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Introduction 

(i) Purpose 

In this book an attempt is made to rec?r� the princip!ll features of tree
distribution in a dry tropic country ?f one million s_qu�re I?ile�, an area equal
to that of Western Europe, and to mterpret that distribution m terms of soil
and water factors. 

The impression of a luxu�ia!1t tJ:opic�l vegetation in t�e southern Sudan
which is suggested by the vanation m ramfall from zero m the north to 60
inches in the _ south,_ is_ replace1 o!1 closer acquaintanc_e with the south by a 
somewhat d.isappomtmg realisation that _ the . Acacias _appear to persist 
throughout, and that the southern vegetation 1s not quite as luxuriant as 
might have been expected. 
. The flood plains of the Upper (White) Nile with a rainfall of 750 mm· 
(30 inches) carry Acacias of the dry zone. The Hashab gum tree Acac�
sen�gal grows on sand dunes in K_ordofan �th a 300 mm. (12 in.) r�all and thri�es equally well on dark _cracking clays m southern Kassala Province under a rainfall of 500 mm. (20 m.). Acacia me/lifera lives on clay plains in the northern Butana an_d on erosion slopes in Equatoria. The Dom palm grows under a range of rainfall from 125 mm. to 1,000 mm., so-called swamp sedges g�ow on the top_s of sand dunes, Carissa edu/is extends from the Red Sea hills :,yith 80 mm. rainfall to the Dinka plains with 900 mm., and ambatch grows m the swamps of the Sudd and on a rocky hill-top near Gedaref. 

These apparent �noma�es or examples of great versatility of plants indicate that the �act_or ?f rainfall is not the sole controlling factor. Critical analysis of th_e distnbution of any species shows that the apparent anomalies are e��ed, not _  by plant vers�tility
! 

but by the controlling factors of both r a and soil texture (or soil m01sture) operating together. 
(ii) Treatment

rainl�o��!� ��ttudinal axis the Sudan stretches for 1,000 miles from the
of 1,400 mm. of r:w-�rr.h to the Congo border and closed forest in upwards

. The great length and small in[; II f . . 
su!table one on which to stud r�h a h span � this a_xis ma_ke it � partic�larly
soil conditions, accom an e Y e c anges Ill _ sp�es which, given uniform
more easily identified Iiere�h ven shmall chan�es m ramfall, changes which arean w ere the rainfall axis is foreshortened. 

Part I gives those b • f; the Sudan, which have s��ngac
infl
_ ts of geograp�y,. soil_s and climate existing inuence on distribution. 

an Part II deals with the forest eo . 
ro!i tr_aveJ throughout the ar� �ap�y, summar� after 22 years of serviceations, and second with ty � s ea�g first W!th the major ecological 

A P pecies and their occurrences as species. system of dist •b through • t n Ution analysis b elsewher/1ae d� is ?ffered as likeI/t tra:ects cut tru:ough rainfalls and' n t e relative moisture valu O e . of valu7 m the Sudan and 
Page Fou'R es of different site types are assessed. 

4/ 
\ 

. Part Ill discusses the influence, on forest geography, of the paramount 
s?il _and water factors ; offers, for the fuller interpretation of the facts of 
distribution, the concepts of the climatic climax soil, of the datum soil, and of 
the clay-water line or rainfall-soil-texture ratio ; and concludes with instances of 
the practical application of these. 

Many, if not most, of the tree species for which an evaluation of moisture 
requirements is made are species common also in French Equatorial Africa, 
Northern Nigeria and adjacent territories. 
(iii) Acknowledgements
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PART ONE 

The Geography and Climate of the Anglo-Egyptian Sudan 

CHAPTER I 

(i) Rivers 

The territory covers close on 1,000,000 square miles between parallels4° and 22° of north latitude, and between longitudes 22° E. and 39° E. Itincludes a large part of the Nile Basin without including the source of eithermain branch, Blue Nile or White Nile, and without contributing to eitherriver, rainfall run-off comparable with its area. The Congo has a dischargeof 12 times the amount per square kilometre of that of the Nile ( 42, p. 57). 
The Niles .depend principally on run-off from the Abyssinian and EastAfrican high country. This they receive before they enter the Sudan plains;even the two rivers Sobat and Atbara join the Nile in the Sudan, having risenin Abyssinia. 
The only material contribution to their regime arising from rainfall in the Sudan is made by a series of small rivers, the Arab, Loi, Nummatinna, �usseries, Sueh, Tonj, Gel and Naam, all of which spill from the south-west �to the great s?uthem swamp zone and have little hydrological significance m the later regime of the main Nile. The small tributaries mentioned rise along the Nile-Congo divide and _drain the red laterite soils to the great swamp. On the avera�e, only half the discharge of the main river passing Mongalla reaches the tail of the swamps, and practically all the water passing the tail of the swamps comes into the Sudan from the great lakes (42, pp. 18-19). The swamp tends to flatten out seasonal fluctuations in the flow of its effluvient the White Nile, which shows less seasonal rise and fall than the Blue Nile. !hese differ�n�s hav: a markedly diverse effect on riparian vegetation, and �deed 01;1 _npanan soils, producing two different types of high-rise and low-�e con_d1ttons. But even the low-rise conditions on the White Nileexercise a vital effect many miles from its banks since the rise due to thedenuded and b1;1med state. of the highlands of its �tchment, is iarge enough:eh season to �pede dramage flow in its lower basins, and to impound rain

0;I�rs 0I: ah wide flood plain, for periods long enough to govern the naturee so t emselves as well as of the vegetation. 
(ii) Contour

In p'I'::; iri��h easr.n Sudan_ �s es�entially !1 country of ancient plains.The most important hillf :"15. C<?nditton 1� e?ltendmg with geological rapidity. sandstone desert (which re !ifiliJed massifs m_ the rainless parts of the Nubianin Kordofan with satenft:r�st . or lack of ram), the Nuba Mountains grouprange in east�m Equatoria p ut�ers, notably Jebel Daier, the Imatong-AcholiNile-Congo divide the countryro':'mce,dan1d _Jebel Marra in Darfur. Towards the1s un u atmg, and the divide is not, in altitude,Page SIX 

t ·'

a marked feature. The lngessana hills are an insignificant group in the east,outliers of the Abyssinian hills. All save the desert hills are shown in Plate I. 
The ironstone region of the south-west is a country of gently undulatingand low plateaux far on the way towards development into a plain, but stillwell drained because of their elevation and soil character. In the extremeeast the fingers only of the Abyssinian foot-hills penetrate the Sudan, the mostsignificant representatives being the plateaux of ea.stem Equatoria Province.Parallel with the Red Sea a chain of hills runs along the Sudan coast from theEritrean border to the frontier with Egypt. Other hills and hill groups mustbe regarded as mere inselbergs persisting in the surrounding plain because ofthe indurated or otherwise resistant minerals composing their rocks, and exerting no influence on vegetation other than on that which they carry upon themselves or upon the narrow annulus, plinth, or halo, of recent grittydetritus which separates the rock bases of each from the clay levels of thesurrounding plains. 

(iii) Rainfall There are two rainfall regimes, one of summer rains between May andOctober, prevailing over nine-tenths of the Sudan, and the other of limitedwinter rains affecting only the Red Sea hills and the coastal plain at theireastern base. 
Wadi Haifa on the northern frontier seldom records measurable rain,whereas the Yei, Meridi and Yambio districts of Equatoria Province recordan average of 1,400 mm. Between these two extremes the rainfall in generalincreases southwards. The most marked exception is a decrease in rainfallfrom the central Sudan towards the south-east comer. 
Towards Lake Rudolf arid conditions are repeated on a latitude of 6° N.These areas are contiguous with the arid zones of Uganda, north-east Kenya and southern Abyssinia. A dry corridor is traceable through to the Somaliland coast, and this is commonly accepted as due to the break between the massifs of Abyssinia and of British East Africa, though the meteorologists have still to speak with an authoritative voice on this subject. 
The isohyets, so far as they are known, are shown in the appended chart (Plate II). The Egyptian Service has accumulated data for many years. Thesehave been brought up to date by the Sudan Meteorological Service ; and practical agriculturists, forest officers and others have so far had little reasonfor .querying their long-term accuracy. 
On the 1,400 mm. isohyet the rains may be expected to begin as early aslate March and early April, and late rains are common until early November. On the 200 mm. isohyet, as at Khartoum, little rain falls outside July, August and September. That is to say, the duration of the rainy season decreases northwards. In the south-east corner there is a tendency for the rains tofall in two definite periods astride a dry spell. This regime is traceable asfar west as Juba and in certain seasons as far as Yci. 

Very occasionally light local showers occur in the dry season. In_ long­grass country these are often induced by heavy grass fires. Conde:nsation toform cloud can be seen taking place over a smoke column, and ram sbowers are experienced, limited to two or three hl!ndred acres, from clouds wh?seformation can be watched over grass smoke m a clear sky. To the vegetationsuch precipitations are insignificant, and they are unaccompanied by any general rise in humidity. 
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(iv) Temperature . . 
In the rainless north the peak of s�mmer heat 1s reached m June, July

and August. Proceeding southwards, ramfall adva�ces the temperature peak 
date while tending to make it less extreme. Th�s, m 200 m.m. at �artoum, 
the peak occurs in May, in 800 mm. at Malakai m early April, and m western 
Equatoria Province in March or even late Febru�ry. �e onset _o� the rains 
is accompanied by a fall in temperature, and a penod of high hlllll1d1ty follows 
them, with temperatures rising again until the wind blows from the north in 
early November. In the north-western parts of Darfur and the northern 
desert, ice has been reported on many occasions, but save at 7,500 feet on Jebel 
Marra in the crater bed, no frost, and, save for hailstones, no climatic ice has 
been seen in the Sudan by the writer. • ' 

(v) Winds 
Temperatures are influenced closely by prevailing wind direction. The 

prevailing surface wind from late October until May, i.e. in the dry season is
from the northern deserts. This wind brings the extremes of winter cdld. 
This wind direction in the dry season has been a prime factor in the surface 
carriage southwards of sand, silt, and seeds, which are fixed at their southern 
termini by the rains, and by the consequent vegetation, before a south wind 
can return the� northwards. 

The extremes of summer heat occur at the end of the season of north 
wind. In May at Khartoum, earlier in the south, and later in the north the 
wind tui:ns and blmys from the south� heralding eventual rain. The approadhing 
change 1s marked m the 200 mm. 1sohyet by occasional violent dust storms 
generally from the south, from April until early July. Walls of dense bro� 
dust up to 8,000 feet high and �xtendi?g across 5� to 100 miles of frontage, roll 
northwards over th_e clay plams which are their collecting grounds. These 
storms have more significance as indicating the conditions of soil cover which 
prevail over their collecting grounds than as factors influencing vegetation. 
They . resemble "dust-bowl" conditions described in the United States of 
�enca, but do n.ot erode the surface in depth. They are also significant as 
be�g the only aeolian_ return, on a substantial scale, of soil materials northward, 
which can be se�n taking plac� to-day. Temperatures rise in October, and only 
fall when the wmd blows agam from the north in the first days of November.

�t is �o� proposed to enter the field as the protagonist of aeolian or of
alluvial oi:igm for the. cl�ys of the great plains. The origin of the materials out of which these so�� m the Sudan have been formed is of less importance than the pre�ent cond!tions of the materials, and their present conditions and probably_ their very existence are the result of geologically recent climate The 
:cr�se � �lay conten! southwards has by some been assumed as proof of an �oha? ongm from which the finest particles were carried furthest south. But :: 

t� any
il 

smg]e Suda? zone, clay content within the zone is seen to vary 
mea 

e
f
so
d. -water_ relat10n, clay increasing with surface water there is no ns o 1scountmg a simila ·1 ' 

so th ds r soi -water reason for the increase of clay 
di:ri��ion) 

a.�r
i:: :��/o�es iN° i

fti
ncreasing rainfall. " The agent " (in soil ive Y t e e ect upon the succession" (I 7, p. 35). 

(vi) Humidity 
The following figures are gi ti h humidity at • Khartoum 

v�n or t e normal values of percentage relative
belt; Malldcal represe�;:;�:t

mg
_ 
t�e.

d
moist side of the Acacia-Desert-Scrubmois 51 e of the Acacia-Tall-Grass Country,
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and Wau, representing the drier edge of Mixed Deciduous Forest · h older term, broad-leaved savannah forest :- ' or, 10 t e 

Station Period January April July October Year 

Khartoum 1900-25 29 15 47 31 31 
Malakai 1915-25 30 46 84 80 58 
Wau ... 1902-25 42 58 78 77 63 

The above figures are compiled by the Egyptian Ministry of Public Works
from records made in the Sudan on their behalf. 

(vii) Soils
The following brief outline of the classes and geographical distribution 

of the main soil types is included in this introductory chapter. 
The accompanying map (Plate n shows, as far as is possible on a scale of 

nearly 200 Iniles to the inch, the distribution of the following main types :­
(a) Hill and valley soils. 
(b) Red ironstone soils. 
(c) The clay plains. 
(d) The great swamps. 
(e) The sands of Kordofan and Darfur. 
(f) The sands, rocks and old clays of the northern deserts. 

The preponderating proportion of the clay types (they include the swa mps),
and their distribution in terms of configuration, are to be borne in mind. 

(a) The hill and valley soils are in elevated regions undergoing geologically
rapid erosion to-day. Not only are the parent rock masses undergoing
diminution, but more rapid action can be seen on the soils of their slopes, 
e.g. the Kajiko valley, where soil " slide" is apparent, which is only stopped by 
the evergreen vegetation of the fringing gallery forest in the valley bottoms. 

(b) The red-ironstone region of undulating plateaux is undergoing rapid 
erosion, part of which is carried off in red water to the swamps, but because of 
contour and vegetation, erosion in this case is less rapid over most of the area 
than on the hill soils, though on a larger scale. 

(c) The clay plains are the end products of former hill masses, locally
weathered, or carried from distant areas of erosion. 

(d) The great swamps are the repositories of past and pres�nt e�osion in 
the red laterite and hill and valley soils ; they occur on the White Nile where 
its soil-laden south-western tributaries approach it. They may be found to 
contain, also, material of aeolian origin. 

(e) The sands of Kordofan and Darfur are geo!o�cally recent, but not 
historically recent, invasions, probably from grO?P S1X m t�e n<_>rth ; they are 
large-grained red sands carrying a heavy vegetation for their rainfall. 

(f) The sands and rocks of northern deserts : the bulk <_>f this area is of 
Nubian sandstone, a rock more easily weathered t�an the igneous rocks. of 
inselbergs in otherwise eroded plains. Lack of ramfall reduces weathenng 
mainly to heat fracturing, and attrition by blown sands, slower processes than 
that by water. 
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PART TWO 

Forest Geography of the Anglo-Egyptian Sudan 

CHAPTER I. THE PRINCIPAL ECOLOGICAL 

DIVISIONS OF TREE GROWTH 

Introductory Note 
Reference is invited to Plates II and I, which show respectively the meanannual rainfalls, and the principal soil types, and their distribution. 
For the reasons which it is the purpose of this work to explain, neither ofthese plates separately, nor a superposition of one on the other, can pr�>Videboundaries (save only the desert edge in Plate I) �cceptable as the boundanes ofthe major ecological formations of tree vegetation._ These have _been sho�nseparately in Plate IV. Plate III repeats, for emphasis, th� t�ree soil boundan�smost significant in the forest geography, namely: (a) the limits of the clay-plam mass through which the two Niles flow ; the northern limit of this great clay­plain is the edge of the Nubian sandstone; (b) the southern limit of the sandinvasion • this is a line made up of, from east to west, the valleys of the KhorAbu Hahl, the Wadi Ghalla and the Bahr el Arab ; (c) the limits of the majormass of surface red-ironstone soils. This mass is delimited along its NE. faceby the edge of the Upper Nile and Equatoria swamp, and on its north edge bythe plains of the Bahr el Arab river. 
Plate IV shows the approximate boundaries of the major ecological typesin mass. To maintain that such boundaries exist as hard-and-fast lines traceableon the ground would be to deny the facts of tree distribution. In Part II,Chapter II, it will be shown how individual species cross almost �ll of theseboundaries, just .as individual species cross wide ranges of ramfall. Butextensive areas of any one of the ecological types are seldom found outside the boundary shown on this plate as appropriate to the type in question. Theversatility of species, in terms of the rainfall factor, is in fact much greaterthan the versatility of the ecological type in which the species has its occurren'7axis. In the brief review of -the principal ecological types which follows? 1t has been necessary to avoid overloading the text with exhaustive lists of species,and to ensure concentration on type species truly characteristic of theformations in question. 

(i) Desert 
Deserts of clay soils are treeless on, and north of, the 50 mm. isohyet. On coarse open sand sites, Acacia /lava (syn. A. Ehrenbergiana) can be taken as the ultimate arborescent survivor and occurs as far north as the 50 mm.isohyet with occurrences in even lower rainfalls in seasonal water-courses. 
Capparis decidua, Maerua crassifo/ia, and _Leptadenia spart�um are !hree

further species of the Acacia Desert Scrub which wander over mto desert on favourable sites. In certain seasons rich grass grazing, known in northe!11
Darfur as "gezzu ", springs up within the desert boundary_ on t?e lighter so!lsand forms the target in those years for great northward migrations of certam 
Darfur camel-tribes. Bagnold (81) and Sandford have written of water-courseconditions in the Wadi Hawa. 
(ii) Acacia Desert Scrub

This formation stretches from the 50 mm. isohyet wet-wards (i.e., towards
higher rainfall) until a line is reached at which the growth of annual grasses issuch as to render annual grass fires a probability. This line occurs, on the
Page TEN 

clays and hel!:vy loams, along the 400 mm. isohyet, and on the the ��O �- is?hyet. The type species of Acacia Desert S ub . sahds alon_g
tortzbs. With it occur Acacia raddiana, Maerua crassifolia 

er is � e A�ac1a 
Acacia /lava and Boscia senega/ensis. • Capparis dec1dua, 

In runnels :,vithin. this formation occur Acacia seyal, in well-drainedvalle� beds Acacia mel/iferq, and on low_ ro?ky hills of the Nubian sandstoneAcac1� senegal (Jebel Lebaitor, Rufaa D1stnct and hills at Soderi K d f: ) Grew1a tenax_ and, more !arely, Gossypium anomalum and G. somdiens�� 
0s:.ddunes overlying the Gezua clay tongue which extends into this Acacia Des tScrub zone carry Salvadora persica. The long sand dune known as the G:zAbu _Delu, which stretches fo! 200 miles north and south and transects this�cacza-Des_ert-Scrub belt, cames Leptadenia spartium, and over wide areas ofits surface 1� held by Panicum turgidum and a Cyperus sp. Flat red sands westof t�e 'Yadi. Muga�dam �rry Commiphora sp. The finest growth of the scrubspecies m this type 1s achieved on the Nubian sandstone in Khartoum Province where pure groves of Acacia torti/is approach woodland conditions. �road, i�-drau:ied . basins, holding water )ong after rains, carry Acaciaarab1ca. Typical npanan trees of the two Niles transecting this zone are Acaci!l albida, Acacia seyal, Ziziphus spina-christi, Ba/anites aegyptiaca, and occasionally Hyphaene thebaica, the dom palm. Towards the dry side of the zone, few of these species occur under rainfall only. 

