, with particular emphasis being given 

to  the  controversial mid frequently contradictory opinions e x p i r e d  concemiue the  role 

o f  soil as a lim iting fac tor in the development o f  this species.

Initially the  phytogeographjcal lim its o f  mopane were investigated in order to  pro­

vide a wider context w ithin which subsequent field and laboratory studies could be inter­

preted . The choroiogical lim its o f  the  taxon appeared to  be determ ined by the  1000 mm 

m ean annual rainfall isohyet and th e  5°C  mean daily minimum isotherm for July. A mark­

ed disjunction, associated w ith the 18°S  la titudinal line was tound  to  be correlated w ith 

low  winter tem peratures and very probably also, deep Kalahari sands.

Eight sites representative of th e  known physiognom ic diversity o f  mopane woodland 

w ere chosen in Rhodesia, Bot»«rana and South Africa. The correlation betw een mopane 

perform ance (as measured by £ diameter s t  breast height tfanes density, over six height 

classes) and selected physical and chemical properties o f  the  soils was examined using 

simple linear and step-wise multiple regression analysis. Performance values were highly 

'o rrelc ted  w ith total N and NaHCC^-ex tractable P in the  surface soil, percentage moisture 

in  th e  sub-soil a t 0,33 anrt 15,2 bars matric suction and finally, with exchangeable Mg con­

te n t in the surface and aub-soil. The importance o f  magnesium was dem onstrated further 

by the  tendency o f  perform ance to  decline with increases in calcium and sodium relative 

to  this cation.

Based on  the evaluation of the field data, experiments were designed to  study:

(a) the  interaction o f  nitrogen, phosphate and soi! moisture stress on mopane growth;

(b) th e  interaction o f  magnesium, potassium and sodium on mopane growth, 

utider controlled conditions o f  temperature, light and humidity.

Measurements made on the yield response, w ater consum ption and relative nitrogen 

con tcn t o f  plants in experim ent (a) suggested tha t mopane was capable o f  internal osmotic 

adjustm ent. Seedlings responded to  increased N and P supply on tw o soils w ith over 20 

pe r cent w ater at 0,33 bars matric suction. F luctuations in the available w ater supply from 

100 to 0  per cent had no effect on yield, evapotranspiration rate or coefficient o f  water 

utilization on these soils. On a third soil, witli only seven per cent w ater a t 0,33 bars suc­

tio n , yield and evapotranspiration rate  decreased significantly (P < 0 ,01) w ith increased N 

and decreasing available w ater supply. The coefficient o f  water utilization, however, re­

mained unaffccted by rising soil moisture stress. Decline in yield was primarily due to  in­

creased soil osmotic suctions aocia ted  with increased nitrogen treatm ent. The growth of 

mopane declined progressively w ith increases in osm otic suction from 3 to  8 bars but 

thereafter remained unaffected till 16 bars a t least (32  bars to ta l soil moisture stress).
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Stressed plants showed a marked increase in relative nitrogen content and it  is suggested 

tha t th e  resistance o f  this species to  severe soil moisture stress might be partly due to  the 

build up o f  soluble nitrogenous com pounds w ithin the cell sap.

Sodium and potassium supplied a t the  rate o f  15 per cent o f  the C.E.C. caused a 

significant (P < 0,001) decline in yield on all tlifee soils. Furtl’ .rmore, there w'as a significant 

positive interaction betw een K and No such tha t th e  depression in yield was greater when 

the  tw o salts o f  K and Na were supplied a t thu same time. This effect was due to  an increase 

in  osm otic suctions in the  soil solution ( -  2 - 8  b a n ). Intermediate levels o f  magnesium p a r­

tially reversed the  detrim ental effects o f  K and Na. This trend could no t be explained in 

term s o f  an improvement in cation balancer, w ithin the  plant tissue. It appeared therefore 

tha t magnesium played a direct role in the  water econom y o f  the  plant. I t is possible that 

this cation catalyses the  metabolic p roduction o f  organic solutes thereby Increasing the  os­

m otic pressure o f  th e  cell sap and enhancing the plants ability to  withstand moisture stress-

This study concludes with a brief  summary o f  the main conclusions to  emerge from 

the  field and controlled environm ent w ork. These conclusions are discussed in terms of 

the present day chorological limits o f  mopane. In  view o f  the  tolerance o f  mopane to  a 

wide range o i environm ental stresses, it  is suggested tha t this species acts as an im portant 

buffering element in the  maintenance o f  ecosystem stability w ithin the dry tropics.
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Colophospermum mopane  (Kirk ex Benth.) Kirk ex J. Leonard, a non-nodulatlng 

legume belonging to the  sub-family Caesalpinioideae, has been variously referred to  as 

the bu tterfly  tree, the turpentine tree, the  balsam tree and Rhodesian ironwood. The 

m ore common vernacular names, however, are the  Tswana and Venda derivatives “mo­

pane” and “niupini*’ respectively, in view o f  the almost international recognition o f  the 

specific epithet “m opane” , this colloquialism will be  used hereafter.*
M opane may be  recognised by its leuthery resinous leaves which are made up o f  two 

triangular leaflets hinged together by a short midrib. The leaves are thus characteristically 

shaped like the wings o f  a butterfly  (Plate J). Morphologically It varies in size from a short 

coppicing shrub, less than h a lf '  tctro high, to  a medium sized tree exceeding twelve metres 

in height (Plate 2). Occasionally specimens may attain  a height o f  tw enty th ree  metres, 

tlio rough, deeply fissured (runic exceeding on& m etre lii diameter (Dc W inter e t al. 19<56), 

The flowers are small, pale green and borne In tassels; the pods are flat and kidney shaped, 

and th e  single seed w ithin is wrinkled and covered by numerous resin secretory glands 

(Plate 1). According to  Palmer and Pitman (1961), these resin glands are an effective dis­

persal mechanism in tha t they cause the  seed to  adhere to  the hooves o f  passing animals,

The distribution o f  this species Is lim ited to South Central A frica (Wild; 1968), Its 

trans-continental extension Includes representation hi Angola, South West Africa, Bot­

swana, Zambia, Malawi, Rhodesia, South Africa and Mozambique (Porter, 1968).

The heartwood o f  mopane Is hard und durable and is used for smal. articles o f  furni­

ture, mine props, fence posts and railway sleepers (Pardy, 1953). The wood is very com- 

buBtibie and the ash is said to have a high phosphorus and calcium content (W att and 

Breycr-Brandwijk, 1962; van Wyk, 1972a). The leaves are host to  a black hairless 

caterpjltar called the  mopane w orm (G onlm bm la  bellna). These worms are considered 

a  d’olicacy amongst rural Africans and are said to have a high protein con ten t.1"*

A. INTRODUCTION

T h i s  species is no t w ithout its quota o f  African romanticism, Livingstone, in his 
travels noted tha t the Zambezi inhabitants feared mopane during thunderstorm s. “ Light­
ning hates it”  they would say, w hilst cautioning travellers never to  go near the  tree (Palmer 
and Pitm an, 1961). It Is rumoured tha t Zambian natives use extracts from mopane bark 
to trea t syphilis (Fanshawe, pers. com ,), whilst certain Rhodesian tribes claim th a t the  bark 
is an effective fish poison (De W inter c t a l , 1966).

* *The mopane worms, w ith their characteristic w hite and orange stippled spines, are 
gutted and then sun dried or roasted before eating. Th<\ w riter has tasted this “delicacy” 
and found it to  be somewhat leathery w ith a distinct turpentine tlavour.
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PLATE 1, Mopane shoot showing "butterfly"
leaves and kidney shaped pods contain­
ing a single wrinkled seed.

PLATE 1. Stands o f  shrub (A) and tree (B) mopane in the N orthern Transvaal, occurring 
w ithin a few kilometers o f  one another
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Probably the  m ost valuable econom ic  a ttribu te  o f  m opane 2s its browsing potential. 

A lthough this species does no t nodulate and fix atmospheric nitrogen (Eyles, 1971) it 

nevertheless forms a valuable food supplem ent for cattle  In the dry  tropics (Lawton, 1967). 

Even though the leaves and seeds umeii strongly of turpentine, milk and m eat remain un­

tainted (Watt and Breyer-Brandwjjk, 1962). The nutritional value o f  mopane leaves com­

pares very favourably w ith a num ber o f  dry  tropical browse species (Myre and Coutlnho, 

1966; Lawton, 1967; Du Toit, pers. com.). The shrub and tree forms o f  this species are 

browsed by a wide range o f  wild game, including Elephant (Loxodonta afrlcam ), Kudu 

(Strepsiceros strepsicoros) and Im pels (Aepyceros meiapus) (Jarm an and Thomas, 1969), 

E lephants will o ften fell large niopane trees to  browse o ff  the  soft and succulent apical 

shoots (Plate 3 )(C odd , 1951).

Over much o f  Africa today, the  problem  o f  a protein deficiency in the human diet 

is becoming more acute. Recently, increased atten tion  lias been directed towards the 

management and utilization o f  wild animals as a protein source. Talbot v ta i ,  (1965) have 

reviewed the literature on the m eat production potential o f  wild animals In Africa. Much 

o f  South Central Africa today is semi-arid woodland savanna o f  margin#! value. !.ong dry 

seasons,together w ith the widespread distribution o f  tsetse fly, lim its the numbers o f  do­

m estic animals tha t can survive in these areas (Flotd, 1968). Wild ungulate populations have 

selected against these hazards and therefore hold prospects fo r a sustained protein yield.

In many such areas, mopane is the dom inant primary producer.

Despite Its ability to  colonise dry , barren and eroded land, mopane has excited very 

little  rosearc’' M erest, The literature on this species is sparse and very often contradict­

ory. Tills is to  be expected since most o f the  observations so far have been o f  u superficial 

and subjeotlve nature. The environmental factors governing its growth and distribution 

remain unresolved, In view o f  the  many conflicting kieus on  this ecologically im portant 

browse plant, a study  was made o f  the  Influence o f  selected soil factors on the  growth 

o f  mopane. Estimates of growth perform ance were obtained from several diverse sites in 

Socswana, Rhodesia and South  Africa, and correlated w ith t/ia cfiamicsl properties o f  

the  surface and sub-soils. Hypotheses were :-.duced from significant correlations and Inter­

actions, and then tested by controlled environm ent studies.

The phytogeographlcal relationships o f  mopane were studied nt the outse t with the 

view to  obtaining a broader interpretation o f  the  more specific studies mentioned above.
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PLATE 3. Mopane trees felled by elephants in tlie Wimlcio N ational Park (A) and 
Chete Game Reserve (B).
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B, REVIEW O F LITERATURE

B .l. D istribution

At the  sixth, plenary meeting o f  the  “ Association pour i’Etude Taxonom ique de 

la F lora de’ Afilque TropLale”  (A.E.T.F.A.T.)> it was proposed tha t an atlas o f  ecologic­

ally Im portant p lant species in Africa be constructed (White, 1968). Some four hundred 

p lant species were proposed, one o f  which was mopane. A part from the chart constructed 

by Porter (1968), there are no other maps depicting the  global (i.e. A frican) distribution 

o f  th e  species (Fig. 1).

Perhaps tho m ost noticeable feature in Porter’s map Is the apparent gap in  mopane’s 

East-West ex i. ,sion betw een th e  17°E and 2 1°E meridians. No mopane is depicted between 

these lines o f  longitude in the  vegetation maps o f  Angola and S ou thw est Africa (Grand- 

vaux Barbosa, 1970;Gless, 1971). These observations are in agreement w ith floristic studies 

carried o u t in the  Kovangoland o f  South West Africa (Volk, 1966).

OtJjer noticeable features on this distribution chart are, firstly, the  northerly exten­

sion o f  this species along th e  low lying Luangwa Valley (Zambia), and secondly, its ab­

sence from the  highveld regions o f  Rhodesia. Mopane shows a strong affinity fo r ho t low 

lying areas (White, 1962) and rarely occurs a t altitudes greater than 900 meters (Airy- 

Shaw, 1947; Porter 1961). Occasionally it may be found growing a t higher altitudes 

(Beatrice, Rhodesia) where unfavourable soil conditions prevent the  growth o f  o ther 

speoles (see Section B.3.). Its southern boundary In the  N orthern Transvaal coincides aK 

m ost exactly with the  foothills o f  the  Zoutpansberg m ountains. The exclusion o f  this 

specics from higher altitudes is probably due to  the  combined Influences o f  increased 

precipitation and lower tem peratures (see Section B.2.).

Porter’s map was constructed principally from specimen localities obtained from 

the  National Herbarium in Pretoria. In many Instances the boundaries depicted on this 

chart vary significantly from those depictod in curront regional vegetation maps (Acocks, 

1953; Rattray and Wild, 1961; Wild and Grandvaux Barbosa, 1967; Grandvaux Barbosa, 

1970;Gless, 197l;W eare  and Yalala, 1971). In view o f  these discrepancies, the  w riter 

has revised Porter's distribution map o f  m opane, using the regional vegetation maps listed 

above as a guideline (Fig. 7 -  Section D).

B,2. Climatic Factors

According to  Thompson (I9 6 0 ), areas receiving less than 450 mm o f  rainfall per 

annum  may be considered as tho most favourable environm ental niche o f  mopane. This



FIG. I. Distribution atC ola/J lm parm uin ino/wne  ( Porter, 1968).



figure is in close agreement wi'.n the  values reported by Child (1968) and West (1969), 

M opane can .-urvive in areas receiving as little  as 200 mm p.a,, b u t is excluded ffom areas 

receiving over 800 mm p.a. (Porter, 1968). In the Kaokoveld (South West Africa), shrub 

mopane survives in.areas receiving less than 125 m m  p.a. (Oivefi-Smiih, 1970; dinn ing , 

pers. com.). Presumably mopane is precluded from higher rainfall zones through com­

petition from species more adapted to  w etter environments,

Mopane is able to  grow in areas experiencing high summ er tem peratures. A t m eteoro­

logical stations along the  Zambezi valley, for example, mean maximum tem peratures often 

exceed 36°C  during the m onths o f  October and Novem ber (Climatological Summaries,

1963) (Appendix I). Low w inter tem peratures, on the o ther hand, appear to  be  an im ­

po rtan t factor restricting the southern extension o f  this spefcies. The southern boundary of 

mopane’s disM bution shows a close correlation w ith th e  July mean dally minimum iso­

therm  o f  10°C (Porter, 1968). A lthough to lerant o f  light frosts (Thompson, 1960; West, 

1969) this species is susceptible to  severe f o s t  conditions (Child, 1968; vaftder Schijff, 

1969). In many areas the  coppicing growth habit o f  mopane has been a ttributed to  frost 

damage (Tinley, 1966; Joubert, 1971). The w riter is o f  the  opinion fAat this coppicing 

response may be due to  a release o f  apical bud dom inance after severe fro st damage (Leo­

pold, 1964). ;

b .3 . Edaphic Factors

It would appear from the  literature tha t mopane has a wide ecological amplitude and 

is thus capable o f  surviving on a variety o f  soil types. Mopane is o ften associated w ith shal­

low , compacted, clayey and strongly alkaline soils tltat are poorly drained (Henkel, 1930; 

Ellis, 1950; Vincent and Thomas, 1961; Hudson, 1970;L ouw , 1970). Occasionally it may 

be  found on deep, well drained, slightly acid soils, where high tem peratures and low rain­

fall restrict the downward movement o f  w ater to  a shallow depth. Along the  southern banks 

o f  the  Kafue River (Zambia) it  occurs on hard, com pacted, greyish black d a y  soils that 

are generally covered by a wash o f  sand ut the  surface (van Rensburg, 1968). In the  Sabi- 

Lundi and Gckwe districts o f  Rhodesia, shrub mopane grows on alkaline; heavy clay soils, 

b u t attains woodland status on lighter, b e tter  drained soils (Farrell, 1968a; 1968b),

In  South West Africa, however, this species generally occurs on shallow, Bandy alkaline 

soils (Joubert, 1971) or sandy well drained soils, and appears to  avoid heavy clay con­

ditions (Volk, 1966).

Observations In the  Kruger N ational Park (South Africa) Indicate th a t mopane does 

no t grow on poorly drained impermeable soils. Waterlogging during the rainy season is



normally associated w ith species such as Com bretum  Imberbe, Com bretum  hereroense 

and Acacia xanthophloea  bu t never with mopane (van der Schijff, 1969). The intolerance 

o f  this specie'; to  waterlogged conditions has also been reported by R attray and Wild (1955), 

Thompson (i9 6 0 ), West (1969) and Child (pers. com.).

This species frequently grows on shallow stony soils (Miller, 1938; Wild, 1953; Wild, 

1955), and does no t encroach upon very deep sands o f  the  Kalahari type  (Boughey, 1963; 

van der Schijff, 5969; van Wyk, 1972a; Attwell, pers. com .). A  study o f  the  soil maps of 

Rhodesia and Zambia (T rapnelle/ al., 1948; Thompson et a l ,  i9 6 0 ; Thompson. 1965) 

would seem to  indicate th a t m opane occur;* predom inantly on skeletal, lime aci'iiiriulat- 

ing,shallow to  m oderately shallow loamy sands over sandy loams, or sandy loams over 

sandy clay loams. Staples and Murray (1951), however, contend tha t where mopane occurs 

particularly in the  ho tter 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, neutral 

o r  slightly acid top soil overlying a compacted heavy alkaline subsoil. These areas are unsuit­

able for general crops, b u t are suitable for grazing particularly if  mopane is stum ped ou t.”

The viewpoint th a t mopane is responsible for a radical change in soil properties 

(from  tha t normally expected under a given set o f  soil form ing factors) is also shared by 

Ellis (1950) and H udson (1970). Both these au thors are o f  th e  opinion th a t soils under 

mopane gradually develop a high exchangeable sodium conten t, which inevitably results 

in a reduction in permeability and an increased susceptibility to  erosion. As examples,

Ellis cites the  soils a t Umgusa and Beatrice (Rhodesia) w here sodium is the  dom inant ex­

changeable cation (  > 50$ o f  to ta l exchangeable cations). I t should be noted, however, 

th a t b o th  these areas occur on ths Rhodesian highveld, beyond the  normal a ltitudinal . 

lim its o f  this species. Field trials carried ou t by  Thompson (1960) indicate th a t mopane 

seedlings are able to  grow under sodium influenced conditions, albeit a t a reduced growth 

rate. Tolerance to  high . exchangeable sodium might well enable this species to colonise 

unfavourable soils (e.g, Umgusa and Beatrice) in the  absence o f  com petition from other . 

less to lerant species. Beyond its normal distribution limits, m opane is a  reliable indicator 

o f  unfavourable soil conditions (Wild, pers. com.) and for this reason it  is generally and 

sometim es erroneously associated w ith infertile soils (Vincent and Thomas, 1961).

Grass cover under mopane w oodland is generally sparse and discontinuous (Henkel, 

1930; Miller, J938;B aw den and Stobbs, 1963;M yreand Coutinho, 1966; Weare and 

Yaiala, 197 i) . In the  southern lowveid o f  Rhodesia, however, m opane soils support a 

fairly dense substratum  o f  perennial and annual grasses (West, 1967), w hilst in the  Moreml 

(Botswana) this species is often associated with a dense grassland understorey (Tinley,
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1966). According to  va n d er  Schijff (1969), th e  grass cover under mopane does no t 

differ significantly from  th a t under other woodland types.

Presence o t absence o f  an adequate grass cover has often  been used as a subjective 

assessment o f  fertility sta tus in  mopane soils (Eliis, 1950; Bawden and Stobbs, 1963; 

Hudson, 1970). Ellis attributes the  sparse grass cover under mopane to  the  adverse con­

ditions associated w ith high sodium sa turation, together w ith com petition for essential 

nu trients and moisture. Mopane roo ts seldom penetrate to  a depth greater than  four feet 

(Thom pson, 1960) and the  dense m a t o f fine roots produced near the surface coincides 

w ith the  zone o f  maximum soil moisture penetration (Ellis, 1950). Subjective assessment 

o f  soil fertili y  based on grass cover should be regarded w ith some reservation, since in 

num erous instances the  ground storey vegetation appears subject to  o ther influences (see 

Section B.4.).

B.4. Biotic Factors

A ccording to  Thompson (1960) the sparse grass cover under mopane woodland may 

be attributed to  com petition. Conversely, seedlings o f  the  species will no t com pete favour­

ably in dense grassland preas. In  addition to  com petition for nutrients and m oisture (Ellis, 

1.950), light may also be an im portan t lim iting resource. When mopane trees are felled by 

elephants, increased light penetration through  th e  canopy enables a denss sward o f  grass 

to  develop (Tiniey, 1966). Com petition w ith indigenous grasses, and i.o t soils and climate 

directly, is said to  preclude the  establishment o f  m opane on  the  highveld region o f  Rho­

desia (Thompson, 1960).

Numerous authors, however, are o f  the  opinion th a t sparse grass cover under m o­

pane is primarily the result o f  overgrazing by game and cattle  (R attray and Wild, 1955; 

Mitohell, 1961; West, 1967; Child, 1968; Farrell, 1968*; Wears and .Yalala, 1971). Mo­

pane seedling survival is also significantly reduced through browsing by a variety o f  game in­

cluding Impala, K udu, Warthog and Baboon (Jarm an and Thomas, 1969). Severe browsing 

pressure may induce the  coppicing growth habit o f  this species (Boughey, 1963).

Fire is ye t another fac tor tha t should no t be excluded in the  assessment o f  mopane’s 

competitive ability. Severe bush fires o ften result in complete destruction of the  aerial 

com ponents o f  this species. Recovery is rapid, however, in the  form o f  a multi-stemmcd 

coppicing shrub whloh develops from the  protected underground parts (Seagrief and Drum­

mond, 1958; Boughey, '9 6 3 ;  Tiniey, }966;Joubert, 197)). The vigour o f  pere/iiiiai grass­

land is generally reduced by indiscriminate burning and overgrazing, thereby favouring in­
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vasion and colonisation by fire tolerant woody species such as jnopwie (Child, 1968). 

Coppicing, induced by fire contributes to  the  aggressive competitiveness o f  this species 

and thus favours its perm anent encroachm ent on perennial grasslands (Mitchell, 1961; 

Tinley, 1966;B rynard, 1964). This encroachment is enhanced by drought conditions 

(van Wyk, 1972b), especially on shallow, gritty  Hthosolic soils (Austen, 1972).

I
%



C. MATERIALS AND METHODS

C .l . Phytogeographica! Studies

Vegetation maps o f  the  countries in which mopane occurs were photographically 

reduced to  a scale o f  1:10,000,000. The distribution limits o f  m opane were then  traced 

o ff  these reduced copies and reproduced on a single 1:10.000 000 ground chart o f  Africa. 

The collated distribution map o f  tills species is presented to  a scale o f  i : 15 000 000 (Fig. 7, 

Section D). The sources referred to for this construction are as follows:

(a) 1:1 500 000, Veg. m ap o f  South Africa (Acocks, 1953)

(b) 1:2 500.000, Veg. m ap o f  the  Federation o f  Rhodesia 
and Nyassalnnd

(R attray and Wild, 1961)

(c) 1:2 SOO.OOO, Vfig. map o f  the Flora Zambesiaca area (Wild and Grandvaux Barbosa 
1.967)

(d) 1:2,500.000, Carta Fitogeografica de Angola (Grandvaux Barbosa, 1970)

(?) 1:3 000 000, Veg. map o f  Botswana (Wears and Yalala, 1971)

( 0 1:3,000 000, Preliminary veg. m ap o f  South West 
Africa

(Giess, 1971)

Eiteewise, a 1:10 000 000 map o f  the  various geological form ations under mopane veld

was draw n (Fig. 10, Section D). The sources referred to  for tills construction are as follows:

(a) 1:2 0 0 0 0 0 0 , • Carte Geologique de ’1 Angola (Mouta and O’Donnel, 1933)

(b) 1:2 500 000, Prov. geological map o f  Fed. of 
Rhodesia and Nyasaland

(Fed. GoW. Printer, Salis­
bury, 1 9 6 !11

(e) 1:1 000 .0 0 0 , Geological map o f  South West Africa (Martin, 1963)

m 1:2 000 000 , Carte Geologica Provincia de Mo- 
cambique

(Oberliolzer, 1968)

(e) 1:2 0 0 0 .000, Prov. geological map o f  Botswana (Boocock, 1968)

<Q 1: 1.000 .000 , Geological map o f  the Republic o f  South (Coertee e t a l , 1970)
Africa

The Cilmatologlcal Atlas o f  Africa (Jackson, 1961) was studied and synoptic charts 

were made. These showed close correlation with the  distribution limits o f  mopane (Fig. 8 

and 9, Section D).
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C.2. Field Techniques

C.2.1. Techniques available fo r the assessment o f  p lan t performance

The term  “p lant perform ance” describes somewhat loosely, th e  abundance of  a par­

ticular species as reflected by it? density, ground coverage or yield per un it area. Many 

techniques have been devised for assessing the perform ance of p lant species in the  field 

(Phillips, 1959,; Brown, 1963). When one penetrates to  the  core o f  any o f  these methods, 

one finds tha t p lant perform ance is measured and assessed by one or more o f  four criteria: 

frequency o f  occurrence, num ber o f  individuals per un it area, area covered by base or 

canopy, o r weight (Brown, 1963). Frequency alone affords valuable Information on flor- 

istic composition and distribution (Brown, 1963), bu t is subject to  numerous lim itations 

in the quantitative assessment o f  dominance or perform ance w ithin a p lant community 

(Penfound, 1945; Kershaw, 1973). Weight measurement, obtained by destructive sampling, 

offers th e  most direct and accurate means o f  vegetation assessment and is widely used in 

pasture management and forestry. Its application iii the  analysis o f  indigenous woodland 

vegetation is lim ited, however, particularly in protected areas where destructive sampling 

is prohibited. The remaining parameters, density and cover, offer an accurate and ab­

solute measure o f  perform ance (Brown, 1963; Kershaw, 1973),

More recently, dimensional analysis has been used as a non-destructive means o f  estimat­

ing th e  weight o f  plants (biomass) in stands o f  woody species (Poole, 1974). A llometric re­

gressions o f  diam eter on the weight o f  different tree components have shown tha t this para­

m eter (diam eter) .m aybe used to give reliable estimates o f  tree weight (Kittredge, 1944; 

N om oto, 1964; Loomis at al., 1966; W hittaker and Woodwell, 1968). According to  New- 

bould (1967) diam eter a t breast height (D.B.H.) may be used for biomass estim ation in 

stands o f  varied age and physiognomic type. The product o f  diam eter squared and height 

(D^H) is also significantly correlated w ith tree weight and is widely used in dimensional 

analysis (Newbould, 1967; Nihlgard, 1972).