(iii) Acacia-Short-Grass Country
The type Acacia of the Acacia Desert Scrub is Acacia tortilis. The type

Acacia of the Acacia-Short-Grass Country is the Acacia mellifera on the claysoils. On the sands, however, Acacia senegal, yielding the true gum arabic,occurs as a type species with the short grass although it is also a type species,with a species belt occurrence, on the heavy clays on the Acacia�Ta/1-Grass
Country with heavier rainfall. 

Referring to Plate IV, it will be noted that the Acacia-Short-Grass type is intersected by the eastern limit of the sand invasion here running alongthe White Nile. 'The species of the Acacia-Short-Grass zone lie unconfonnably with one another at this boundary. A feature of this is shown in Plate IX. 
That half of the belt of Acacia Short Grass lying east of the White Nile has

Acacia mel/ifera as its type species ; the other half to the west � Aca_cia
senegal as the type species. But, whereas the Acacia mel/ife�a shares its section of the belt with few other trees or shrubs save BoSCla sp. and Cadaba 
rotundifolia, the sands carry, with Acacia_ senegal � _this Aca�ia-Short-Grass 
Country, A/bizzia sericocephala and occas1onal Alb1zzia ay/meri. 

Commiphora sp. spreads into this sand zone fr<;>m the Acacia Desert S�rub, and Sclerocarya birrea and Combretum hartmanmanum occur, under rainfall only, as pioneers from the Mixed Deciduous Forest. . . 
Adansonia digitata and Terminalia brownii grow in �ites rece1vmg more 

water than their rainfall. The type is, however, most widely represent�% pure stands of Acacia senegal over short grass. On seasonally tl�oded 
near the R. Atbara, which transects the Acacia-Short-G:�s belt m the eas� pure groves of the palm Hyphaene theb�ica reach cbaractenstic development an 
stretch down this river into the Acacia-Desert-Scrub belt. 

Rocky hills in the Acacia-Short-Grass Country carry many species of th�
Mixed Deciduous Forest of which Combretum hartmannianum is the commones 
in such sites. 
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On the westward side of the Acacia-Short-Gr�ss Country, fires are of normal 
annual occurrence, and advance and retreat of t�s boundary are bo_th co�on 
features. Wide areas of Acacia mellifera reach simultaneous �atur1!y, die out, 
and are burned off. Frequently they leave a bush-grass fo�mat1on with Cadab a 
rotundifolia. Occasionally large-scale advances of Acacia senegal occur as,
since 1939, in the Khashm el Gerba-Gedaref area . . An advance towards moister conditions by Acacia me/lifera has been _not�d m t�e �efaza-�ala el 
Nahl area. There is no evidence of movements m either d1rect10n which can 
be taken as indicative of permanent advance or retreat. 

Grass growth in the Acacia-Short-Grass Country is typically knee-high, 
with occasional growth to waist height in favourable sites or seasons. 

The principal! geographical interruption within the Acacia-Short-Grass 
Country is the massif of Jebel Marra in Darfur, which rises to 10,000 feet and 
carries a great variety of species described in Part III, Chapter I. 
(iv) Acacia-Tall-Grass Country. 

In this type, grass growth exceeds that of the Mixed Deciduous Forest of 
wetter isohyets. The grass growth is typically five to nine feet in height and 
consists principally of annuals, of which the commonest domin!nts are Addar, 
Annis, Anzora. 

This is, above all types, the ecological formation of the heavy clay plains. 
Annual fires rage across the whole of this vast area, interrupted only by water 
courses, rocky hills or areas temporarily grassless by reason of seed-failure 
due to lack of rain in the preceding year, or to seed-failure consequent on a 
long dry spell, killing growth after heavy early rains have germinated all the 
seed in the soil. Such grassless areas are known as " mahal." 

The type stretches on the clays across the isohyets from that of 450 mm. 
in the region of Khashm el Gerba to the Kenya border near Lake Rudolf in 
800-900 mm. of rainfall.

Not all of the area of tall grasses on the clays carries tree growth. The
lower-lying plains, liable to flooding by rain or river, are typically treeless, 
tree growth being there limited to termite mounds and old river banks and 
mounds, and to hills piercing the swamp as at Jebel Zeraf. 

Along this axis of 700 miles, only five type species share dominance on 
the clays. These are Acacia mellifera, Acacia fistula, Acacia senegal, Acacia 
seyal and Balanites aegyptiaca. 

Acacia seyal is the commonest tree in the Sudan and is dominant over 
by far the greater part of the Acacia-Tall-Grass Country. Along a short 
axis at the north end of the type, the belts of Acacia fistula, Acacia senegal and 
Acacia seyal succeed one another in purity at short intervals. 

Hills in this type carry a short-grass growth, with reduced fire risk, and 
carry a richer vegetation of fire-vulnerable broad-leaved species, of which 
Lonchocarpus laxiflorus, Stereospermum kunthianum, Stercu/ia setigera,
Anogeissus schimperi, Boswellia papyrifera, Ficus spp. and the bamboo
Oxytenanthera abyssinica are frequent occurrences. 

'fh:e pure stands of the Acacias in long grass on the plains surrounding 
these hills are in marked contrast with the mixtures found on hills • and these 
Acacia o_ccurrences, pure or with Balanites aegyptiaca, can only be regarded 
as fire-climax formations. Fire, however, cannot explain the absence of the 
broad-leaved species from naturally fire-protected sites on the clay plains, nor 
the absence of the Acacias from the hill sites. 
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The Aca�ia-Tall-Grf:SS Country is shown as including the great swamps of 
th� Upper Nile, wet pl�s of Cype�us papyrus_and Phragmites mauritianus, and 
this a:Ppears to be their appropnate groupmg. Pioneers in rising swam 
(that 1s to �ay swamp the levels of which _have risen by deposit) are Acaci� 
s�y

b
al,. Acacia can:,pylah

i
c�hthd

a at?-d, on the ndges and old river banks, Acacia 
s,e er1an�, a species w c ommates the White Nile riparian tree growth fro 
Abu Ze1d ford (where Acacia arab ica has its sudden southern terminal : 
natural occurrence) to Kodok. 

The Blue Nile and its tri�utaries Rahad �nd Dinder, as well as the Rivers 
Atbara and Sobat, traverse this type, the Acacia-Tall-Grass Country. 

The pri_ncipal fo!est feature of the Blue Nile river is the chain of annually . 
flooded basms carrymg pure forest of Acacia arab ica with Crateva adansonii 
as a common undergrowth species. Meanders and ox-bow lakes on the R 
Rahad are marked geographical features, with thickets of Ziziphus spina� 
christi on the higher levels of recent alluvium on the inner banks at bends. 

In contrast with the seasonal water-courses of the Acacia Desert Scrub and 
the Acacia-Short-Grass Country, such water-courses in the Acacia-Tall-Grass 
Country norm!llly carry a tree vegetation poorer than that of the clay plains 
through which they run. In this type, surfeit of water is the common cause of 
the treeless condition of tall-grass land. 

The principal surface interruptions of the Acacia-Tall-Grass Country 
(apart from the swamps) are the Nuba Mountains of southern Kordofa� 
Province, and the lngessana hills near the upper Blue Nile. 

In the younger valleys traversing the zone of the black and brown clays, 
the rivers cut deeply into the clay plateaux. 

Parts of the Blue Nile and Atbara rivers lie in deep valleys, e.g. the Blue 
Nile between Roseires and Launi ; the Atbara between Meshra Akrib and a 
point north of Khashm el Gerba. Rain run-off from the clay plains is very 
restricted by the amount absorbed by the clays, by the level nature of much of 
the clay plateaux, and by the heavy grass vegetation covering it in the season of 
rains and remaining until burned bare in the dry season. 

But from clay plateaux adjacent to a deep valley there is some local run-off 
to the river or tributary bed, and this run-off, over soil carrying much lighter 
grass growth than that of the plateaux, has produced marked erosion which 
is very slowly cutting back into the plateaux. The zone of erosion varies in 
depth (measured from the river in an inland direction) with_ the difference 
in level between the uneroded clay plateau and the drainage destination (i.e.
river bed or flooded basin or tributary valley). This eroded area is known as 
"kerrib." On Plate V the limits of " kerrib" conditions are shown on the 
rivers on which " kerrib " occurs. 

There is a constancy of slope on the erosion slope where the uneroded 
material is a homogeneous clay plateau. The nodules and aggregates of 
calcium form a surface " gravel " restricting the rate of erosion. 

It is of particular significance in a study of ve�etation that_ the features of 
erosion in " kerrib " lands are not accentuated by mcreased ramfall. In fact, 
the most noticeable erosion under " kerrib " conditions is seen in the driest 
conditions in which the type occurs, e.g. at Khashm el Gerba. " Kerrib " 
may be defined as the terrain �u.lting from steep r�n-off in deep homogeneous 
clay plateaux. Steep run-off, m the Sudan clay plams, occurs o�ly on th� banks 
of the R. Atbara and its two tributaries, and of the Blue Nile and its two 
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tributaries. When it occurs with rainfalls of 600 mm. and over, the eroded 
surface carries a much more varied tree vegetation than the higher-lying uneroded 
clay plain. 

Where erosion of the clay plateaux has proceeded down to underlying 
rock, such, if occurring on the" kerrib ", gives very marked evidences of water 
action, e.g. the caves on the " kerrib " road between Hillet Hakuma and Sofi 
on the left bank of the R. Atbara. 

Erosion down to rock is seldom found in the " kerrib " levels but is not 
uncommon at river level, and this, indeed, explains why river cutting has not 
gone to greater depths below the level of the badobe plateaux. 

The highly-carved slopes on the upper Blue Nile, and Dinder and Atbara 
rivers, provide sites of good drainage carrying a forest vegetation of higher 
moisture demand than that of the adjacent clay plain. This is the Acacia
mellifera scrub belt of the plains ; Acacia senegal clothes the "kerrib " slopes. 
Where " kerrib " slopes are cut down into the Acacia seyal plain, the broad­
leaved Combretum hartmannianum and its neighbours find sufficient moisture 
on the slopes. This " kerrib " type of forest finds its highest development on 
the upper Blue Nile, where fine forests of the species of the Mixed Deciduous
Forest reach a high development on the short slopes leading from the Acacia
seyal plains down to the Acacia arabica basins on the recent alluvium of the 
river valley. 

A common subsidiary species in the Acacia-Tall-Grass Country is 
Dichrostachys_ glomera�a, which commonly forms thickets in Acacia seyal
forest. On lighter soils La11nea humi/is forms extensive thickets on limited 
areas. 

A reason for including in the type Acacia-Tall-Grass Country very wide 
areas of treeless tall grass is that, in a cycle of vegetation, alternation between 
open grass and the Acacia-Tall-Grass condition is a common feature and has 
been described as the Grassland-Acacia cycle (82). 

The caprices of rainfall distribution producing, in some seasons and areas 
the grassless condition already described as" mahal ", facilitate the establishment 
?f --:4-caci� thickets ?n open grasslands. These even-aged thickets of Acacia
m tune die off, leavmg an open grass-parkland of Balanites aegyptiaca.

This phase may develop to treeless grassland or to Acacia forest. There 
is a ten�ency for increase in Acacia senegal under living Acacia seyal and 
towards mcrease of Acacia mellifera under living Acacia senegal.

In brief, a species of higher moisture demand tends to follow the die-out 
of an even-age� stand of a speci_es or to become established on treeless grassland, 
whereas a specie� of lower moisture demand tends to invade the living stands, 
bu� seldom s�rv1".'es the death of the nurse species and the intensified fires 
whic� follow its dis�ppearance. The vast _pu�e stands of Acacia seyal growing 
on nch, dark crac�ng clays form the pnnc1pal feature of Acacia-Tall-Grass
C�untry. These nch soils produce in cultivation heavy crops of sorghum 
�ets and of sesame, and represent an agricultural asset of the highest 
ImJ?Ortance to . the country and of no little importance as future sources of 
gram for certam world markets. 
(v) Mixed Deciduous Fire-Swept Forest

1 
On the wet side �f the great belts of the gregarious Acacias, under broader

:veli,gh�� growt� 15 to so�e degree reduced. The improved rainfall and
e s rease m the seventy of fires (due alike to the lighter grass iowth 
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:nd _the ��orter dry seas�n) give scope to a great variety of broad-leaved
pecies giymg, fo� some SIX �onths of the year, a shade-casting woodland of 

very va?'mg specific compos1tton but of surprisingly little variation in type. 
pus �oodland reaches its highest development on the red-ironstone or 

f �nte soils of t�e extren:ie south-east, where it extends over approximately
,000 square. mlles of lightly populated country (Plate IX). It is broken

only by small hills and by the narrow riparian swamps of the tributaries of the 
Bahr el Ghazal and Bahr el Arab. 

M;any of the species of the Mixed Deciduous Forest of the red ironstone 
occur In two other areas. They stretch north of the Bahr el Arab on to the 
southern parts o� the s�nd invasion in western Kordofan and southern Darfur 
and they occur. m a frmge of broken country along the Abyssinian frontier 
from the R. Setit to the banks of the upper Akobo River. 

Species of the mixed deciduous forest found in this sand occurrence in 
Darfur are :-

Tamarindus indica. 
Anogeissus schimperi. 
Piliostigma reticulatum. 
Sc/erocarya birrea. 
Albizzia zygia. 
Detarium senegalensis. 
Adenium honghel. 
Diospyros mespi/iformis. 
Acacia campy/acantha. 

In their sand occurrence they mingle with Albizzia anthelmintica Albizzia
sericocephala, Dalbergia me/anoxylon and Acacia hebec/adoides, an'd reason 
could be found in support of including this area with the Acacia-Tall-Grass
Country or even for classifying it as Albizzia bush. Because of the absence of 
the purity which characterizes the Acacia-Tall-Grass belts and because of the 
occurrence (and importance in the area) of these species typical of the Mixed
Deciduous Forest, the proper grouping of this part of the sand area seems to 
be with Mixed Deciduous Forest.

While many notable species typical of the Mixed Deciduous Forest of the 
laterite are absentees from the Abyssinian frontier fringe, its proper 
classification is without doubt also with the Mixed Deciduous Forest.

The three groups of the Mixed Deciduous Fire-Swept Forest thus become :­
(a) Laterite or red-ironstone type.
(b) Sand type.
(c) Foothill type.

(a) Laterite or Red-Ironstone type
The principal characteristics of this type are a grass growth reduced by 

shade but not to the point of stopping grass fires, great variation in composition 
of tree growth, with a discernible zoning of the dominants across the isohyets 
to be described in Part II, Chapter II, and, thirdly, termite influence not only 
on the soil properties and the nitrogen cycle but on the whole composition of 
the forest. 

In place of the great areas of pure annual grasses typical of Acacia­

Ta/1-Grass Country the forest floor carries a high proportion of perennial
grasses which sprout afresh immediately after fires and offer some cover to the
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soil in the ensuing early rains. A vernal-�spect ve�eta�on form� a further
contribution to the soil cover in the early rams, substituti_ng the soil-J?rotected 
bulb and tuber for the thick seed-coat and the hygroscopic seed-burymg awns 
of the annual grasses as the means of evading extinction by fire. 

Toe moisture equivalent of these red laterite soils is high. The run-off is 
also high in localised areas because of the undulating nature of the country 
and because in places it has been eroded to form " safai ", a bare area with 
the hard gibbsite layer exposed at the soil surface. But rainfall on the red­
ironstone soil is always more effective than equal precipitation on clay plains, 
and sometimes more effective than a heavier rainfall on heavy loams of the 
frontier uplands, e.g. the Yei area. 

A measure of the efficacy of forest vegetation in reducing run-off is 
available by using figures from Hurst and Phillips (42, p. 90). The area of the 
Jur River basin is 49,000 square kilometres. The mean annual rainfall is 
1,200 mm. The precipitation on the basin is 59,800 millions of cubic metres. 
The discharge of the Jur is 4,780 millions of cubic metres or eight per cent. 
only of the total rainfall. 

In composition this vast area of 100,000 square miles of forest contains 
so many combinations of so relatively few species that short and concise 
description must confine itself to the essential features. 

The one species which is remarkable in being gregarious in occurrence over 
wide areas is Isoberlinia doka. Uapaca sp. occurs with Jsoberlinia sp. only at 
the wettest end of the type. In this mixture it may later be confirmed that 
Jsoberlinia tomentosa is the common species. Anogeissus schimperi also occurs 
gregariously, and in that condition, on favourable soils, appears to be the 
species best fitted to produce grassless forest and thus another ecological· 
type, namely, Transitional Forest (see vi). 

The large dominants of the Mixed Deciduous Forest. are .Khaya
senega/ensis, Anogeissus schimperi, Afzelia africana, Erythrophleum guineense, 
Lannea kerstingii, Burkea africana, Prosopis africana, Amblygonocarpus sp., 
Sc/erocarya birrea, Parkia oliveri, Mimusops schimperi, Pterocarpus /ucens, 
Cordy/a sp., Butyrospermum ni/oticum, Vitex cuneata. 

Thickets of Strychnos spinosa are common towards the wet side of the 
formation. 

. Tuer� is �carcely 3: wo�dy species occurring in this area of 100,000 square 
IDJles which 1s not, with time and patience, to be found somewhere in the 
type to be dominant over an area however small. 

An essential feature of the forest of the laterite is that dominance is 
localis�. When t�s �as been realized th� fa�uity becomes apparent of attempts 
ecologically to subdJVJde the mass on any cntena other than those of soil and 
water. 
. On th� la�erite p�oper, the forest quality can by no means be assumed toimprove Wit� 1mpro�mg rainfall. For instance, a very high type occurs withpure Anoteissus sch1mperi and evergreen shrub undergrowth round Tali onthe dry side of the 1,000 mm. isohyet.
of h

The qu'.1lity of laterite forests depends less on the identity or distribution
th 

� e
ha
do

d
IDJnants, than on the degree to which evergreen shrubs succeed inerr s e. 

thri 
The soil-holding power of the vegetation is greatest where the evergreensve. 
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Slope and run-off also govern quality, but the effect of slope can be 
completely outbalanced by a heavy undergrowth of these shrubs. 

The highest type of Mixed Deciduous Forest on the laterite occurs on 
escarpments and declivities where a valley has cut down through several 
horizons of the laterite " measures." 
. Some of these strata are much less permeable by water than others and 
mduce a flow along their own horizons to form springs on the base of the 
valley section. In such sites are found relics of Closed Lowland Forest which 
from other sites has retreated 150 miles to the south. Examples are 
Ch/orophora exce/sa near Cleveland mission, at Duniakai valley (Busseries, 
left bank) and near Lui, Mimusops djurensis and Antiaris toxicaria on Busseries 
scarps, and Isoberlinia doka on slopes in its more northern occurrence. The 
most widely prevalent of all species on the laterite is Anogeissus schimperi and 
l.Ando/phia florida, a common climber. 

It cannot be emphasized too strongly that the Mixed Dedicuous Fire­
Swept Forest presents remarkable constancy and conformity considered as a 
type. As a type it is virtually static and will remain so as long as fires sweep it. 
Within this constant type there can be great variation in specific composition. 

Neither its components nor their proportions in the constitution of the 
forest are constant over more than very limited areas, measurable in acres. 
Lavauden has noted similar conditions in the West African Closed Forest (83).

The search for dominants revealed a stratification or belting of species 
across the isohyets certainly less obvious than in the pure Acacia stands of 
Acacia-Tall-Grass Country, but no less certain. (The species belts of the Mixed
Deciduous Forest are described hereafter in Part II, Chapter II A (ii).)

The third of the principal characteristics of the Mixed Deciduous, namely, 
termite influence, is exerted on so vast a scale as virtually to govern the specific 
composition of the forest. 

Chevali�r first called attention to the influence exerted by Tamarindus
indica as a shade-caster typically occurring on a termite mound. Over vast 
areas the whole Mixed Deciduous Forest can be analysed into a series of tree 
colonies, each centred on a mound, which spread out towards one another and 
meet along a honeycomb pattern. 

While Tamarindus indica is the mound-type species whose grass-suppressing 
effects make the fire protection process most obvious, the great majority of 
tree species of the type exert, when given the opportunity, a similar nurse 
influence when growing on or near a mound. 

The mounds of the honeycomb are not all new and high. More frequently 
they are old and flattened so as to be no more than a foot in height above the 
common level. But even as such they form the true units of soil surface and 
of the growing stock and no planting scheme for the Mixed Deciduous Forest
can overlook this fact. There is no humus layer, termites convert the newly 
fallen leaves to their own ends, and within a matter of months the fallen leaf 
is converted and only the red regurgitated clay moulds or casts remain. 

The principal geographical interruptions of the Mixed Deciduous are the 
grass plains known as " toiches ", which border the rivers penetrating this 
forest and are treeless (or carry a much modified tree growth) because 
of seasonal flooding when the rivers rise during the _rains. These grass­
lands run in narrowing tongues from the great swamps mto the heart of the 
Mixed Deciduous Forest, until they disappear when the slope up to the 
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. tal 'b-the Nile-Congo divide-increases and the valleys narrow 
�ri::: or �allery forest then covers these upper narrowing valleys (sec vu):

At first, proceeding from the no�, t�e gallef')'. fores! is of a wet-floor 
t 'th Mitragyna stipu/osa, Cola cordifolta, Syzyg1um gumeense, Pycnanthus
/t:,t:, Erythroph/eum guineense, Sarcocephalus esculentus. 

The upper levels of these flood plains (toi�h) area� carry 1:iliostigm a
reticulatum, Gardenia /utea, Pseud.ocedre/a kotschyz and Mztra_gyna mermis, all 
of which frequently occur greganously. On these flood plams also, various 
species of Combretum and Te�m�nalia_ ar� common, and tall dominants are 
Borassus aethiopium and Dame/ha ohveri. 

Contour interruptions are ironstone ridges and plateaux which protrude in places from the gently undulating terrain and influence the composition but do not form interruptions in the type. On these hard slopes tree growth � often improved. lnselbergs and monadknock� �f basic rocks protrude in increasing frequency towards the south-western liffilts of the Mixed Deciduous carrying a great profusion of species, including many Ficus spp. '
Riparian vegetation on the upper reaches of the rivers transecting the 

Mixed Deciduous, e.g. Sueh and Busseries, includes Irvingia smithii, Daniel/ia
oliveri and Kige/ia aethiopica on the river bank, leading inland through a 
Terminalia belt on flood plain to Anogeissus schimperi.

Inroads by man on the Mixed Deciduous for purpose of cultivation leavea much more serious mark than anything done by man on the clay plains. The
Mixed Deciduous of the laterite is scarred by "bobai," which are areas of secondary growth marking abandoned cultivation clearings. In places thesehave developed to the hard bare patches, or" safai ", already described. More commonly they have been re-clothed by secondary growth before their soil hasbeen wholly r�m?ved! and have begun the long slow progress back to forest. Common s�es 1_n this s��daiy growth are Grewia mollis, Annona senega/ensis,
H1menocard1a acuia, Bridelia m1crantha, Entada sudanica, Parinari curate//ifoliawith Combretum and Termina/ia species. 

There is neither ebb nor �ow of the. Mixed Deciduous Forest type to be !)-Oted �n � large scale along its boundanes save where man has been active m cultivation. .�ere _is, however, continuous internal specific change within the type, but �s 1s neither pronouncedly wet-wards nor noticeably dry-wards over any extensive area. 
{vi) Mixed Deciduous Grassless Transitional Forest . tha An essential chara�teristic of the great masses of Mixed Deciduous Forest� t the gras� growth_ 1s burned, save for accidents, annually. It is necessary, 
si!;�

0

}���f 
ve_ paici:;ar note to are�s within the Mixed Deciduous Fire­

swe t t on .m w c gr8:ss suppression has been achieved. In the fire•
firef. ype the chief regeneration hazard is the degree of intensity of the annual

The nurse Tam • d ( ·th achieves grass su ;1:t us Wl several other genera) on its termite mound
for other specie�P B�t t:nd• h�nce, forms a temporarily fire-free nurseryContinuous areas �xist in hise sites are nuclei scattered over the area.shrubs, shrubs which have":io�h f� has been s1;1ppressed by evergreen under• and a dwarf Mimusops s A 

ye . n fully studied but which include Rhus sp.found as the dominant ��er t�.'tfusus schimp_eri is the species most commonly s e-suppressmg undergrowth. Here this tree
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species is commonly gregarious. Areas of this type around Tall and on theupper Nummatinna are of great significance as forming the closest approach toclosed forest found under rainfall only in the Mixed Deciduous formation. 
(vii) Closed Lowland Forest, including Fringing or Gallery Forest

This type is poorly represented in the Sudan if the criterion is proportionof the total forest area. There is little extent of country which can be classifiedin this type, apart from the Jong rope-like strips of closed forest which follow the running surface water from springs rising along the Sudan's frontier with the Congo in western Equatoria, down through the Mixed Deciduous Forest,until the surface water level falls, and along streams rising in the Imatong, Acholi, Odongotono, and other mountain groups in eastern Equatoria. 
Exceptions are three very fine forests of limited extent, closely resemblingthe " bowl " forests of Uganda. The Sudan examples cover some 15 squaremiles at Laboni and Lotti in eastern Equatoria and at Azza in the Meridi areaof western Equatoria. A fourth has been reported to have been seen fromthe air between Yei and Meridi. The distribution of "bowl" forests isshown in Plate VI. 
Tallanga, a foothill forest of the Imatongs, since it cannot on its specificcomposition be included with mountain forest, is, meantime, included in the

Closed Lowland type, though further examination and comparison may showit to merit distinctive treatment on account of specific differences from aUothers. It is, indeed, possibly a significant relic of wetter times when therewas closer continuity between the ecological regimes of the Sudan and WestAfrica. 
In Azza and Lotti Mildbraediodendron exce/sum, Funtumia e/astica, Ceiba

pentandra and Ch/orophora exce/sa are type species, and Coif ea robusta is acommon under-shrub. 
These forests bear evidence of recent retreat of forest on their fringes andhave now been protected by firelines. 
In Tallanga a much greater variety a'ccompanies Ch/orophora exce/sa,including Chrysophy//um spp. (including C. albidum), Schrebera macrantha,

Entandrophagma sp., Alstonia congensis and many unidentified Ficus spp. with 
Maesopsis eminii forming very fine boles. 

The fringing or gallery forests are found in their highest developmentalong the south-western frontier, and contain a great variety of species. Theirvalleys widen and become more shallow and flatter-bottomed with distancefrom the frontier. Khaya grandifo/io/a, Canarium schweinfurthii, Ceiba 
pentandra, Erythrina sp. of the upper valleys arc replaced by Mitragyna stipulosa,
Cola cordif o/ia, Erythroph/eum guineense, Pycnanthus kombo and Sarcocephalus
escu/entus of the ill-drained broader valleys. Still nearer the broad grassyvalley, Mitragyna inermis replaces M. stipu/osa. 

This type eventually is replaced in lower rainfall and on less reliable watercourses by Anogeissus schimperi and Acacia campy/acantha on the valleys inthe laterite around Wau. 
These fringing or gallery forests arc, typically, dependent on a water-supplyadditional to that of their Tainfall. Where this takes the form of clear streamsarising from springs and running in well-drained but narrow valley beds, thetrees reach 200 feet in height. Where drainage becomes seriously impeded bycontour, forest growth is replaced by open grassland known as "toich." 
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th 150 miles which separates the well-drained valleys at the frontier
tng e " toich " a rapid succession of species is to be found occupyingfrom
all 

e obpetntom o'ownstream the type is destroyed in the main valleys bythe v ey O • ' till b,. d' th urfi . f ter Where this occurs the type can s e ,oun m e better-s e1t o wa • • ... �; f h · 
drained tributary valleys. Knee roots are commo_n �n ce. "":'n � t e species
of the ill-drained valleys towards the downstream limif:s of fnngmg_ forest. It
is not improbable that the bowl forests of �• Lotti and _Lab?m owe their

· tence to an underground water supply m excess of therr ramfall holard.
��i: certain that Tallanga, a foothill forest, b�nefits_ by a s�b:soil water supply
derived from the bare rock catchments above 1t, which dra� m �art to streams 
running through the forest and in part downwards through its soil�. It ca�ot 
be said of the forests of this type that t.hey are the product of the rainfall receipt 
of their own soils and of no other moisture. 

Certain species of the Mixed Deciduous Fire-Swept Forest are found making 
so much better growth in the Fringing Forests as to have led to varietal 
distinction having been made between the tree of the Mixed Deciduous Forest 
and what is probably the same species on water-favourable sites in Fringing

Forest. In other cases, e.g. Sarcocephalus esculentus, the difference in vegetative 
growth is just as marked, but identity is undoubted. These twin occurrences are 
a promising subject for the study of polymorphism. Examples occur in the 
genera Isoberlinia (doka and angolensis spp.), Parkia (oliveri andfilicoidea spp.)
Lophira, Erythrina and others. 
(viii) Mountain or Ooud Forest

As will be shown later, there is always a striking difference between thetree growth of the plain and of the hillside in any rainfall. But the term
Mountain or Cloud Forest is here restricted to closed grassless high forestoccurring above 5,000 feet in certain mountain ranges in the south-easternSudan. These ranges are the Imatong-Acholi range near Torit (Mount K.inyeti, 10,000 feet), the Odongotono hills, to the north-east thereof, the smaller Didinge hill group at Nagichot, and one or two smaller groups towards the Abyssinian frontier. These hills lie between the 800 mm. and 1,000 mm. isohyets as determined by adjoining meteorological stations on the plains. 

Re�a�le records of rainfall at the higher levels have not yet been made, so that 1t 1s not yet possible to correlate mountain-forest growth with rainfall. The eastern slopes are less well forested than the western. 
Th_e l�rgest ar� of moll!1tain forest is that on the Imatong-Acholi group,a descnption of whi�h was given by Chipp (13). This is now known to cover about ?OO sq�are mi!�. The change from fire-swept hillside carrying Protea

gagued!, Acac�a abyssmica, Erythrina tomentosa and Faurea speciosa is abrupt. There 1s no s,gn of retreat traceable, apart from limited damage by man. 
(Bia �bembey

)
a. mukole, Hagenia abyssinica, Pteris aquilina and Rubus sp.

whi � . rry_, In pla�s form a grass-reducing fire-cushion between the forest,
first�na1:: m a ve!11cal w� and the fire-swept mountain-grassland. The two
stretches fi are6 ()()()pioneers m advance of the forest into grassland. Forestrom , feet to 10,000 feet. 

Podocarpus miJang·ia f • .. not been re orted nus occurs rom 6,000 feet upwards. P. grac1/ior has
Where intr�uced .[rgm the _Imatong, although reported from Odongotono.
Acacia mollissima 

! ears _evidence of its ability to succeed below 6,000 feet.6,500 feet the form 

nd Jumperus procera have been successfully introduced at' er on grassland and the latter after Podocarpus mi/anjianus.
Page TWBNTY 

i 

! 
r 

• •· I. 1.�--."1.,.,. .. , 

•'! . ... 

The lowest hill forest contains much A!bizzia, probably maranguensis, which appears to be the most successful colorust of the spaces left by natural fall of the old trees of other species. 
. With P. milanjianus occur ·o/ea welwitschii and Fagara sp. At 8,000 feetgiant bamboo is common, without reaching the purity or extent of its occurrencein Kenya forests. 

It is notable that species common to this forest and to the forests of theKenya highlands tend to occur about 1,000 feet lower on these Sudan mountainsthan in Kenya, as if altitude were in some way offset by latitude. The factorhere cannot be temperature, since considerably higher mean temperaturesprevail in the Sudan than at the same heights in Kenya. 
These limited mountain forests of the south-eastern Sudan are obviouslyoutliers (on the only suitable altitudes) of the forest vegetation of the EastAfrican and Abyssinian highlands deserving of analytical comparison with the composition of the hill forests of, say, �arsabit in Kenya. So far as isknown, they are, for most of the species which compose them, a north-easternlimit. If the mountain chain of eastern Africa be regarded as a plant highway(Bews, 1), a side road at one time must have existed as far from the mainmountain line as the Imatong-Acholi. Olea chrysophyl/a has penetrated evenfurther west to Jebel Marra in the western Sudan. Protea has carried its generic,if not its specific banner, west of the Nile. But no other Sudan occurrence isknown of other type species of this mountain-forest type. Juniperus procerahas not been found in these mountains. This species has failed to cross thegap (or having crossed it, failed to survive) between the main mountain roadand these outlying mountains. Yet J. procera occurs on the Red Sea Hills where they cross the Eritrean-Sudan frontier in latitude 18° N. on an isohyet ofonly 200 mm. (Plate VI). This site, however, is on the main mountain highway.

J. procera is common at 8,000 feet on the Eritrean mountain line, occurringwith species such as Syzygium guineense and several other species common onthe plains Mixed Deciduous Forest of Equatoria. Steganotaenia araliacea,which is common in the East African highlands and frequent in the Sudan, west of the Nile, having a northern limit on Jebel Daier, is apparently absentor very rare on these south-eastern mountains. 
Although they have not here been accorded the status of a principalecological division, it should be noted that Rhizophora sp. and Avicennia sp.occur in dwarfed form on the Red Sea coast. 
This concludes the review of the principal ecological sub-divisions of treegrowth in the Sudan. These are more constant than their species composition.

CHAPTER Il. THE PRINCIPAL GEO-PHYSICAL 

INFLUENCES IN SPECIES DISTRIBUTION 

A. �HYETIC ZONATION 01' SP1!C1ES IN ZONES OR BELTS DIRECTLY un.ECTINO llAINFALL 

(i) Species belts of the Acacias conntry
In the preceding chapter it has been shown that Acacia tortilis, Acacia

me//ifera with Acacia senega/, and Acacia seyal are the type species dominating three of the principal ecological formations. But not one of these species 
is confined in its distribution to the ecological formation in which it is a 
dominant. Yet in passing from the desert edge to the 1,000 mm. isohyet and 
considering only occurrences on datum soils (which receive no more moisture 
than their rainfall and lose none of it by run-off), zonation of Acacia spp.
according to rainfall is at once apparent. 
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. f the writer ( quoted in part by Malcolm 46 (a)), �e order
In the expenence

h
o 

·t begm· ning at the desert edge and proceeding wet­
of occurrence on sue st es, 
wards, is:-

100 mm. Acacia/lava.
Acacia orfota. 
Acacia torti!is. 
Acacia raddiana. 

All on 
datum 
clays. 

200 mm. Acacia mellifera. 
Acaciafistula. Syn. A. seyal var.fistula.
Acacia senega/. Syn. A. verek.

Acacia seyal. 
Acacia drepanolobium. -c£:- &.,_ c. '-:tS"'"" ,.;_ 
Acacia campy/acantha. -r ... n54'"j .1,:: ... 
Acacia sieberiana. Syn. A. verugera.

Acacia albida. 
Acacia hebecladoides. 
Acacia seyal var. multijuga. 

1,200 mm. Acacia abyssinica.

(For authorities, refer to Appendix I.) 
This sequence i� best seen along a_ N.-S. axis in the eastern Sudan 

stretching from the River Atbara to the River Sobat (Plate VII). 
This sequence covers a rainfall_ space of 1,000 �- between the 200 mm. 

and the 1,200 mm. isohyets, and a distance of 500 miles. 
This axis crosses the isohyets obliquely. On a foreshortened �s (Pl�te 

VII) crossing the isohyets more nearly �t right angles, the same s�1es senes
occurs on datum soils along a shorter line, less the last three species. 

The se Acacia belts are characterised by wide areas in which each species 
in tum occurs gregariously. Medial axes of these gregarious belts arc, in 
this work, referred to as the species-belt axes. Wet-wards and <if¥-wards. of 
each belt axis there is mixing with the wet, and with the dry, ne1ghbounng 
species respectively. 

The emphasis, in the Acacias country, is on the fact that they �o occur 
gregariously on wide expanses of datum soils and that on these soils there 
are narrow differences in the rainfalls appropriate to each species. 

(ii) Species belts in the Mixecl Deciduous Forest
The determination of species belts in the vast area of the Mixed Deciduous

Fo_rest is n<?t so simple a matter. The very large number of species making up 
this ecological type, the shorter rainfall span (300 mm. between the 1,1� 
mm. and the 1,400 mm. isohyets) and the shorter axis (300 miles from Awed
to Yambio), are factors obscuring zonation of species. A further factor is 
th_at gregan�>Us o�urrence is rare in the species of the Mixed Deciduous Forest
with exceptions m the cases of only a few species, of which the most pro­
nounced are lsoberlinia doka and Anogeissus schimperi.

. Nevertheless, there is clearly distinguishable along any axis • crossing theisohye�, a re_gular or�er of occurrence of type species, as dominants if not
feganouslr, m the 1!{zxed Deciduous Fire-Swept Forest. Beginning from the,950 mm. 1sohyet this order has been observed by the writer to be on datumsoils:- • 
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On red­
ironstone 
soils 

1,050 mm. 