The choicc of sampling technique to  use in any particular study is governed by the objectives 
mind and by the  nature o f  tfie vegetation being analysed. Quadrats are favoured by numerous 

workers because o f  the ir versatility and adaptability to  a variety o f  vegetation types (Phillips, 

3959; Brown,, 190ij.. The line intercept m ethod o f  Canfield (1941) has been widely used 

and is a  rapid and accurate means o f  assessing cover over wide stretches o f  grassland. This 

m ethod is easily adapted to  th e  measurement o f  woodland vegetation, cover being determ ­

ined as the  percentage o f  the to ta l length o f  line covered by the canopies o f  bushes and trees.
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In phytosociological studies much atten tion  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 

curves can never be more than  a gross approxim ation, and subjective judgement is often 

necessary in assessment o f  quadra t size. Some authors are o f  the opinion tha t quadrat size 

is o f  little  relevance when quantitative measurements such as density and canopy cover are 

made (Penfound, 1945;A shby, 1969).

Undoubtedly quadrat size (as determined by variance-area curves) is o f  prime im­

portance in pa ttern  analysis (Poole, 1974), bu t in stands composed o f  randomly distribut­

ed individuals, this criterion is imm aterial except from  th e  standpoint o f convenience 

(Kershaw, 1973). Most p lant populations do, however, exhibit groupings o f  individuals 

and since it  is usually d ifficult to  predeterm ine the scale o f  this pattern, quadra t size has 

to  be chosen qu ite  arbitrarily (Kershaw, 1973). According to  Scheepers (pers. com.) and 

Morris (pers, com .) ten  m etre square quadrats are m ore than  adequate fo r sampling in the  

various South African savanna woodland types.

C.2.2. Sample site selection

Field studies were carried o u t at eight localities in Botswana, Rhodesia and South 

Africa. The purpose o f  these studies was to  obtain some estimate o f  growth perform ance 

in the field and to  relate this to selected physio-chemical properties o f  the soils. Sites were 

selected to  include the  full range o f  mopane growth habit from  dw arf coppice to  the tall 

tree form (Plate 4). The soils a t these localities overlie a variety o f  geological form ations and 

w ith the  exception o f  sites 1 and 2, mopane is almost exclusively the  dom inant woody vege­

tation element. The characteristics o f  each sample site have been summarised in table form 

(Table 1).

C.2.3 Sampling procedure

In each o f  the mopane populations listed in Table 1, a 240 metre square sample site 

was selected (area 57 600 m ^, 5,76 hectares). Bach site was sub-divided into four 120 m etre 

square replicate sub-plots in which a num ber o f  10 m etre square quadrats were distributed at 

random (Fig. 2). The sides o f  each replicate were treated as axes o f  length (12 units) and co­

ordinates for quadrat location were then selected from random  num ber tables (Raynor, 1967). 

The co-ordinates thus selected were located using m etre tapes and a prismatic compass, using 

the  lower left hand corner as the  origin o f  the  quadrat. Stratified random sampling o f  this 

nature was used to  obtain an even distribution of quadrats throughout each sample site.
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PLATE 4. Diversity o f  growth habit encountered in this study:
(A) Site 4, short coppice mopane (< 2m)*Orapa, Botswana.
(B) Site 6 , shrub mopane (1 -3 m )-  Bubi River, Rnodesia.
(C) Site 5, small tree mopane, ( 4 -8 m )  • Orapa, Botswana.
(D) Site 7, tall tree mopane (> 8m) • Wanklc, Rh>vWla.



15

TABLE 1 -  V egetation characteristics and soil parent materials o f  eight sites represent­

ative of mopane woodland types in southern Africa.

Site lo c a tio n  Underlying paren t m aterial Description o f  vegetation 
No.___________________________________________________________________________ ___

Chete Game Park, 

N.W. Rhodesia 

(17°S, 28°K)

Dominant Com bretum  spp., 

m opane sub-dominant, 

height 4—7m

Dominant Com bretum  spp., 

mopane sparse, 

height 4—1 On"

Tza/ieeji, N,E. Transvaal Archaean granites, 

(24°S , 30°E ) gniiss

Shrub mopane, height 1—3m; 

tree  mopane, height 6—8m

4 Orapa, S. o f  

Makgadikgadi Pan, 

Botswana 

( 2 i°S , 26°E )

5 Orapa, Botswana

Kalahari 

sand over 

calcrete and 

basalt

Kalaliari snnd over 

calcrete and basalt

Shrub mopane, height 

0 ,5 - lm

Small tree mopane, 

height 4—6m

Bubi River,

S. Rhodesia 

(21,S°S, 30,5°E)

Wankie, N,W. 

Rhodesia 

(18,5°S, 26°E )

Tali shrub mopane, 

height 2—3m

Tall tree mopane, 

height !0 - 12m

Wankie, N.W. 

Rhodesia

sandstone Tall tree mopane, 

height 8~ 10m
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Individuals were grouped into height classes o f  two m etre intervals and the  follow­

ing parameters were then measured,
(a) Diameter a t breast height (D.B.H.) -  expressed in metres. For coppice and shrub plants

, basal diameter was used as an estimate for (D.13.H.J.

(b) Density -  expressed as no. o f  individuals per 100 sq. metres.

(c) Canopy cover — expressed as a percentage in tercept along three 10 metre 

lines in each quadra t (Fig. 3).

An "individual” was taken to  mean any stem or coppice o f  stems tha t could reason­

ably be assumed to have n common roo t stock.

Five 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

ly mixed to  obtain a representative sample o f  die surface and sub-soil fo r each replicate.

T he soils were air dried in the  field and stored in plastic bags for subsequent chemical 

analysis. This m ethod o f  sampling was used in th e  hopes o f  compromising the  require­

m ents fo r adequate coverage o f  the  soil w ith subsequent costs and time involved in labf 

a tory analyses (Petersen and Calvin, 1965). Soil pits w„re dug a t each sample sits, rro f 

descriptions made, and samples collected in tins so that moisture determ inations w uu. 

made.

C.2.4. Sampling Intensity

Sample size (n) was chosen by calculating the  standard deviation (s) o f  the  mean den­

sity , aiming to  detect differences between any two sample means (x) drawn from the 

whole population th a t were greater than 3 5$ a t a confidence lim it o f  95 per cent or 

p  < 0,05. A  detection lim it o f  10$ (p  < 0,05) w ould have necessitated a disproportionate­

ly higfier increase in sampling rate, as may be  shown by the form ula:

Trial values o f  (n) were selected; mean density and standard deviation values determined,

(Gregory, 19(59)

and (n) then  estimated from the above equation. Details o f  moan density, standard 

deviation and quadrat frequency for each site are given in Table 2.
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H O . I .  Plan diagram of sample s ilt I (Ciiule Game I’nrk, N.VV. Rhodesia) 
illustrating (lie stratified random sampling procedure used.
(Scule lcm :20m ).

FIG. 3. Layout o f  10 inulro square quadra! showing Inlerccpl lines 
and soil sump line points ( • ) .



TABLE 2 -  D eterm ination ,0'f  quadrat frequency and sampling precision for each 

sample site.

Sample site 1 2 3 4 5 b 7 8

Mean density (30 6,87 0,7.1 32,70 21,85 13,56 45,50 6,16 8,50

Sample standard deviation (s) 7,62 1,07 11,10 5,38 3,01 11,76 1,45 2,20

Estimated minimum no . o f 

quadrats (n ) _ 219 378 20 22 9 12 10 12

Final quadrat no. 24 24 20 12 12 15 15 14

S.E, o f  th e  me n 1,56 0,22 2,47 1,54 0,86 3,02 0,37 0,60

Precision 

S.E,. 100 „
ST

22,7 31,0 7,6 7,1 6,3 6,7 6,0 7,1

i t  was imm ediately obvious th a t the  values o f  (n) required to  satisfy the original 

premise fo r sites 1 and 2 were impractical. The high variation in density values obtained 

for these two sample sites m ay be attributed to  the heterogeneity o f  florlstic compo­

sition and spatial distribution w ithin the  two samples. Moreover, site 2 was composed 

mainly o f  Com bretum  sp. and contained relatively few mopane individuals. Consequent­

ly zero density values for mopane were recorded in a num ber o f  quadrats. Ultim ately 24 

quadrat's were located a t each o f  these sites, this num ber constituting a 4# coverage o f  the 

to ta l area and being the  largest sample tha t time would permit,

C.2.5. T reatm ent o f  vegetation ctota

The mean density o f  mopane in each height class was calculated and by  summing 

these values over all height classes, the mean density for each sample site was determined, 

The percentage canopy cover a t each site was calculated in a similar manner. On regres­

sion analysis, however, no significant correlations were obtained betw een these parameters 

and th e  chemical properties o f  the soils (see Section C.3.),

The poor correlations obtained between canopy cover ond soil factors may have been 

due to  errors inherent in the measurement o f  this parameter, The open nature o f  the  canopy
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prevented an accurate assessment o f  cover, partlculsirly o f  individuals exceeding four metres 
in height. Moreover, tlito error was exaggerated at sites four and five, both o f  which were 
sampled during the  winter m onths after leaf-fall had occurred.

The lack o f  o  . relation between density and soil properties is no t surprising, in view of 
th e  varied physiognom ic types encountered a t each site. Performance, as estimated by dens­
ity , was highest in the  stands o f  coppice, m opane 3i:d lowest in populations o f  the tall tree 
form, despite the greater trunk  diam eter and teller sta ture  o f  the latter. It was thus reasoned 
tha t th e  density values o f  the  taller height classes should be weighted by some factor which 

varied proportionately with height, before legitimate inter-stand comparisons o f  perform ­
ance could be  made.

Accordingly, th e  mean D.B.H. (m) o f  mopane individuals encountered in this study, 
was calculated fo r each height class. As mentioned previously (Section C .2 .I.), diameter 
measurements have proved useful in the biomass estimation o f  stands. Furtherm ore, mean 
diameters o f  mopane were found to  increase curvllinearly w ith height (Fig. 4). By summing 
th e  product o f  D.B.H. times density over all height classes, a performance value (No. o f  in­
dividuals/metre) was estim ated for mopane a t each site. Regression analysis revealed a num­
ber o f  significant correlations, and these were explored further under controlled environ­
m ent conditions.

C.3. Soil Analysis

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

C.3,1. pH

pH  was measured in 0 ,01M CaCl 2 according to the m ethod o f  Peoch (1565), using a 
soil to  liquid ratio o f ! :2 (White, 1969).

C.3.2. Cation exchange capacity (C.E.C.)

C.E.C. was measured according to  the  CaCl 2 equilibration procedure adapted from 
T ucker and Emerson (! 96fl).

A  20g sample was equilibrated w ith 2 0 0 m lso f0 ,lM  CaCl2 for one hour and then 
centrifuged a t 3500 r.p.m. to  bring the  soil o u t o f  suspension. The equilibration procedure 
was repeated three times using fresh 0,1M CaCI^ on each occasion. The advantages o f  using 
CaCl 2 over NaOAc and NH^OAc (Chapman, 1965), may bo summarised ns follows;



HEIGHT CLASS

FIG. 4 . The relation between D.D.H.fmJ and Height Class. Vertical bars (I) indicate 
S .E .o fm e an  D.B.H.
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(a) Calcium is generally th e  dom inant exchangeable cation in the soil.

(b ) Calcium is an efficient dispiacer o f  o ther cations and is no t readily displaced 

from  interlayer sites.

(c) I t may be used for bo th  acid and calcareous soils and is easily analysed by a 

variety o f  methods.

A fter equilibration th e  entrained C aC l2 solution was removed witii lOOmls o f  iso­

propyl alcohol. Washing w ith alcohol was justified since there was very little  positive charge 

per gram o f  clay (at pH  o f  7 and above), which might have led to internal charge compen­

sation on expansion o f  th e  double layer (Sumner, 1963). The qualitative ammonium oxal­

ate  test (Chapman, 1965) showed that the  last few mis o f  isopropyl alcohol contained 

negligible am ounts o f  calcium.

Adsorbed calcium was displaced by  leaching w ith450m !s o f  INN H 4NO3 in 60# 

ethanol. For calcareous soils (pH 7,4 in 0,01M C aQ jX  NH4NO3 buffered to  pH  8,5 was 

used to minimise solution o f  CaCOj. The filtered leachate was made up to  500mis and the 

concentration o f  calcium (ppm ) determined by atomic absorption spectrophotom etry.

Standards (0—10ppm )and test solutions contained equal amounts o f  IN  NH^NGg 

to  eliminate any extraneous effect this com pound might have had on the readings ob­

tained. 0,2% strontium  (as S rC l2 w/v) was used as a ‘'releasing agent” to  eliminate the 

form ation o f  stable calcium compounds (e.g. C a A l jO ^ i n  the  flame (Rich, 1965; Isaac 

and ICerber, 1971), The results obtained for C.E.C. were expressed as meq.Ca++  /IOOg soil.

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

T.E.C. was determined by the NH4CI displacement technique o f  Tucker and Emerson 

(1968).

A  25g sample o f  soil was first leached with lOOmls o f  60$  ethanol to  remove all 

soluble salts. No traces o f  calcium could be  detected in the last few drops o f  alcohol. The 

exchangeable cations were then  displaced by leacliing with 450  mis o f  IN  NH4 CI in 60?  

etlianol(pH7 -0 ,0 1 M C a C l2). For calcareous soils (pH 7 ,4 - 0 ,0 lM  CaCl2) IN  NH4CI buffer­

ed to  pH  8,5 was used. The ieachate was made up to  5Q0mls and the concentration (ppm) 

o f  Ca, Mg, K and Na then determined using the  SP.90 atomic absorption spectrophoto­

meter. Calcium and magnesium were determ ined by absorption, in the presence of 0 ,2?  

strontium , whilst potassium and sodiuir were estimated by emission. The results obtained 

were expressed as meq per lOOg soil.
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C.3.4. T otal nitrogen

Total nitrogen (including NO3- N )  was determ ined by the macro-Kjeldahl' method 

o f  Bremner (1965). By using “Quick-fit”  apparatus (Plate 5), the quantitative transfer 

step betw een digestion and distillation was eliminated. Bumping during distillation was 

reduced to  a minimum by adding three grams o f  granulated zinc to  the digest (Vogel, i  961). 

Tile N H j-nitrogen released on  addition o f  1 ON NaOH was distilled in to  SOmls o f  2% (w/v) 

H3BO3 and then  determ ined by titra tion  w ith standard Q,Q5N f^SO ^Cl ml S jT m g N H j—N), 

A  mixed methylene blue-m ethyl red indicator (McKenzieanaV-'aiierce, 1954) modified 

by Coe (pers. com.) was used to  determ ine the  end po in t of the titra tion. Equal quantities 

o fm athy lesieb !ue(,l%  w /v) and -methyl red .( ,1 % w /v in 99m ls»bs. alcohol + Im lG .lN  

NaOH) were mixed and one ml then used for each titration. Tiie end po in t was marked 

by a colour change from green to blue to  purple. Recovery rates in excess o f  93?  were 

ob tained when the  efficiency o f  distillation was tested according to  the procedure o f 

Vogel (1961). Biank determ inations were perform ed regularly and taken into consider­

ation when calculating the  nitrogen concentration o f  the  soil digest.

C.3.S “Available” phosphorus

Available phosphorus was detei-mined by the  sodium bicarbonate extraction pro­

cedure o f  Olsen et at., (1954). In  calcareous, alkaline o r neutral soils containing calcium 

phosphate, this extractan t (,5M NaHC0 3 : P*1 decreases the concentration o f  calcium 

in solution by causing precipitation o f  Ca as CaCO^; as a result, the  concentration o f  P in  

solution increases (Olsen and Dean, 1965). In acid soils, the  high pH  o f  th is extractant 

liberates phosphorus from sparingly soluble compounds such as variscite and strengite, 

should thesfl b e  present (Olsen and Dean, 1965).

Phosphorus was determined ophotom etrically by measuring th e  intensity  (ab­

sorbance a t 882 nm, w ith 4 cm ” ilik iigth cells) o f  the molybdenum blue colour de­

veloped on reduction o f  phosphomolybdate by ascorbic acid (John, 1970), A  correction 

was applied to  the  norm ality o f  H2SO4 used in John’s reagent, in order to  neutralise excess 

NaHC0 3  contained in a 5ml aliquot o f  extract. The ascorbic acid procedure was used in 

preference to  stannous -blonde (Olsen and Dean, 1965), because o f  its relative insensitivity 

to  temperature, time and concentration o f  reductant (John, 1970). Reagent blanks were 

determined regularly and the phosphorus concentration in tiie soil was expressed in parts 

per million (ppm).
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PLATE 5, Quick-fit apparatus used for the macro-Kjeldahl determ ination o f  nitrogen.



23

PLATE 5. Quick-fit apparatus used for the  jnacro-KjeJdaiiJ determ ination o f  nitrogen.
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C.3.6. Potential buffering capacity for phosphorus (P.B.C.)

P.B.C. has been defined as the ability o f  a soil-to maintain the concentration o f  phos­

phorus in the  soil solution (intensity factor-1), on  addition o f  phosphorus to  or its re­

moval from  th a t soil. P.B.C. is thus dependent on the  am ount o f  phosphorus held b y  the 

solid phase (quantity  factor-Q) and may be determ ined by measuring the slope o f  a curve 

relating quantity  and intensity factors (Beckett and White, 1964).

Thus P.B.C. *  (A Q)
(4  1 ) I* -  I"

where ( i  Q )is  the  am ount o f  phosphate taken up or released by the soil over a given 

range o f  concentration (I1 —I").

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 o f  the 

surface soil and sub-soil at each site. 2g sub-samples were shaken for one hou r in 1 OOmls 

o f 0,01MCaCl2 containing graded amounts o f  C a O ^ P O ^ .  The equilibration rates and 

soil to  solution ratio used in this m ethod were based on  earlier studies by White (1964), 

White and Beckett (1964) and White (1966).

The suspension pH  was measured prior to centrifuging a t 3500 r.p.m . and the  phos­

phorus concentration in the  clear supernatant then determ ined using the ascorbic acid 

procedure (John, 1970). Graphs were then constructed o f  net gai ’ o r  loss o f  phosphate 

p e r gram o f  soli, against the final phosphate concentration in soluticn. The slope o f  the 

resultant Q /l relationship was used to define P.B.C. (Fig. 5).

Thus P.B.C. (L/g)« * (A p)
(A I) leg — Imax

Where ±a P equals the  net gain or loss o f  phosphate over phosphate concentrations in so­

lution (a I), from  the  equilibrium phosphate concentration (Ieq -  obtained by interpola­

tion) to  the phosphate concentration at wiiich maximum yield is attained (Im ax). A  value 

o f  2,2  uM was. chosen .for (Im ax) based on yield responses o f  Siratro pastures to  variations 

in the soil phosphate concentration (White and Haydock, 1968).

C.3.7. Bulk density

The significance o f  soil bulk density in creating favourable conditions for roo t pene­

tration  and grow th is discussed by Daubenmlre (1964) and Russell (1973),
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A num ber o f  oven dry  clods representative o f  the 

from  profile  samples taken s i  esch site. The  cJods were in a

1:50 v/v rubber-benzene solution (Abrol and Palta, 1968). This coating procedure was re 

peated three tim es allowing for a five minute drying interval eel ween eacn immersion.

Tlie rubber coated aggregates were carefully supported in a fine nylon hair

then suspended in a beaker o f  deionised w ater placed on a M ettler top  pan balance. The 

volume o f  each clod was determ ined directly by measuring the weight o f  the  submerged 

c lod, which was regarded as a floating body. Thus, from the adjacent diagram it  may be 

seen tha t at equilibrium:

W = F +  U 

. U  = W -F

= weight o f  body suspended  in water 

(recorded by balance) A -

B ut U (upthrust)

= weight o f  water displaced

(Archimedes principle)

= vol. of water displaced “
n

= vol. o f  suspended body "y

This m ethod proved more convenient for large clods (2 -3 c m  diam.) than  the procedure 

advocated by Abrol and Palta (1968). Mean values for A and B horizons over all soil pits 

at each site were calculated, thus giving a representative bulk density value (g/cm ^) for the 

surface and sub-soils.

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

Available w ater has been defined as the  am ount o f  water held betw een moisture con­

tends a t Held capacity (F.C .) and a t the  perm anent wilting p o in t (P.W.P.). l l  was originally 

suggested (Veihmeyer and Hendriokson, 1949) tha t all Mils water wus equally available 

to  the plant for growth. Wadlelgh and Ayres ( 1945), however, showed that avail- . 

ability, as measured by the growth response o f  the plant, declined as the percentage water 

topded towards P.W.P.. However, the original postulate is reasonably valid for light 

textured soils, wherein most o f  the available water is held a t moisture tensions close to 

those corresponding to  F .C  (a t least < 1 bar; (Russell, 1973).
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A  num ber o f  oven dry  clods representative o f  the  various horizons were selected 

from  profile samples taken at each site. The clods were weighed and then  immersed in a 

1 :50 v/v rubber-benzene solution (Abrol and Palta, 1968).This coating procedure was re­

peated three times allowing for a five m inute drying interval betw een each immersion.

The rubber coated aggregates were carefully supported in a fine nylon hair net and 

then  suspended in a beaker o f  deionised w ater placed on u M ettler top pan balance. The 

volume o f  each clod was determined directly by measuring the  weight o f  the  submerged 

clod, which was regarded as a floating body. Thus, from  the  adjacent diagram it  may be 

seen th a t at equilibrium:

W = F  + U 

. U « W -F

= weight o f  body suspended  in water 

(recorded by buiance) A p

B ut U (upthrust)

= weight o f  water displaced 

(Archimedes principle)

= vol. o f  w ater displaced 

■ vol. o f  suspended body

This m ethod proved more convenient fo r large clods (2 -3 c m  diani.) than the procedure 

advocated by Abrol and Palta (1968). Meanvalues for A and B horizons over all soil pits 

a t each site were calculated, thus giving a representative bulk density value (g/cm ^) fo r the 

surface and sub-soils.

C.3.S, Available water capacity (A.W.C.)

Available water has been defined as the  am ount o f  water held between moisture con­

ten ts a t field capacity (F.C .) and a t the perm anent wilting point (P.W.P.). It was originally 

suggested (Volhmeyer and H endrickson, 1949) tha t all this w ater was equally available 

to  the p lant fo r growth. Wndleigh and Ayres (1945), however, showed tha t avail- . 

ability, as measured by the  growth response o f  the  plant, declined as the percentage water 

tended towards P.W.P.. However, the original postulate Is reasonably valid for light 

textured soils, wherein m ost o f the  available woier is held a t moisture tensions close to  

those corresponding to  F.C. (a t least < 1 bar) (Russell, 1973).
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The assessment o f  A.W.C. o f  a  soil depends on the  accurate measurement o f  F.C. and 

P.W.P. (Salter and Haworth, 1961 a.) . D irect ir ith o d s , such as sampling afte r  irrigation 

and after v ilting  o f  indicator plants, offer the  m ost accurate and consistent results (Veih- 

m eyer and H endrickson, 1949; Salter and Haw orth, 1961 b), bu t have the disadvantage 

o f  being bo th  tedious and tim e consuming.

Determ ination o f  the 0,33 and 3 5,2 bar % as approxim ations o f  F.C. and P.W.P. re­

spectively. overcome this problem  a t the  expense o f  accuracy. Pretreatm ent o f  samples 

(drying, sieving etc.) o ften influences moisture retention properties o f  soil {Richards and 

Fireman, 1943). In addition, the  use o f a single pressure (0,33 bar) precludes the accurate 

measurement o f  F.C., since the percentage water at K.C. is held at d ifferent pressures for 

d ifferent soils (Jamison, 1956).