1,400 mm. 
(Sec Plate VIII.) 

Acacia hebec/adoides 

Stercu/ia setigera. 
Khaya senegalensis. 
Jsober/inia doka. 
Afzelia africana. 
Parkia o/iveri. 
Vitex cuneata. 
Prosopis africana. 
Albizzia zygia. 

( on the wet edge of 
the Acacia Tall Grass
and penetrating the 
Mixed Deciduous.) 

Amblygonocarpus schweinfurthii. 
Anogeissus schimperi. 
Pterocarpus /ucens. 
Butyrospermum niloticum. 
Mimusops djurensis. 
Lophira alata. 
Monotes kerstingii. 
Strychnos spinosa. 
Crossopteryx febrifuga. 
Erythroph/eum guineense. 

The Combretaceae, Combretum spp. and Terminalia spp. are so frequently 
secondary in occurrence as to render them unsuitable as types in the study of 
tree distribution undisturbed by man. 
B. MAJOR INTERRUPTIONS OBSCURING ISOHYEJlC ZONATION OP SPl!Cll!!I IN RAINFALL SPl!CJl!S 

BELTS 

(i) Surface Soil Texture
Earlier in this chapter the Acacia belt sequence was given for the Atbara­

Sobat axis. This axis runs entirely over soils whose clay content rises steadily 
southwards from 30 per cent. clays in the north to 80 per cent. clays in the 
south. The special significance of clay content in datum soils is treated in detail 
in Part III of this work. 

But the most striking and elementary fact in the distribution of Sudan trees, 
taking the country as a whole, is that the tree species which requires 3 x x inches 
of rain on clay soils require less than 2 x x inches of rain on sands. 

The most prominent example of this � seen in the distribution of Acacia
senegal, the gum arabic of commerce, which is so important an item of Sudan 
trade. This species has two belt axes, one along the 450 mm. isohyet pn the 
sands of the western Sudan and another along the 650 mm. isohyet on the 
dark cracking-clay soils of the eastern Sudan. This is shown in Plate IX. 
Acacia mellifera and Acacia seyal, as indeed all species, exhibit similar change 
in rainfall requirement with this change in soil. 

The result is, to borrow from geology, unconformity in species distribution 
most marked along the boundary between the continental sand and the vast 
clay plains. 

Reference to the soil map (Plate I) will reveal that save for the ironstone 
region of the south-west, the hill and foot-hill groups, and the Nubian sand­
stone, most of the country lies under a blanket of sand or of clay. 
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The northern origin of the sand is established. The dispute as to whether the clay plains are aeolian or alluvia� continues. J:or the purposes of �s work 
the origin of the materials out of which the cla� so1�s have been �ade mto their 
present state is of less importance than the climatic factors which have made 
them what they are to-day. 

The boundaries between sand and clay are species barriers in any given 
rainfall. Apart from the continental sand blanket, there are minor areas of 
local sand originating from river beds, and inland deltas. These local sands 
carry species of higher moisture demand, usually markedly different from the 
species of surrounding soils. 
(ii) Contour 

Violent but lo�! changes_ of vegetation are found wherever the plains of 
sand or of cl'.'-Y are p1e�ced _by mselbergs, monadknocks, and outcropping rock. 
The change m vegetation 1s more marked where these pierce the clay plains 
than where they pierce the sands. 

_Equally marked is the change in tree vegetation where the plains are cut 
by nvers an_d seasonal streams, or are flooded by their waters to form seasonal 
swamps or inland deltas. 
. In �e study of tree dis_tribution it is important to regard all of these as 
mterruptI�ns of th� otherwise P!evalent pene-plain condition. So regarded, 
they a�e s�tes ca':Y1?g a vege�tion whose differ�nces from the vegetation of 
the plams 1s the s1grufi.cant subJect for study and interpretation. 

CHAPTER ill. THE ANALYSIS OF SPECIES­
DISTRIBUTION RECORDS BY TRANSECI'S 

A. INSTANCES OF APPARENTLY ANOMALOUS DISTRIBUTION 

. In _the �r�iD:g chap�r r�ference �as been made to the prominent anomaly m s�ec1es distnbut1on which 1s so noticeable on the border lines between the continen� s!lnd and the gr�t clay plains, namely, unconformity in the Acacia belts. _This I_S the most o�VIous apparent anomaly and is outstanding evidence that rainfall is more efficiently used by the perennial plant on the sands than on the clays. 
and �t has

b �een shown in Part II, Chapter II, that particularly the Acacias 
thcss O Vl

daously the type species of the Mixed Deciduous Forest succeed on�ano er on tum soils in a definite order with increases in rainfall. 
belt �::e � th� d belt _occurrences of species, and their medial lines are species­
these and honsi ef'.'-tion m_ust noy; be given to the occurrence records of
are on dat°t er �bCCJes outside their belt occurrences. The belt occurrences
soils has �m so� • A study of their occurrence on sites other than datum
of the MixednDmaec,·de 

for thFie commonest Acacia spp. and for certain of the speciesuous orest. • Acacia senegal which w h and another in higher rainf: 1f av� seen to have a belt occurrence on sands
far outside the rainfalls f a -�n c ays, occurs on non-datum sites in rainfalls
non-datum sites is from f � er of these belts. . Its rainfall factor span on
mm. on hillsides in north�rn K�' f.on sheet erosion slopes at Nimule to 300

In both th or o an and Rufaa District. · ose extremes it is closely "ed near_ neighbour in their belt accompam by Acacia mellifera, its
Deciduous (laterite type) (l 100 occurrence. Khaya senegalensis of the Mixedstreams in Darfur in 500 mm' mm

f • _at Wau) occurs on the banks of seasonal• o rainfall. 
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Stercu/U!' s7tigera, with a da�um soil occurrence in 1,200 mm., is common on 
the rocky hillsides of Kassala m 300 mm. 

1cacia fist!fla, with . a belt rainfall requirement of 500 mm. in Kassala ProVIIl<:C, colomz�s certam seasonal swamps in Upper Nile Province in twice 
�t r�all. It 1s the Acacias of the 400-600 mm. rainfall belts on datum 
soils which_ are th� only successful species on short-season swamps in 1,000 
mm. of ram. This has been confirmed by afforestation work in which the 
longer the seasonal inundation the " drier " the Acacia species required for 
successful plantation. 

. Acacia tortilis, with extreme occurrences in seasonal runnels in 50 mm. 
rainfall on the desert edge, occurs on datum sands in 150 mm. near Khartoum 
on clays in 300 mm. !Il :1(-assala D_istrict and in 500 mm. on the erosion slo� 
of central Bu�na hillsides. While not properly a forest species, the wild
cotton, Gossyp1um anomalum should be recorded here as exhibiting the same 
phenomena. It thrives and perennates on a bare, almost soil-less rocky hilltop 
at Omdurman in 150 mm., and at Fertangul in Kordofan occurs on shallow 
flood sites in over 400 mm. of rainfall. In both sites it occurs with Grewia 
tenax. 

To include a monocotyledon in the picture, Hyphaene thebaica occurs on 
runnels and on seasonally flooded well-drained soils close to the river in theAtbara area, in 100 mm.; on red loams in Gedaref in 600 mm.; on ridges �f loam in 750 mm. in Upper Nile Province, and on datum clays in Roseires 
m 900 mm. Its occurrence on datum sands has not been noted, but is to be sought in western Darfur, where the continental sand crosses the 600 mm. 
isohyet. 

. Carissa edulis bas a span whi�h stretches from the flood plains of the 
Dinka country to the Red Sea hilltops : from 800 mm. to 200 mm. This species has local names in half-a-dozen languages from Beja almost to Bantu. 

In the parallel sand-dune country of northern and eastern Kordofan, 
where long-fixed dunes run north and south for many miles, the sandy dune 
top carries a more mesophytic vegetation than the loams and light clays of the hollows between the dunes. The more xerophytic types are in the hollows, even although these hollows are subject to shallow flooding in the rains. One 
of the most southerly occurrences of a species is typically in a so-called "-wet " 
hollow, and the most northerly occurrence on the light sands of a dune crest or on a rocky hill. 

Examples are :-
Albizzia aylmeri on Fung clays with 800 mm. of rainfall and on a dune-top 

along the Bara-Nahud road with less than 300 mm. of rainfall. 
Terminalia brownii on Jur river flood plains with 800 mm. of rain besides 

seasonal flood water, secondly, on sands in Nahud with 500 mm. and in rocky 
valleys on Jebel Daier with 400 mm. 

In the eastern Sudan, in the wetter parts of the broad Acacia seyal belt 
(800 mm.), the species growing on the unscoured beds of slow water-courses, which wind from distant catchment areas through the clay plains, is Acacia 
fistula demanding only 400 mm. in its belt occurrence, but here growing on 
800 mm. plus the seasonal flushes of the water-course. Round the bases of the plinths of inselbergs where plinth run-off spills onto, and floods, the 
immediately surrounding plains of dark cracking clay (" cotton soils ") 
carrying Acacia seyal, the species inhabiting the flooded soils is Acacia fistula 

Page TWINTY•PIVE 



(see Plate X). Examples occur on the Roseires-Renk road, and around 
the hills of southern Gedaref. 

Drainage hollows in the red-ironstone or laterite country with the Mixed 
Deciduous Forest cover described in Part II, Chapter I (v), carry a much more 
xerophytic vegetation than the ironstone slopes draining down to them, even 
although these have a comparatively heavy run-off. 

Apparently anomalous occurrences are not confined to trees. It is with 
hesitation that the vast subject of grasses distribution is introduced, but 
mention must be made of several striking instances in which grasses exhibit 
the same distribution phenomena. 

Panicum repens exhibits this behaviour. Bews (2, pp. 280-288) has drawn 
attention to the varying habit of several grasses, including Panicum repens, and 
writes, " Some hygrophilous species, e.g., Paspalidium geminatum, Panicum 
repens, etc., actually on occasions become psammophilous growing through 
sand and becoming modified in the process, but not specifically distinct." 

Bews also records (p. 275) "Jmperata cylindrica, another species which 
is often psammophilous." This grass is common on heavy loams in 1 400 
mm. of rainfall in Y ambio District of Equatoria, but remains to be reco�ded 
on the sands of lower Sudan isohyets. 

Xerophily, hygrophily and psammophily as plant attributes tend to become 
meaningless when so many species can exhibit all three, and when a marsh 
a clay plain in 900 mm. of rainfall, and a sand-dune in 300 mm. are found t� 
be equiconditional sites in terms of chresard, judged by the succes; of individual 
species colonizing all three. 
B. DISTRIBUTION TRANSECTS 

(i) Introduction
From the distribution records made by the writer in the Sudan it is apparent 

that no tree species, save possibly the Aeschynomene elaphroxylon �f the swamps, 
and the coas�l Avicennia sp., is so restricted in its range as to be confined 
to any one soil, or even to any one major chemical soil group. 

I_t is in consequence not possible to find tree species indicators of the cheIDical grOUJ!S (an� �any disa.l?pointmel?-� have followed attempts to do so), s�ve under stnctly limited physical conditions of rainfall, of surface, and of site. 
These over-riding phys�cal conditions which make pedocals into sites 

favourable also to the species called those of the pedalfers and vice-versa 
became primary objects for study. ' ' 

. :rhe�e physical co�di�ons are the factors directly governing the natural distnbut�on of tree species m the dry tropics, and it is a simpler matter in thesedry tropics to fi�d ".Onstant plant in_dicato�s of particular physical conditions,than t? find any_ mdicator of a che!lllcal soil type. As a factor in distribution the S?1.l nat�re, m che�cal clas�ification terms, is subordinate to the physicaico
1
ndit._Ions, m dry tropical regions where thirst occupies so predominant ap ace m the government of plant life. 

The_ predomina�ce of th_e purely physical factors, indeed, may be maskedby che�e:al factors m co�ntnes where perennial water is abundant but nothingmasks it m these countries where the sun makes such an inexor�ble demandon the surface of leaf and of soil, and where the rare clouds contribute so little
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to the satisfaction of this demand or to its mitigation. In such areas the water 
relation is paramount. 

A perennial plant, under circumscribed physical conditions may be used 
as the indicator of the chemical conditions suited to another pla�t of which it 
is the proven a�d _persistent assoc�ate, but. it cannot, in dry tropical practice, 
be used as an mdicator of � .!?articular soil type, nor of a particular rainfall 
save under very great restnctions of area and of surface condition. These 
restrictions are so severe as to make plants valueless as indicators of chemical 
soil types save under what may be called micro-conditions of extent. Indicator 
plants may be l!se�ul on,. say, one man's holding for comparison with that of a 
neighbour on s1ID1lar s01l, but they cannot be used for the same purpose over 
many square miles, and they have the most limited value over districts, let 
alone provinces. 

In the studies summarized here, it has been found that no Sudan tree 
species is restricted to any one soil or even to any one of the major chemical 
groups of soils. . Howe:ver_ conclusive the_ evidence ?btaina�le, by wo�k 
restricted to a smgle district, that a particular Acacia sp. 1s the certain 
indicator of the black cracking pedocals, a study over wider areas and other 
rainfalls will in every single case reveal that, und�r suitable phy_sical conditi<?ns, 
this same species is in another area confined to soils of utterly different chellllcal 
groups. Such other occurrences are not accidental, but equally typical of 
their rainfall and soil-surface conditions. 

In the dry tropics, in any evaluation of the " fertility " ?r " gro'Y111 v�ue " 
of sites the first sub-division of sites should be on the basis of their moISture 
receipt 'and disposal. Are they sites receiving rainfall only, or does wa�r 
flow onto them above the surface or beneath it? Do they hold all the ram 
they get or does a part of then: rain receipt flo"'. awar from them, or stand on 
their surface until evaporated mto the dry tropical air? How �oes the extra 
receipt in the one case, or the partial l?ss in the other, affect the soils themselves, 
and how is it reflected in the vegetation they carry ? 

In classifying and considering dry tropical soils on �his basis, i� is to be 
noted that the surfaces in receipt of rainfall only, a�d losin� none <?f 1� by run­
off are the datum sites in the study of each particular rainfall �trict. All
datum sites are characterized by the absence alike ?f flow off their surfa�
and of flow onto their surfaces. Water does not, m normal seasons, drain
off their surfaces onto adjoining land surfaces, nor yet by way of water-courses, 
into distant rivers or less distant pools and land-locked lakes. Nor do datum
sites receive flow. 

As will be further discussed in Part ID, Chapter I, _ the areas _in th��e 

one district which receive more, or retain less, thf theilipt��a�� for tll�are sites divergent in one direction or the other, . rom e lated "th therainfall, and so ca;ry a vegetation which cann
il 
o
f
t directl�

all

coilistrict d-:S not rainfall which it receives. The datum so o one r 
carry the same species as the datum soil of another. 

: . a· trict are invariably to be found
But the specie� of.the ��� sites ,n one 

. ,sdistant rainfall districts. 
also on divergent sites ,n adjoining, as well as ,n • 

.
bl t rrelate in chemical terms, the 

If it should ever prove po� e O co 
ur on' datum and on divergent

conditions in which one single species can occ 
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sites, this will only be done long after the earlier correlation of these sites in physical terms. The present work is a contribution to correlation of occurrence sites on physical_ bases. 
In the Sud.an, datum sites are usually plains, but where soil surfaces are coarse sands, datum sites may be undulating and even dune sites. 
In certain limited areas, overlying and derived from basalts, clay soils are in such balanced relationship with their rainfall that, even where clays cover rolling low hills or high mountain-sides, they constitute datum sites, having noloss by run-off. 
The vegetation on datum sites is the type vegetation for the rainfall inquestion, since no other sites in that rainfall carry a vegetation which is the pro�uct of the whole of their appropriate rainfall and of no other water. While the datum plains are usually clay soils, and clay plains are apparently the ultimate �nd-product in all soil devel?pm_ent in the seasonally dry tropicsof North Afnca, yet sands also absorb their rainfall, and such sites are found todiffer ve� greatly indeed, in their vegetation, from datum clays absorbing thesame rainfall. Attention has been called in an earlier chapter to " uncon­formity " along the clay-sand frontier. 
Even within the one class of sites which are taken as datum sites in termsof their disposal of their rainfall receipt, namely sites whose soils absorb theirrainfall a'?� '?o o_ther moistur�, furth�r sub-division is necessary, and here alsothe sub-divlSJon is on a physical baSIS, a basis again strictly tied to the waterrela_tion. It_ is, in fact, a sub-division on the basis of soil-particle size : on the basis, that is to say, of clay content. All soils which absorb their whole rainfall and no other water are datum soils. But within that definition one datum soil may differ greatly from another in terms of growth value toperennials depending on the proportion of the total water receipt which is

rct�ined against evaporation loss at the soil surface.
Examination of the records made show that a species does not indicatea particular rainfall (and this is true even of datum-site occurrences) unless itspresence is considered in relation not only to the rainfall but in relation alsoto the nature of the soil surface on which that rain falls, and in relation to the total range of the plant. 
Acacia seyal, as has been recorded above, grows on the very heavy,seasonally inundated clays of the Upper Nile swamps and also on the grittyvalley beds of the Nubian sandstone areas 400 miles further north. In theformer case it receives over 1,000 mm. of rain. In the latter the rainfall is100 mm., which may flush the valleys three times in a season for an hour at a time. 
Taking datum soils, Acacia seyal is recorded on clays in 600 mm. of rain and on sands in-under 250 mm. Hence as a species A. seyal is typical neither of the clays nor of the grits, nor of the sands, nor of any one of the three rain­falls. But the�e are conditions prevailing in the one site which are reproduced 10 the other sites, and which must be concluded to suit the species, since it grows there. 

. . The distribution records of Sudan tree species show that their site-10<;iicator values _folio� several rules very consistently. The differences in soil texture and 10 rainfall throughout the range of a species are seen to be complementary differences. 
Page TWBNTY·BIOHT 

J 
I. 
L 

;! .... 