Composite sub-soil samples were prepared for each sample site. Air dry specimens 

(< 2mm) were w etted for six hours w ith an excess o f  water (Richards, 1949) and tl^en 

brought to  equilib ri'm  w ith 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  w ithin 15jS o f  th e  mean bulk density values ob tained for each 

sample site. Dialysis tubing was used as membrane material and was backed against a porous 

bronze  disc o f  grade A porosity, The n -branc was kep t moist th roughout the  equilibra­

tion period to  ensure against excessiveg s leakage and consequent drying ou t o f  the  sample. 

Commercial nitrogen was used to obtain the required tensions and leakage across th e  mem­

brane was less than  38 over a 24 hour period. F.C. and P.W.P, were obtained by inter­

polation from  percentage moisture versus time curves (Fig. 6). In addition, moisture reten­

tion curves (0,33 to  15,2 bars) were constructed for selected sample sites.

C.4, Controlled Environment Studies

Based on the  evaluation o f  the  field data  and soil analysis, experiments were designed 

to  study:

(a) the interaction o f  nitrogen, phosphate and soil moisture stress on mopane growth, 

and.

(b) the  interaction o f  magnesium, potassium and sodium on mopane growth

under controlled conditions o f  temperature, light and hum idity (Plate 6). Soils from sites 

2 , 4  and 6 , which provided the full range o f  mopane perform ance In the field, were selected
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TIME (hours)
FIG. 6. Equilibration curves foi1 so mu selected soils to illustrate the determ ination of 

moisture con tools ill 0,33 and 15,2 bnrs mat lie sue! Ion.



PLATE 6 . Mopane seedlings grown under controlled environm ent conditions.
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for the  above experiments. Approximately 250kg soil was taken from each site by 

collecting randomly located samples ( -  10^8) to  a dep th  o f  2Gcm (Andrew and Fergu-.

1964).

C.4.1. Experimental design

(a) N itrogen, phosphate and soil moistuw  stress

A  factorial com bination o f  three levels o f  N, tw o levels o f  P  and three moisture regimes 

was imposed, w ith tw o Implications in  tim e, on m opane grown 3n soil from sites 2 , 4  and 6 .

A grid pattern  o f  random ization was used and all po ts were re-randomized a t weekly inter­

vals to  eliminate positional effects on the  yield responses obtained (Haydock, 1964).

Nitrogen was applied as NH4 NO3 in solution a t the  rates o f  0 ,0 ,2 9 g ; po t (56 kg/ha) 

and 0,86g/po t (160 kg/ha); phosphorus as KH2PO4 , mixed through the  soil a t the rates 

o f  0  and 0 ,45g/pot (56&g/ha). These standard agricultural applications were scaled down 

to  g /pot by using a conversion fac tor fo r a po t o f  15,2cm diameter, at soil level (Andrew 

an 1 Fergus, 1964). Soil moisture levels, initially at a vaiue corresponding to  0,33 bars, 

were allowed to  fall to  approxim ately 90%, 40% and 0 ?  o f  the “available w ater" (defined 

as the  am ount o f  w ater held betw een tensions o f  0 ,33 and 15,2 bars), before being re­

stored to  th e  original value. These moisture treatm ents were applied from the  fourteenth 

day, when the  seedlings were well established.

The po ts were weighed daily to measure evapotransniration.Deionised w ater was 

applied when necessary,according to  the  change in m oist soil weights; a  correction was 

made for th e  increase In fresh p lan t weight, determined from weekly harvests o f  plants 

grown in a series o f  control po ts under optim um  conditions o f  N, P  and moisture. Evapo- 

transpiration rate was com puted by linear regression analysis, in g H jO  lost per day, and 

th e  coefficient o f  w ater utilization expressed as g H2O lost per gram dry weight per day.

A fter harvesting and drying, nit.ugen content in the p lant tissues was determined by 

semimicro-Kjeldah! procedure. Samples o f  tissues were wet ashed in concentrated HNO3 , 

HCIO4 and H2 SO4 , and the  phosphorus concentration measured using the m olybdo- 

vanadate m ethod o f  Kitson and Mellon (Jackson, 1958) (Section C.4.3.).

(b) Magnesium, potassium and sodium interactions

A factorial com l'ination o f  three Icveis o f  Mg, two levels o f  K and two levels o f  Na 

v i s  imposed, with three replications, on mopane grown in soil from  sit*. 2 , 4  and.6 .
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Chemical analyses were perform ed 011 th e  bulked sample from each site (Table 3); the 

various trea tm ent levels were then  applied, commencing from th e  natural levels o f  ex­

changeable Mg, K and Na, expressed as a percentage o f  the  C.E.C. for erch  soil. The aim 

was to  achieve approxim ately th e  same percentage saturation o f  any one cation for each 

soil (see Table 4). I t was unavoidable in the  attainm ent o f  a suitable rai'°,e o f  ind.'vidual 

cation levels, tha t to ta l cation saturations greater than  100? were attained a t th e  higher 

treatments.

Magnesium as M g S O ^ ^ O ,  potassium as KC1 and sodium as N aC i, were mixed 

through the soil a t th e  rates specified in Table 4 . The sulphate supplied under optimum 

magnesium t.-satment, was “balanced ou t”  in po ts receiving interm ediate o r  zero levels 

o(m agnesium , by adding graded am ounts o f  0,1 N H2SO4 to  the  soil during the pre-piantmg 

equilibration period. Phosphate as H3PG4 and nitrogen as NH4NO3 , were applied in solu­

tion  a t th e  rates o f  0 ,32 and 0 ,29g/pot respectively.

T he soils were watered to  field capacity and stored a t 20°C  for tw o m onths (Martin 

e ta l ,  1953; Andrew and Fergus, 1964). During the  equilibration period the  po ts were 

weighed regularly and brought to  0,33 bars tension with deionised water.

During the  growing period, a grid pa ttern  o f  randomization was adopted and all pots 

were re-randomizfcd a t weekly intervals. The soils were watered to  field capacity on every 

a lternate day; a correction was made for increm ent in fresh weight, using the  data  obtained 

from th e  control po ts o f  the previous experiment. A fter harvesting and drying, tissue 

samples were w et ashed and the  cation contents determined by absorption and emission 

spectrophotom etry (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 pre-imbibed seeds were sown on the  surface o f  pots containing the 

equivalent o f  2,5Kg air dry soil. The po ts were lined w ith disposable po lythene bags to 

facilitate the  removal o f  roots from the soil during harvesting (Hew itt, 1966).

The seeds and soil surface were covered by a 2,5cm layer o f  black “alkathene” 

granules to  reduce evaporative losses and to  exclude light during the preliminary stages 

o f  roo t growth (Hew itt, 1966). A  single application o f  a modified Long Ashton nutrient 

solution (Hewitt, 1966), excluding the nu trients under study, was applied to  each po t 

before sowing (Appendix 2). The seedlings were thinned on the  tenth day for uniform ity 

and vigour, to  four individuals per po t (Hewitt, 1966).
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T he plants were grown under a 14 hour photoperiod (a t approxim ately 12 k lux).

.Air tem peratures varied from 30°C in the light to  18°C in the  dark, w ith a relative humidity 

in the  range 6 0 - 6 5 ? .  Tem perature and hum idity settings were based on mean values, ob­

tained from  a num ber o f  meteorological stations situated w ithin the  disiribution limits 

o f  m opane (Climatoiogical Statistics. 1954; Climatological Summaries, 1963).

A fter 60 days, shoots and roo ts o f  the plants were harvested, the  roots being removed 

from  th e  soil by washing. D ry weights were measured after drying the  plants in a forced 

draught oven at 80—90°C  for 48 hours. The dangers o f  driving o ff  volatile nitrogenous 

com pounds a t higher drying temperatures is discussed by Bryan at al., (1964).

C.4.3. Chemical analysis of p lan t tissues

R oots 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 small quantities (± 1 —2g) ore used for individual chemical determinations. 

The samples were stored in airtight specimen tubes and the  contents were thoroughly mixed 

and re-dried before an aliquot was withdrawn for analysis (Hegarty, 1964).

(a) Semimicro-Kjeldahl determ ination o f  nitrogen

N itrogen content was determined on 200mg samples using a semimicro-Kjeldahl 

digestion technique (Hum phries, 1956), modified to  include nitrate nitrogen (Bremner,

1965). Ammonia was distilled into 35ml o f  2% w /v H3BO3 using the steam distillation 

apparatus o f  Markham (1942). NH3 -N was determ ined by titra tion  with standard 0,01 N 

H2SO4 (1 ml N /100 H2 SO4 ;  0 , ! 4m gN H 3 - N )  using a mixed m ethyleneblue-m ethy lred  

indicator (Section C.3.4.). Recovery rates varied betw een 95—99$; blank determinations 

were perform ed regularly and allowed for when the  nitrogen content o f  the digest was 

calculated.

(b) Tri-acid digestion for the determ ination o f  phosphate and cations

Aliquots o f  p iant tissue ( i  500mg) were w et ashed in HNO3 -H C IO 4 - H 2 SO4 mixture 

(Piper, 1944; Humphries, 1956) and made up  to  volume w ith deionised water. T heK jel- 

dahl digestion flasks were calibrated to 125mls beforehand, using mercury o f  SG 13,54 

a t 22,5°C.
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A 25m l aliquot o f  digest was transferred to  a 50m l volumetric flask and reacted with 

m olybdate-vanadate solution (Jackson, 1958). Phosphorus was deteterm ined after two 

hours by  absorption a t 480nm , using phosphate standards in the  range 0 ,8—8,0ppm.

F o r cation determ inations (Ca, Mg, K, Na) a 2ml aliquot of uigest together with lQmls 

o f 0,0 2 S?SrCl2 were transferred to  lOOmi volumetric flasks, made to  volume w ith deionised 

w ater and determ ined by absorption and emission spectrophotom etry. Lower concentra­

tions o f  “releasing agent” were used so as no t to  exceed the  solubility product o f  SrSO^ and 

thus cause precipitation o f  this com pound in the  standard and test solutions (Vogel, P 6 1 ) .

C.5. Statistical Methods

The correlation betw een perform ance and the chemical properties o f  the  surface an'* 

sub-soils was examined using simple linear and stepwise multiple regression analysis (Freese, 

1967; Bishop, 1969). Factor interactions in the  controlled environm ent experiments were 

examined using analysis o f  variance (Bishop, 1969).

C .S .l. Simple linear regression

Simple linear regression analysis was perform ed by IBM 3600 com puter programmed 

to  calculate th e  following values for each data se t:

-(a) th e  regression coefficients a and b defined by  the regression equation 

(y = a + bx)

(b) the  general means o f  the data fji.y)

(o) the correlation coefficient (r)

D ata on tim e versus cumulative w ater loss (Section C .4 .-N , P and soil moisture inter­

actions) was also subject to simple linear regression analysis, the regression coefficient b 

giving th e  rate o f  evaporation from each pot.

C .5.2. Stepwise multiple regression unalysis

Stepwise multiple regression analysis was perform ed by the  com puter programmed to 

calculate the  following values:
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(a) the  regression sum o f  squares

(fa) cumulative regression sum o f  squares for the  in troduction o f  successive factors, 

singly

(c) multiple correlation coefficient (R)

(d) coefficient o f  determ ination (R^)

(e) cumulative coefficient o f  determ ination for each new  factor introduced

(f) F-value, for analysis o f  variance

(g) regression coefficients a and b

The percentage variation accounted for by regression o f  perform ance o f  any soil 

factor, o r com bination o f  soil factors, was calculated using th e  form ula;

1 -  ( a - l ) x ( l  - R 2) x  100 

(n-p-2)

where n = no. o f  observations per problem ; p = no. o f  coefficients in the  multiple regression 

equation and R^ = coefficient o f  determ ination.

C.5,3. Analysis o f  variance

Analysis o f  variance was perform ed by the  com puter programmed to  calculate the 

following values:

(a) Sum o f  squares, degrees o f  freedom, and mean squares for each source o f  vari­

ation recognised

(c) Factor mcana for each treatm ent and block

(c) Grand mean

Variance ratios were tested for significance against standard F  tables. L.S.D. values 

were calculated using the formula:

where n = num ber In the mean.
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D. RESULTS AND DISCUSSION

D .l. Phytogeographical Relationships

D.1.1. Distribution o f  mopane

A map o f  the  approxim ate limits o f  distribution o f  mopane is given in Figure 7, As 

mentioned previously (Section C .l .)  this chart was collated from a num ber o f  regional 

vegetation maps. Possible inaccuracies in these maps will therefore be reflected in Figure'7. 

K erfoot, AttwSll ai«LMitdheil(pers. com.), for example, contend th a t mopane extends 

further north  along the  Luanuwa valley than actually depicted by Wild ami Grandvaux 

Barbosa (1967). Prospectors in the T<5te district o f  M ozambique claim tha t the published 

vegetation map o f  th is area is inaccurate. These views are, however, lacking in direct evi­

dence and m ust therefore be regarded w ith some reservation.

The distribution chart presented here varies considerably from  that given by Porter 

(1968) (com pare Fig. 1 and 7). N oticeable differences are:

(a) Mopane does no t extend to  th e  A tlantic coasts o f  South West Africa and Angola.

(b) Fairly large stands o f  mopane occur in the  N.W. corner o f  Zambia along the  upper 

reaches o f  the  Zambezi valley (River system 1 -  Fig, 7).

(c) The la titudinal extension o f  this species through Malawi and M ofambique is 

b roken and discontinuous. ■

The appwr- distribution along the  Okavango river system betw een South

West Africa & *1 its absence from the highveld of Rhodesia and the  Tran:>

vaai are re f le c t. -aps.

D .l.2. Climate

The southern limit o f  this species may be set by low winter temperatures. Isotherms 

for the July mean daily minimum tem perature, shown in Figure 8, indicate th a t mopane 

does no t extend far beyond the  S°C line. Low winf* r  tem peratures may also explain its 

discontinuous distribution along the Okavango river system (cf. Figs. 7 and 8). There would 

seem to  be  no correlation betw een the southern boundary o f  th is species and the  10°C 

isotherm, as suggested by Porter (1968). The intolerance o f  mopane to  low temperatures 

has been discussed in Section B.2.
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MAJOR RIVER SYSTEMS; [.Zambezi 2. Limpopo 3. Liiiingwii 
4. Save _ 5. Cui'iene 6. Okavnnyn

l i ^ ^ j  Lukes + puns
FIG. 7, Distribution o f Colnplionpvnniwi inopain' -collated from I lie regional vegetation

iiKijis oT Acocki (1953), Rnttrny and Wild (1961), Wild anti Grand vaux Uarbosa (.1967). 
Porter (1968), Grand vaux Barbosa (1970), Wture and Ynlula {1971) and Gicss (1971).



FIG. 8. Menu daily minimum temperatures for July, {after Jackson, 1961). Isotherms fiticd by 1 ’ 
nulhor; the broken line Indicates (he approximate llm ils o f mopnnc, simplified from l-li m



As well as a tem perature lim itation to  grow th, mopane appears to  be restricted to  

regions o f  Jow to  m oderate rainfall (Section B.2.). I t  is notew orthy tha t the  northern and 

eastern lim its o f  its distribution appear to  be set by  the  1000mm. isohyet o f  mean annual 

rainfall (Fig. 9), T he bulk o f  its distribution, however, occurs witliin the  range 200-800m m . 

Rainfall values below  and above these lim its may prevent the  extension o f  m opane to  the 

A tlantic coast, and on to  the  highveld regions o f  th e  hinterland, respectively. I t has been 

suggested by Thompson (1960) th a t mopane is excluded from  higher rainfall zones through 

com petition from  species more suited to w etter conditions.

I t  is possible tha t phytoclim atic studiesof'tiiis' nnture, a t the  regional o r  sub-regional 

level, could reveal fu rther interesting relationships between clim atic parameters and the 

d istribution o f  this species.

D .1.3. Geology and soils

Mopane grows oru soils overlying a wide variety of parent materials, notably; sand­

stone, dolomiH.' lim estone, granite,para gneiss and sediments derived from various deposi­

tions! processes (Fig. 10). The m ajor soil types associated w ith these geological form ations 

have been extracted from the  mapping units o f  the  1:5,000.000 soil map o f  Africa 

(D 'H oore, 1964) and are presented below,

(a) N on-differenttated skeletal soils w ith  poorly  developed structure (llthosols);

These occur on dolom ite (S.W. Africa), granite and paragneiss (S. Rhodesia,

N. Transvaal, Zam bia) and sandstone (N, Rhodesia, Zambia), and are indicative o f  steep 

slopes,sporadic rainfall and sparse vegetation, all o f  which are conducive to  erosion. They 

often occur on calcareous o r  ferruginous deposits.

(b ) Brown soils o f  arid aitd’seml-arld tropical regions:

These soils are common on Kalahari sand in areas where th e  annual rainfall rarely 1 

exceeds 500mm (S. o f  18° parallel; cf! Pig, C and 10), b a t may also occur on other super­

ficial deposits (S. Mo?ambique) and in association w ith ttithosols on dolom ite (S.W. Africa) 

and granite (N. Transvaal, S. Rhodesia, S. Zam bia). They are zonal soils and are character­

ized by  calcium carbonate accumulation a t depth. The organic m atter conten t is low 

(< 15S) bu t well distributed throughout the profile. Cation exchange capacities are 
- 1 5  meq/lOOg and catiop sa turation ranges from 6 0 -8 0  per cent,
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(c) Perntginous tropical soils on sandy parent materials:

These are generally found betw een the 5 0 0 - 1 200mm isohyets, and are common on 

Kalahari sands north  o f  th e  18° line o f  latitude, and on schists and granite (S.W. Africa).

They also occur in association w ith brow n soils on superficial deposits (S. M ozambique), 

and in association with lithosols on sandstone (N. Rhodesia, Zambia). These soils generally 

have well-developed ferric oxide concretions a t depth.

Cation exchange capacities range from 4—20 raeq/lOOg and cation saturation is 

usually greater than  40 per cent.

(d) Ferrallitic soils on loose sandy sediments:

These soils occur on Kalahari sand (N.W. Rhodesia, N.W. Zambia), and in assoi1 lation 

w ith lithosols and ferruginous tropical soils on sandstone (N. Rhodesia, Zambia). They 

are characterized by a sandy layer several m etres tiiick and showing only slight differenti­

a tion  dow n the  profile. Cation exchange capacity and percentage saturation .are iow sr than those 

o f  ferruginous tropical soils.

(e) H alomorphtc soils:

This group is generally comprised o f  solonetz, saline and alkaline soils. Halomorphlc 

soils are common on jlluvial and lacustrine deposits o f  recent origin (Zambezi R. -  N.W.

Zambia, Okavango Swamps and Makgadikgadi Pan -  Botswana). They also occur in  associ­

a tion w ith lithosols, ferruginous and ferrallitic soils, on sandstone (N. Rhodesia, Zambia).

The more tem perate liighvetd regions o f  Rhodesia and the  Transvaal are associated 

w ith  non-differentiated ferrisols, hum ic ferrallitic soils and ferruginous) soils derived from 

acidic igneoi.i\ rocks. Mopane is generally absent from  these regions and occurs only in 

isolated areas with a salt-affected overburden (Beatrice district -  Rhodesia). According 

to  Thompson {pers. com.) tlie JiisJ) salt con ten t o f  the  Beatrice soils creates a condition of 

physiological dryness, which is no t conducive to  the colonisation and establishment o f  m ost 

Rhodesian highveld species (sec Section B.3..).

Further mention should be made o f  the  discontinuity in mopane d istribution along 

the  eighteenth'fcarallel. D’H core (1964) depicts the  overburden in this area as being brown 

soils on loose sediments which grade into ferruginous tropical soils fu rther northwards.

According to Shantz and Macbut (1923), however, the  northern extremities o f  the brown 

soils unit are associated w ith very deep, sandy conditions. Some idea o f  the depths involved
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may be  gauged from Mountain (1968) who reports that the K alaiw i sands east o f  Etosha 

(S.W. Africa) often exceed 240m  in thickness.

Large tracts o f  the  north  eastern and south  eastern Kalahari have also been described 

as deep, porous 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 m a tte r  and to ta l nitrogen content (Blair Rains and McKay 

1968). Mopane is conspicuous!; absent from these areas.

More recently, surveys carried nu t by De Beers Mining Group in the  Central Kalahari 

(S. o f  Makgadikgadi Pan -  Botswana) indicate that wherever this species occurs on Kala­

hari sand it is invariably associated w ith calcrete deposits a t o r  near the  surface (Plate 7, 

cf. T able 1). This observation is in keeping w ith the  common view poin t th a t mopane is 

m ost frequently associated w ith  shallow soils (Section B.3.).

In  conclusion, the  salient environmental features pertaining to  m opane’s distribution 

m ay be summarised as follows:

(a) The southern extension o f  this species coincides w ith the  July mean daily mini­

mum isotherm  o f  5°C . The discontinuity in its distribution along th e  18° line 

o f  latitude, may in pa rt be explained by its intolerance o f  low winter teinpera-

tlilPS.

(b) The northern and eastern distribution limits o f  m opane appear to  be  set by the

1000mm mean annual rainfall isohyet. H ie  bulk o f  its distribution occurs with­

in  the  range 200 -800m m .

(c) Deep Kalahari sands which are reportedly low in exchangeable cations and to ta l 

nitrogen conten t are no t conducive to mopane growth, even in areas w ith a 

favourabls climatic regime (compare Figs. 8 ,9 ,1 0 ) .  This observation is in agree­

m ent w ith the  viewpoints o f  Boughey (1963). van der Schiiff (1969), van Wyk 

(1972a), A ttw ell (pers. com.), Walker (pers. com.) and Wild (pers. com.).

Fu ther atten tion  will be given to  the phytogeography o f  mopane a fte r the  field and con­

trolled environm ent studies have been reported and discussed.

I t is felt th a t certain observations to  emerge from  these studies may in part, shed more 

light on  its present day distribution pattern.
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PLATE 7. Calcrete deposits occurring in South Central Botswana. N ote the  relatively 
shallow overburden o f  Kalahari sand.
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D.2. Soil. Studies

D.2.1. Profile characteristics

Fits were excavated tangentially to  the stems o f  mopane individuals so tha t roo t and 

soil features could be studied simultaneously. Detailed profile descriptions were made 

using the term inology advocated by Clark and B eckett (1971), and are presented in Ap­

pendix 3. A  sample o f  the range o f  profile types and roo t grow th habits encountered is 

show n in Plates 8 and 9.

All the  pits examined were relatively shallow and seldom exceeds. 100cm in depth.

At sites I and 4 the  soils exhibited lithosolic characteristics (cf.'Millar cf a l ,  1965), show ' 

ing very little profile development and consisting o f  shallow weakly developed sands over 

loamy sands or sands over silty  d a y  loams (Profiles 1 ,2 ,7  and 8) (Plate 8A). At site 2 

(Profiles 3 and 4) the  soil consisted o f  weakly developed sands over sandy loams and show­

ed some degree o f  resemblance to  the  ferruginous tropir.al soils described by D’Hoore 

( i 964). Soils from th e  remaining sites consisted predom inantly o f  m oderately developed 

sandy loams over sandy clay 1 )ams, and slwwed a market! com paction in th e  subsoil. (Plate 

8B to  8D). Th^re was also a variable accumulation of lime af. depth, a feature common to 

the  brown trop ic il soils described by D ’Hoore ( i 964).

. Soil properties such as percentage moisture, bulk density, pH, C.E.C., and to ta l cation 

sa turation showed fairly consistent increases w ith increase in dep th  down the  profile (Ap­

pendix 3). Moisture levels were low throughout the  soil (3—\ 2 %), a feature no t uncommon 

in the  semi-arid savanna regions o f  South Central Africa. Even In th e  rainy season, moisture 

levels below the perm anent wilting percentage may persist for as long as five weeks a t a 

tim e (Walker, pers. com.).

Bulk density values ranged from  -  I,5g/cm 3 in the loose surface foils to  -  l,9g/cm ^

In the  more compacted subsoils. T otal cation sa turation values were high ( 6 0 -9 5 g )  and 

in all cases calcium was the  dom inant exchangeable cation. N oticeably, sodium contribut­

ed least to  the  to ta l exchangeable cation content, and rarely exceeded 5 % sa turation in the 

low er horizons.

D.2.2. Physio-chemical p roperties o f  surface and subsoils

(a) pH, C.E.C., and T.E.C.

Mean values o f  pH, cation excliange capacity and exchangeable cations fo r surface 

and sub-soils a t each site are given in Table 5. The percentage saturation o f  exchangeable cations 

(E 'a /C .S.C.x 155.) is presented in Table 6 .
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PLATE 8 . Profile characteristics and roo t growth habit o f  mopane:
(A) Profile 7 , Site 4 . -  Shallow soils O  50cm) o f  weakly developed structure, showing 

num erous adventitious roots derived from a coppice form o f  mopane.
(B) Profile 5, Site 3. -  Sandy cloy loam o f  moderately developed structure, showing 

the  tap root system o f  a shrub mopane. Note the Increasing abundance o f  CaCC>3 
concretions with dep th  (-80cm ).

{C) Profile ! 1, Site 7 -  Moderately developed sandy clay loam showing the tap  root 
developm ent o f  a  tall tree form  o f  mopane. Soli very com pact a t  dep th  ( 8 0 - 1 J Ocm) 
and tap roo t diverted to  grow laterally.

(D) Profile 13, Site 8 . -  Shallow ( -  70 cm) m oderately developed sandy clay loam, show­
ing the lateral root development o f  a tall tree m opane. Note the absence o f  a tap 
root.
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R oot growth habit o f  mopane:
(A) Site 3. Tall tree form o f  mopane w ith a well-developed lateral 

root system. No tap r.-ot evident.
(B) Site I . Shrub mopane growing on exposed parent material 

(sandstone) and exploiting cracks and crevices for root growth.



pH  values ranged from  an acid reaction a t site 2 (5 ,44 at 0 -3  Ocm; 4,40 at 20 -3 0 cm ) 

to  slightly alkaline conditions a t site 4  (7 ,2 0 a t 0 - 1  O cm ;7,48 at 20—30cm).

C.E.C. was lowest a t site 2 , varying from  3,37 meq % in the surface soil to  3,48 

meq % in the sub-soil. In contrast, the C-E.C. a t site 5 ranged from 18,63 meq % in the 

surface soil to  23,90 meq % In the  sub-soil. These values are consistent w ith  those quoted 

by D’Hoore (1964) and Thom pson (1965) for a variety o f  dry  tropical soil types (Section 

D .l 3.)

Exchangeable cations followed closely the trends exhibited by C.E.C. Except for the 

sub-soil a t site 2 , calcium was ti. 3 dom inant exchangeable cation, generally followed by 

magnesium, potassium  and sodium in order o f  decreasing abundance. This sequence is com­

m on for m ost soil types (Millar, T urk and F oth , 1965), altb ugh in leached acid soils (site 2) 

and alkali soils, calcium is more often than  no t exceeded by exchangeable magnesium 

and sodium respectively (Russell, 1973).

Calcium frequently exceeded 50? sa turation (Table 6); a t site 4 , fo r example, calcium 

levels in  the  sub-soil were8;2Q and 80 fold higher than exchangeable Mg, K and Na re­

spectively. Exchangeable magnesium Tanged from 0,30 meq % {8,6 % saturation) in  the  sub­

soil a t site  2  to  4 ,27 meq {5(17,9 % saturation) in the sub-soil at site 5. Mg levels were thus 

well above the  0 ,2 - 0 ,4 m eq % lim its beiow which fertilizer application becomes necessary 

to  prom ote crop growth (Russeli,1973).

Exchangeable potassium levels were low a t sites 1„ 1 and 3 (0 ,1 2 -0 ,3 9  meq %)\ moder­

ate a t sites 4  and 6 (0 ,5 9 -0 ,8 1  meq $), and m oderate to high at sites 5, 7 and 8 (0,83—

1,43 m eq %). This assessment was based on  the  broad lim its set by  Blair Rains and 

McK:.\ (1968) during recent land resource surveys in Botswana, Levels o f  exchangeable 

K sufficient for crop growth are seldom given in the literature, probably because its avail­

ab ility  to  plants is governed by  numerous criteria (cl\ Truog, l961 ;T ow nsend , 3973;

Russelt, 1973). For example the  transfer o f  this cation in to  the exchangeable pool is largely 

dependent upon the activity ratio  o f  the  K+ ion (aK + : v/aCa‘*' + + Mg'^+ ) in the  soil solu­

tion (Russell 1973). Furtherm ore, the  growth response to  this cation is considerably in­

fluenced by the N, P an d  Ca sta tus o f  the  soil (Albrecht, 1943; Baver, 1943;Cullinan and 

Balje? 1943). The potassium supply o f  a soil may be adequate for crops grown under low 

N and P, b u t becomes inadequate if  the levels o f  these nutrlticnts are increased (Culllnan 

and B- :r, 1943; Russell, 1973),

The exchangeable N a conten t a t m ost sites was generally in the range 0 ,0 3 -0 ,3 0  meqg.

In the sub-soii at site 1 sodium attained i. level of 0,61 meq % (8 ,6 $ saturation). These values

48
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TABLE 5 pH, cation exchange capacity and to ta l exchangeable cations fo r surface and 
sub-soils from each sample site. (The values given are the  means of four 
replicates together with S.E.’s).

(cm)
pH C.E.C. Exclionsw ble cations (nicq %)

(meq %) Ca Mg K Na Totol

1 0-10 5,87± 0,32 2,3310,38 1,0810.24 0,1710,03 0,21±0,06 3,7910,14
20-30 5,975 0,67 7,08+1,53 2,94+ 0,04 1,8110,62 0.1610,03 0,61 ± 0,18 5,5312,02

2 0-10 5,44 ±0,04 3,37 ±0,26 0,91 ±0,04 0,4010,02 0,1210,01 0,03 ±0,01 1,46 ±0,06
20-30 4,4010,09 3,4B±0,03 0,21 ±0,04 0,3010,07 0,1310,01 0,06 ±0,04 0,7010,10

3 0-10 S,32±0,07 11,98±0,85 5,68±0,56 2,6310,13 0,3910,03 0,1510,02 8,85 ±0,64
20-30 5,33 ±0,31 17,73 ±1,62 7,00 ±1,01 3,5210,30 0,1310,01 0,29 ±0,07 10,9411,11

4 0-10 7,20 ±0,05 20,53 ±1,19 11,9510,98 2,0710,26 0,8110,01 0,1910,02 15.0211,32
20-30 7,48±0,06 18,63 ±2,75 12,78*1,64 1,6410,28 0,6510,05 0,1610,03 15,2311,97

5 0-10 6,9810,10 3 S,63 ±0.45 11,9310.86 3,3910,29 0.9510,03 0,1910,01 16,4610,79
20-30 7.24 ±0,09 23,90 ±1,02 15,0510,62 4,2710,35 0,9210,05 0,2110,01 20,45"±0,45

6 0-10 6.18±0,06 14,67 ±1,S3 6,3010,88 2,8510,37 0,7310.09 0,0710,02 9,9511,30
20-30 6,6410,15 18,3811,81 8,2511,07 3,8610,47 0,5910,05 0,1710,04 12,8711,05

7 0-10 6,84 ±0,18 12,80 ± 1,56 6,68 ± 1,23 1,2910,19 0,9310,14 0,0810,01 8,8811,52
20-30 7,1510,15 18,051-2,14 9,3011,74 2,0710,08 1,4310,09 0,1010,01 12,9011,81

8 0-10 6,7710,25 13,30 ±2,27 6,9011,71 1,4010,22 0,8410,15 0,0510,01 9,1912,08
20-30 6,8810,30 17,9112,52 10,2812,23 2,3010,34 1,1610,08 0,2710,14 14,0112,70

TABLE 6 Cation saturation values for surface and sub-soiis from each sample site. (Cal­
culated from replicate means given in Table

Site Depth Cation saturation i of CE,C.)
-a Ms It Nil fotai

1 0-10 42,6 19,7 3,1 3,8 69,3
20-30 41,5 25,6 2,3 8,6 78,1

’4 0-10 27,0 11,9 3,6 0,9 43,3
20-30 6,0 8,6 3,7 1,7 20,1

3 0-10 47,4 22,0 3,3 1.3 73,9
20-30 39,5 19,9 0,7 1,6 61,7

4 0-10 58,2 10,1 4,0 0,9 73,2
20-30 68,5 0,8 3,5 0.9 81,7

5 0-10 64,0 18,2 5,1 1,0 88,4
20-30 63,0 17,9 3,9 0,9 - 85,6

6 0-10 42,9 19,4 5,0 0,5 67,8
20-30 44,9 21.0 3,2 0,9 70,0

7 0-10 52,2 10,1 6,5 0,6 69,4
20-30 51,5 11.5 7,9 0,6 71,5

8 0-10 51,9 10,5 6,3 0,4 69,1
20-30 57,4 12,8 6,5 1,5 78,2
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were considered more than  adequate for growth,particularly since there appeared to  be 

no potassium deficiency in the  soils studied. *  sodium requiring crop such as sugar-beet, 

for example, only responds to  fertilizer trea tm ent If the soil contains less than 0,05 meq/ 

lOOg o f  readily exchangeable sodium (Russell 1973). I t is notew orthy tha t the sndku-: con­

te n t a t all sites fell well below the  15? saturation limit se t for alkali soils by the U.S. 

Salinity Laboratory Staff (1954). I t is difficult to  reconcile this observation w ith th e  con­

clusions o f Ellis (1950) and H udson (1970) namely, th a t mopane is best adapted to  sodium 

influenced soils (Section B.3.).

(b) T otal N , available P and P.B.C.

Mean values o f  to ta l nitrogen, available phosphorus and phosphorus buffering capacity 

are given in Table 7.

Percentage N was low a t all sites (compare Blair Rains and McKay 1968) and ranged 

from  0,032# in  th e  sub-soil a t site 2, to  0 ,088?  in the surface soil a t site 3. According to 

L aw ton (1955), the  to ta l nitrogen for most mineral soils ( 1 - 5 $  organic m atter) falls with­

in  th e  range 0,05-0 ,2 .'i? .

NaHCC>3 extraotable phosphorus ranged front 0 ,25 ppm  in the  subsoil a t site 4  to 

7 ,56 ppm  in the  surface soil at site 6 . These values were high by comparison w ith those 

quoted by Blair Rains and McKay (1968) for the  N orthern State Lands o f  Botswana, 

bu t nevertheless well below the 20 ppm  limit suggested by Olsen e t a l  (1954) for crop 

sufficiency.

P.B.C. values generally exceeded 1 L/g, although lower values were obtained for the 

surface soils a t sites 2  (0,63L/g) and 4 (0,85 L/g), and for the sub-soil at site 5 (0,89 L/g),

A  value o f  3,40 L/g was obtained for the sub-soil a t site 3. The buffering capacities o f  42 

West Australian soils (measured as 4 Q/fi i ; im ax s  0,2 u g/rfi!) were found to range from 

0 - 5  L/g (Barrow 1967).

(c) Built density; F.C „ P.W.P, nndV nilable  water

Details o f  bulk density, moisture con ten t a t 0,33 bar and 15,2 bar mntrio suction 

and available w ater are given in Table 8 , '

Bulk density readings were high and o ften  exceeded I .Sg/cm^ in the sub-soils. 

According to  Russell (1973) the  roots o f m ost herbaceous and semi-woody plants rarely 

penetrate a light textured soil if  its bulk density exceeds l ,7 - l,8 g /c m ^ , or q heavy tex- 

tu rodso il if  its bulk density exceeds 1 ,5 -1 ,6 g/cm^. The au thor Is o f  the opinion th a t
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TABLE 7 Total nitrogen, “ available” phosphorus and potential buffering capacity for 
phosphorus for surface and srub-soits from  each sample site.

Avniiablo ^offering capacity
forP

ton) (2) (ppm) <L/g>

t 0-10 U.066 1 0,003 3,31 0.09 1,10
Z0-50 0,040 i  0,GQS 1.13 £ G 1,3*

2 0-10 0,050 ± 0,002 2,94 ± 0.56 0,63
20-30 0,032 ± 0.002 2.63 t 0.82 1.02

3 0-10 0,088 1 0,003 4,0U 0,18 1,48
20-30 0,075 346 £ 1,22 3,40

4 0-10 0,066 f  0,005 1,81 + 0,49 0,85
20-30 0,056 ± 0.002 0.25 * 0.10 1.14

5 0-10 0,060 + 0,003 6,(9 Q.51 1(05
20-30 0,057 * 0,002 3,88 0,94 0,89

6 0-10 0,058 ± 0,004 7,56 * 1.28 1,00
20-30 0,0-17 ± 0,001 0,72 ± 0,17 1,63

7 0-10 0,077 t 0,005 2,19 1.04 1,72
20-30 0,063 t  0.008 3,50 ± 0.97 1,75

8 0-10 0,062 ± 0,006 3,19 + 1,43 1,30
20-30 0,061 i o.oos 3,13 * 0,24 1,40

TA BLES Bulk density, m oisture conten t a t 0,33 bar and 15,2 ba n n a tric  suction, and 
___________ available w ater con ten t fo r soils from  each sample site, ___

SI to
(cm)

Bulk density 
< «/cm3 )

Moisture content at 
0,33_boi 15,2 bur 

( ? )  1%)
A.W.C.

<■%)

0--10 1,60 _ _
20-30 1.9! "5 6,1 3,4

0-10 1,77 _ - _
20-30 1,81 6,9 2,4

3 0-10 1,65 _ _
10-30 1,96 50.5 10,6 9,9

4 0-10 1,53 _ _ -
20-30 1,5<S 24,0 14,7 9,3

} 0-10 1,71 . .. _
20-30 1,86 25,8 13,7 12,1

6 0-10 1,61 _ _ _
20-30 1,62 20,6 13,7 6,9

7 0-10 1,65 _ _
20-30 1,91 17,2 11,8 5,4

8 0-10 !,79 - - _
20-30 t,H5 19,9 10,6 9,3
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the  high bulk densities exhibited by mopane soils is due to  partial cem eV aiian o f  sub­

soil horizons by calcium carbonate. This situation is m ost prevalent in arid and semi-arid 

regions subject to  alternate periods o f  intense w etting and dehydration (Barshad, 19S5).

O f course, the  shallow looting behaWour o f  mopane may also be a contributory factor 

tow ards subsoil com paction (Section 0 .2 .4 ,) .

Available w ater con ten t o f  tlu  oils was relatively low, ranging from 3,4% a t  site 1 to  

12,1# a t site 5 to 22,4?, by v o l.) . Soil surveys in England and Wales showed avail­

able w ater contents {% vol.) ranging from 8—16% for loamy Minds, and 12-40%  fo i clay 

loams, silty clay loams and sandy clay loams. Higher textural classes (clays -  silty days) 

had lower available w ater contents ( 1 2 -2 4 * )  than loams, mainly because P.W.P. increased 

as the  soil texture became finer (Russell 1973). Certainly the  relatively high P.W.P. at 

sites 3 —8 (predom inantly sandy clay loams) restricted the  am ount o f  w ater available to  

m opane. The concept o f  available w ater should be regarded with some reservation, how­

ever, since drought resistant species are o ften capable o f  extracting w ater a t soil moisture 

contents well below  P.W.P. as determ ined by 15,2 bars suction (Levitt, 1972).

D.2.3. R oot growth habit o f  mopane

Observations from  the  field and controlled environm ent studies indicate tha t mopane 

seedlings initially give rise to a well developed tap roo t system which grows vertically down­

wards. This rooting habit persists in some individuals (Plate 8), bu t more often than n o t the 

tap ro o t disappears altogether leaving a system  o f  shallow lateral roots (Plate 8 and 9).

I t Is the la tte r rooting behaviour tha t Is most frequently described for mopane (Ellis, 1950; 

Thompson, 1960).

Mopane trees w ith no ta p ro o t nearly always show signs of term ite attack (P‘-'•■i 10). 

Although the  two phenom ena i.-.ay be purely coincidental, the  author is o f  tl  ,n 

that term ite attack follows directly op  tap roo t senescence. Scnesclng tap r  .kJd be 

very susceptible to  term ite action and would also expose the  dead h e artw ^ .,. o f  the  stem 

trunk to further attack.

Possible reasons for tap roo t disappearance, and the  characteristic rooting behaviour 

o f  mopane generally, are given In Section D.2.4.

D.2.4. Discussion results

The main characteristics o f  m opane soils, as assessed from observations a t eijjht dif­

feren t sites distributed throughout southern Africa, may be  summarised as follows:
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PLATE 10. T erm ite damage sustained by mopnne individuals in Hie C'Uete 
Gnmo Park (Site 2).



A
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PLATE 10. T w m ite tfomnge sustained by m opane individuals in the Clioto 
Game Park (Site 2).



(a) They consisted predominantly o f  shallow to  moderately shallow, lime ac­

cumulating sands over loamy sands or sandy io.ims over sandy clay loams, and 

often exhibit a  marked degree o f  com paction in the  subsoil.

(b ) T ota l cation saturations ranged from  203 at site 2 to  88% a t site 5.

Calcium was generally the dom inant exchangeable cation followed by magnesium, 

potassium and sodium , in order o f  decreasing abundance Com paction in th e  sub­

soil could no t be attribu ted  to  the  influence o f  sodium since the  levels o f  this ca­

tion rarely exceeded 1,5® saturation o f  the exchange complex.

(c) Apart from the  particularly high levels o f  exchangeable calcium, the  overall nu­

trien t status compared very favourably w ith tha t o f most o ther semi-arid t'opica) 

soils (cf!D ’Hoore, 1964; Blair Rains and McKay, 1968). Nitrogen and phosphorus 

levels, however, w«re low  by agricultural standards.

(d) Av~ :'able w ater contents were low and bulk densities were high, the  result being 

tha t the  soils developed an extremely hard consistency during dry periods.

Broadly a.peaking, therefore, the  soils examined in th is study had much in common 

w ith th e  dry tropical soil units described by D’Hoore (i 964) (compare Sections D .l .3. and 

D.2.), and also with a variety o f  soil types described for Rhodesia (Trapnell e ta !., 1948: 

Thom pson e/ al., 1960; Thompson, 1965). This suggests th a t climate and geology are the 

main factors governing soil form ation under mopane woodland.

The author believes tha t many o f  the  adverse soil conditions reportedly associated with 

mopane (infertility, high sodium levels and com paction), are no t s  d irec t consequence o f  

its presence a t all, bu t merely reflect the wide ecological amplitude and resultant competitive 

advantage which this species has over o ther xerophytlc plants. Its association with sodium 

influenced soils outside its normal distribution range serves to  illustrate this po in t (Section 

B.3.). No doubt this opinion will be hotly  disputed by those who subscribe to  the views of 

Ellis (1950), Staples and Murray (1951) and Hudson (1970),

I t is possible that the shallow rooting habit o f  m opane contributes to  com paction in 

the  subsoil. The absence o f  roo t activity at dep th  would tend to restrict tho.se biological 

processes which govern aggregate form ation and hence increase porosity  and reduce com ­

paction (cf. Russell, 1973). The author subscribes to  the view tha t com paction under mopane 

soils is primarily caused by cem entation processes operative under arid and semi arid climates 

(cf. Barshad, 1955) (see Section D.2.2.).
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There is little doubt th a t mopane’s shallow lateral roo t system offers this species a 

strong competitive advantage, particularly in areas o f  low P/E ratio  where moisture pene­

tration is oftenrestricted to  a shallow depth  (K erfoot,1963; Savory, 1963; Levitt, 1972). 

I ts shallow rooting behaviour may also help to  explain its apparent absence from deep 

Kalahari sands, where w ater tables are o ften a t 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 roo ts o f  m any mopane individuals atrophy after a 

certain period o f  time. This phenom enon would appear to  have very little adaptive sig­

nificance particularly in shallow to  m oderately shallow soils which should become saturat­

ed throughout the profile after cloud bursts in the  dry tropics (c f  Climatological Summar­

ies, 1963). Increased rooting dep th  in these soils would obviously enable the  plants to  w ith­

stand longer periods betw een profile recharge,(cf. Pearson, 1974).

I t  is possible tha t tap  roo t disappearance is associated w ith the  observed tendency 

tow ards com paction in the  lower horizons. Compacted soils are associated w ith conditions 

o f  reduce-d porosity and soil aeration (Taylor, 1974) and as such are prone to  waterlogging. 

Despite the  controversies regarding mopane and waterlogging (Section B.3.), it seems 

more than  likely that compacted m opane soils occasionally become inundated during in­

tensive cloud bursts in the  dry tropics,albeit for relatively short periods o f  time. This situ­

a tion would be  prolonged a t dep th  and could cause tap roo t degeneration. The adverse ef­

fects o f  waterlogging on roo t development are discussed at length by Merkle (1955), 

K erfoot (1963), Russell (1973) and Stolzy (1974). The view has been expressed that 

mopane individuals with senescent tap roots become susceptible to  term ite attack (Section 

D.2.3.).

The above hypothesis is in keeping with the  suggestion tha t mopane adapts to  a wide 

range of adverse soli conditions, and is no t a prima facie cause o f  such conditions. The 

author’s views are, however, only conjectural and emphasize the  need for more detailed 

studies along the  mopane bolt o f  southern Africa.

D.3. Relation o f  Mopane Performance to Soil Factors

The relation of perform ance value to  various soil factors was studied using linear re­

gression analysis, the  main aim being to  detec t any factors which might lim it mopane 

grow th in the soils under study. The use o f  linear regression analysis was considered ade­

quate  for this purpose since growth responses to  lim iting factors (i.e. lim iting to  growth 

either through deficiency o r  excess) are approxim ately linear betw een certain limits (cf. 

Russeii, 1973).
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Freese (1967, - trns o f  the  dangers in ascribing more meaning to fitted regressions than 

is actually' war rented. A  linear regression, for exam ple, does no t show th a t th e  line fitted  

gives th e  best possible description o f  the data (a curved line might be b e tter), nor does lit 

m rnn tha t the  trtse mathem atical relationship betw een th e  variables has been found. With 

• ~,ind, experiments were subsequently designed to  test the validity o f  hypotheses 

cl • ialyfis o f  the  field data  (Section C.4., D.5.). This strategy was prom pted further

v . -jislaeration tha t perform ance value was assumed to  be a reliable index o f  mopane 

uiomass, w ithout prior verification involving destructive sampling.

2.3.1. Performance value o f  mopnne a t each site

T he mean density (no. o f  individuals/100 sq .m )  a t each site is given in Table 9 . A 

breakdown o f  the  data  from which these values are derived is presented in A ppendix 4.

T o enable inter site comparisons o f  growth perform ance, D.B.H (Table 10) was applied as 

a multiplicative correction factor to  th e  density values given in Table 9 (see Section C.2.5.). 

The perform ance values (no. o f  indiv./m) thus obtained are given in Table 11.

T here w asa 16-fold range in mopane perform ance values, the low est being 0,11 tndiv,/m 

a t site 2 and the  highest 1,77 Indiv./m a t site 6 . An interm ediate performance value o f  0,83 

indiv./m  was obtained at site 4. M opane “biomass” assessed in this m anner was significantly 

correlated with a number o f  soil factors (Section D.3.2.).

D .3.2. Simple linear regression analysis

Correlation coefficients obtained on regression o f  perform ance value against various 

soil factors are presented in Table 12. Mopane perform ance was significantly correlated 

with the  following soil parameters (cf. Table 12):

T otal N -  a t 20 -30cn i • (r = + 0,69, P  •‘ 0,05);

Available P — a t 0 -1  Ocm (r = + 0,59, P •c 0 , 10);

P.B.C. -  a t 20 -3 0 cm (r = + 0,61, P ■: 0 , 10);

% H20  (0,33 bar) -  a t 20 -3 0 cm (r = + 0,72, P •: 0,05);

(15,2 bar) — a t2 0 -3 0 c m (r = + 0,75, P  •: 0 ,02);
Ex. Mg -  a t O -lO cm (r « +  0,78, P < 0 ,02);

Ex. Mg — a t2 0 ~ 3 0 c m (r = + 0,85, P - : 0 ,01) and

T.E.C. -  at 20 -3 0 cm ( r «  + 0,63, P  •• 0 ,10).

Regression lines o f  perform ance value on total N  (subsoil) and percentage H jO  a t 0,33 

bar and i 5,2 bar (subsoil), are given in  Figure 1 l;a n d  o f  performance value on exchangeable 

Mg in bo th  surface and subsoil, in Figure 12.