This consistent behaviour of all species in regard to di trib • be illustrated by the use of charts representing dia&rammaticall
ution �n best

sites, with particular reference to contour as it affects surface 
i the different

Charts have accordingly been prepared from the records ofw

occ
a er movement. 

th h rts will b lied D • "b · ,., urrcnccs andese c a e ea 1strr ut1on ., ransects. It was not until these had been made and compared that the problems of apparently anomalo di • bution resolved themselves. These transects take four forms accor�s t s:­aspect of distribution to be shown. g O e
(ii) The Contour Transect

. First of all, it is necess�ry to sh�w ho� species vary with contour and with _the c�a�acter _of the soil. surface m a sm gle observation area, that is to say, m_ a limited pie;ce of t�mtory, some 4-5 square miles in extent, lying in one rainfall but haVIng vaned surface and contour. The observation area is normally sufficiently extensive to include datum soils as well as soils divergent in the two typical ways from the datum, namely on-flow and off-flow soils. 
The chart shows the distribution of various species across these diverse 

• sites in one rainfall. This is the Contour Transect, and it is the record of field 
ecology in an area of one rainfall. It supplies, to borrow the soil term of Milne, 
the " Katena " for the vegetation of that area. Plate XI illustrates the Contour 
Transect. 
(iii) The Rainfall Transect 

When it became obvious that all species occur in widely differing rainfalls,
it became necessary to show the different types of site on w hich each single 
species occurs at the various parts of its rainfall span. Since in a given rainfall 
a species is almost invariably limited to a sin�e type of site, � second fo!ID 
of transect resolves itself into a contour section across the rainfalls, showmg 
how the type of site occupied by the single species varies with the changes in 
rainfall. 

Transects of this second type are called Rainf a/l Transects, and each is for 
a single species. Each cuts across the latitudinal belts of rainfall and show s how 

the species creeps from one type of site at the " wet " �nd of its r�ng7, throu�
a particular order or succession of differing sites, to the site type whi�h 1t occu�1es
at its" dry" terminus. Plate XII is the Rainfall Transect for a sm gle species.
(iv) The Site Transect 

The significance of the above-mentioned series .. of site � becomes
apparent when it is found that, with no recorded excepuons, all speci_es progress
through their rainfall span via the same sequence of site types. This ��
has as its central group the datum soils. Astride this �atum, on dne si ·

tcs
?

occurrence sites have water receipts in ex�s of the receipts of �e ftilim eh�
on the other side are the sites having receipts less than the receipts O e 
sites. . . • f • t types as confirmed inThe graphic representation of this senes O si e ' 11 species 
each rainfall transect for a species and found to � COIJU!l°Je t�i; Transect:may be called the Site Transect (Plate XIII). (The�e 1) oni5m

site types included
whereas there is a Rainfall Transect f?r eac� 

r�· tour ,;,ansect certain sitein the Site Transect may not � occur � a srn e ;:bsent from that piece of
types, e.g. sands, or mountains, or nvers, may 
country. 
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To sum up these paragraphs, the Contour Transect purports to show how 
the various species there existing are distributed across the various sites in a 
single observation area, in one rainfall. The Rainfall Transect shows, for one 
species, how its site type varies with rainfall. The Site Transect thereafter 
shows the comparative values, in terms of absolute-growth water of the 
various site types in whatever one rainfall they occur. ' 

Resuming consideration of the significance of the Site Transect as thus 

revealed by the Rainfall Transects, and regarding the Site Transect as a section 
across increasing rainfalls, then the Site Transect, so far as one species occupies 
it, is a record of sites equiconditional so far as available moisture is concerned. 
Sites which so differ from one another as to be equiconditional in widely 
differing rainfalls cannot be equiconditional site types when they occur to­
gether in a single rainfall. This is confirmed by the species distribution in any 
Contour Transect. 

Further conclusions are that, in a given rainfall, the sites of least available 
water for the growth of perennial plants are sites of those types to which all 
species recede in the wettest parts of their ranges, and that those sites in any 
Contour Transect of an area which have the greatest available water for 
perennials, and are able to support the highest moisture demanders of all the 
species sharing the Contour Transect in question, are of those site types which 
are demonstrated in all the Rainfall Transects to be the dry-terminal occurrences 
of the transect species. In other words, the Contour Transect for a given rain­
fall shows that each particular species is limited to a certain site type in that 
one particular rainfall. The Rainfall Transects show that species are by.no 
means limited to a narrow rainfall span and also show the type site each 
species requires in each rainfall. The Site Transect extracts the various types 
of site found in the Rainfall Transects and places them in order of water avail­
ability for perennials, an order which is found to be constant in all the Rainfall
Transects. 

(v) The Belt Transect
Lastly we have the Belt Transect, a single transect or indeed merely a list

showing the order in which species succeed one another on any one and the • 
same type of site in gradually changing rainfalls. 

Ally one particular type of site may be chose� on which to trace the 
change of species with rainfall on such a type of site. But because of the 
difficulties in· measuring the growth value of run-off w�ter lost, o! of on-flow 
gained, the obvious type of site on which to tra� species change is the dat�m 
soil. But the same succession is revealed by taking any one of the other site 
types, such as briefly-flooded hollows, or rocky hillsides, an1 tracing the 
vegetation occurring on that one site type from �he 1,400.mm. 1So�yet to the 
50 mm. isohyet, through, that is to say, a succession of rainfall stations. 

What is so often and so uselessly attempted, is to deduce resemb!an� 
in soil or in rainfall (one or other being taken. separately) betwee�.a hills!de
site carrying a particular species, and, say, a plain of cracking-c�y soil carrying
the same species. The two sites, on the evidence of the SJ?ecies. e:ommon. toboth, are equiconditional sites. But they 0111:Y ar� eqwconditional sif:Cs
because they are different from one another m soil and complementar,/y
different in their water equation. 

When the isohyets are crossed from 1,400 mm. of rain to 50 mm •. of
rain travelling on datum soils all the way, assuming such an undisturbed line 
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of datum soils can be found (the longest is, in fact, the Sobat-Roseires7�oma 
line) species are found in their decreasing . moisture . sequence. Similarly 
along a series of hill sites from the we� end of this 1,000-mile country to 1:he �ry,
the same species series is repeated, ID the .same order. But on th� hill sit7s 
the series stretches over a span of lower rainfalls than the same senes does m 
the journey over datum soils, with new species from wetter lan�s represented 
on the hills at the wet terminus which are not foun� on �he othe� sites tr�versed, 
in that rainfall. Similarly on a joum�y across sites liable to _mundat10n, the 
series stretches over a span of heavier rainfalls than the same senes on the datum
sites, or on the hill sites. 

The hills studied for this purpose are hills so low as to b� without altitude 
effect on rainfall being only 50 feet to 100 feet above the plaIDs. The change 
is a matter of so'u surface and its effect on the utilisation of the same amount 
of rain as falls on the adjoining datum soils. No such li:ne of hl!1s exists as a 
continuous range in the su1an, and no co�plete�y c'?ntmuous �e of datum 
soils exists over the 1 000-Ullle line representing this rainfall span ID the Sudan. 
But an adequate series of inselbe!gs a�d monad�nocks is availa�le, suitably 
spaced, and an adequate if also disc�,ntmuous senes of datum soils separates 
them, and on these two series the moisture sequence was worked out, to reveal 
the Belt Transect.

The Belt Transect is simply the list of type species in their order of moisture 
demand derived from their occurrences in the several site series, each a series 
of comparable site types, crossing the isohyets. Contour and rainfall transects 
have been prepared from the data collected in every province of the Sudan. 
Belt Transects have been prepared from the occurrences recorded by the writer. 
The evidence of these confirms the moisture sequence revealed by comparison 
of one with another of the whole series of rainfall. and contour transects and 
provides confirmation of the evaluation of sites which is made in the site transect. 

(vi) Examples of Transects: See Plates XI et seq.

(vii) Analysis of Transects
Analysis of transects reveals :-
(a) That the occurrence sites of any given species, beginning at that end

of its range which occurs in _heaviest rainfall and ending where the species 
disappears at the dry end of its range, succeed one another in the following 
order:-

Loams A. Hard-s?il slopes, i.e. sheet slopes, not readily capable of 
absorbmg water and usually subject to some sheet erosion. 

B. 

c. 

D. 

Clays 
E. 

F. 

High-lying old flood plains, subject now to inundation for 
days at a time, usually from river-water, but also occasionally 

·from rain-water.
Low flood plains inundated for weeks at a time. 
Mounds in swamp, and high banks fringing rivers which 
traverse swamp. 
�e beds of land-locked pools known as " rahads " in 
rainland, and as " mayaas " or basins where they fill from 
rivers, holding water for months. 
Clay plains known as badobe soil. These rarely give rise 
to run-off and water seldom stands on them. 
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d l • s on which dunes have now been flattenedG. Mature san P am 
out. ed d kn H. Immature sand, including new or partly-fix unes own

Sands as "goz." .. 
Pockets or small hollows in sand c�untry rece1vmg �traI.
water but maintaining good percolati�>n- Also valley beds
of open, readily permeable, sandy so1�s. 

K. Hills of rough, rocky, highly absorptiv; surf�ce.
L. Large seasonal water-courses flushing a ter rams.
M. Hard plains of grit or rock. . . 
N. Small runnels flushing for an hour or two dunng ram.
O. Banks of perennial streams or rivers. 

These site types are shown in Plate �II. in th� ord�r which has been f�und
t be that in which a species uses them m decreasmg ramfall from left to nght.
0 

(b) Analysis of transects also reveals �at _ the sites 01!- which a species can 
survive on least rainfall are coarse sands, hillsides and gntty runne�s, and that 
its sites in heaviest rainfall are inundated sites and non-absorbent soils on hard­
surfaced slopes. 

(c) That species occur in a definite succession on the same one type of
site (where such type is represented) from the w�t end ?f the c_ou1!-try to the
dry end. Many notable absences are �ecorded m particular distnc�s, where
the rainfall considered alone, would swt them. The most marked instances
of this are �oted where no sands exist in clay-plain country or where no heavy
clays exist in a wide area of sands. 

(d) That the species preserve this order of occurrence if examined on any
one type of site across the several rainfalls. 

(e) That in any one rainfall locality these different types of site have different
water values.

(f) That types of site can be arranged, _for a1;1,y rainf�ll, in ord�r of w_ater
value and that this order is the same as that m which the sites carrymg a given
speci� occur in the rainfall transect for that species. 

(g) That a species has no indicator value for soil or for ra�all until its
rainfall transect has been determined, but that thereafter use of its occurrence
site type makes it a reasonably accurate indicator of rainfall, and, on datum
soils, the rainfall, if known, makes the species a precise indicator of clay content.

Reference is made in Part III, Chapter IV, to the practical uses of these
facts. It is here only necessary to point to a corollary of the above, namely,
that where a datum soil has to be chosen on which to establish an absent
species in a known rainfall, the problem resolves itself into a search for a soil
of a clay content appropriate to the needs of the species in this particular rainfall.

CHAPTER IV. VERSATILITY OF SPECIES COMPARED 
WITH EQUICONDITION OF SITFS, AS AL1ERNATIVE 
EXP LAN ATIONS OF ANOMALOUS DISTRIBUTION 

�ese apparently anomalous occurrences, examples of the very manynoted m the occurrence records, raise two questions :-
(a) Aie Sudan tree species highly versatile in terms of the soil textureand water factors, or 
(b) Aie ��pare1;1tly divergent sites, in fact, not divergent but equi­conditional m terms of a dual or combined soil-water factor ? 
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(i) Tolerance in regard to the Soil Texture Factor
Few measurements of the versatility of tree species have been made interms of any habitat factor, other than determinations under laboratoryconditions, of wilting point and chemical nutritional factors. 
Opportunities for the study of factor-range of tree species in their naturaldistribution have long since disappeared in most civilized or heavily-populatedcountries. Apart from fragments of Cupuliferous scrub and some Pinus

sy/vestris of. doubtful history, there remains very little living and indisputableevidence of natural range in Britain. But in the African continent there aremany areas where even the influence of man has been unchanging for centuries.The lightly-populated Sudan is such an area. 
• The introducer of plants is one of the first to study versatility in practical

field terms. Even the introducer usually starts without freedom of choice as
to site, and labels his introductions successes or failures, overlooking the
obverse, which is that the site has probably failed the plant, and often omitting
a search for the cause.

Versatility is certainly less often studied in indigenous species than in
exotics introduced or proposed for introduction. Consequently exotics come
to be introduced without precise knowledge of the range or factor span which
they occupy in the country of their origin, and thus without precise knowledge
of the comparable values of the new sites to be offered to them.

In the dry tropical conditions of the Sudan, as has been noted, it is inevitable
in any evaluation of a site, that concentration should first be on the moisture
factor.

The study of the moisture factor inexorably becomes a study of soil
texture, and range in relation to moisture has been found interpretable onlyin terms of range in relation to physical conditions, to the exclusion of thetemperature factor. The chemical factor also must be excluded over anywide range, though it may achieve importance independently of the moisturerelation in strictly local differentiation of soils. It may also, as in the presence,or the use, of lime and gypsum, have vital significance in terms of the moisturerelation. 

Are some species more versatile than others in terms of habitat factors ?
If so, are they versatile in response to all locality factors, or in one factor only,
or in terms of pairs or of groups of factor? Is versatility in one factor depen­
dent on constancy in other factors, or is it inter-dependent on changes in
them ? Aie certain changes complementary ?

This chapter deals with versatility in terms of clay-content, with
versatility in terms of water requirement as shown by water receipt, and with
versatility, or the lack of it, in terms of the combined clay-water factor.

First of all, it must be recogriized that most species can be established
artificially outside the range in which they can establish themselves by natural
regeneration. For instance, the device of mound planting has been evolved
for areas which are liable to shallow surface flooding after the sowing date.
This is a common device in the agricultural practice of the Ntlotic Shilluk,
Nuer and Dinka tribes, who commonly sow seed at three levels on their
mounds in the hope of covering all combinations of flood and rainfall. Again,
Sakellarides cotton which requires over 1,200 mm. of applied irrigation water
on clays, has been' grown by the writer on sands receiving only 100 mm. of

Page THIRTY-THRKZ 



di' plants raised in pots to a stage at which they rainfall, by the use of ;;1: t��ttrition by moving san� grains. Transplanted were no longer vu;n: 
tton have survived seven ramless months and con­on sand, plants. 0 t s c�nd rainy season. From the successes attained bytinued growt� mto a ���al occurrence zones, it is concluded that there is, forplanting �utsid� �Js�:nce versatility and a natural r�production versatility oreach .species, a 1.1.1 and that the former covers a wider range or factor spanrepet1t10n versa 1 1 Y, d th t h b. 

than the latter. It has been prove� ?n fire-protec;f are�s, a �any f a 1t�ts
are suitable in soil and water condi�1ons to a vas? grea r num erll O b spe�1es 

than occur on them, but are unsmt�d by annua hgrassfi r�s, to abl utd re­
resisting species. Few species occur m n_ature bot on re-,ahvour� he a°: o_n 
adjoining �e-u!11"av�rnrable sites, but this does not prove t at e1t er site 1s 
outside their s01l-ramfall range. 

Two of the great Acacia belts owe their purity to their superior fire­
resisting powers. 

Acacia seyal resist.s the heaviest fires by its fleshy bark. 
Acacia mellifera suppresses in its shade the grasses which its soils and its rainfalls are suited to growing. Erythrina tomentosa, Cussonia arborea, 

Diospyros mespiliformis and Balanites aegyptiaca resist fire by extreme formation of corky bark. 
These are examples of species which are restricted, within the soil-moisturespan appropriate to their needs, by a third and man-made factor, fire, butwhich resist that factor more successfully than many species which, for firereasons, are absent from parts of their appropriate soil-moisture span. 
Coming now to consider the precise values to be attached to factor span, in texture of soil or of rainfall, taken separately, there is evidence that species can thrive on soils which cover a very wide texture range. 

. . Taking natural occurrences only, though, as has been noted above, this 1s lik�ly to be a narrower span than would be utilizable with artificial methods, the sites sampled for seven type tree species showed the following ranges of cla)'. conte�t as being capable of producing successful growth of the species agamst which they are shown :-
Acacia seyal . .. 9 per cent. to 78 per cent. clay content. 
Acacia me/lifera . . . 20 59 
Da/bergia melanoxylon 2 " 57 
Tamarindus indica 26 " 57 
Prosopis africana... 3 " 37 Terminalia brownii 4 43 

" 

Combretum ghasalense 2 16 " . These de�erminations by themselv;: sho;• an unex;ectedl� wide •�ersatllity!Je�i of s?1l texture. In fact, with the possible exception of the last species,that e wnt7 has not ye_t fo_und on heavy clays, they dispose of any suggestion sand:�;' on� 0 tbes� spec1_es 1s a SJ_>ecies" typical of clay soils," or" typical of' or a species which requ1res a fresh loam." Wide as is the rang ft 1 . . sites recorded 
J_ 0

. 
0 erance they show, 1t 1s not to be supposed that the range of an 0

��ssa Y mclu?e the limits, in either direction, of the texture rences Ce�in f th�se s�es. The above figures are from natural occur­speci� are of si expenences 10 t�e artificial establishment of two Sudan tree 
Acacia arabica 

�cance at this stage. They are Khaya senegalensis, and • ya senegalensis, the Sudan Mahogany, was taken from 
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one if its natural occurrence areas in Equatoria Province, on a 57 per cent. clay in 1,050 mm. of rainfall, and was successfully established experiment�lly on a 12 per cent. clay and on a 65 per cent. clay, _ both in dry country 500 mtles outside the natural occurrence limits of the species. On the 12 per cent. clay this species succeeded on 420 �- o( rainf�l_l. On the 65 per cent. cla)'. 1t 
succeeded on 300 mm. of rain with, m add1t10n, over 1,200 mm. of applied irrigation water per annum. 

At the time these trials were made they were n? mo�e than hopeful 
experiments, since it was not until four years later that this species.was found to 
occur naturally on 4 per cent. clays in dry parts (300 mm. of ram) of remote 
Darfur. 

Acacia a rabica is a species thriving indigenously on inun�ted river la�ds of the Nile from Egypt southwards to Abu Zeid for�, near Kost1 on the WhiJe Nile, and to a point near Roseires on the Blue Nil�. �t does not _occur 10 nature south of these points. But by repeated efforts, J1:1stified by the hi_gh value of the species, a technique has been evolved whereby. 1t can be established by sowings at points as far so1:1th as Juba, ?Ver 500 miles south of the abrupt natural terminus of the species at Abu Ze1d ford. 
Data on the clay contents of these artifi�ial plantations so'!lth of !he ford (Shukaba, Zarzour, and Tewfikia) are available for companson wtth clay data for Acacia arabica soils within its natural range. It is to be noted that the water regime of all those sites i� not _determined, b�ing_ a comb�ati?n of flood and rain. The subject under d1scuss10n on these sites 1s versatility 10 terms of clay content not of chresard. 
The clay content of sites of good growth and of poor growth were determined in all the cases quoted. 
In Plate XVIII the sites favouring growth are shown in one vertical sequenceand the unfavourable sites in another. Sites in the natural zone of the speciesare shown in blue and sites established artificially outside that zone are shownin red. The average clay contents of good sites and of bad sites in each of thesetwo zones have been connected by a line in the diagram. 
At Zarzour, in the 62 per cent. to 78 per cent. clay range, the difference inclay content between good sites and bad is 17 per cent. 
At Shukaba, where the plantation is under rainfall only, in the 55 percent. to 65 per cent. clay range, this difference is 3 per cent. only. 
At Gebel Bowser, an inundated forest in the 25 per cent. to 47 per cent.clay range, the difference between the average is again 3 per cent. 
It appears from these values that unit difference in clay content is less 

significant at the higher clay contents than at the lower clay contents. Further study of the Mitscherlich-Lundegardh law of relativity in its application to theclay factor is called for. 
Lundegardh (1931) has given the law in the following words :-

" The more nearly a factor is in mini.mum in relation to the otherfactors acting upon the organism the greater is the relative influence of. achange of that factor upon the growth of the organism. As a factorincreases in intensity its relative effect upon the organism decreases ; andwhen the factor is in the region of its maximum the effect of a change,upon the organism, is nil." 
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. . the data for the sites of nat�al occurren� and _comparingEx�g t introduction sites outside the Acacia arab1ca naturalthem With t oseth:�o definite ranges can be distinguished, water opportunity
�urrence zod

ne,dequate in each range, since the species grows in both, thoughbemg assume a 
not necessarily equal. 