TABLE 9 The mean density o f  mopar. . _ch sample site.
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Ht. class Mean density {no. of indlv./lQJ sq.m) T „„
2 3 4 5 6

Slid 5,18 0,83 0,25 0,38 0,23 6,87
Site 2 0,21 0,17 0,08 0,04 0.17 0,04 0,71
Site 3 21.0S 11,15 0,25 0,20 0.05 - 32,70
Site 4 20,10 1.75 -  - - - 21,85
SlteS 4,40 3,83 5,00 0,33 - - 13,56
Site 6 40,40 5,10 -  - - - 45,50
Slta 7 1,93 1,00 0,13 0,73 1,70 0,67 6,16
Site 8 4,40 0,80 0,40 1,40 1,40 0,10 B,50

TABLE 10 The mean D.B.H. (m) o f  mopane in each height class, averaged over all sites

Ht.fllass 1 2 3 4 5 6

No. in sample (n) 28 40 22 43 51 18
Mean D.B.H. (x) 0,035 0,070 0,135 0,215 0,315 0,440
8.E. X +0,003 +0,000 +0,014 +0,019 +0,019 +0,021

TABLE 11 Performance values (D.B.H. x  density) o f  mopane a t each sample site,

Ht. class Performance {no. of iiidlv. / m)

1 2 3 4 5 6

Site 1 0,181 0,058 0,034 0,082 ' 0,073 0,428
Site 2 0,007 0,012 0,012 0,009 0,054 0,018 0,112
Site 3 0,737 0,781 0,034 0,043 0,016 - 1,611
Site 4 0.704 0.123 -  - - - 0,827
Site 5 0,154 0,268 0,575 0,071 - - 1,168
Site 6 1,414 0,357 -  - - - 1,771
Site? 0,068 O.O'JO 0,0U 0,157 0,536 0,295 1,144
SlteS 0,154 0,056 0,054 'ill 0,441 0,044 1,050



TABLE 12 Correlation coefficients obtained on regression o f  perform ance value 
against the measured physical and chemicaJ properties o f  the soils 
from sites 1 to  8 .
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Soil Factors
Correlation coefficient (r)

O -lO cm 20 -3 0 cm

T otal N <50 + 0,496 + 0,690**

Available P (ppm) + 0,586* + 0,136

Buffering capacity  for P m + 0,517 + 0,612*

Bulk density (g/cm3) -  0 ,2 1 1 -  0,078

M oisture content ( 5 0

a t 0,33 bar - + 0,715**

a t 15,2 bar - + 0,745***

“ Available”  water ( ? ) - + 0,532

PH + 0 J3 3 + 0,393

Exchangeable cations (meq. %)

Ca + 0,437 + 0,567

Mg + 0,781*** + 0,853****

K + 0,557 + 0,291

Na -  0,006 -  0,127

T.E.C. + 0,537 + 0,632*

Cation saturation OS o f  C.E.C.)

Ca + 0,436 + 0,446

Mg + 0,416 + 0,334

K + 0,351 + 0,072

Na -  0,422 -  0,467

T.E.C. + 0,565 + 0,443

Significance rating: * (P < 0 ,0 1 ) ; **(P < 0,05); * * * (P < 0 ,0 2 ) ; *** * (P < 0 ,0 1 )
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Performance also seemed to  be directly related to  the quantities o f  available calcium 

and potassium (Table 12), although high levels o f  the  former cation were slightly detrim ent­

al to  growth (Figure 13). The phenom enon o f  grow th restriction by deficiency or excess o f  

any particular factor is a manifestation o f  “Shelford’s Law of Tolerance” (Odum , 1959),"'

The adverse effects o f  liiijh levels o f  exchangeable Ca may have been due to an im­

balance in the  supply o f  calcium and magnesium (Fig. 14), sine© the plants responded so 

markedly to  magnesium. It may be seen from Figure 14, however, that sites 1 and 2 hud 

low  perform ance values despite having apparently favourable Ca:Mg ratios in the  surface 

and subsoil. Because of this the regression o f  performance value1 On Ca:Mg ratio yielded 

very poor correlation coefficients (r  *> -0 ,0 0 7  for surface soil, r  = + 0,121 for subsoil). 

Nevertheless, this did no t exclude the  possibility o f  mopane being sensitive to imbalances 

In Ca and Mg particularly since soils 1 and 2 were deficient in m ost nu trients (Tables 5 -7 ), 

all o f  which could have contributed tow ards the  low perform ance values at these tw o sites.

B yw ay o f  example, Key s t  a l (1962) found tha t soybeans did no t respond to  favour­

able Ca:Mg ratios in soils o f  low  C.E.C. (< 3 ineq %), and attributed this to  cation deficien­

cy overriding tiie Influence o f  Cn:Mg ratio. Similarly Viamis (1949) found tha t lettuce and 

barley grown in serpentine soil did no t respond to  N, P  and K fertilizers, unless Ca levels 

in the  soil exceeded a certain critical minimum. The observations o f  these two authors serve 

to  illustrate “ Liebigs Law o f  the  Minimum" (Odum , 1959).** This low implies th a t if 

several factors lim it the  growth o f  a species, then favourable levels o f  any one fac tor (in 

this case Ca:Mg ratio in soils 1 and 2) would be Ineffectual in stimulating its grow th (of. 

Russell, 1973).

Sodium appeared to  be detrim ental to growth, particularly a t the levels found in the 

subsoil (r  «* -  0,127 ;cf. Table 12 and 5). Tills effect was more apparent when sodium in  the 

subsoil was measured relative to  th e /C a  + Mg ( r  = -0 ,4 5 7 ), or to  C.E.C. (r  = -0 ,4 6 7 )  or 

to T ,E ,C .(r  =-Q ,755;P < 0,02). These observations prom pted a closer look a t the effect of

* S M /o rd ’s “Jaw” o f  tolerance: The presence and success o f  an organism depends upon the  

completeness o f  a complex o f  conditions. Absence or failure o f  an organism can be con­

trolled by the  quantitative or quantititative deficiency or excess with respect to  any one 

o f  several factors wliich may approach the limits o f  tolerance for that organism.

**L leb igV law ” o f  the minimum: To occur and thrive In a given situation, an organism

m ust have essential materials which are necessary for growth and rep roduction .....The

essential material available fn am ounts most closely approaching the critical minimum 

needed, will tend to  be the limiting m e .
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FIG. 13. KfTocl oT exclinngonble calcium ( tm i %) in I he snrrnce (A) and subsoil (13) 
on perform ance value.

_  ..I
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sodium when measured relative to  o the r soil cations individually. Performance value was 

found to  be strikingly correlated w ith increase in Mg:Na ratio in bo th  the  surface and sub­

soil (r  = + 0,835; P <0,01 for surface soil; r  = + 0,762; P  <0,02 for subsoil), This suggested 

th a t increased Mg levels in particular were able to overcome the detrim ental effects of sodium, 

Regression lines o f  .performance value on NaiT.E.C. ratio in the  subsoil and MgiNa ratio in 

the  surface and subsoil are given in Figures 15 and 16, respectively.

D .3.3. Multiple regression analysis

Data obtained from the  regression o f  perform ance value on various soil factor combina­

tions simultaneously, are given In A ppendix 5. Analyses accounting for a significant portion 

o f  the  variation in perform ance value were summarised from A ppendix 5 and ure presented 

ill Table 13.

Thusphosphorus and nitrogen ( 0 -1 0  cm), and phosphorus, nitrogen and potassium 

(O -lO cni) accounted for ^ 7 ,9 ? and 82 ,5?  respectively o f  the variation in mopane per­

formance. Magnesium and sodium in the surface and sub-soil accounted for 63,7 j? ( 0 - 1 0cm) 

nnd 68,4? (2 0 -3 0 c m ) o f  the  variation in perform ance. The la tte r  values, however, did j\o:t 

differ substantially from those obtained on regression against magnesium singly. (54,5$- 

surface soil; 68,4#-sub-soil).

Similarly Mg:Na and Mg:K ratios in the surfacc soil accounted for <39,8# (P < 0,05) 

o f  the  variation in mopane perform ance, as opposed to a value o f  62 ,5?  (P  < 0,05) obtained 

w ith  Mg;Nn ratio singly. In the  subsoil, however, the introduction of Mg:K ratio  into the 

regression o f  perform ance value on Mg:Nn ratio, caused the percentage variation counted 

fo r to  increase appreciably from  51 ,0?S(P < 0 ,05) Vo 72,6% (P < 0,05),

From the  above analyses it  appeared tha t mopane growth was strongly influenced by 

N ,?  K, and cation ratio interactions in the soil. In particular, the significance attached to 

soil magnesium on simple linear regression analysis was augmented by 1 :ie multiple regres­

sion o f  perform ance value i .. magnesium ratios In the soil.

D .3.4, Discussion o f  results

(a) N itrogen, phosphorus nnd soil moisture

In section D .2.2. (b), it was pointed ou t tha t nitrogen and phosphorus levels in the soil 

were well below the limits suggested for crop sufficiency. I t was n o t surprising therefore, 

tha t mopane perform ance was positively correlated w ith total N  (20—30cm, Fig. 11 A),
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C Na: T.E.C.) RATIO

FtG. iS . Regression o f  performance value on N m TliC rallo in the subsoil (r = -0 ,7 6 ; 
P '  0,02). .



(Mg'.Na) RATIO

(Mg: Na) RATIO

FIG. 16. Regression o f  performance value on:
(A) My: Na ratio in the surface soil (r = + 0,84 ; P •- 0,01).
(B) Mg: Na ratio in the subsoil (r * + 0,76; P < 0,02),
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TABLE 13 Stepwise multiple regression of perform ance value on the measured chemical 
and physical properties o f soils from  sites 1 to  8 . (Simplified from da ta  pre­
sented in A ppendix 5).

Step Soil Factor D epth
(cm )

R % variation 
accounted 

for

F-value

1 P. 0 - 1 0 0,586 23,3 3,138

2 P; N. 0,856 67,9 8,438*

1 P. 0 - 1 0 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*

i Mg. 0 - 1 0 0,781 54,5 9,392*

2 Mg; Na. 0,836 63,7 7,167*

,1 Mg. 2 0 -3 0 0,853 68,1 15,971s *

2 Mg; Na. 0,8*58 68,4 13,560*

1 Mg/Na. 0 - 1 0 0,835 62,5 12,696*

2 Mg/Na; Mg/K. 0,865 69,8 9,087*

1 Mg/Na. 2 0 -3 0 0,762 51,0 8,302*

2 Mg/Na; Mg/K. 0,879 72,6 10,287*

3 Mg/Na; Mg/K; Mg/Ca, 0,902 76,6 8,653*

Significance rating: *(P < 0,05); * * ( P < 0,01 )



available P (0 -1 0 c m , Table 12), P-B.C. (2 0 -3 0 c m , Table 12), and tha t nitrogen and phos­

phorus (0 -1  Ocm) accounted for 61,9% o f  the variation in perform ance value (Table 13).

Mopane perform ance was also significantly correlated with moisture con ten t at 0,33 

bar and 15,2 ba r matric suction (Fig. 11 B + C ) ,b u t bore no significant relationship to  the 

“avail-ble” w ater content o f  the  soil (Table 12). This suggested firstly, tha t th e  overall 

w ater holding capacity o f  the soil, as defined by the  am ount held a t 0,33 bars, was of great­

er significant* to  mopane than “available” water con ten t as such, and secondly, th a t this 

species was capable o f  extracting soil w ater a t tensions corresponding to  the  P.W.P. (15,2 

bars, nominal P.W.P.).

T he above in terpretation casts some doubt on the  contentions of Hendrickson and 

Veihmeyer (1945), and o thers, tha t P.W.P. is a soil constant indicating the lower lim it of 

w ater availability for all plants. Indeed, Slatyer (1957a, 1957b) pu ts  forward th e  thesis, 

subsequently acknowledged by Levitt (1972), tha t P.W.P. is essentially dependent upon the 

osm otic po tential o f  the  cell sap in the  plant under study. The argument is advanced that 

irreversible loss o f  turgidity (perm anent wilting), can only occur when the w ater potential 

o f th e  plant and to ta l soil m oisture stress tend tow ards equilibrium. In an enlightening re­

view, Siatyar (1957b) explains how  standard laboratory procedure for the determ ination 

o f  P.W.P. (cf. Veihmeyer and H endrickson, 1949; Salter and Haw orth, 1961b) may cause 

plants to  adjust osmotically, such th a t xecophytic species become induced to  w ilt a t ten­

sions more typical o f  mesophy tic  plants. Only w hen groups o f  p lants exhibit similar osmotic 

characteristics, does it  become possible to  associate a single value for the  P.W.P. w ith wilting 

phenomena o f  p lants w ithin any one group.

In view o f  the  above correlations a factorial experim ent was designed to  te st yield 

responses o f  m opane to applications o f  nitrogen and phosphorus, and to  variations in soil 

moisture stress. The suggestion tha t this speuies was capable o f  extracting water a t tensions 

corresponding to  the  P.W.P., prom pted a study o f  its w ater utilization pattern under condi­

tions o f  varying soil moisture stress, Details o f  experim ental procedure have been reported 

in Section C.4., and results are presented in Section D.4.

(b) Soil cations

Mopane perform ance was significantly correlated with xchangeabie magnesium,the 

values o f  which ranged from 0,30 to  4,27 meq % (Fig. 12). These corresponded to  mag­

nesium saturations from 8 to  26% o f  the  C.E.C,



Bear and T o th  (1948) found magnesium saturations of 10% to  be optim um for alfalfa 

when grown in soil where 65#  and 5% o f  the  exciiange complex was occupied by calcium 

and potassium respectively. Citrus seedlings grown in H anford sandy loam (C.E.C. =

11 —i 7 m e q S ) were found to  be insensitive to  Mg-snturations in the  range 6—28?  (Martin 

and Page, 1969). Higher saturation levels o f  th is cation caused a  marked decline in citrus 

yield, unless compensatory levels o f  calcium were also made available to  the  plants, Martin 

and Page (1969) interpreted this observation as a degree o f  caicium-magnesium antago­

nism.

Calcium a t high levels appeared to  be detrim ental to  the grow th o f  m opane (Fig, 13). 

This may have been due to a caicium-magnesium antagonism since perform ance decreased 

appreciably w ith increase In Ca:Mg ratio (Fig. 14). Ca; Mg ratios in  the field ranged from 

approxim ately 2 to  6 w ith the  higher perform ance values occurring a t a value o f  2 :1 in bo th  

the  surface and sub-soil. Key e ta l. (1962) found tha t soybeans and corn, grown in soli and 

sand resin culture (C.E.C. = 3 ,9  and 27 meq %), were unaffected by Ca:Mg ratios in the 

range 50:1 to  1:1. Yield always declined, however, w hen exchangeable magnesium exceed­

ed exchangeable calcium (Ca:Mg< 1). V ariations in theCa:Mg ratio from 1:4 to  32:1 had no 

effect on the yield o f  alfalfa plants, despite corresponding decreases in p lant magnesium 

from 95 to  20 meqS (Hunter 1949). In th e  absence o f  added sodium , sudan grass was 

found to  grow best a t ratios o f  2 :1 ; in the presence o f  sodium (15% o f  C.E.C.) the  optim um 

ratio rose to  11:1. Jo ffeand  Zimmerman (3 944) interpreted these observations as a mag­

nesium and sodium antagonism to calcium uptake.

The apparent intolerance displayed by mopane tow ards sodium (Tables 12 + 13;see 

Section D.3.2.) was surprising, particularly since the level o f  this cation seldom exceeded 

J ,5% sa turation o f  the  exciiange complex (Table 6). Significant correlations obtained on  re­

gression o f  perform ance value against Na:T.E.C. ratio (Fig. 15) and Mg:Na ratio  (Fig. 16), 

suggested that this species was sensitive to  imbalances between sodium and other soil cations, 

particularly magnesium. Bower and Wadleigh (1948), using a m ixture o f  sand and synthetic 

resin, found tha t bean plants were sensitive to  exchangeable sodium percentages exceeding 

15% o f  the  C.E.C. Rhodes grass and garden b e st wore found to  be to lerant o f  much higher 

sodium levels (« 75g). In all the test plants, applications o f  sodium caused corresponding 

decreases in the calcium, magnesium and potassium contents o f the  shoots us well as a 

marked decrease In the potassium content o f  the roots. Martin el a l  (1953) found that 

increases in exchangeable sodium percentage from 4 - 2 8 2  caused a progressive decline in 

the yield o f  citrus seedlings. Increased sodium uptake by tlis citrus plants was assoc' .ted 

w ith a corresponding decrease in leaf calcium. Leaf magnesium on the o ther nand, only be­

came appreciably reduced at 2B% exchangeable sodium.
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soil Individually (Table 14). There were no significant interactions between N, P and  avail­

able w ater supply on the  to ta l yield o f  mopane grown in pots. Phosphate increased the  yield 

on all three soils, and nitrogen the yield on soils 4  and 6, bu t the  effects were no t significant. 

The effect o f  nitrogen on shoot growth in soil 6 was significant (P < 0,05) b u t a  concomit­

an t decline in roo t growth rendered the  effect on to ta l yield non-significant.

A striking feature was the  significant (P < 0 ,01) decrease in yield w ith 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 soil 2 w ith increased N and moisture stress were accompanied by a significant 

(P < 0 ,01) decrease in evapotranspiration rate from  the  soil-plant system (Table 15). Evapo­

ration from  the  soil alone, measured in control po ts, was never greater than 10g H jO  per 

day, under the m ost favourable soil moisture conditions. Evapotranspiration rates from 

roiis 4  and 6 were unaffected by N, P and fluctuating water supply.

In  spite o f  large d screases in yield and w ater consum ption with increasing N and soil 

moisture stress on  sol'. 2 , the  coefficient o f  water utilization remained unchanged(Table 16). 

Phosphate trea tm ent on soil 2 caused a significant (p  < 0,05) decrease in the  coefficient 

o f  w ater utilization, whilst on soil 6 values increased significantly (P  < 0,01) w ith rising 

soil moisture stress, However, apart from these tw o  significant trends, the  changes in rates 

o f  evapotranspiration and growth were mutually compensatory so th a t the  coefficient o f 

w ater utilization was relatively independent o f  soil type  and the  imposed treatments,

The above observations suggest a  capacity for internal osm otic adjustm ent (Slatyer, 

19S7a.j . Wilson e t a!., 1970; Levitt, 1972; Russell, 1973) by m opane, especially when 

viewed In thought o f  the  moisture retention properties o f  the three soils used (Fig. 17).

Most o f  tho available w ater was held at suctions less than 6 bars ton soils 4 and 6, and a t 

suctions below 1 bar on soil 2, Clearly, plants subjected to  the m ost unfavourable water­

ing treatm ent absorbed water against a wider range o f  increasing soil m oisture suction, 

before reaching the  15,2 bar percentage. In the absence o f  an osm otic adjustm ent mechan­

ism therefore, one would have expected a marked decrease in evapotranspiration rate  to ­

gether w ith an even greater decrease in yield, thus leading to an overall increase in the co­

efficient o f  w ater utilization on all three soils under the most unfavourable watering treat­

ment (Section D .4.3.).

The absence o f  an effect o f  extrem e variation In available water supply on mopane 

growth on soils 4  and 6, suggested tha t the detrim ental effects o f  increased N level and 

rising soil moisture stress in soil 2 , may have been due to excessive osm otic concentra­

tions o f  the  soil solution. Soil 2 contained only 6,9 % water a t 0 ,33 bars and had an ex­

tremely low range o f  "available” water, most o f  which was held a t suctions less than 1 bar
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soil individually (Table 14). There were no significant interactions between N, P ond  avail­

able w ater supply on the  totai yield o f  mopane grown in pots. Phosphate increased the yield 

on ail three soils, and nitrogen the yield on soils 4 and 6, but th e  effects were no t significant. 

The effect o f  nitrogen on shoot growth in soil 6 was significant (P < 0,05) bu t a concomit­

an t decline in roo t growtli rendered the  effect on to ta l yield non-significant.

A  striking feature was the significant (P < 0,01) decrease in yield w ith increasing 

N supply and m oisture stress on soil 2. Repented fluctuations in the  available water supply 

from 100 to  0  per cent had no significant effect on grow th in soils 4  and 6 . The decreasing 

yields on soil 2  with increased N and m oisture stress were accompanied by a significant 

(P < 0 ,01) decrease in evapotranspiration rate from the soil-piant system (Table 15). Evapo­

ration from  the  soil alone, measured in control pots, was never greater than lOg H2O per 

day, under the  m ost favourable soil m oisture conditions. Evapotranspiration rates from 

Mils 4  and 6 werft unaffected by N, P  and fluctuating water supply.

In  spite o f  large djcrensas in yield and water consumption w ith increasing N and soil 

m oisture stress on  soi'. 2 , the  coefficient o f  water utilization remained unchanged (Table 16). 

Phosphate treatm ent on soil 2  caused a significant (p  < 0,05) decrease in the coefficient 

o f w ater utilization, whilst on soil 6  values increased significantly (P  < 0 ,0 !)  w ith rising 

soil moisture stress. However, apart from  these tw a significant trends, the changes in rates 

o f  evapotranspiration and growth were mutually compensatory so tha t the coefficient o f 

water utilization was relatively independent o f  soil type  and the  imposed treatm ents.

The above observations suggest a capacity for Internal osmotio adjustment (Slatyer, 

1957a.].. Wilson at at., 1970;L evitt, 1972; Russel!, 1973) by m opane, ospecially when 

viewed in the ligh t o f  the  moisture reten tion  properties o f  the  three soils used (Fig. 17).

Most o f  the available w ater was held a t suctions less than  6 bats ton soils 4  and 6, and a t 

suctions below 1 bar on soil 2. Clearly, plants subjected to the m ost unfavourable water­

ing trea tm ent absorbed w ater against a wider range o f  increasing soil moisture suction, 

before reaching t/te 15,2 (jar percentage, frc t in  absence o f  an osmotic adjustm ent mechan­

ism therefore, one would have expected a marked decrease in evapotranspiration rate to ­

gether w ith an even greater decrease in yield,thus leading to  an overall increase in the  co­

efficient o f  water utilization on all three soils under the  most unfavourable watering trea t­

ment (Section D.4.3.).

T he absence of an effect o f  extrem e variation In available w ater supply on mopane 

growth on soils 4  and 6 , suggested that the  detrim ental effects o f  Increased N level and 

rising soil moisture stress in soil 2 , may have been due to excessive osmotic concentra­

tions o f  the soil solution. Soil 2  contained only 6,9% water at 0,33 bars and had an ex­

trem ely low range o f  “available” water, m ost o f  which was held a t suctions less than 1 bar
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MATRIC SUCTION (bars)

FIG. 17. Moisture retention curves between the ma trie suctions o f  0,33 find 15,2 bars, 
' for soils 2 ,4  and 6 ,
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(Fig. 17). Accordingly, soil solution concentrations were calculated for each soil, taking 

in to  account the  salts added in the  basal nutrient solution and the  nitrogen treatm ents, at 

tw o extrem e moisture regimes:

(a) a t 0,33 bars matric suction, and (b) a t 15,2 bars matric suction.

Osmotic suction was calculated from the  approxim ate formula:

■it = RTC

where C is  the m olar concentration o f  th e  soil solution. Total p lant yields, averaged over 

replicates and phosphate levels, are p lotted against n in Figure 1 S. Clearly, on soils 4  and 

6 , increased N-levels over the tw o extrem e watering regimes caused only m inor fluctu­

ations in osm otic suction o f  between 0,3 and 3,0 bars (up to  18,2 bars T.S.M.S.). Yield 

was no t markedly affected, indicating tha t mopane could tolerate tota l soil moisture stress 

o f  up to  18,2 bars in these heavier texturcd soils w ithout any apparent ill effects. On soil 2 

osm otic suctions were never less than 3 bars and increased lip to  6  bars w ith increased 

nitrogen applications a t 0,33 bars matric suction (6,33 bars T.S.M.S.). A lthough yield was 

significantly (P < 0 ,05) depressed w ithin this range o f  osm otic suctions, the coefficient of 

w ater utilization remained constant (Table 16). Tills pointed to  an osmotic adjustm ent 

mechanism w ithin the plant which enabled it to  maintain a favourable water potential 

gradient between the  cell sap and the soil solution. Evidence presented later (Section D.4,2, 

and D.4.3.), suggests th a t such a mechanism might involve an increase in osmotically active 

solutes w ithin the  cell sap, possibly through an increase in amino-ncids and sugars re­
lative to pm teins and other carbohydrates respectively. A fter such an adjustment, increased os­

m otic suction had no further effect on yield and plants were able to  tolerate to ta l soil 

moisture stresses reaching 31,2 bars (15,2 + 16 bars) for lim ited periods.

D.4.2, Chemical analysis o f  plant tissue

(a) Relative nitrogen conten t o f  shoots

The mean relutivo nitrogen content o f  mopane shoots grown under factorial combina­

tions o f  N, P and soil moisture stress is given in A ppendix 9, and n-summary o f  the main 

trea tm ent effects Is presented In Table 17. The mean relative nitrogen content o f  plants 

grown on the  three soils differed m arkedly, being 1,76)! for soil 2 ,1 ,0 5 $  for soil 4  and 

1,21 % for soil 6 . In all three soils the  nitrogen concentration in the  shoots increased sig­

nificantly (I* < 0 ,01) w ith increase in N level.

Phosphorus significantly (P < 0,01 > enhanced the uptake o f  nitrogen by plants grown 

on soil 4  and showed variable interactions 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. O n soil 6, for example, percentage N decreased significantly 

(P < 0,05) w ith rising soil m oisture stress, whilst on soils 2 and 4 a positive bu t non sig­

nificant response was obtained.

The. ability o f  plants grown on soil 2 to  accumulate significant (P < 0 ,0 ')  am ounts of 

nitrogen at m oisture stresses and N levels unfavourable to  growth {c{. Tables 14 and 17), 

prom pted a closer look at th e  relation betw een relative nitrogen conten t and rising osmotic 

suction. Percentage nitrogen values, averaged over replicates and phosphate levels, are plot- 

ed against v  a t 15,2 bars matric suction in Figure 19. Clearly, the relative nitrogen content 

o f  plants increased significantly (P < 0.05) w ith rising osm otic suctions between 1,3 and 

16,5 bars. The possible role o f  nitrogen in the  osmoregulation o f  the cell sap is discussed in 

Section D.5.3.