First, the zone denoting the range of versatility where natural regeneration• • 1 ed This extends from 25 per cent. to 46 per cent. of clay content 1s mvo v . 
Second, a zone denoting �he range of versalitity where natural or artificial

regeneration is involved. This extends fro� 25 per cent. to 78 pe� �ent. clay
content. That is to say, the natural regeneration span of 21 per ce�t.. 1s increased
to an artificial regeneration span of 53 per cent. clay content vanation. 

A further extension into soils of lower clay content than any of the above
has more recently succeeded.

In the bed of the Gash, an inland river rising in the mountains of Eritrea
and terminating in an inland delta in K�sala Pro"!-n�, �glo-Egyptian Su�
Acacia arabica has been sown as a soil fixer on 1IT1gat1on control spurs arti­
ficially initiated by masonry. On silt deposits lying a little back from the main
channel and having a clay content of 25 per cent. to 30 per cent., Acacia arabica
succeeded from seed sown direct as the flood receded. But in the almost
pure sands in the bed of the main channel and alongside it, percolation loss
downwards was so rapid after the final flush and flow of the season that the
seedling roots were unable to follow the falling level of available soil water
fast enough to maintain contact with it and were droughted off in a few weeks.
To overcome this, seedlings were raised in open-bottomed tin pots 10 inches
long and of 2-inch diameter, and the complete plant and pot were planted
in the difficult channels. The roots of the pre-raised seedling thus planted
have been able to keep touch with the falling water level and a highly porous
sand comes into the range for Acacia arabica if given this treatment.

Further evidence of tolerance of a wide texture range is afforded by the
distribution of Acacia torti/is, one of the Acacias which penetrates furthest
towards desert conditions. The soil-texture tolerance of this species is illus­
trated by the data given below, which were collected by the writer in northern
and eastern Kordofan.
Wady el Zum, Northern Kordofan

A site on sandy slopes above the flood level of the valley, the slopes carrying
Acacia torti/is. Some parts of the slopes adjacent to the sample pit showed
wash (i.e. run-off) effects. The rainfall is 225 mm. The clay content is4.7 per cent. 

(\. second site is in the same area as the first. In this case the sample pitwas m the valley bed itself, on which water stands for some weeks after rains.The s_ite ca�ed well-grown old Acacia torti/is, thus exhibiting the flood toleranceof this species, a fact also noticeable on a wider scale in the flooded basins onthe lower course of the River Atbara. The rainfall isohyet is 225 mm. The clay content is 68.8 per cent. 
C_lose�y adjoining this second site, within 20 yards of it, Acacia arabica,a speci�s highly tolerant of flooding, was dead on a clay content of 61.8 per cent.and alive and healthy on a clay content of 44.4 per cent.

Page TBIRTY•SIX 

I 
I 
I ' ,,
I 
I 

I 

<!-�; ( ,r:- ''r,�-)1 ... �
- J .. -

Wady Mogerr, Northern Kordofan
A site on the Nubian-sandstone slopes leading to the valley, a quaternaryriver bed, but not themselves inundated. The rainfall from the isohyets is140 mm. The clay content is 6 per cent.
A second site, immediately adjoining the above, was a rain-formed surfacepan 18 inches lower than the preceding site and subject to brief and localised

rain flooding. This pan carried dead young Acacia tortilis. The site is in the140 mm. isohyet but was trapping from run-off more than its own precipitation
receipt. The clay content is 16.2 per cent.
Jebel Um Shedeira, Northern Kordofan

In the shallow valley near this hill and at its western base, on the road
from Soderi to El Obeid, the surface is subject to light flooding after rains. The
site is in the 270 mm. isohyet and Acacia torti/is is thriving. The clay content
is 18.4 per cent.

From this range of samples it is to be noted that Acacia torti/is occurs onsoils of clay contents ranging from 4.7 per cent. to 68 per cent. It also is to
be noted that the species occurs on both inundated soils and on soils receiving
rainfall only. 

It is particularly to be noted that the inundated sites on which it occurs
have higher clay contents than the occurrence sites receiving rainfall only. 

Further evidence of versatility in soil texture requirement is revealed by
the figures obtained from sites of Acacia me/lifera and Combretum hartmannia­
num. For ,tll species studied there is evidence of great versatility or tolerance
in range so far as soil texture considered alone is concerned. No evidence of
intolerance, in this factor taken alone, has been found.
(ii) Tolerance in regard to the Rainfall Factor 

The observer at a very early stage learns that species cannot be taken to
indicate rainfall by their mere occurrence. The rainfall of the Anglo-Egyptian
Sudan, as has been noted above, runs from 1,400 mm. to nil. When compared
with the high precipitations of the wet tropics this is a limited range. Yet it
is the significant end of the rainfall spans of the world, and it has yet to be
shown whether the last 2,500 mm. of a 7,500 mm. rainfall plays any significant
part in the life of vegetation receiving it. Narrow as this 1,400 mm. Sudan
span may be, it comprises, in terms of vegetation, all the stages from closed
forest, of equatorial species and type, to naked desert. 

Thus, in terms of vegetation as well as of distance, if not of rainfall, it is a
wide span, and because it is stretched over 1,000 miles it is a span favourable
to the study of relative moisture requirements.

Across this span species show great versatility in terms of rainfall range,
considered by itself.

The following �re examples of rainfall spans for natural occurrences of
type species: -

Khaya senega/ensis 
Acacia seyal . .  . 

Acacia me/lifera . .  . 

Da/bergia melanoxylon 
Tamarindus indica 
Prosopis africana ... 

400 mm. to 1,050 mm.
370 mm. to 800 mm.
270 mm. to 570 mm.
360 mm. to 1,200 mm.
500 mm. to 1,200 mm.
480 mm. to 1,100 mm.
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Thus it must be concluded th�t species are toler�t of a wide span so _far
as rainfall only is concerned. Yet 1f t_�e study_

1
otypf species occurr;nallce m hrela�on 

to rainfall change be confined to a urn,orm so! e across �a u y c angmg 
rainfall, it is found that a species has a pecu�arly narrow !amfall belt ·on that 
particular type of soil. �er� even a sli_ght mcr�a�e �f rainfall _occurs further 
south on that soil type, this increase, shght as 1t 1s, 1s a sufficient change to 
displace one species in favour of another. Thus between Khashm el Girba 
and Gedaref on a uniform type of datum soil, Acacia mellifera, Acacia fistula, 
Acacia senegal, and Acacia seyal, sub-divide, in that order, a rainfall span of only 200 mm., namely, the span between the 400 mm. and the 600 mm. isohyets. Each of these species appropriates a precise rainfall belt within this 200 mm. span, to the virtual exclusion, on that soil type, of the other three 
species. The four species reveal here the same moisture-requirement sequence as they exhibit throughout their whole distribution in the Sudan. 

The conclusion is that on a uniform datum soil, in balance with its rainfall to the extent of being able to absorb all the rainfall it receives, and receiving no other moisture, versatility in the rainfall factor of the species is not in evidence. 
Considering transects across datum and non-datum soils also, the distribution of species exhibits no versatility in any one contour transect. There is in each transect one particular type of site in that transect in which the species �ds its moisture need. A significant example of apparent versatility has been pomted out by Greene (36) for irrigated conditions where applied water has been measured. 

. " Th� amount of water required to mature a crop of cotton varies greatly with loca�ty. In the Punja� it has been estiniated (Wilsdon) at 6,000 m3 per hectare ; m E�t t�e fi�re 1s about 10,000 m3 per hectare (Dudgeon ; Moles­wort� and Yerudurua), m the Sudan Gezira about 15,000 m3 per hectare are reqwred." 
These differences, together with the results of growing Sakellarides cotton on a sand dune, may appear to betoken versatility in the plant, but only in terms of the amounts of water applied to the soil or falling on it as rain, and it wo�d be wrong to assume, on these facts, a versatility in terms of water available to, or absorbed by, the plant. It is suggested that if clay contents typical of the soils in these four sites � compar�, for the same type of cotton, it will be found that the vast diffe!ences m the amounts of water required to be applied bear a complementary relation to the texture of the soils as measured by their clay contents. Assuming that, in the comparison made by Greene to which the writer 

:o:id add his r�all result quoted, the data apply to th� same type of cotton 
1 

ach case (as Is the case in the two Sudan examples) deduced values for thec �y contents of the Punjab and Egyptian sites coU:pared with the knownv� u�s fo� the n\'.O Sudan_ sites are shown by the intersections of the verticala sc1ssae m the diagram given on Plate XIX. 
Egyp1f'e de!ffsee of accuracy wit� which the texture of the Punjab soils and the
the su: so a!e thus deduced 1s of less moment than the conclusion to which
the amo�n�x��nm�ts lea� namely, that the heavier the soil texture, the greater
to mature a giv:! p1�:f P ed at the surface in rain or by irrigation, required
Equicondition The conclusion is thus rea h d th . . . . the soil-texture factor or th � e

f: II at a species 1s versatil� m terms of either
e ram a factor if these are considered as separate, 
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unrelated factors, but that it is not versatile in terms of the dual texture­rainfall factor. 
The subject is further discussed, for datum soil occurrences, in Part III, Chapter I, hereafter. 
The records of anomalous distribution, and the study of the case for versatility in each of two factors studied separately, are now to be examined in the light of the theory which regards the moisture demand of the species, measured as rain or as water added, as conditioned by the texture of the surface soil of its site, and the soil-texture requirement of a species as being conditioned by water receipt of the site. 
In the light of this theory, there is for a given water condition, a very limited range of texture on which a given species will thrive, and for a given soil texture there is a very limited water range which is, for that texture of soil, the inexorable water demand of the species. 

PART THREE 

Soil and Water Factors in the Forest Geography of the Sudan 

CHAPTER I. SOIL DEVELOPMENT AND SUCCESSION 

A. INTRODUCTORY 

If the preceding chapters have led to the impression that there are 14 site types in the Sudan, each unvarying in itself and each defined by hard and fast criteria, this impression must now be corrected. This can conveniently be done by taking two of these site types and analysing them. The site types chosen are datum sites and sheet-slope sites. It has been shown that there are two very distinct types of datum, namely, datuµi clay soils and datum sand soils. Between the extremes of datum sands with a clay content of onl y two per cent. and the recorded extremes of datum clay with a clay content of up to 85 per cent., there is a wide range of intermediate types still truly datum soils losing no water by run-off and receiving nothing in excess of their rainfall. 
In another site type, namely, the run-off slopes commonly found at hill bases, there is a wide range of surfaces all classifiable as run-off or sheet slopes, but varying from one another in angle of slope, in amount of water movement over their surface, and in the degree to which they have retained their soil against moving water and gravity. 

B. A STUDY OF DATUM SOIL SITES 

Note.-The following terms, adopted by Clements, have been found precise and convenient for the purposes of the present work andhave been used with the meanings shown :-Chresard-The water in the soil available to plant growth. Echard-The water held by the soil and not available to plant growth. Holard-The sum of the chresard and the echard.
(i) Soils and their rainfall

Various methods of summarizing mechanical analyses in respect of 
particle size are in use, notably, in African work, the" texture" ratio used by 
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Doyne and Watson in their Nigeri3!1 soil �ork (45, p. 105) and the capillary­
rise measurement used by Sudan sotl-chennsts. 

These methods are of great value for the laboratory comparison of labora­
tory results and will probably also be found significant in interpretation of 
distribution. The writer finds the simple clay content to be of greater use in 
the field comparison of soils in terms of plant growth on them. 

In a search for conditions of true and long-term stability of soils either 
in the surface profile (see G. Milne in" Nature", Vol. 138, page 548, on use o f 
the term " profile ") or in their nature, the enquirer is led to the clay plains. 
The purity of species over vast areas of land, even with increase of rainfall is 
a feature of mature plains. This can only be taken to imply a relative 
constancy in the chresard over these wide areas, even though they stretch across 
the isohyets. In these plains, and in these plains only, has the soil-water 
regime reached an unchanging constant over wide areas. The mature-clay 
plains are in a balance of such a nature with their rainfall that all precipitations 
of rainfall are absorbed by the soil and held by it against gravity. Except in
extreme conditions (for instance, " cloud-burst ") there is no surface-water 
movement over them, and no gravitational loss downwards through them­
the lowest layers are dry. Vageler (76, p. 109) describes sheet movement and
gives an absorption maximum. Sheet movement does not occur on the datum 
" badobe " or clay plains of the Sudan. Animal traffic on wet clays immediately 
upsets the precipitation-absorption balance and results in standing surface-water. 
Furthermore, the so�ls such as those of shallow depressions adjoining rivers, 
where, because of nver rise or for catchment reasons, water is impounded 
annually or periodically, lose their ability to absorb their rainfall even in years 
of no impounding, and become subject to slow surface movement of unabsorbed 
water arising from their own rainfall, and irrespective of impounding, or of 
catchment from adjoining areas. 

In the wide mature-clay plains above the river pounding-line there is no run-off from water falling on the clays. In such areas a water-course is invariably traceable to an elevated distant area, where soil character checks absorption, or where mere contour has caused a run-off from an otherwise absorp_tive soil. A �imilar delicate balance between soil-surface absorption and _rainfall can occas10nally be traced on other types of soil. A flat red sand, for lilStance, may be capable of absorbing steadily the heaviest downpour solong as the rain reaches it in the even natural distribution of rainfall, whereas run-<;iff from a motor-car, or similar obstruction, standing on it, causes a series ?f nnnute _streams to n�n off unabsorbed by the soil surface. Animal pounding!s a certam cause of mcreased run-off. Animal tracks notoriously develop�to water-courses. . The town of Nahud is the source of several rainy-seasonn�ers on a sa�dy �01! perfectly capable, where undisturbed, of absorbing all its rainfa�. Cultivat.I?n ?f the flat sands, on the other hand, increases absorption. There is a local _beli_ef m eas�rn Kordofan that temporary rain-season wells arecaused, by cult1va�1on, to yield water in sites which would otherwise be dryat. that �epth. �t 1s not �e !lbility to admit the annual rainfall to pass into the�oil which co_nstitutes a soil_m balance with its rainfall, but the ability to admitit, to abs?rb it, a_nd to hold 1t at the upper levels against gravity, but not against
:apora!i00, which characterizes the climatic datum soil. Sands which can do
laese things are.sands of a particle size so small as to cause them to behave asc ys (Ramano m 5, p. 208). 
down�!�tes whic� could do this would be soils affording such resistance topercolation of water that they would cease to be subject to the
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leaching _w�ch has giyen them, and maintains for them, their principal 
charactenst1cs (58). It 1s such a metamorphosis from a leached to an unleached 
type which overtakes the detritus of lateritic slopes so soon as it reaches a 
valley bottom subject to annual flooding from the red lateritic slopes. In 
these new surroundings it rapidly becomes, instead of a red grit, a black cracked 
clay, resilicated to a condition in which it holds water against gravity and also 

against the suction of plant roots, but not against evaporation. 
(ii) Clay content in relation to rainfall

The nature of this relationship between a plains clay and its rainfall must 
now be considered. 

On the northern frontier heavy seasonally-cracking clays do not exist 
outside the prt::sent or most recent flood plains of the Nile. In the five-inch 
isohyet cracking-clay soils do not occur on sites whose soil is subject to the 
action of direct rainfall only. There is, however, evidence of soils which in 
the distant past received a rainfall sufficiently heavy to cause them to crack. 

Proceeding south, cracking of clays, under rainfall only, first becomes 
noticeable in the northern part of the Acacia mel/ifera belt, in rainfalls of about 
250 mm. as in the northern Butana. Commonly it is first seen where run-off 
has been held up by artificial banks, called terrasses, on immature p�. From 
that line southwards throughout the whole range of the clays, cracking, under 
rainfall only, occurs on clays, in a degree which increases southwards. 

The cracking becomes increasingly noticeable with increasing rainfall. 
Exceptions occur over still unweathered outcrops of low clay co�tent wh�re, 
although erosion has proceeded far enough to remove all surface rrregulanty, 
percolation downw!lrds is main�ned by the nature of the �urface S?il !'Ind of 
underlying absorpt.Ive strata (as 1s known from expenence m well-sinking) to 

such a degree that the surface covering has not grown in clay content to the 
datum content for the existing rainfall. Such patches, not hill bases, in eastern 
clay plains, are called " Azaza." 

In the 180 mm. rainfall line in the sandy country of northern Kordofan 
clay is found in the hollows betw�� geolog_ically young dunes. But 
comparatively heavy uncracked clay� eXIst _m  the drier zones of 5�100 mm. of 
present rainfall, although such a rain_fall 1s unable to chang� even the �orst­
drained hollows in recent sand to a higher clay content. This would pomt to 

certain rainfall clays in the driest zones being the result of heavier rainfalls 
than now fall on the material out of which they must have been formed. 
Subjected now to rainfall less than that which formed them, they either have 
lost the character of cracking or fail to receive sufficient water of imbibition 
fully to swell their clay content under rainfall, i.e. to meet their echard value. 

The extreme uniformity in soil nature for a given rainfall wherever extensive 
mature plains exist, betokens a cla:>:-rainf!!-11 constant, an� this is confirmed by 
such soil surveys as that of the GeZira plain. The followmg clay contents, on 
the latitudes shown, are from Dunn (20) :-

On latitude 14° 25' average 49%. 
On latitude 14° 35' average 52·8%, 
On latitude 14° 45' average 47 ·6%, 
On latitude 14° 55' average 45·2%. 
On latitude 15° 05' average 41 ·8%, 

Rainfall decreases from south to north. 
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The uniformity of vegetation of ma!ly _plains �cros� the isohy�ts betokens 
a relative constancy in the chresard despite mcreas11;1g ramfall. I� ts _ concluded that the phenomenon of increase in clay conte�t which accoml?arues mcrease of surface receipt is the reason why chresard 1s not proportional to surface receipt, but that in clay plains the chresard increases at a much lower rate than is represented by the rainfall increase. (See the remark by Trevor already quoted.) 

Confirmatory evidence of the fact that increased water receipt coincideswith increased clay content can be found by a study, within any single zone, of sites receiving water in excess of the rainfall of the site, as by damming back,or flooding from localised catchment areas from which there is a run-off.Conjointly a study of sites having less moisture as holard than the rainfall ofthe zone provides, e.g. areas of run-off, and areas of high water loss from vertical percolation, completes the picture. This subject is dealt with below under theheadings " Clay content in relation to contour " and " The nature of pre-datum 
and post-datum soils." 

(iii) Clay content in relation to contour 

Emphasis has been laid on the fact that the datum clay content is to befound, typically, on clay plains mature in profile, approaching the perfect plainand in receipt of rainfall water only. 
The closeness of approach to the perfect plain achieved by nature can bemeasured _from the contour maps of such areas as the Gezira plain between the two Niles. The average surface slope of the Gezira plain is 0· 17 metres per kilometre. The average slope of the clay plains of the Gedaref-Gallabat­Mafaza triangle, in Kassala Province, is 2 • 5 metres per kilometre. The few 

and typically discontinuous water-courses which traverse these latter, serve to carry, not rainfall unabsorbed by the clays, but the run-off from distant steep rocky catchments on inselbergs or groups of inselbergs. 
The formation of heavy clays is not confined to soils of these slopes. It can occur on gently undulating slopes and even on slopes as steep as that of Hillet el Omda near Doka on the Gedaref-Gallabat road. The reasons why the clay blanket does not clothe certain hill slopes may be summarized as :-
(a) Hifh �ertical loss from the superior percolation afforded by exposed strata on hill sides, or by recent detritus eroded therefrom. Percolation loss is 

associated with reduction of the clay potential of the site. _The nature of some of the �eavy clays is proved by sections exposed in the 
kemb (eroded slopes) on the Hillet Hakuma-Sofi road along the Atbara kerrib. In these cases a clay blan�et several feet deep has formed on gently-sloping Ia1;1� out of basalts, despite downward drainage opportunities apparently ongmally good. 

(b) Heavy run-off, causing, besides removal of clay in formation a reduction of the mean climatic holard. Run-off reaches the highest proportion of total precipitations on un­c�acked low-content clays such as form the soils known as " gardud " which fnnge the Kordofan sands and form a soil condition of uncracked surface. Thesehardened loams commonly occur on all hill plinths and form the sites classified
as sheet slopes. 

"Hfi "( r • a rs ponds to store r�in-water), if required to hold water in the early
:�nr�s�l be(_ cl�se to sduch plin!hs and situated in comparatively low-clay­oi s 1.e. JO pre- atum sods). 
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Grasses sprout on the sands long before the early rains have restored the echard of adjoining clays and given a surplus as chesard which can intitate grass growth. It takes prolonged and heavy early rainfall to saturate heavy 
clays and close the dry-season cracks. 

Loams (" gardud " soils) on the other hand, are subjected to a surface hardening by the first rains which tends to form a skin inimical to absorptionof subsequent showers. Further, even the lightest sands of the goz (dune)soils of eastern Kordofan tend to develop a skin wherever water moves overtheir surface. It is not the presence of water on their surface which appearssignificant in forming skin but the flow, however slow, of water over them. The catchment surface afforded by rocks at once sets up flows which removeclay-forming materials. Where no rocky projections or impermeable plinthsoccur, progress to higher clay content occurs, even on slopes. 
So far in this section on contour, only areas surviving at a level abovethat of the surrounding plain have been considered. We come now to theconsideration of depressions, including any plains area which, for any reason,receives on its surface more water than falls on it in the form of rain or other

atmospheric precip;tation, an area the water-receipt of which exceeds itsprecipitation-receipt. 
In considering such plains areas, the beds of deep water-channels such asrivers, streams and khors, that is to say, seasonal streams, are excluded, withoutexcluding wide shallow mud-flats over which the rivers spread in flood. Plainsin receipt of water in excess of precipitation invariably have a higher clay contentthan surrounding soils receiving rainfall only. Whether this is in some casessolely the result of deposit from the waters moving slowly onto them is opento further study. But the conditions in the red-ironstone area indicate that increased moisture is the prime factor, irrespective of particle size, since in these areas the- large, gritty, fast-borne and first-deposited red detritus is its�lf speedily transformed to fine-particled black clays in the inundated valleys, while the River Jur, 60 miles beyond the laterite country, is still red with suspended particles in its flood season. Further, in the Upper Nile flood plains, where far-carried material of common alluvial origin is subject to varying degrees of annual inundation, clay content varies locally with degree of flooding, �uch more closely than with distance from the source of the suspended matenals.
Sections across the contours at Zarzur and at Tewfikia (Plate XX) serveto illustrate clay variation with degree of flooding. These sites are. 300-400miles from the nearest eroding slopes whose draina&e reaches the nve_r .. Asection down to the lower flood plain of the Jur at Nyt_n Akok shows a similarrelation. In this case the clay plain is close to the eroding soll!ce of part of �ematerial out of which clay has been formed on the flood plam. At Tewfikiathe whole section is below former flood levels. 
The growth of basin clays from original sand and silt, or fr?m. low-clay­content soils, under repeated subsequent floodings! �e changes m inundated sand banks after their fixation as islands (e.g. Gereif island between_ 1929 and 1938), the drop in clay which accompanies artificial elev�tio!} of a soil to form a bank, and above all, the increa!ie in clay content which 1s found t? foll?w water, pounding by artificial banks locally called " terrasses" (a � m which run-off is prevented rather than outside water C?llect�) : all s_tand JO supp?rt �fthe active importance of increased !"ater �y itself, IJJ'CS�tive of an�g itmay carry and deposit, as a factor JOcreasmg the proportion of fine particlesin the soils of depressions. 
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(iv) The Climax or Datum Clay Content 

To summarize, it is found that clay conten t bears a relation to the amount 
of water reaching the soil surface, and that this relation approaches a constant for a given rainfall where the soil absorbs and holds against gravity the totalprecipitation on it but receives no other water. 

At a given rainfall, only soils having as their clay content the content appropriate to their rainfall are capable of doing this, against gravitational loss (surface or vertical). Excess of clay content tends to surface loss anextreme deficit of clay tends to percolation loss. ' 
It is fol.lJ?d �hat sites on slopes which lose part of their own precipitations through gravitational loss (surface flow) have clay contents below the climatic datum content, or normal, and that sites which normally receive surface waterin addition to precipitation-receipt have clay contents in excess of the climaticdatum clay content. 
Since, theoretically, a perfect balance would only be possible in equalannual rainfall equally distributed, and since rainfalls are in fact variable itfollows that a soil represents a mean of conditions which vary within more' orless narrow but nevertheless significant limits, a series of dry years rendering 

a clay more capable of yielding to the plant root the normal rainfall of subsequent 
years, and a series of heavy rainfall years rendering vegetation less capable of 
thriving on normal precipitation after them.

The regular and striking changes in the composition or' the herbaceous aruiual vegetation on the clay plains are partly attributable to this cause asis the occurrence of certain grassless areas due to seed failure, areas cahed" mahal " by the Arabs. 
(v) The nature of pre-datum and post-datum soils 

In the concept of soil succession which accepts the climatic datum soil�s <;fefined above, dir<:<:tionaJ soil succession on the soils of mature plains bas allllllted range, these soils bemg nearly all at or near their terminus of develop­ment for the existing climate. 
The pre-datum soils some times found on the flat in otherwise matureplains are the result of retarded clay formation due to gravitational loss, suchas occurs over outcrops of sandstone forming the red patches known as"azaza." In the typical absence of marked slope, permeability is the potentform of gravitational loss in the few places where it occurs on mature plains.Dry cycles, by reducing the average holard, are a second cause of retarded claydevelopment. 
A)!. extremiti�s in surface profile· tend to delay maturity, but theseextre0ll�1es are typically absent from the mature plain. In such plains the main delays m _th� approach to the climax clay content occur in the flat "azaza,.areas of hmJted extent and are due to their permeability. 

. This discussion, so f�r, has dealt only with naked, or seasonally naked, soils!}'p1cal of the Sudan plains. On them, while tree growth of various densities
IS scattered over the!11: the ground cover of grasses and herbs is normally burnedover annually. This IS O!)-e r�son for the excessive surface loss by evaporationfrom the soil, but certam soils escape fire and maintain a vegetative coverunburned. 

. An �uence re��ng clay maturity is certainly plant growth. It actsby mcreasmg permeability and by decreasing the holard by the amount of the
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chresard tra?spirC?· As against this a plant cover protects the soil from surface loss _  by dry�g WJOds. It p_rolongs the period in which there is a chresard available to itself, and particul!lrly when the annual vegetation dies off and ceases to draw on the chresard, 1t has a nett conservative action on the holard 
It reduces the gap between the seasonal extreme of wetness and dryness. It i; 
on sites where this gap is widest that the heaviest clays are found. 

Among the factors, then, which delay clay maturity in plains, we have :-
1. Gravitational loss, chiefly due to permeability.
2. Dry cycles.
3. Plant growth of a type encouraging permeability and reducing

surface evaporation. 
The chief factor accelerating clay maturity is certainly fire ; puddling byherds is second. 
Post-datum soils on the mature plains are formed by excess of water, 

e.g. on flood plains and areas receiving local run-off. If existing under rainfall 
only, they indicate a previous wetter period, climatic or geographical. They 
are indicated by a clay content in excess of the climatic datum content. Such
post-climax soils constitute habitats _par�ic�larly low in availab_le perennial water.
Any soil, the clay content of which 1s 10 excess ?f �e climax content, has, 
under rainfall only, a chresard lower than the climatic mean chresard, and 
consequently is, for that rainfall,. a relatively dry plant habitat. (T_he exte�t 
to which seasonal surface floodmg can compensate, on a post-climax soil 
(i.e. on high clay content), for th� low suppl)'. of ava�able rain-w�ter �eld as 
chresard, will be referred to later m a companson of site values with rainfall.)" 

Conversely, soils of clay content below the climax yield Ill:ore !lvailable 
water from a given rainfall than is obtainable by plants on the climatic dat�m 
i;oil. A permeable soil loses . gra�ita�onal_ wate� (and, hence, clay matunty 
is delayed), and at the same tune is ncher m availat?l� w�ter, than the datum 
clay. This would indicate that, where�s p�rll?-eability_ is_ one form of the 
gravitational factor delaying clay formation, it � als<? an mdex of the factor 
controlling surface-evaporation loss, namely particle stze,_and that more w�ter 
is saved by reduced capillary rise to the drying surface th�n 1s lost by per�olation. 
There is proof of the higher chresard in permeable soils to be found m every 
site-comparison of species common to sands and clays. 

A consideration of the conditions which follow a fall in average rain!all
of an area brings out a point of great significance in the study of tropical
drought. 

Under an original rainfall of x the climax clay content is a. There follows
a fall in x toy inches of rainfall. A long period of_years <I!roba_bly at the lo�er
rainfalls and in mature-plains conditions a geological penod) is necessary or 
adjustment in clay content t� the new rainfall leyel. In other words, the poSt-
climax soil only slowly regams balance with rainfall • 

During the whole of that period of adjustment the post-climax soils
present condi�ons of extreme thirst to P�� f0�· by�e cFJI'f:. :�
to be proport10nately much greater than IS 

� ea the suddenness of vege­It is probable that there is here an explanation for . d • -'-�-" di • • d ced by a ecreasmg rillllliW,tational retreat before desert cod tions(l9) u A fall in echard lags far behindThe barest deserts are usually clay eserts •. th same under the reducedthe fall in rainfall, and surface losses remam e 
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rainfall (or may even increase due to higher evaporative power of drier con­ditions) and the whole rainfall decrease is at the expense of the chresard. 
It follows that species which can exist under a rainfall x on the climatic clay content of a cannot be expected to survive, and do not survive even with a rainfall of x, on soils of a clay content markedly higher than the climax value for x. 
Thus far in this section pre-datum and post-datum soil conditions have�n co�sidered in plains approaching _m�turity. It is obvious that under any given ramfall much more extreme deviations from the climax condition will exist than occur in mature plains, which are the termini in dry tropical soil development. 
_ Elevated a:eas, such as rocky hills, and disturbed areas such as recently earned sand (wmd- or water-borne), and areas of erosion, their detrital plinths an� penultimate deposits, are all divergent in greater or less degree from their ultlffiate fate, namely the mature plain, and it is on such pre-climax sites as these that long-range directional soil succession can be studied. Such sites are described in detail in Section C of this chapter. 
Per�aps the mo_st noticeable contrast is between the inselbergs and the clay plams �urrounding them. The <l:ill:erent conditions offered to plants by thes� two s1tcs

i 
and the gre�tly supenor and more mesophytic vegetation earned by the �nselberg despite a v_ery. high gravitational loss, are probably the first anomalies thrust on the notice m the Sudan plains. 

-pie l�rger hill masses provide a very great v�riety of conditions with regard to s01l mo1 _sture, all or almost all of them supenor to those of the surrounding mature pl�ms or even t? th?se of adjoining well-watered but clay-filled valleys. In thes� hill areas, erosion 1s so rapid that the successions, both of soil and of vegetation, �re traceable_ to the eye, and it is doubtful whether any hill condition, �here bu�ng occurs, 1s sJable enough to be regarded even as a sub-climaxeither of soli or of vegetation. 
The _ sands of Kordofan, however, develop to a terminus which is a flat sand plam of very lov.: _and apparently stable clay content, except in major hollows, a�d the co��t10n of these sand plains is probably to be regarded as a sub-climax condition. �i_milarly, the re?-iro�tone arCfi, sa:ve on its steeper slopes, is in a stable condi_tJ.o_n by compa�son with the hill soils and in parts would justify a similar descn_ption as su�-climax. That the mature clay plain is the ultimate fate of t�e hi_ll masses, given adequate rainfall, and o� the iro�stone plateaux, given tune, 1s borne out by a _  study of the clay-content mcrease m soils of any of these zones wherever water m addition to their rainfall acts on their surface. 

. Meanwhile, j�dged fr?m the datum clay content, these sands and ironstone S?t�s are all P!e-climax soils, and as such offer to plants favourable water con­ditions save 1� cases of extreme gravitational loss, e.g. Acacia mellifera on Nb ubha Mountams shm_ilders, and "safai" (eroded) areas in ironstone country ot areas of very rapid surface run-off. ' 
_t parall�l e":ample of extreme vertical gravitational loss, resulting in a pre at�m soil with a chresard below the mean on account of 1 t· losses, 1s found on new dune sites. perco a 10n 

pre�J!t�=��;:�n:��::��i ���:!:�s o�oyils, in t
1
ermds of their which climatic changes may be ed , revea a atum on gaug ' and that, for instance, the relatively 
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high clay c?ntents in prese�t extreme low rainfalls in parts of the northernSudan are m themselves evidence of previous wetter climates at these sites.
The conclusions reached regarding datum soils and their tree vegetationon Sudan facts, may be summarized thus :-

The Climatic Normal Clay Content 

The clay content o_f soils o� mature clay pl�ins bears a relationship to the amount of water which the soil surface of a soil of the dry tropics receives and this relation approaches a constant for a given rainfall when the sodabsorbs and holds against gravity the whole rain precipitation on it butreceives no other water. 
The Clay-Water Line or Rainfall-Texture Line 

Where a series of species forms successive belts distributed across uniform mature plains according to the amount of the rainfall, and thus parallel with the isohyets, the medial zone of each species belt may be taken as the optimal site for that species. Then divergence in clay content of other datum sites carrying that species, from the clay content of this datum, is found to be compensated in terms of water and vice-versa. 
A species has no rainfall optimum as a species, and its rainfall requirement for a given datum soil is a determinable function of the clay content of that soil. Likewise its soil requirement measured as clay content on datum soils for a given rainfall is a determinable function of that rainfall. 

C. A STUDY OF SHEET-SLOPE SITES LOSING PAP.T OF TIIEIR RAINFALL BY RUN-OFF 

(i) The Darfur '{erraln 

Sheet slopes form type A of the Site and Contour Transects. (Plate XI.) See also the Analysis of Transects. Type A does not include rocky hill surfaces. Smooth run-off slopes are more common and varied in Darfur Province surrounding the foot-hills of the Jebel massif, an area relatively young in erosion, than anywhere else in the Sudan. 
Mature clay plains are common in many parts of the Sudan. But in Darfur, a province as large as France, these plains are to be seen forming relatively rapidly before the eye, and a study of the process in Darfur has been found to assist in an understanding of what has occurred earlier in other parts. In Darfur the terrain is dynamic. Rate of change is so rapid as to call attention to the differing stages of the process and to the order in which they follow one another. 
This province, with its massif, has not escaped invasion of sands which came from the north (it is believed in dry Quaternary times), when a period of greater dessication than now prevails facilitated their southward progress. The sand invasion was split by Jebel Marra. Sands penetrated its north­eastern valleys reaching, for instance, at least as far into them as Jebel Torrei (latitude 13°45', longitude 24°37'), where, incidentally, they are the sites favoured for cultivation, being almost entirely cleared for this purpose. 
In Zalingei District the sands from the north are not well represented, this area being in the sand wind-shadow of the massif. 
To the east of the massif, the sands run south as far as the Bahr el Arab flood plain, which they may have crossed. In many countries an all-powerf�l climate produces from many beginnings a red " ironstone " end-product, and 1t 
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is worth wondering whether certain of the " ironstone " type� of Nuba Mountains and of the south bank of the Bahr el Arab are not, m fact, the product of the climate working_ on now compacte�, but in o:igin aeoli�n, deposits. The main south-running tongue of sand IS the Maalia goz, whi�h includes Taweisha, with Abu Gabra as its western boundary and Ogr on Its eastern edge. 
This goz or sand dune of enormous extent carries a north-pointing salient of southern tree species, and it is the most significant soil feature of the eastern parts of Darfur. To the west of the massif, on the �alingei-Geneina road, the sand-shadow gives place to sand again as Geneina is approached. In this area, sand collars round hills become again noticeable as in northern Kordofan. It is on sites where the indigenous formations are not masked bythe invading absorptive sand, and on the sands where human interference or climatic causes have initiated movement of water over the surfaces, that the variations in site type are found which are recognized and named by the local inhabitants, Arab and Fur. 