(b) Relative phosphorus con ten t o f  shoots

The mean relative phosphorus nontent o f  plants grown under factorial combinations 

o f  N .P a n d  soil moisture stress is given in A ppendix 10, and a summary o f  the  main treat- 

m sn t effects is presented in Table 18. Tli mean relative phosphorus content o f  plant:, 

grown on soils 2 and 6 was 0,24$ and C ,z i?  respef lively, w hilst a considerably lower 

value of 0 ,15?  was obtained for plants grown on soil 4 . O n all three soils the  percentage 

phosphorus increased significantly (P <0,01) with increase in phosphate W ei.

On soil 6 , the  uptake o f  phosphorus increased significantly (P <0,01) w ith increased 

N level and decreased significantly (P <0,01) with rising soil moisture stress. Significant 

interactions were obtained between moisture stress and phosphorus on soils 2  (P <; 0 ,01) 

and 6 (P < 0,05); betw een moisture 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 o f  mopane to  N and P  was no t as marked as might have been ex­

pected from the field data (Section D.2.2<b); D.3.4.(a))partiralarly in soils 4 and 6, where 

the  range o f  available w ater was sufficient to  prevent the  development o fharm ful osmotic 

effects. The lack o f  a significant response cannot be attribu ted  to a possible unavailability 

o f  N  anil P (cf. Birch, 1958; Russell, 1973), since the accumulation o f  both these nu­

trients in the shoots responded strikingly to  increased N and P level respectively.

Russell (1973) points ou t th a t when yieid responses are appreciably less than expected, 

then other factors limiting yield are generally present. For example Vlamis (1949) found that
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SOIL .2 - A  A A
4 - n a  m  

6-0 ®

A

N levels

>J at 15,2 bar:

LSD,P< 0,05 j  j  j .  

means o f A _[

0 5 10 15 20 
OSMOTIC SUCTION (bars)

FIG. 19. Tim relation between relative nitrogen conten t o f  mopane shoots and osmotic 
suction Tor soils 2 ,4  nnd 6.
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lettuce  and barley did no t respond to  N, P and K fertilizers unless calcium in the  soil ex­

ceeded a certain critical minimum (see Section D.3.2.). Evan though standard nutrien t s61u- . 

tion  (Appendix 2) was applied to all three soils before commencem ent o f  the experiment, 

this did no t exclude the possibility o f  some nutrients remaining unavailable to  mopane,

Perhaps certain essential, nutrien ts were rendered unavailable during the  alternate wetting 

and drying o f  the  soil (cf.W adleigh and Richards, 1961), The observed disparity between 

N  and P uptake  and yield response, suggested a  reduced rate o f  utilization o f  these nu­

trien ts in fundam ental grow th processes such as DNA, RNA and protein synthesis. Re­

duced metabolic efficiency may be induced by a wide variety o f  nu trients when in short 

supply, In a review article Steinberg (1961) concludes tha t inadequate supplies o f  nutrients 

such as Ca, Mg, K, S  and B lead to  an accumulation of Bmtno acids over protein and re­

ducing sugars over carbohydrate. In support o f  the  above argument is the  observation that 

soil 6 , which had the  m ost favourable nutrient sta tus as assessed by perform ance value, afforded 

th e  best yield response to  increased N and P level (Table 14).

The stim ulatory effect o f  N and P  level»» {he relative nitrogen and phosphorus con­

ten t respectively was consistent on ail three soils. The remaining treatm ent effects, however, 

differed m arkedly from  soil to  soil, as did the various trea tm ent interactions (Tables 17 and 

18). I t is d ifficult to  ascribe physiological, or ecological significance to  these varied effects, 

particularly in  the  absence o f  meaningful yield responses. The interactions reported in 

Tables 17 and 18 were thoroughly investigated b u t no meaningful interpretations could be 

gleaned from th e  data. In experim ents o f  this na ture  it  Is o ften  difficult to  distinguish be­

tw een interactions tha t occur in the  soil and those that occur in the p lant (cf.. H iatt and 

Leggett, 1974).

The response o f  m opane to  soil moisture stress was no t tha t expected o f  a drought 

sensitive  species, For exam ple, Wadlelgh and Ayres (1945) found a continuous decrease in 

th e  growth o f  red kidney beans w ith increase in soil moisture stress from  1 to  10 atm. 

Furtherm ore,the effects o f  increasing severity o f  soil moisture stress, w hether due to  a 

reduced supply o f  available water, o r due to  increasing osmotic suction, were comparable.

T he results obtained from this experim ent (Fig. 18), suggested tha t mopane growth was un­

affected by fluctuating osm otic suctions up to  3 bare at least (and total soil moisture ten­

sions up to  18 bars) on the tw o soils o f  higher available water content (sites 4  and 6). On 

the  soil y f  very low field capacity and available water content (site 2), however, growth 

was reduced by the  consistently high osmotic suctions (3—6 bars) imposed by  increased 

nitrogen levels, At the  higher osm otic suctions (6 -- i 6  bars), internal osmotic adjustm ent ap­

peared to  have occurred and yield values remained unchanged. -.Vith such an adjustment 

transpiration rate was reduced, bu t the  coefficient o f  water utilization was maintained at 

a  value applicable to  unstressed plants (Table 15 and 16).
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On soils 4  and 6 transpiration rate was unaffected by drying the  soil to  15,2 bars 

m atric suction. Slatyer (1957b) found th a t the transpiration rate o f  tom ato , privet and 

co tto n  plants declined progressively w ith rising soil m oisture stress. Continued transpira­

tion  was still observed although a t considerably reduced rates, a t to ta l soil moisture ten­

sions corresponding to perm anent wilting of the leaves (20, 38 and 48 atm . for tom ato, 

privet and co tton  respectively). A measure o f  m opane’s drought resistance may be gauged 

from the  fact th a t no symptoms o f  wilting were detected, even in plants grown on soil 2, 

where total soil moisture stresses sometimes exceeded 30 bars under the m ost unfavourable 

w atering regime. U nfortunately the total soil moisture stress equivalent to  permanent 

wilting of mopane leaves was no t determined in this experiment. Nevertheless, observations 

made on mopane grown in po ts lend support to  the hypothesis tha t the 15,2 bar % does not 

se t the  lower lim it o f water availability for this species (Section D .3.4faj).

Nitrogen was implicated in the  ability o f  mopane to  ensure a sustained w ater supply 

on  soil 2, where total soii moisture stresses fluctuated above IS bars w ith alternate wetting 

and drying o f  the  soil. Plants subjected to  water stress generally show a decline in RNA, 

p ro tein  and polysaccharide c o n ^ n t, and a concom itant build up o f  am ino acids and 

reducing sugars. (Singh and Alderfer, 1966; Kramer, 1969; Levitt 1972). Assuming th is 

phenom enon to  hold true for mopane, then the significant accumulation o f  N in response 

to  rising osm otic suction (Fig. 19), m ust havt caused a substantial increm ent in the  con­

centration o f  osmotically active solutes (sugars and am ino acids) in the cell sap of the 

plants subjected to  severe soil moisture stress. This observation, therefore, favours th e  hypo­

thesis that m opane’s drought resistance mechanism is essentially one o f  osm otic odjustment 

through solute accumulation.

Levitt (1972) broadly classifies xerophytic plants into either a drought-avoiding or 

drought-tolerating category, Drought avoiders are characterised by the ability to  maintain 

a high water potential, either through the  restriction o f  transpiration (the  water savers), . 

o r  by being able to locate sufficient w ater at dep th  to maintain a high transpiration rate 

(th e  water spenders). Likewise, d rought tolerating plants may be divided into two categor­

ies; the dehydration avoiders and the dehydration tolerators. Plants belonging to  the former 

category are able to avoid dehydration by maintaining im equilibrium between plant and 

environm ental water potential. This is generally achieved by osm otic adjustm ent through 

solute accumulation. The dehydration tolerators, on the o ther hand, are capable o f  almost 

complete dehydration w ithout sustaining structural or metabolic damage.

The daily water requirem ent o f  mopane (~ lOg/g dry w t./day) places it outside the 

category o f  w ater saving species (cf.Millar cl. al.. 1965; Kramer, 1969; Slavik, 1974).
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Equally, th e  observed tendency o f  th is species to  shed its leaves during extended periods 
o f  drought, excludes it  from belonging to  the  class ->f dehydration tolerators. Thus It would 
seem th a t mopane is either a drought avoiding water spender, o r  a  drought toleran t de­
hydration avoider.

The results obtained in this experim ent suggest tiiat the drought resistance mechanism 
o f  mopane is primarily one o f  dehys* “ition avoidance by osmotic adjustment. Observations 
made in tills study (Section D .2.3.) and by o ther workers (Miller, 1938; Wild, 1953; Wild, 
1955; Thompson, 1960; Porter, 1968; and others) indicate tha t mopane is no t inherently 
a deep rooting species, Water spenders generally have deep roo t systems, and rely on water 
reserves a t o r near the  water table to ensure a high w ater po tential and sustained transpira­
tion ou tpu t. In ^lie absence o f  readily utiiizabie reserves, water spenders exhibit a  Unear de­
cline in transpiration rate after a set period o f  tim e, and usually a t soil water potentials 
in  the  range - 6  to  - i  2 bars (Levitt, 1972).

In addition to  being shallow rooted, mopane is reportedly associated w ith alkaline, 
calcareous or sodium rich soils (Henkel, 1930;EJlis, 1950;H udson , 1970;Lou\y, 1970; and 
others), where osm otic suctions may be expected to  rise sharply on depletion o f  the  avail­
able w ater supply (cf. Russell, 1973), One w ould no t expect a species to  colonise such soils 

unless ft was capable o f  utilizing the  high salt con ten t to  counteract the  detrim ental ef­
fects o f  rising osm otic suction.

The adaptive significance o f  m opane’s resistance to  soil moisture stress is discussed 
further in Section E. U nfortunately, the existence o f  an efficient osmotic adjustment 
mechanism w ithin this species is based soieiy on circumstantial evidence- Conclusions 
draw n from this hypothesis are therefore only tentative, and m ust await the  outcom e of 
more detailed studies designed to  m onitor changes in p lant and soil water po tential with 
tim e(cf. Levitt 1972). With recent technical advances in the measurement o f  p lant and 
soil w ater poten tia l it is now possible to conduct this type  o f  study in the field. The pressure 
bom b technique o f  Scholander et. al. ( i 9(55) offers a rapid and fairly reliable means o f  
assessing p lan t w ater po tential (cf.Slatyer, 1967; Kramer, 1969), whilst the  tem perature 
insensitive therm ocouple-psyohrometer developed by Rawlins and Dalton (1967) may be 
used for obtaining field recordings o f  soil w ater po tential. More recently, readings on 
plant water po tential have been obtained using an adaptation o f  the la tte r technique 
(Slavik, 1974).

D.5, Controlled Environment Studies -  Mg, K and Nn Interactions 

D.5.1. Yieid

The mean yield responses o f  mopane to  factoriul com binations of Mg, K and Na are 
given in Appendix 11. The main treatm ent cffects were best reflected in the  analysis o f 

whole plant yields (roots and shoots). A summ ary o f  the results is presented in Table 19.



Mean yields on the  three soils differed appreciably being 2,03g on soil 2, 5 ,17g on soil 
i4 and 4 ,6 ig  on soil 6. Overall, magnesium increased the  yield on all three soils b u t the effect 

was only significant (P < 0,001) on soil 2. Surprisingly, potassium had a  detrim ental effect 

on the  growth o f  mopane on all three soils (P < 0,001 for soils 2 and 6 ;P  < 0,05 for soil 

4). Increased sodium level was also associated w ith a significant (P < 0 ,001) decline In 

yield on all three soils.

T he above effects arc illustrated in f  igure 20 where yields are plotted against increased 

magnesium level in the presence and absence o f  added potassium and/or sodium. By Itself, 

magnesium stimulated growth on soil 2  bu t caused a decline in yield on soils 4  and 6. How­

ever, plants grown on  the  tw o la tte r  soils did respond positively to  interm ediate levels o f 

magnesium in the  presence o f  sodium or potassium (cf,. Fig. 20 and Plate 11).

Sodium and potassium interacted significantly (P < 0 ,05) on soils 2 and 6. The nature 

o f  th is interaction may be gauged from  Figure 20 where clearly, the reduction in yield 

w ith  Na and K supplied individually was greater than  the  effect on yield o f  supplying the 

tw o elements together. A similar trend was apparent on soil 4 , b u t failed to attain  signi­

ficance a t th e  95% confidence lim it. The above interaction is illustrated further in  Figure 

21 where yield values averaged over replicates and magnesium levels are plotted against the 

sodium content o f  the  soil.

The observed effects o f  Mg, K and Na on yield gave rise to  a num ber of distinct pos­

sibilities. For example, th e  detrim ental effects o f  K and Na trea tm ent may have been due 

to  the  creation o f  cation imbalances within the plants, or alternatively, to  the imposition 

o f  unfavourable osmotic stresses in the  soil. Tissue analyses were therefore perform ed in 

an a ttem p t to  clarify the  above observations.

D.5.2. Chemical analysis o f  p lan t tissue

The relative cation content (Ca, Mg, K and N a) ' o f  m opane grown under factorial 

com binations o f  Mg, K and Na is given in Appendix 12 and 13. A sum m ary o f  the  main 

treatm ent effects on the relative conten t o f  individual cations is given in Tables ?0  to  23 

and the  effects on total relative cation content!? Ca, Mg,K,Na meq %) in Table 24.

(a) Relative calcium content

The mean relative calcium conten t o f plants grown on the three soils was 39,5 meq % 

fo r soil 2 ,7 5 ,8  meq % for soil 4  and 68,0 meq % for soil 6 (Table 20). Increase in magnesium





M Q q  A N D  M g ^

F1C. 20. EITecl o f  magnesium on the yield o f  moptmu in I ho presence and absence 
o f  fielded potassium or sodium. Verticnl bare (!) indicate -  L.S.D. values 
(I’ < 0,05, means of 3).

legend  ®—o  KfYbct o f  Mg at (Kq(Viiq) &—a. Effect o f  Mg .it (K q N jj)  
D—Q Efloel o f  Mgnt (K , Niiq) x__ x Effect o f  Mp a t C K |N aj)
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B

PLATE 11. The effect of factorial com binations of Mg, K. mid Nu on the growth o f  mopan • in 
soils 2(A) and 6(B).
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SODIUM CONTENT OF 5 0 IL (m « q % ) AT 
NaQ AND Na1

FIG. 21. The effccl o f  sodium on yiakl In tin* presence and abscncc of added potassium 

Legend 0 —0  Effect o f  N aal Kq

£r—& liffcct o f  Na al K | .





level was associated w ith a significant decrease in calcium concentration w ithin the  plant 

tissue (P < 0,05 for soil 2 ; P  < 0,001 for soil 4  and P < 0,01 for soil 6). Pofcviium caused 

a significant (P < 0 ,001) decrease in the  relative Ca content o f  plants grown on soil 2. On 

soils 4  and 6 a positive response to  K was obtained, bu t th is effect was only significant 

(P < 0,05) on the la tte r  soil. The effect o f  sodium was similar to  tha t o f  potassium, but 

significance (P < 0 ,0 1 ) was only attained on soil 4. The significant negative interactions 

betw een Na and K on soils 4 (P < 0,05) and 6 (P < 0,001) are illustrated in Figure 22.

Clearly, th e  increase in relative calcium content o f  plants was greater fo r Na and K indivi­

dually than  when supplied together.

(b) Relative magnesium conten t

The mean relative magnesium content o f  mopane did no t vary markedly, being 24,01, 

2 0 ,7 9  and 24,01 meq % for soils 2 ,4  and 6 respectively (Table 23). The accumulation of 

magnesium on all th ree  soils increased significantly (P < 0,001 for soils 1  and 4 ; P < 0,05 

for soil 6 ) w ith increased magnesium level. Potassium significantly enhanced the  uptake of 

magnesium on soils 4  (P < 0 ,05) and 6 (P < 0,01), whilst on soil 2 a slightly negative response 

w4s obtained. Sodium also enhanced the  accumulation o f  magnesium, causing a significant 

increase in the  relative magnesium content o f  plants grown on all three soils (P < 0,001 for 

soils 2  and 6 ; P < 0,01 f c  soil 4). There w e n  no significant in teractions betw een Mg, K and 

Na on the  relative magnesium conten t o f  mopane grown in  pots.

(c) Relative potassium conten t

fhe mean relative potassium content o f  mopane was 73,66 meq % on soil 2, 64,04 

m eq % on soil 4 and 69,35 m eq % on soil 6 (Tabie 22). Increased potassium levels caused 

a significant (P  < 0 ,001) increase in the  accum ulation o f  potassium on all throe soils. So­

d ium  decreased t lx  relative potassium content o f  plants grown on soil 2 , whilst on soils 4 

and 6 a positive bu t non-significant response was obtained. Magnesium treatm ent decreased 

th e  level o f  potassium  on all three soils, bu t this effect was only significant (P • 0,05) in 

pliints grown on soil 4. There was also a significant (P < 0 ,05) interaction between K and Na 

on  the relative potassium conten t o f  mopane grown on soil 4 . Relative potassium values, 

averaged over replicates and magnesium levels and plotted against th e  sodium content o f  the 

soil, showed this interaction to  be positive (Fig. '23). Clearly the  increase in relative potas­

sium conten t was greater for Na and K supplied together than for each cation supplied in­

dividually.
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0  2  A

SODIUM CONTENT OF SOIL (meqV.) 
AT NaQ AND ^

151G. 72. T lie cH'ccl of sodium on Hie relative calcium content in the presence
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SODU1M CONTENT OF SOIL (meg%) AT 
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(d) Relative sodium content

Mopane on all three soils accumulated very little sodium. Mean values for relative 

sodium content were 7,8 meq % on soil 2 ,4 ,2 0  meq % on soil 4 , and 10, 11 meq % in soil 

6 (Table 23). Sodium treatm ent enhanced th e  accumulation o f  sodium by plants in all 

three soils (P < 0,01 for soil 2; P < 0,001 for soils 4  and 6). Potassium also enhanced 

sodium accum ulation on all the  soils bu t the effects were no t significant. Magnesium on 

th e  o the r hand decreased th e  relative sodium content o f  plants, bu t 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 conten t o f  mopane grown in pots.

(e) T ota l rein live cation con ten t (£  Ca, Mg K Na meq %)

The mean tota l relative cation con ten t o f  inopane was 144,9 meq % on soil 2, 163,85 

meq % on soil 4  and 171,4 meq % on soil 6 (Table 24). Magnesium trea tm ent caused an 

overall decline in to ta l cation accumulation, this effect being significant (P < 0,001) on 

soil 4. Potassium caused an appreciable increase in  total cation accum ulation on all three 

soils {P < 0,01 for soils 2 and 4, P < 0,001 for soil 6). This was also true  for sodium trea t­

m ent on soils 4  and 6 (P < 0,001), w hilst on soil 2 a slight negative response was obtained. 

The above responses clearly reflect the  main effects o f  Mg, K and Na trea tm ent on the  re­

lative con ten t o f  individual cations (compare Table, 20 to  23 w ith Table 24). There were no 

in teractions between Mg, K and  Na on the  to ta l relative cation content o f  mopane grown 

in pots.

•as immediately apparent from  the  results reported that the  detrim ental effects 

i and potassium could no t be explained in term s o f  these tw o r  t  'n ts causing 

jtio n  imbalances w ithin the p lant tissue. For example, bo th  Na. a ■. k  caused ap­

preciable increases in the relative magnesium content o f  plants grown on ah .... soils 

(Table 21), Thus the  favourable effects o f  M g-treatment were no t due to  increased levels of 
this cation overcoming a K -N a  antagonism to  magnesium uptake. A ntagonistic effects 

attributable  to sodium and potassium did nevertheless occur. F o r example, on soil 2 so­

dium Inhibited potassium uptake (Table 22) and potassium inhibited calcium accumula­

tion. Fu rthe r,#  lim ited degree o f  K —Na antagonism could possibly be inferred from  the 

interaction o f  these two nu trients on yield (Fig. 21) and from the  observation tha t sodium 

trea tm ent reduced the  total am ount o f  -'otassium (meq) accumulated by plants on all 

th ree soils. However, these trends and interactions did no t account for the  strikingly de­

trim ental effects o f  sodium and potassium on yield.

It seemed possib e therefore, th a t the main effect o f  these two monovalent cations 

was to cause a build up  o f  unfavourable osm otic suctions in the soil solution. This view 

was prom pted further by the  observation tha t bo th  sodium and potassium caused a marked
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increase in the total relative cation content o f the p lant tissue (Table 24). Evidence has 

already been produced for mopr.ne possessing an osm otic adjustment mechanism, and the 

im portance o f  organic solute accumulation (amino acids and sugars) in such a mechanism 

was outlined (Section D.4.3.),

Accordingly, soil solution concentrations at the  0,33 bar percentage were calculated 

for each soil, taking into account the  ammonium nitra te  added in the basal nutrient solu­

tion , the “balanced ou t” levels o f  sulphate (see Section C .4.1 .(b)) and the am ounts o f chlo­

ride anion accompanying sodium and potassium treatm ents. The contributions o f  Mg+,
K + and Na + to  osmotic suction were no t taken into consideration since it was no t possible 

to  estimate the soil solution concentrations o f  these cations for each treatm ent. The osmotic 

values given here are therefore an unf4 . estimation o f  those which actually prevailed at 

commencem ent o f  th e  experiment. ■ ie contribution o f  sodium and potassium ions to 

osmotic suction m ust have been fairly substantial, particularly in those po ts where cation 

sa turstion exceeded 100 p e r  cent (Table 4  -  Section C.4.]..(b)).

Totat piant yields and tota l relative cation con ten t, averaged over replicates and mag­

nesium levels, are p lo tted  against osmotic suction in Figure 24 (*  = RTC ; see Section 

D .4 .I.). Cleariy, an increase in  osmotic suction from -  2 - 9  bars with increased application 

o f  sodium and/or potassium was associated w ith a marked curvi-liuear decrease in yieid on 

all three soiis (Fig. 24A). This trend was identical to  th a t obtained in a previous experiment 

(Fig. 18) when increased N levels caused the  osmotic suction on soil 2 to rise above 3 bars. 

Decline in yield was accompanied by a marked increase in the relative cation conten t o f 

the  p lant tissue. (Fig.24 B). With the  exception of plants grown on soil 2 (where salt 

uptake was limited by  low T.E.C. and C.E.C.) the  cation content curves appeared to  be 

mirror images o f  th e  yield curves. This suggested th a t increase in relative cation content 

was due mainly to  a concentration effect brought abou t by reduction in yield at the higher 
osmotic suctions. A  specific mechanism for the pumping o f  solutes into the p lant to  create 

higher osm otic pressures o f  the  cell sap w ould therefore seem to  be highly Improbable.

D.5.3. Discussion o f  results

The most striking features to  emerge from this experiment were:

(a) the adverse effects o f  bo th  sodium and potassium on yield (Fig. 20; Plate 11);

(b) the relatively low levels o f  sodium accumulated by mopane (Table 23);

(c) the favourable effects o f increased levels o f  sodium and potassium  on the 

relative con ten t o f  magnesium (Table 2 i ), and finally,

(d) the ability of intermediate levels o f  magnesium to  partially reverse the  de­

trimental effects o f  sodium and potassium on yield (Fig. 20).
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T he detrim ental effects o f  Na and K were primarily due to  unfavourable osmotic 

suctions which developed in the  soil solution. Osmotic suctions betw een -  3 and 8 bars 

resulted in a marked curvi-llnear decrease in yield on all three soils (Fig. 24A). This re­

sponse was strikingly similar to  tha t obtained on soil 2 when increased levels o f  nitrogen 

a t 0 ,33 bars moisture content caused osm otic suctions in the soil solution to  exceed 3 bars 

(Pig. 18). The slight tendency towards levelling o ff  o f  yleld-dcc.line a t suctions exceeding 8 

bars could be interpreted as further evidence for an osmotic adjustm ent mechanism in this 

species. It should be remembered tha t the  osmotic suction values given it Figure 24, and in 

particu lar those values representing maximum trea tm ent levels o f  Na and K (K j N a p , are 

m ore than likely an underestimation o f  the  suctions which actually prevailed in the  soil so­

lution (See Section D .5.2.). Had the  contribution o f  cations to osmotic suction been taken 

in to  consideration then the  tendency towards levelling o ff  o f  yield response w ould undoubt­

edly have been more pronounced (in  th a t higher suctions would have been achieved). 

Measurements on  the tota l relative cation content indicated that soil solutes were no t 

specifically pum ped into the p lant to counter the detrim ental effects o f  soil moisture stress 

{Fig. 24B). The possiblity o f  the  osm otic adjustm ent process occurring through a change 

in metabolism to  produce an accumulation of organic solutes is discussed a t a later stage.

For a species which reportedly colonises soils o f  high exchangeable sodium content 

(Ellis, 1950) mopane accumulated su rp ris in g / little  o f  this cation. B yw ay o f  contrast 

Bower and Wadleigh (1943) found that sodium-sensitive bean plants were able to  accumulate 

up to  100 meq % Na when this cation was supplied a t a rate o f  ! 5% o f  the  C.E.C.. Rains and 

Epstein (1967a) (1967b) and Epstein et al. (1969) o ffer a convincing theory for the  almost 

universal presence o f  K+ over Na+ ions in plant cells. Their w orkon excised barley roots 

ted them  to  conclude tha t there were tw o 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 I<+ than  Na+ Ions. The second mechanism (Mechanism II) 

operated a t higher conoentiations ( ,2 -5 0  mM) and possessed more or less equal affinity 

for bo th  sodium and potassium. Since bo th  mechanisms are though t to be functional 

a t concentrations exceeding 2mM plants m ust invariably accumulate more potassium  than 

sodium . Mechanisms 1 and II o f alkali cation transport have becom e widely accepted today, 

the only proviso being tha t workers now think that absorption through mechanism II is 

essentially a passive process involving diffusion ant! Donnan phenomena (Hiatt and 
Leggett, 1974; Mengel, 1974).

The low levels o f  Na accumulated by mopane would seem to  suggest tha l this cation 

is only absorbed passively, possibly through a system similar to tha t o f  mechanism II o f 

alkail' catlon transport. In recent years, however, m uch atten tion  has been given to  evi­
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dence o f  an ac'ive sodium extrusion mechanism in higher plants (Pitm an and Saddler, 1967; 

Pierce and Higinbotham, 1970; Mengei, 1974). The possiblify o f  such a mechanism account­

ing for the  low Na status in m opane cannot be excluded, although no convincing evidence 

could be  obtained from the  data  in this regard. U nfortunately factorial experiments do not 

lend themselves to  conclusive predictions on the  precise nature o f  uptake  mechan­

isms operative in plants (cf. H iatt and Leggett, 1974). Moreover, Elzam and Hodges (1967) 

warn o f  the hazards o f applying results w ith  one or more plants to  all species. Furthermore, 

care should be taken in extrapolating the findings o f  excised roo t studies to  whole p lan t be­

haviour (White, 1973).

Coit.'U fy to  expectation, sodium and potassium treatm ent regularly increased the  re­

lative magnesium :on ten t o f  the  plant tb  sue. Bower and Wadleigh {] W 8) for exumple, 

found tha t sodiunvtreatm ent (15$  o f  C.E.C.) was ..iSociaW  with a decline in  yield and a 

concom itant tk-.lino in  relnrive calcium, magnesium and pcUssium  content. Potassium and 

sodiur.i Lreatirfa t is frequently associated with a decline in caicium ar.d magnesium accumu­

lation. (C w per and O ur.ian, 1942; Wallace ei it., 1948; Lunt and Nelson, 1949; Martin 

el a!., 1953;O m ar u.id iil-Kobbia, 196 6 .' uss*!!, 1973).

There did appear to  be  a certain degree o f  ionic antagonism involving Na and' K on. 

all th ree  soil, For example, sodium inhibited potassium uptake and potassium inhibited 

caioium accuj m lation in  plants grown on soii 1  (Tables 22 and 20). Also, th e  interactions 

obtained bet'., een potassium and sodium o r  yield (Fig. 21) and on calcium accumulation 

(Fig. 22) were suggestive o f  a lim ited degree o f  K -N a  antagonism on soils 4  and 6. I t is 

possible tha t these competitive interactions prevailed as a result o f  soil solution concen­

trations approaching the  range a t which Mechanism II o f  alkali cation transport is operative 

(see above). A lternatively, these interactions could be a manifestation o f  the  concept of 

“ cation equivafency" i.e, tha t there is a lim it to  the to ta l internal concentration o f  cations 

which a plant can tolerate ( c t  Russell, 1973;H iatt and Leggett, 1974). In  support o f  this 

suggestion it  m ay be noted tha t the healthiest plants on all three soils seemed to  be  those 

associated w ith the  lowest total cation concentration (compare Tables 19  and 24).

A  third in terpretation may be accorded to  the  Interaction between IC and Na on  the 

d ry  weight yield o f  mopane (Fig. 21). I t is possible that the greater osm otic  suctions in 

the  soil solution when K and Na were supplied together induced an increased capacity 

for osmotic adjustm ent o f  the  cell sap. With such an adjustment yield was n o t depressed 

css m uch as w ight have been expected i f  the effects o f  K and Na were additive.
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The yield response o f  m opane grown in pots reaffirmed the  im portance o f  magnesium 

to  this species. On soi!2 which had low levels o f  exchangeable magnesium (Tables 3 and 

5; of. Bould, 1963; Russell, 1973) this cation caused a significant increase in yield under 

all factorial combinations o f  Mg, K and Na (Table 19, Fig. 20). On soils 4  and 6 , however, 

magnesium only improved th e  yield o f  plants subjected to  potassium and sodium trea t­

m ent. On al! three soils increased Mg levels were associated w ith significant Increases in 

relative m agnesiim  content and a concom itant decline in relative calcium, potassium and 

sodium content. With the possible exception o f  relative calcium content, this trend ap­

peared to  be a dilution effect b-ought about by the  stim ulatory effect o f  magnesium on 

growth. The significant (P < 0 ,0 5 - P  < 0,001) decline in relative calcium content on all 

th ree  ioils was suggestive o f  a marked degree o f  com petition between magnesium and cal­

cium. On soil 6  in particular, the relative and M a i calcium content decreased significantly 

w ith magnesium treatm ent. This observation is consistent w ith excised roo t w ork on other 

species ( cf. H iattand Leggett, 1974).

It is doubtfu l w hether the observed yield responses to  magnesium on soils 4  and 6 

could be explained in  term s o f  an improvement in cation balances w ithin tiie soil-plant 

system . The application o f  magnesium to  soil 4 , for example, caused the  Ca:Mg ratio to  

change from 6,33(MgQ)to a  more favourable value o f  1,85 a t Mg2 (see Section D.3.4<b)).

This change, however, had an adverse effect on mopane. grown in pots (Fig. 20). The fact 

th a t mag:i;sium was only beneficial to  plants grown under conditions o f  osm ot'c  stress 

(i.e. plants receiving K 1 Na treatm ents), suggested tha t th is cation played a role in the 

osmo-regulatory system o f  mopane. Mtgnusium is o f  uti'versril Importance in  enzyme 

systems which catalyse group transfer (e.g. j  <usj is o icim e im portance in organic acid 

production (H ew itt, 1963; Nason and McElroy, 1963). A  magnesium catalysed production 

o f  organic solutes would benefit the  plants by increasing cell sap concentration and thereby 

countering the detrim ental effects o f  rising soil moisture stress.

Although the  concentration o f  soil cations in the  plant tissue increased m arkedly with rising 

osm otic stress (soils 4  and 6, Fig. 24B) these levels were nevertheless w ithin the  range ex­

pected for m esophytic species (cf. Bower and Wadleigh, 1948). A metabolic contribution 

tow ards increased cell sap concentration appeared therefore to  be highly probable,since- 

mopane was abie to  tolerate soil moisture stresses inimical to  mesophytic plants. It is 

possible tha t unfavourable moisture stresses in the soil solution trigger o ff  a Mg-catalysed 

production o f  organic solutes. This suggestion is in keeping w itli the view developed in the 

previous experim ent where it was argued tha t th e  osm otic adjustment mechanism involved 

a sh ift in equilibrium between protein and non-protein nitrogen (Section D.4.3.).
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The fact tha t the  highest trea tm ent levels c f  magnesium (Mg2) were detrim ental to  growth 

may have been due to  internal salt concentrations exceeding ths cation equivalency optim um  

for this species.

in  the  light o f  the above resuits, it would seem that the role o f  magnesium in improving 

growth perform ance in the  field (Fig. 12), lies mainly in its ability to  partially reverse the 

detrim ental effects o f  osm otic stresses imposed by soil moisture deficit. The relationship 

o f  perform ance value to various cation ratios in  the  soil (Fig. 14 and 16) cannot be reconciled 

in terms o f  impeded magnesium uptake or specific membrane effects as was previously sug­

gested (SectionD3.4(b)). The ability o f  this species to  adjust to  osmotic stresses, together 

w ith its ability to maintain a low Na status, may account fo r its reported occurrence on 

aodium influenced s^ils (Ellis, 1950 ' Hudson, 1970). Clearly this species w ould enjoy a com­

petitive advantage on such soils, w hich, apart from having sodium as a potentially  detrim ent­

al ion, usually have poor structure and unfavourable moisture characteristics. Further research 

involving, for exam ple a study o f  Michaelis-Menton type absorption kinetics (cf. Fried and Broes- 

hart, 1967) nnd organic solute equilibria under conditions o f  osmotic stress must obviously 

be forthcoming before the above views can be  verified.
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E. CONCLUDING DISCUSSION

The main conclusions o f  this study have been summarised from preceding discussions 

and are iitemWcd below. Fu tu re  and perhaps more intensive Investigations along the 

mopane belt o f  Isouthern Africa may well modify existing concepts, and it is hoped that 

this preliminary study will stim ulate renewed Interest in  one o f  the  m ost ecologically im­

po rtan t taxa south of the equator.

(a) Mopane is generally confined to areas o f  low to  m oderate rainfall {200—800mm 

p.a.) and is intolerant o f  severe frosts. The northern m.d southern boundaries 

o f  th is spades appear to  be determ ined by th e  1000mm moan annual rainfall 

isohyet and the  S°C  July mean daily minimum isotherm, respectively (Section 

D.l .2). Its intolerance o f  low winter tem peratures In particular, may well account 

for disjunction in its distribution noted along the  18° line A latitude (Fig. 7).

(b ) The distribution range o f  mopane extends over a wide variety o f  geological 

form ations and soil types (Section D .l.3 ; Fig. 10). I t is nevertheless conspicuous­

ly absent from areas with an overburden o f  deep Kalahari sand. Observations 

made on a regional basis also suggest tha t mopane Is intolerant o f  deep sandy 

soils (Boughey, 1963; van der Scliijff, 1969; van W yk,. 1972a; Walker, pers. 

com.)- It is possible therefore, that the discontinuity in the distribution of 

mopane along the  18°S line o f  latitude coincides with sandy soils too deep for 

its effective colonisation and establishment. According to  M ountain (1968)

the  Kalahari sands east o f  Etosha (S.W. Africa) o ften exceed 240m in tliick- 

ness.

(c) Observations made a t eight different sample sites m southern Africa suggest 

tha t mopane is essentially a shallow rooted species, growing predom inantly on 

shallow to  m oderately shallow,lime-accumulating sands over loamy -ands or 

sandy loams over sandy clay loams (Section D.2.4; A ppendix 3). This con­

clusion is in accotdance with the  views o f  Millc. "538), Trapnsll e tui. (1948), 

Wild (1953X1935;, Thompson (1 9 60 )0965 ) and Thompson eta l. (I960 ). The 

shallow rooting hab it o f  mopane may b'j one o f  the criteria responsible for its 

into!; ranee o f  deep sandy soils. Apart from affording very little  mechanical 

stability , these soils also exhibit poor moisture retention properties a t o r  near 

:.he surface.
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(d) Measurements made on  the growth o f  m opane in the field (ae assessed by per­

formance value) and in po ts under controlled environm ent conditions suggest 

tha t this species is capable o f  grow th a t m atric suctions exceeding IS ,2 bars 

(cf. sections D.3.4. and D.4.3.). Indeed m opane seedlings grown In po ts were 

capable o f  w ithstanding tota l soil moisture stresses up to  at least 32 bars w ithout 

showing visible signs of tem porary wilting. This observation supports the  view <"f 

Slatyer (1957a; 1957b) tha t the P.W.P. (as given by the  soil water conten t at 

15,2 bare matric suction) is no t a soil constant defining the lower lim it o f  water 

availability for nil plants.

(e) A lthough the  dry weight yield o f  mopane declined appreciably with rising os­

m otic suctions w ithin tne range ~ 3 to  8 bars, it nevertheless maliilaiii&d a con­

stan t growth rate a t suctions exceeding 8 bare (up to  15 bare at least) (Fig, 18). 

This, together with the fact tha t stressed plants  maintained a constant coefficient 

o f  w ater utilization (Table 16), indicated s  capacity for internal osmotic adjust­

m ent. The  significantly higher relative nitrogen content o f  stressed plants (Fig.

19) suggested th a t this mechanism may involve an increase in osmotically active 

nitrogenous compounds w ithin the cell sap. An Inevitable consequence o f  such 

an adjustm ent wo'ild S's a reduction in grow th because of a shift in equilibrium 

between Totvlii and non-protein nitrogen. Nevertheless this shift in metabolism 

fou ld  e strong survival nnd competitive advantages. Clearly one would not

e spect mopane to  colonise saline o r •.ait accumulating soils^cf. Hudson, 1970) 

unless It had an effective mechanism for ensuring a sustained w ater supply, par­

ticularly In times o f  drought when soil osm otic suctions might be expected to 

increase sharply (Russell, 1973 p.751).

( 0  G row th perform ance in the  field was appreciably reduced in soils with low levels 

o f  nitrogen and phosphorus (Fig. 1 l ) a n d  in soils of low C.E.C. and T.E.C. con­

ten t (e.g. Soils 1 and 2 ;c f. Tables 5 and J J). Jn particular, mopane show ed a 

striking dependence on exchangeable magnesium content and on the ratio  of 

this cation to o ther soil nutrients, notably ealcltim and sodium (Fig. 12, 14 and 

16). Exchangeable sodium and optim um  levels o f exchangeable calcium, on 

the  other hand, appeared to  be detrim ental to  growth (Fig. 13 and 15). The 

importance o f  magnesium was dem onstrated further under controlled environ­

m ent conditions. Interm ediate levels o f  th is cation partially reversed the  detri­

mental effects o f  osmotic stress Induced by sodium and potassium supplied at 

IS #  o f  the C.E.C. (Fig. 20 + 24 ; Section D .5.3.). The response o f  performance 

value to increased magnesium ratios In the  field appeared therefore, to  be the 

result o f  a Mg-induced improvement in w ater uptake rather than an improvement
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in the  status o f  this cation relative to  o ther cations in the p lant tissue. Mag­

nesium may well play a role in the.osm otic adjustm ent mechanism o f  mopane, 

by catalysing the  form ation o f  organic nitrogenous com pounds and thereby in­

creasing the osm otic pressure o f  tHe cell sap (cf. Section D .4.3. and D.S.3.).

In this context It is tem pting to suggest th a t the intolerance of mopane to  deep 

sandy soils stems amongst other things from an inadequate supply o f  magne­

sium (cf, Blair Rains and McKay, 1968) and a consequent inability to  adjust 

to drought conditions. ; ,

(g) Mopane seedling? grown in pots maintained a  low sodium status inspite o f  this 

cation being supplied a t a  ra ts  o f  15% o f  th e  C.E.C. (Table 23). This observation, 

together with tha t o f  the  p lant’s ability to  w ithstand severe soil moisture stresses 

may well account for its reported.ocenrrence on soils with a high sodium content 

(Ellis, 1950; Staples and Murray, 1551; Hudson, 1970). Implicit in this statem ent 

is tlve viewpoint expressed in Section D.2.4., th a t mopane is not a prlma facie 

causs o f  soil infertility as is popularly believed. Rather its occurrence on such 

soils reflects its wide ecological am plitude and adaptability to  advene sol! con­

ditions. Many o f  the conflicting opinions hold on this species could be reconciled 

if  viewed in the light o f  the above conclusion (Section B.3.?.

Finally, mention should be made o f  tha  posslble roU- o f  this species in the maintenance 

o f  ecosystems In the  dry tropics o f  southern Africa. Current thinking, suggosts tha t eco­

system integrity in such areas deponds largely on the  presence o f  certain plant species which 

possess a high level of tolerance o f  a wide spectrum o f  environm ental stresses (Walker, pers. 

com.). Although the  removal o f  these species: may result in a flush o f  increased productivity 

by less resistant p lan t groups, the  long term outcom e is inevitably one o f  regression towards 

barren and eroded land. The factors responsible for this decline in ecosystem vigour are as 

ye t no t fully understood. Mopane may well f i t  in to  the  “key species" category outlined 

above. Apart from being resistant to  a wide range o f  unfavourable «Sll conditions; it  possess­

es a remarkable ability for recovory from firej light frost and overbrowsing (Section B.2, 

and B.4.). Its recovery invariably takes the form o f  an extremely competitive coppicing 

shrub which effectively excludes the colonisation o f  less competitive plant species. The 

la tter illustration should no t be interpreted a i underscoring its role in the ecosystem since 

coppice mopane is an Inevitable coiiscquenc6io.f mismanagement {e.g. indiscriminate burn­

ing and overgrazing). The resistance o f  mopatie to a wide spectrum o f  environmental stress­

es together with its Importance as a sourco o f  browse for wild animals, suggests tha t this 

species plays an indlspensibie role in the functioning o f  ecosystems in the dry tropics.
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APPENDIX 1 Mean maximum tem peratures (°C ) for three stations along the  Zambezi 

Valley. Northern Rhodesia (Cllmatological Summaries, 1963).

Month
Blnga 

17,38°S, 27,2Q°E 

Alt. ■ 617m

Chirundu 
16,00°S, 28,54°E  

Alt. *  395m

Kariba Gorgs 
I6 ,31°S , 28,46°E  

All. = 604m

July 26,8 28,4 28,4

August 29,7 31,4 31,1

September 33,4 34,6 34,2

October 36,2 37,5 36,8

November 33,5 35,6 35,5

December 32,6 32,5 32,4

January 31,1 31,6 31,8

February 30,3 31,2 31,0

March 3 !,8 32,0 32,4

April 32,2 32,3 32,7

May 30,6 30,9 30,7

June 27,4 28,2 28,3

Year 31,3 32,2 32,1



APPENDIX 2 Standard nutrien t solution used in controlled environm ent studies

A pplication per po t Stock solutions 

(M) or (g)/litre

D ilution procedure

2,8mM. C aC ^ .H jO 0,4M 3S0ml aliquots o f

2,8mM, MgS04 .7H20 0.4M each stock solution

1,4mM. K2S 04 0,2M were combined In a

20mg. Pe-E.D.T.A. 4 ,0s SL volumetric flask

70mg. MnCl2 .4H20 lO.Og and made to  volume.

7mg. ZHSO4 .7H2 O 1.0* lOOmls o f  bulk

3,5mg. CUSO4 .5H2O 0,5g solution yielded

3,Smg. H3 BO3 0,Sg the required

l,4m g. Ha2 M o04.2H 20 0 ,2g nutrien t levels 

per pot.



APPENDIX 3. Profile descriptions for soil pits dug a t each sample site (cf. Clark and 

B eckett,1971).

Pro file !  Sample site 1. Pit 46cm deep a t base o f  mopane tree (8m),

0 - 1 5  cm Horizon 1. Light grey sand, self-coloured, structureless and loose, 

Several very large woody lateral roots, no tap root, Merges in to  

horizon 2.

15 -46cm  H orizon 2. Light brown loamy Band, self-coloured and loose. Very 

weakly developed structure -  small crumbs w ith soft consistency 

when dry. Several very large woody lateral roo ts w ith numerous 

fibrous secondary roots. Occasions! boulders, becoming increasing­

ly stony w ith depth.

46cm H orizon 3. Slightly darker, vyry stony , decomposing rock — (sand­

stone)

Profile 2  Sample site 1. P it4 6 cm d ee p , «t foot o f  scrub mopane (lm)

0 - lS c m  H orizon 1. Light grey sand, self-coloured, structureless and loose.
One largo tap root, w ith many fibrous secondary roots developing at 
12cm; merges into horizon 2.

15—46cm H orizon 2. Light reddish brown loamy snnd, self-coloured, loose.
Very weakly developed structure -  small and medium crumbs; 
w ith soft consistency when dry. Few reddish concretions and 
numerous small rounded stones which inoreaso in size and num ber 
down the profile. Large tap roo t, no secondary roots,

46 cm Darker, decomposing horizon 3, Predom inantly large stones and
rock, Large tap ro o t penetrates into decomposing paren t material 
(Sandstone).

Analytical datn for profiles 1 and 2
Profila Doptli Moitlurs

iloniliy
(glm})

l>H C.8.C. lkshina«Qblo4atlAuiGnei| %) SuWralbn

(am) i t ) (m«<| St) Ca Mg K Na ( 8 )

1 0-1$ a,?s l,SS «,7 S 8.23 J.20 2,80 0,K 0,59 81,8
15-46 8,18 1,90 8,18 8,16 3,90 2,80 0,53 0,4? 95.0

2 0-15 5,86 1,62 5,96 6,28 2.4B 1,10 0,29 0,43 68,8
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Profile 3  Sample site 2. P it 61 o n  deep, at foot o f scrub mopane (lm ).

0—10cm Horizon 1. Light grey sand, self-coloured, structureless and loose.

10—20cm Horizon 2. Light brown sand, self-coloured, structureless and loose.

Large tap roo t w ith large, strong, woody secondary roots a t 20cm.

2 0 - 6 ic m  Horizon 3. Clearly defined. Reddish brown sandy loam, self-coloured 

and friable. Weakly developed structure — large crumbs with soft 

consistency when dry. Large, free growing, woody tap root w ith fine 

fibrous secondary roots.

61cm Horizon 4, Very stony  w ith occasional boulders. Stones coated w ith 

red and black dust, probably iron and manganese staining. D ifficult to 

penetrate w ith pick. T ap roo t penetrates in to  decomposing sandstone.

APPENDIX 3 (continued)

Profile 4 . Sample site 2. P it 53cm deep, at base of tall scrub m opane (3m).

G-!Oom Horizon 1. Light brown sand, self-coloured, structureless and loose 

Single, Ifirgo, free growing, woody and strong tap root.

10~22cm Horizon 2. Clearly defined. Reddish brown sandy loam, self-coloured 

and friable. Weakly developed structure -  large crumbs and occasion­

al «na)J nu ts wilh soft consistency when dry. Largo free growing woody 

tap  roo t w ith well developed secondary roots a t 15-53om  depth.

53cm Darker decomposing horizon 3. Very stony and gravelly, T a p ro o t 

twisted and distorted,

Analytical da ta  for profiles 3 and 4.

frame Depth MoUturo Hulk [ 1 1 1 C.12.C Exolirttmejljlo ontlons (mot Saturation
(m) ( *> (tf/onr) (moq %) Ca Mb K Nn (? )

3 0-15 5,69 1,76 5.69 3,50 2,60 0,24 0,18 0,04 87,4
15-60 5,41 1,83 5,4! 4,04 2,38 0,34 0,26 0,04 74,8

4 0-10 6,53 1,72 6,53 5,84 2,53 0,74 0,32 0,04 62,2
10-50 7,50 1.80 7.50 5,0.1 3,40' 0,91 0,93 0.06 87,8
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P rofilc3  Sample site 2. Pit 6 ! cm deep, at foot of scrub m opane (lm ).

0—10cm Horizon I. Light grey sand, self-coloured, structureless and loose.

10-2 0 cm  Horizon 2. Light brown snnd, self-coloured, structureless and loose, 

Large tap ro o t w ith large, strong, woody secondary roots a t 20cm.

2 0 - 6  Jem H orizon 3. Clearly defined. Reddish brown sandy loam, self-coloured 

and friable. Weakly developed structure ~  large crumbs with soft 

consistency when dry. Large, free growing, woody tap roo t w ith fins 

fibrous secondary roots.

61cm H orizon 4. Very stony w ith occasional boulders. Stones coated wKU 

red and biack dust, probably iron  and manganese staining. Difficult to 

penetrate wftit pick. Tap ro o t penetrates Jnto decomposing sandstone.

APPENDIX 3 (continued)

Profile 4. Sampla site 2. Pit 53cm deep, a t base o f  tal! scrub m opane (3m).

0 -1  Ocm Horizon i .  Light brown sand, self-coloured, structureless and loose 

Single, large, free growing, woody and strong tap root.

10 -22cm  Horizon 2. Clearly defined. Reddish brown sandy loam, self-coloured 

and friable. Weakly developed structure -  large crumbs and occasion­

al small nuts 'v ilh  soft consistency when dry. Large free growing woody 

tap ro o t with well developed secondary roots a t 15-S3cm  depth.

53cm Darker decomposing horizon 3, Very stony and gravelly, T a p ro o t 

tw isted and distorted.

A nalytical data for profiles 3 and 4.

Profile Ueptli Moisture Uulk pH C.E.C lixdianitcablocuilons tmeq % 1 Saturn lion
ten)) C %) I t lm h (mk) %) C» Mb K Nn (55)

3 0-1S 5.69 1,76 5,69 3.50 2.60 0.24 0,18 0,04 87,4
15-60 5,41 1 .S3 5,41 4,04 2,33 0,34 0,26 0,04 74,8

4 0-10 6,53 1,72 6,53 5,84 2,53 0,74 0,32 0.04 62,2



APPENDIX 3 (continued)

Profile 5 Sample site 3. P it 100cm deep, a t foo t o f  scrub mopane (3m).

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

2 - 1 2  cm Horizon 2. G reyish sandy loam, self-coloured and friable. Moderately 

developed structure -  medium nutty  w ith slightly hard consistency 

when dry, Large tap root, woody, free growing, with iarge weli develop­

ed secondary roots starting a t 12 cm.

Merges with horizon 3.

12—100cm Horizon 3. Greyish brown sandy clay loam, speckled with numerous

w hite flecks, and fairly com pact. Moderately developed w ith small round­

ed and angular clods, hard consistency when dry. Horizon scored by 

numerous, thin vertical cracks. White concretions (CaCC>3) becom e evi­

dent a t 80cm. Largs tap roo t, woody, free growing and strong; secondary 

. roots becoming more fibrous w ith depth. Tup roo t ends abruptly a t 80om.

100cm White im penetrable crust, probably calcrete.

Profile 6 . Sample site 3. P it 40cm deep, base o f  large mopane tree (!0m ).

0 -2 o m  (Same as profile S).

2 - 1 0cm (Sams as profile 5). N um erous very Jarfie Jnteral roots, woody, free growing 

and strong; no tap roo t; trunk hollow.

12 -40cm  (Same as profile S). Large lateral roots traverse profile p it, making 

further digging difficult.

A nalytical da ta  fo r profiles 5 and 6.

Profile Dupth 

(cm)

Motors 

( 2 )
density
Cg/tmi3}

pH C.B.C. lixclmiiRoublu flations (moq %) 

(moq %) Ca Mg K Na

SsuiruUoii

(%)

3 0-10 4,<10 5,0 16.90 6.B? 3,56 0,50 0,21 65,?

40-60 9,90 1,99 6,2 2S.75 io,?a 8,73 0,67 2,38 78,4

6 0-10 M l 1,61 5,9 Hi,00 6,3!) 2,63 0,97 0.38 64,a

30-40 8,60 1,93 13.25 11,78 9,41 0.B2 0,38 96,3
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Profile 7 Sample site 4. Pit 46cm deep, a t foot of scrub m opane (3,5m).

0—5cm Horizon 1. Light grey sand, self-coloured, structureless and loose. Merg­

ing in to  horizon 2.

5—46cm Horizon 2. Greyish brown silty clay loam. Weakly J t  ‘ioped and friable 

with large crumbs, soft to  slightly hard consistency when dry. Many hard 

and rounded white concretions (CaCOg) increasing in num ber and size 

down the profile. N umerous large, woody lateral roots and a dense 

netw ork o f  fine fibrous roo ts; no tap  root.

46cm Im penetrable calcareous crust. One or tw o fibrous roots entering 

calcrete.

APPENDIX 3 (continued)

Profile 8  Sample site 4. Pit 60cm deep, a t foo t of coppicing scrub m opane (Im ).

0—10cm Horizon 1. Greyish sand, self-coloured, structureless and loose.

Merging in to  horizon 2.

10 -50cm  H orizon 2. Greyish brown silty clay loam, self-coloured and friable.

Weakly developed structure -  large crumbs w ith  soft consistency when 

dry. Numerous white concre tion . Soil becomes slightly m ore compact 

with depth.

5 0 - 6 0 cm  H orizon 3. L ittle  soil surrounding numerous large rounded w hile con­

cretions. Many medium , strong fibrous roots.

60cm Solid calcrete with few large woody lateral roots.

A nalytical data for profiles 7 and 8

Profile Depth MoJslure Buffi pH C.E.C GxcliiinscaMo cotfonsOneq #} Sifarelion
d e n s i t y --------------------------------------------

(<=rc) i.%) (meq %) Cs Mg K Na ( ? )

7 20-30 5,32 1,32 
45 5,26 1,62

17,50 11,78 1,18 1,23 0,17 82,1
18,38 12,78 1,32 1,41 0,30 8t.,1



Profile 9 Sample site 5. Pit 100 cm deep, a t base o f  scrub m opane .(0,25rn).

0—8cm H orizon 1. Greyish sand,self coloured, structureless and loose.

8—70cm Horizon 2. Sharply defined. Darkish brown sandy clay loam, se'.f- 

coloured and com pact. Moderately developed structure -  ia rg t nu tty  

peds w ith a hard consistency when dry. Large woody and strong tap 

ro o t with fibrous secondary roots coming o ff a t intervals. Merges into 

horizon 3.

80—100cm H orizon 3. Similar to  horizon 2, except for presence o f  numerous white 

speckles. Tap ro o t becomes twisted and distorted and term inates at 

90cm. Holes in this horizon, probably caused by term ite activity.

100cm Impenetrable calcrete.

Profile 10. Sample site 6. P it 59cm deep, a t base of coppice m opane .(1,5m)..

0 -5 c m  Horizon 1. Light brown loamy sand,self-coloured, structureless and 

loose. Merging in to  horizon 2.

5 -5 0 cm  Horizon 2. Dark brown sandy clay loam, self-coloured and very compact.

M oderately developed w ith small rounded aiid angular clods. Few medium 

and large clods w ith a hard consistency when dry.. Coppicing stems have a. 

common woody and strong tap  root stock which term inates a t 50cm. 

Numerous fibrous secondary roots.

A nalytical da ta  fo r profiles 9  and 10.

APPENDIX 3 (continued)

Pro.lle Depth Moisture Bulk pH C.E.( 
density

(<sm) {%) Ce/«n3} (meq

Saturation

( JS>KMS

0-5 7,28 
40- SO 12,78

5,S3 1.S2 0,21 
7,73 1,48 0,38
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Profile 11 Sample site 7. P it 110cm deep,;at base o f  mopBne tree (8m).

0 - 10cm  Horizon J. LigJu brown sandy loam, self-coloured and friable.

Medium crumbs w ith soft consistency when dry. Merges into 

horizon 2.

10—110cm Horizon 2. Light reddish brown sandy clay loam, speckled with 

numerous white flecks. Compact, becoming very com pact a t 80cm. 

Moderately developed structure - ro u n d e d  and angular medium clods 

and few large clods w ith harrt to  very hard consistency when dry. Large, 

woody, strong tup root traverses this horizon, becoming twisted and distorted 

a t 1 lOcms. R oo t diverted to grow laterally a t tills depth. Many 

fibrous secondary roots a t 10 -20cm  depth. Few iarge strong secondary 

roots develop from tap ro o t a t various depths alon( profile.

110cm Very hard and com pact, profile no t dug to  parent material.

APPENDIX 3 (continued)

Profile 12 Sample site 7. P it 100cm deeft a t 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 further down. Tap root bends horizontally at 

100cm and stops abruptly.

A nalytical data for profiles 1 i and 12.

Profile Depth Moisture Bulk pH C.E.C. Exchangeable to ions (muq %) Saturation

(cm) (? )
density
(g/cn,3) (meq J5) Co Mg K No ( ? )

11 0-10 2,56 1,65 5,9 11.13 4,29 !,38 0,97 0,61 fiJ.l
60-70 6,28 1,85 6,2 12,00 6.19 2,04 1,32 0,17 81,0

100-UQ 4,16 1,97 7.2 15,00 9,38 1,81 1,20 0,30 84,6

12 0-10 4,33 1,64 M 11,50 5,69 1,45 1,13 0,09 72,7,
50-60 5,98 1,97 6,8 13,00 7,39 1,81 1,46 0,09 82,7
90-100 5.0S - 7,3 15,50 9,98 1,65 1,32 0,21 84,9
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Ptofile 13 Sample site 8 . Pit ?0cm deep, a t base c f  mopane tree (8m).

0—5cm Horizon 1. Greyish sandy loam , self-coloured and friable merging into 

horizon 2 .

5 -50cm  Horizon 2. Sandy clay loam, speckled w ith numerous w hite concre­

tions and fairly compact. M oderately developed structure — medium 

nutty  peds w ith slightly hard consistency w hen dry. Large porous 

crumbs w ith soft consistency also present. N o tap roo t, and stem 

trunk  hollow. Very large, w oody and strong lateral roots spread out 

horizontally,Imm ediately below the  surface o f  the soil. Large strong 

secondary roots arise from the  lateral r o o ts .

50—70cm. H orizon 3. Decomposing paren t material (sandstone). Predominantly 

large stones and occasional boulders. I-arge w hite calcareous concretions 

also present.

APPENDIX 3 (continued)

Analytical data fo r profile 23

Profile Depth MolstUis Bxilk pH C.E.C. Exchangeable cations (moq %) Saturation
density

(cm) (%> iilanh (moq S) Ca Mg K Na (%)

IS 0- 10 7,29 1,68 7,3 26.00 18,88 1,4B 1,87 0,21 86,20

20-30 7,85 1.66 7,4 26,20 18,86 0,79 1,05 0,21 79,80
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APPENDIX 4 The replicate mean density (no. o f  individuals/100 sq.m) o f  m opane for 

each height cJass

HI. Class
Site 1 Rep. 1 2  3 4 5

I 0,50 -  -  0.20 0,30
II 6,20 0,50 040 0.70 0,30

III 9,50 1,00 -  0,30 0,30
IV 4,50_________M0_________0j50________ 030_________ -
Mean 5,18 0.83 0,25 0,38 0.23

"_______________________________ Hi. CUis_____________________________
Sits 2 R e p ._____ 1_ ________2___________3___________4___________5_______ __6

I 0,1? -  -  -  -  -
H -  -  -  -  0,33 -

HI L',33 0,17 0.33 0.17 0,33 0,17
SV 0,33_________W0_________ - ___________- __________ ;
Mean 0,21 0,17 0.08 0,04 0,17 0,04

23.00
21.00 
29,60

23.00
19.00
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APPENDIX 4 (continued)
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APPENDIX 5 Stepwise m ultiple regression of perform ance value on the  chemical and 
physical properties o f  soils from each sample site

Step Soil Factors Depth
( c m )

R-value % variation 
accounted 

for

F-value

1 P. 0 - 1 0 0,586 23,3 3,138

2 P; N, ” 0,856 67,9 8,438*

3 P; N; PBC. ” 0,840 63,2 5,011

1 N, 2 0 - 3 0 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 - 1 0 0,586 23,3 3,138

2 P;N . ’’ 0,856 67,9 8,434*

3 P ;N ; K. 0,928 82,5 12,026*

4 P; N; K ; Ca. ” 0,923 80,2 8,099

1 N. 2 0 -3 0 0,690 39,0 5,466

2 N ;P. ” 0,664 32,9 2,716

3 N ;P ; Ca. 0,587 18,1 1,515

4 N ;P ; Ca; K. 0,426 9,2 0,854

1 FC. 2 0 -3 0 0,715 42,9 6,269*

2 FC ;N . ” 0,719 42,0 3,533

3 FC ;N ; Av.H20 , " 0,714 38,6 2,469

4 FC; N; Av.H20 ;  P. ” 0,628 19,3 1,415

Significance rating -  * (P < 0,05) 

** (P < 0,01)
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APPENDIX 5 (continued)

Step Soil Factors D epth
( c m )

R-value % variation 
accounted 

for

F-value

1 PWP. 20-.50 0,745 48,2 7,501*

2 PWP; Bulk den. 0,754 48,2 4,266

3 P W ;, Bulk den.; FC. 0,696 35,6 2,291

4 P.WP;, B d-FC ;A v.H 20. "
"

i Mg. 0 - 1 0 0,781 54,5 9,392*

2 Mg; Na. 0,836 63,7 7,167*

3 Mg; N a; Ca. 0,805 56,2 3,976

4 Mg; N a; Ca; K. 0,820 56,4 3,251

1 Mg. 2 0 -3 0 0,853 68,1 15,971 **

2 Mg; N a . 0,858 68,4 8,560*

3 Mg; N a; Ca. 0,830 61,2 4,671

4 Mg; N a; Ca; K. 0,795 51,0 2,822

1 M*/Na, 0 - 1 0 0,835 62,5 12,696*

2 Mg ; Mg. 
Na K

0,865 69,8 9,087*

3
Mg • Mg_ * M ^  
Na K Ca 0,8S5 66,4 5,593

4 Mg . Mg , Mg , MS. 
Na ’ K  ' Ca ’ TEC

0,823 57,1 3,316

i MW » . 2 0 -3 0 0,762 51,0 8,302*

2
M g . Mg. 
Na ‘ K.

0,879 72,6 10,287*

3 Mg ; MjJ_ ; Mg, 
.Na ' ~K ' Ca

0,902 76,6 8,653*

4 Mg , Mg , Mg . Mg, 
No ’ K  ’ Ca ‘ TEC

0,879 69,7 5,015

Significance rating “ (P < 0,05) 
** (P <0 ,01)
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APPENDIX 6  Mean dry weight yield (gms) o f  mopane under factorial combinations of 

nitrogen (N Q -N 2 ), phosphorus (Pg—P j)a n d  rising soil moisture stress

m 0- M 2)

The numerical values a ttached to  each treatm ent level are as follows 

N0 ~  . OKg/ha P0-  0  Kg/ha m 0 -100<->90

N j —. 56 ” P j - 5 6  ”  M j—1 0 0 H 4 0

N ^—168 ” M2-1 0 0 « -* 0

Soi! 2

N0 N |
M0 Mi M2 M0 Mi m2 Mq M i m2

Shoots *0 3.20 2,23 1,44 2,07. 2,05 1,57 1,2 ' I, 1,00

P i 2,87 1,89 1,71 2,53 1,86 1,56 1,72 1,74

Roots *0 0,43 0,46 0,26 0,42 0,36 0,40 0,23 0,29 0,22

Pi 0,52 0,38 0,44 0,40 0,30 0,33 0,30 0,41 0,29

Whole Pfl 3,63 2,69 1,69 2,44 2,41 1,96 1,50 1,74 1,2 )

plants Pi 3,39 2,27 2,15 2,93 2,16 1,88 2,01 2,19 2,02



APPENDIX 6 (continued)

Soil 4

N0 N[

M0 M, m2 M0 Mj m 2 M0 M j m2

Shoots Pf> 2,95 3,67 2,99 4,11 3,66 3,11 3,27 3,41 4,17

P i 2,99 3,34 3,70 3,16 3,30 4,09 3,54 3,26 4,30

Roots po 0,70 0,92 0,63 0,77 0,73 0,54 0,58 0,86 0,80

Pi 0,66 0,67 0,81 0,57 0,74 0,84 0,71 0,69 0,82

Whole Pn 3,64 4,59 3,62 4,87 4,38 3,65 3,93 4,27 4,96

plants 3 65 4,01 4,51 3,73 4,04 4,95 4,24 3,95 5,12

Soil 6

N0 Nj n 2

Mq M, M2 M0 Mi m 2 M0 M, m2

Shoots Pn 3,67 4,09 3,72 4,27 4,18 4,05 4,22 4,00 4,66

Pi 3,65 3,78 3,91 5,08 4,58 4,55 4,74 4,48 4,86

Roots Po 1,02 ],35 1,09 0,77 1,04 0,85 0,79 0,85 0,85

Pi 1,5 i 3,08 1,23 J,J7 0,90 0,92 0,83 0,73 1,00

Whole Po 4,69 5,26 4,81 5,03 5,22 4,90 5,00 4,85 5,50

plants Pi 4,76 4,85 5,14 6,25 5,48 5,47 5,56 5,21 5,83
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APPENDIX 7 Mean evapotranspiration rates (g H jO /d a y ' o f mopane under factorial 

com binations of nitrogen (N q -N jJ i phosphorus (Pq—P j ) and rising 

soil moisture stress (M q -M j)

Numerical values attached to  each trea tm ent [eve! are given in A ppendix 6.

N0 N , n 2

M0 Mi m2 M0 M, M2 M0 M 1 m 2

S a l  2 Pfl 23,53 21,47 15,75 17,01 18,10 IS, 11 14,64 13,26 12,32

Pi 30,79 19,13 17,79 24,11 18,79 13,76 16,30 12,63 9,45

SoiJ'4‘ 33,95 47,49 36,01 43,53 44,52 38,19 37,87 38,51 49,48

P i 34,56 42,02 43,50 36,39 43,08 47,59 41,85 39,10 45,58

Soli (3 41,00 48,5! 47,5! 44,36 45,48 45,49 42,10 42,29 50,95

**1 40,00 45,52 47,45 47,80 49,28 52,25 45,81 46,48 38,84
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APPENDIX 8 Mean coefficients o f  water utilization (g H2Q /g dry w t./day) o f  mopane 

under factorial com binations o f  nitrogen (N q~N 2), phosphorus ( P q - P j)  

and rising soil moisture . to s s  (M q-M 2)

Numerical values attached to  esc'i trea tm ent level are given in A ppendix 6.

Soil 2 P0

P i

Soil 4  P0

P i

Soil 6 P0

P i

No N S n 2
M0 M, Mo Mn M, m 2 Mfj M, m2

11,02 10,77 11,03 1,37 12,86 9,33 9,67 13,67 12,57

9,06 10,37 10,66 9,56 8,81 12,70 9,73 7,46 6,67

9,63 10,81 10,20 9,21 10,44 10,46 10,31 9,13 10,03

9,66 10,88 9,86 10,61 10,71 10,03 10,SS 10,23 9,09

8,89 8,97 9,90 8,84 8,72 9,38 8,67 8,97 9,43

8,49 9,38 9,38 7,69 8,97 9,54 8,30 8,91 9,00
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APPENDIX 9 Mean relative nitrogen .con ten t {%) o f  m opane shoots under factorial 

com binations o f  m ttapsn  (N q—Nj ), phosphorus (P q~P j > and rising 

soil moisture stress (Mq-M  j}

N umerical values a ttached to  each treatm ent level are given in Appendix 6

N0 N , N2

M0 M1 Mq M l m2 % M l

Soil 2 PO 1,30 1,40 1,54 1,45 1,50 1,69 2,56 2,11 2,29

P i 1,45 1,53 1,66 1.50 1,65 1,88 1,82 2,11 2,19

Soi! 4 Pfl 0,88 0,83 0,88 0,94 1,05 1,07 1,10 1,11 1,16

Pi 0,92 0,81 0,88 1,05 1,23 1,14 1,21 1,30 1,35

Soil 6 Po 0,97 0,85 0,85 1,37 1,33 1,33 1,40 1,41 1,37

P i 0,87 0,85 0,88 1,30 1,30 1,25 1,47 1,48 1,45



APPENDIX 10 Mean re '' ' a phosphorus con ten t (% > o f m opane shoots under factorial 

combina .s o f  nitrogen (N q—N j), phojphorus (Pq—P j > and rising 

soil m ois.u'3  stress (Mq—M j)

Numerical values a ttached to each treatm ent level are given in  Appendix 6.

1?*

N0 N 1 n 2

M0 M l m 2 M0 M t u 2 M0 m 2

Soil 2 Po 0,20 0,19 0,19 0,16 0,17 0,20 0,29 0,18 0,24

P i 0,25 0,28 0,32 0,21 0,30 0,30 0,28 0,35 0,18

Seal 4 *0 0,13 0,11 0,16 0,11 0,12 0,13 0,12 0,12 0,12

p l 0,17 0,15 0,17 0,16 0,17 0,16 0,20 0,-19 0,17

Soil 6 Po 0,18 0,16 0,18 0,23 0,22 0,22 0,26 0,24 0,24

0,23 0,23 0,21 0,27 0,24 0,22 0.28 0,24 0,25



137

APPENDIX 11 Mean dry weight yield (gms) of mopane under factorial combinations

o f  magnesium (MgQ—Mg2). potassium (K g -K ^  ) and sodium (Nsq—N aj). 

The numerical values (meq % )  attached to  each t r e r  nen t level were 

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

Soil 2

K q—0 meq }• Nag—0 meq?

K j—0,72 N a j—0,75 ”

Mg0

* 0

Mgj

K0 *1

Mg2

K0 *1

Shoots Nan 2,20 1,26 2,35 1,29 3,02 1,96

Naj 1,03 0,74 1,50 1,06 1,83 1,27

Roots Nan 0,51 0,34 0,54 0,39 0,65 0,43

NB1 0,34 0,26 0,34 0,33 0,48 0,32

Whole Na „ 2,70 1,60 2,89 1,67 3,67 2,39

plants N a, 1,37 1,00 1,84 1,39 2,30 1,59

Mj^ - 0  mey % 

M g]-0 ,5 6  ” 

M gj—1,00 "
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MgQ-0 meq % K q -0  m eq % N ag -0  m eq %

M gj- 2 ,6 7  ”  K j—2,15 ” Na i - 2 ,9 2  ”

Mg2-4 ,7 8  ”

APPENDIX 11 (continued)

SoU 4

Meo

K0

Mg!

K0 K l

Mg2

K0 K j

Shoots Na0 5,91 4,30 6,22 5,15 S,07 4,51

N aj 2,48 2,12 4,27 2,55 3,68 3,21

Ro6 ts Na0 1,57 0 ,89 1,38 1,12 1,64 1,02

Naj 0,60 0,41 0,94 0,71 0,85 0,73

Whole Nao 7,48 5,19 7,60 6,27 6,71 5,52

plants Na^ 3,08 2,52 5,20 3,93 4,53 3,94

Soil 6 .

M gQ-0 m eq ? K q -0  Rinq % N a^-O  m eq %

M gj—0,98 ” K j - 1 ,7 6 ' ”  N a j—2,52 ”

Mg2- 2 ,7 7  ”

Mg0

Kq *1

Mgj

K0 K l

Mg2

K 0 K l

Shoots Na0 6,66 3,61 5,90 4,35 S,60 4,32

N aj 1,92 1,10 3,76 2,05 3,15 1,56

Roots Nao 2,04 0,89 1,78 1,03 1,74 0,87

N a, 0,48 0,27 0,72 0,38 0,60 0,42

Whole NaQ 8,69 4,50 7,80 5,38 7,34 5,19

plants Naj 2,40 1,36 4,48 2,41 3,75 1,98
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APPENDIX 12. Mean relative cation content (m eq % )  o f  mopane under fac­

torial combinations o f  magnesium (M gg-M g2), potassium (Kq“ K [) 

and sodium (Nap—Na]).

Numerical values attached to  each treatm ent level are given in A ppendix 11 or 

Table 4.

Soil 2

Mgo

K0 K j

Mgj

K0 *1

Mg2

* 0 K j

Calcium Nkq 49,21 37,01 48,40 34,44 43,64 29,12

N a, 46,42 33,60 ■ 46,19 34,21 *0,40 31,35

Magnesium Nag 17,43 15,14 22,69 23,48 26,78 26,59

Naj 24,22 18,18 28,21 26,59 30,39 28,39

Potassium Nag 67,14 96,85 66,36 97,34 60,62 87,32

N aj 55,40 90,61 56,64 86,60 53,33 65,70

Sodium Nbq 1,97 10,80 1,36 4,97 3,70 5,53

Naj 15,89 15,35 7,84 9,74 8,09 8,22
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APPENDIX 12 (continued)

SoJ5 4

Mgg

K0 Ki

Mg!

Kfl K 1

Mg2
K0 *1

Calcium Na0 83,16 85,61 64,33 74,44 53,47 66,80

Na; 90,10 85,90 80,37 79,05 78,04 68,44

Magnesium Nfl0 13,78 16,32 39,66 21,27 21,17 25,58

Naj 18,49 19,55 19,21 22,38 26,93 25,18

Potassium Na0 60,37 67,02 63,68 65,58 58,28 61,44

Naj 59,82 69,71 59,60 67,25 57,10 66,58

Sodium Na0 1,99 2,62 2,06 1,74 3,20 1,25

N aj 6,86 9,69 5,03 5,67 S,39 4,94

Soil 6

Mgo

K0 K|

Mg i

K0 Kj

Mg2

K0 *1

Calcium Na0 66,02 83,46 60,88 75,97 52,36 62, H

N»! 7 3 ,3 1 70,15 68,25 64,22 73,16 65,91

Magnesium Nb0 16,80 22,15 19,60 23,45 19,78 23,77

Naj 24,04 29,74 22,77 24,87 28,68 34,45

Potassium Na0 61,92 70,68 63,72 76,51 64,35 72,77

N a, 67,36 73',82 67,80 73,01 66,27 73,55

Sodium Na0 6,02 6,69 6,99 8,01 7,14 5,90

Naj 14,81 23,18 9,91 11,24 9,83 11,56
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APPENDIX 13 Mean to ta l relative cation content (meq %) of mopane under factorial 

com binations of magnesium (Mgg—M g|), potassium (K q—K j)  and 

sodium (N aQ -N oj).

Numerical values attached to  each trea tm ent level are given in Appendix 11 o r  Table 4.

Mgo

K0 K 1

Mg[

K0 K i

Mg2

K0 *1

Soil 2 N '.0 135,75 159,80 138,81 160,23 134,73 148,41

Naj 141,92 157,74 138,87 157,14 132,21 133,66

Soil 4 Na0 159,30 171,57 149,73 163,03 136,12 155,07

Naj 175,27 185,05 164,16 174,35 167,47 165,13

Soil 6 Na0 150,76 182,98 (49,19 183,94 143,80 164,58

Naj 179,52 196,88 168,82 173,33 177,94 168,81
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