(ii) The position of sheet slopes in the Darfur KatenaIn an analysis of Darfur sites outside the sanddistinguished :- blanket there can be 
A. Original sites (a) Mountain-sides.
B. Secondary sites

c. Terminal sites

(b) Lower hill and shoulder water-sheds.
(c) Out-crops on which soils do not rest.
(a) Smooth lower slopes, usually of loams,receiving, and formed of, detritus from above.Owing to their smooth uniformity of surface,and to the type of erosion on them, thesemay be called sheet slopes. (b) Valley and runnel beds, also receivingmaterial from above and around them.(c) Valley-mouth deposits, e.g. fans, cones anddeltas.
(d) Valley soils now lying above the level of allbut the highest floods.
(a) Plains deposits, ultimate and almost horizontalplains of dark cracking-clay soil.

(iii) Classification of sheet slopesOf the above· sites, the secondary sheet slopes cover wide areas and reveal,within their own category, succession features (both as to the nature of theirsoil surface and as to the species they carry) of great significance. In Darfurthese sheet slopes are given locally the name " nagaa ", and they are furthercharacterized by the local inhabitants according to the predominant treespecies which they carry for the time being. Thus they recognise :-
(a) Anogeissus schimperi "nagaa."
(b) Boswellia papyri/era " nagaa." 
(c) Terminalia brownei "nagaa." 
(d) Lannea sp. " nagaa." 
me� 

Acacia hebecladoides "nagaa."
Albizzia sericocephala "nagaa."Treeless " nagaa " �lied " tawara futoh." 
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(iv) Succession on sheet slopesThe process starts in Anogeissus schimperi forest. This is perhaps wronglyincluded as "nagaa ", since, in its undisturbed state, it still carries good soil.This species has a relatively high moisture demand and on the Jebcl Marraslopes it is vulnerably far north of its datum occurrences. But it is the startingpoint of the fatal succession of changes, all in the direction of deterioration.The area of slope which begins by carrying A. schimperi passes thence to acondition in which it carries Boswellia papyri/era and, thereafter, the otherprogressively drier species in the order listed above, until it becomes " tawara futoh" or treeless " nagaa," a soil-less hard sheet over which the rainfall rushes with so little penetration that travellers, caugh� witho:ut shelter o_n such a� open area, dig a hole in the surface and bury therr clothing to keep it dry until the storm has passed. In this succession it is patent that the process is one of retreat. If it were a feature shown by two species only, with the young age classes of one species occurring under old trees of the other, this would be suspect as evidence of retreat. The margin of difference in water-needs between one species and the neighbour in the belt transect is :usually narr�w.. But where, thr�,ughout a whole Katena of species, each species of the ser!es IS replaced by a ne�ghbour of the belt transect, and invariably_by the s_ame ne1gh�o�r,. and where this progres- ,J:f's . sion leads, albeit through moisture differences mdividually narrow, fr�m a 
I 

lb species notoriously water-insistent (Anogeissus schimperi) to one of higher a......thirst tolerance (Albizzia sericocephala) and thence to the treeless sheet slo�, there can be no alternative to the admission of retreat. So it is with the succession on sheet slopes. This is no case of a gradual succession of species on a stable soil. It is a success�on occurri�g as �he soil changes, and caused by the impoveris�ent_ o( the soil of �eh given. site. It is not only an example of plant success10n, it 1s a case of soil succession also. 
Thousands of square miles of soil, all thes7 slope soils in fa�t, are pas�ingrapidly away, each to the next poorer type �f soil. J?ley are p_assmg so rap1�y that it is doubtful if more than one generauon of a given species ever occupies a particular "nag�." To the �ual eye there will: be found C<?nstancy in proportion of species for generauons. Indeed,_ loo�ng ovt:r a wide enough area, without major climatic changes the vegetation � remain �early constant for many centuries as regards total areas under parucular species. But these total areas will appear on constantly changing surfaces. As an area passes out.by erosion from the class of site which can grow Anogeissus schimperi andbecomes fli only to grow another and a poorer, drier sp�ies, so also will so� upper area of this mountain mass enter the class of soils capable of growing 

Anogeissus. Mountains are areas which have resisted erosion more successfully than other parts of the crust, and not until they have been �rod� to the extent of losing their features will these Darfur hills cease to proVIde sites for eac� of the species seen on them to-day. But even their gentlest slopes are dynamic, and a persistent constancy in composition ov�r wide ar�s m�st not be allow� to conceal an equally constant and persistent deten�ration throu�out. m which each acre is rapidly passing down the scale of dommants to end m treeless " nagaa " or " towara futoh." 
It would probably be natural to seek to reduce these fi:owing changes to a net balance, over the Province as a whole, of loss and gam. If so, the net 
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loss cannot be placed at more than so �any feet of !ugh land exchangedannually for so many acres of b�dobe pl�n. Were spn�gs and hill streams not dependent ?n the arrest of this procession of retreat, 1s a hill slope better than a clay plam ? 
0. SOME AGRICULTURAL SOIL TYPES 

T_his whole_ regi�n is essentially one of soils in very _varying degrees of ma!unty, matunty �mg take!1 as �epresented �y _th� crackmg soils of the cla plams. When� c�o1c� of s_oils exists as_ here, 1t 1s mvariably to be noted thit each_ crop species 1s given its own particular trre of soil. This has a vital bearing on t?e prospects _ of settled _ husbandr�, m that crop rotations could only be pra?tlsed by �owmg a species on a soil not held, by experience to be the best available for 1t. ' 
A short series of samples was taken to show the physical soil types preferred for �rth-nuts and " mareig " millet. In a given rainfall, earth-nuts are sown 

o� soils of one per cent. to two per cent. clay content, mareig millet is sown on soils of 11 per cent. to 25 per cent. clay content, sesame is sown on soils of over 30 per cent. clay content. 
CHAPTER Il. WATER WSS 
AT THE SOIL SURFACE . nfl The value of the clay content as an indicator is in close relation with its! hn� or rate of water movement in the soil (48, p. 70). It appears that it!t� at � �sJ atf �he surface of clay�, and not what is originally available in

for a

' �5-�;s t�ee':nportance. A soil may be wet for a 90-day millet but dry
the ���r:�:;tion has �ee: pa!d by many workers to the measurement of
communities anJ'o7e\ o t _e a1r _by atmometer readings in various plant
eva oratin a p a� ID various successions. Using these data the
(vick M _g po)�r of the air in its action on the leaf surface has been st�died
attentio!X:�vbC: gr!fJ detail, and e_valuated as � habitat factor. Much less
evaporating power 0� the � W��:e�:c?g{). of a variety of soil surfaces to the

It is known that the clim ti Ii the whole preci itation r . a c c max_ c�y receives and holds against gravity
vegetation ? �y • th eceipt. Why is it n?t more productive in terms of
soils, those which h��e sere to be found, typ1e:ally, on adjoining pre-climax
a much more meso h . uffered ;oss by percolation and by surface movement,
demand, a vegetati�/�ft�egetatJ.ohn, a veietation with a much higher moisture

T a muc superior growth rate? ranseau and Meyer (5 p 143 ) of evaporative power of the' . • et seq. have studied dist.ribution ":1 ter�sbetween precipitation . arr and have endeavoured to derive a relationshiprelation of the station re�i�t hlnt evaporat�ve power as an index of the water
only_ through the pla�t b utra g . ev�poratlve powe� acts on soil moisture not particularly in countries J sea nspiration, but 8:lso directly on the soil surface, .
�aces to eyaporative power va �on�yhi!1aked soils, and the response of soil sur-ry tropics. nes Wit n an enormous range, particularly in the 
rel ln la sand, a loam or an ked he! ve Y small in relation to th �ncfac clay, the soil-air surface may be 
th vyfi clays which crack (in e ea surface of a crop growing on it. But in en Urther conuninuted ins�me e:ises to a depth of 12 feet vertically) and are cubic or hexagonal complex according to their Page FIFTY 
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composition, the soil-air surface progressively exposed is very many times the 
leaf area of any low-growing surface crop on it, and the soil-air surface loss 
greatly increased. The mulching of tropical clays (and even of temperate 
soils for certain dry conditions) is still the cultivator's practical safeguard 
against a loss of soil water due rather to evaporation at the soil-air surfaces than 
to evaporation of soil water via the leaf surfaces of a plant growing on it. Keen's 
conclusions are not yet acceptable on the cracking clays. The Sudan soil 
chemists have shown (68 for 1928/29) that Gezira clay soil, maintained at 30 
per cent. moisture, lost water at the rate of 34.2 tons per acre in 24 hours on 

29th-30th April, 1929. 
It will be seen that Transeau's precipitation-evaporation ratio (5, p. 143) 

cannot be a true measure of soil-water value for all clay contents at any one 
station, but is merely a station's climatic mean. In terms of the theory set 
out in this paper it has an absolute value for one soil, and for one soil only, 
at that site, and that soil must be the soil of climatic climax clay content for the 
climate in question. 

In dry tropical conditions at least, the station value of the precipitation­
evaporation ratio is a function of the soil of the site and the ratio is not a 
factor equi-incident on varying soils. 

In the dry tropics the precipitation-evaporation ratio is of the most limited 
value, save where considered in terms of the soil surface receiving the 
precipitation and yielding it to evaporation. 

Not only the conditions under which soil water is removed from the soil
through plants living on it must be considered, but also the conditions under 
which the evaporating power of the station removes, at soil-air surfaces, a pro-· portion of the precipitation receipt, which is thus never after available to the plant population, even if it originally existed in the soil as chresard and not as echard. 

This is a most important loss in the cracking tropical clays, and fails to be
added to their high echard, if indeed it does not include part of the echard. It is a loss at the expense firstly and mainly of the chresard. The holard has a falling value throughout the dry season, until the soil yields no more water to evaporation. This occurs when the echard, which began as the soil moisture
held by the clay against the plant ro.ot, has been reduced to the soil moisture
held against plant root and against loss by evaporation at soil-air surfaces. 

.A. si�ar criti�ism m�t be !�veiled at Meyer's "N.S. quotient/' the prec1p1tation.saturat1on deficit of arr (5, p. 143). While of some use as an expression of factor change over widely scattered stations, it takes no account of varying soil-surface response to evaporative power. 
F�rther,. neither Meyer nor Trans�� in their ratios appears to take account 

of the meffiCiency of that part of prec1p1tated water lost as gravitational water whether by surfa� flow or verti�y. If in the ratios of Transeau and of Meyer, for total evaporation measured 10 the arr there were substituted total soil water lost by evaporation at the soil surface of the datum soil, a truer expression would � achieved of the habitat value of evaporative power expressed as a mean for that station. If the soil is not a datum soil, further allowance for gravitational loss or receipt is necessary before the ratio can be used as an index. 
Save for datum soils, either ratio can only be a station mean and within even the most limited station zone there will be represented p�tum and post-datum soils on which the evaporative power will produce such a diversity 
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f onse measured as soil water lost to th� plant population, that the ratio
0 resp .;�g' the mean will serve on these soils, as no more than a base linerepresenuu . ' for the measurement of local divergence. 

In summary, in dry tropical conditions at least, and recallin� �e loss of
34.2 tons of water per acre� 24 h_ours from a 50 per.cent. clay, 1t_1s n?t the
evaporative power of th� arr acting . on the perenmal plant whic� 1� the
important factor in the soil-water relation, but t�e response of the s�il direct,
through the soil-air s1:1rfac�s, _to the evaporative power ?f the arr. This 
response of the soil vanes with its clay content I?,Ore �an with. any other pro­
perty. The clays dry out, while the sands remam moist at 22 after the fierce
heat of the Sudan summer. �t is not improbable that_ black cotton soils, by
reason of their colour, reach higher temperatures �han lighter-c?loured sands, 
to the further detriment of the water supply m these tropical clay soils
(5, p. 219). 

Clements conceives of normal succession as leading from a hydrophyticor xerophytic extreme towards a mesophytic climax. The protection of claysurfaces by vegetation or by sand initiates the first stages in that direction on
clays. 

In Sudan conditions, the blanketing (by vegetation) of a clay soil which,bare, loses moisture rapidly at its soil-air surfaces, makes progressively moreof the holard into available chresard by reducing or delaying soil-surface loss.From practical experience it appears in field conditions in the dry tropics that
the essential first step towards mesophytism is surface protection to reducesurface evaporation. Blanketing of a heavy clay by drift sand produces themost remarkable increases in growth rates. Examples of this are to be seen in the Acacia arabica plantations at Jebel Bouser and Gamuiya. In theformer, surface drift sand carried on the south wind and trapped by the 
southern fringe of the plantation has doubled the growth rate of the trees, whose�racking-clay soil was thereby mulched by sand. At Gamuiya, sand was drivenm loads to the clay lands to make a germination bed in each seed hole dug inthis raw, cracking clay. The sites of sand dumps have produced, in 4 inchesto � inches of remaining sand lying over the clay, a doubling of the growth ratedunng the first two years. 

CHAPTER m. nm CLAY-WATER LINE OF ASPECIES, wrm EXAMPLES FOR TYPE SPECIESThus far an attempt has been made to show :-(i) �t the clay _content of soils bears a close relationship to their surfacewale! rec�ipt. As soils approach the condition of the mature clay plain thisrelationship becomes a relationship with the rainfall, the clay content becoming
:i��ose�y de��dent ?n the precipitation receipt, and establishing thesoil condition which we have called the datum clay content or climatic
��::I clay content: Pre-;�tum soils are formed on areas absorbing and
condi{ les� t� �err prec1p1tati<;>n receipt, and post-datum soils result from

.. ons m w c the total receipt exceeds the precipitation receipt. (u) That the distribut • if • . . .r. water receipt a/on Th '0l O. sp��1es cannot be interpreted m terms of sur1ace
water recei t (B at t e mdiVJdual species is versatile in respect to surface
by the soil ��rface) surface water receipt is meant the total water received

(iii) That the individual • · 
of the soil it grows 

species IS versatile also in terms of the clay contenton. 
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These facts turned investigations along two lines : first to a search for themoisture optima of given species, the discovery of their moisture sequence,and to the study of the mechanical attributes of their soils ; and, secondly, and temporarily, back into the clutches of Schimper and his theory of physio­logical drought. It has to be assumed that different species have differentmoisture requirements. The facts that clay soils in 500 mm. of rainfall inthe east carry species which need only 300 mm. in the sandy west, and that500 mm. of rainfall in the east supports completely different associations tothose found on that same isohyet in the west, had to be explained. Fortunately,perhaps the soil differences were so outstanding as to point the way. In thewest ar; red sands of very low clay content, 5 per cent. to 20 per cent. beinga common range ; in the east, dark cracking " cotton " soils of 50 per cent.clay and over are the rule.
On which of these soils is to be decided the rainfall optimum for a givenspecies, and how are comparisons made of the moisture demand of one speciesstudied on clays with that of a second studied on sands ? Obviously a clay­content datum line is necessary if the moisture requirements of species are tobe compared. The next difficulty is this : that clay contents increase with rainfall, and that on any one clay content, not more than one or two of the typespecies are to be found at any given rainfall. It is necessary for the determina­tion of the rainfall requirement of a species to find the centre of its belt occurTenceand to determine also the clay content of the typical datum soil of its rainfallbelt occurTence. On this datum other soils and their rainfalls can be evaluatedas sites for that species.
As already referred to in the eastern Sudan, from the latitude of Aroma,near Kassala, southwards to Roseires, there is a line approximately 300 mileslong running from the 300 mm. isohyet to the 800 mm. isohyet. Along thisline no marked variation in type of soil occurs, such as the sand invasion whichhas broken up the soil distribution of Kordofan. The distribution of the rain­fall belts of species along this eastern Sudan line has been i,tdopted as indicatingtheir relative moisture requirements. These belts are on a continental scale.Increasing clay content accompanies increasing rainfall, but not at such a rateas to produce uniform conditions of available water throughout. 
The sequence of the" Acacias on this line has been given in Part II, Chapter

II, A.
Having accepted this moisture sequence and noted the apparent anomalies,an explanation had to be sought for the distribution of drought resisters inapparently well-watered sites and of mesophytic types on bare dry-lookinghillsides, evidence for and against Schimper's distinction between physical andphysiological drought was sought. After the most careful consideration oflocal distribution in the light of Schimper's theory, the writer has had to abandonjt as being incapable of explaining the Sudan facts. It may not be out of place to record the conclusions formed during the attempt to apply the theory tothe Sudan facts.
Schimper's classification of drought as physical or physiological is reducibleinto a distinction between drought in the soil and drought in the plant. In the moisture economy of dry tropical plants there can be no drought whichis not physiological and there can be no drought in the soil which is not physical.A soil, apparently abounding in moisture, may yet be physically dry in thesense that much of its moisture is " held ", as by clays, against root suction ;or it may be physically dry for vital periods, although excessively wet at others.
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-1 also which from superficial examination are assumed by some Mbany soitso, be dry' si·tes in fact offer favourable moisture conditions to plants o servers , · "th p • • lift 
' d-dunes which the Sudan expenments � . ro�op1s JU I ora and ;;k�;:Jdes cotton have shown to be the moistest sites m their contour transect. 

A plant may be suffering fr?m d:ought in a truly wet soil. �hen this is so, the lack in the plant is a p�ys1ological lack, as are �11 dr?ughts m the p�t, but the soil is seasonally physically wet and only physiologically dry at certain seasons. In short, Schimper's classification is a confusion in,_ and a cross�borrowingof the terms descriptive of the processes which pertain to the soil, and thepr::icesses which pertain to t_he p\ant. The wettest �lay a� one sea�on _is, atanother, physically and phys1ologically one of the dnest soils occurnng m the dry tropics. 
The surface losses of clays, by evaporation, produce their soil drought.This condition is most extreme in the heaviest clays. The amount of pre­cipitations on them is little index of their eventual chresard, and the precipi­tation receipt has a growth value which falls as clay increases, though at avery slightly less rapid rate. 
Surface inundation is a factor not so far measurable, and neither in­undated nor run-off sites have been used as stations in the determination of clay-water lines. The interesting task of deducing the growth value of inunda­tion water, by comparison of inundated sites of known receipt with rain areas carrying the same species, is dealt with in Part III, Chapter IV. 
Sites selected to determine a clay-water line or rainfall soil-texture ratiomust, until inundation can accurately be assessed, be in receipt of rainfall only,and not subject to gravitation loss. The site which receives more, or retainsless, than its precipitation receipt is of reduced value as a species station unlessthere is a means of measuring the surplus or deficit, and of evaluating the clay­formation effect of the excess or deficit: 

. In pursuit of the main enquiry, several series of soil samples were taken ontYp1cal datum sites of several type species under widely differing conditions ofrainfall. 
From the clay contents of these sampled sites anli from the rainfall values for the ar� sa';Ilpled, �iagrams have been prepared which show the nature of the relatI�ns�p. It 1s obvious that the lines given in the diagrams are not fin� determinations for the species concerned. As more material becomes �vailable for _the . Anglo-Egyptian Sudan, a closer approach to final accuracy m the determination of the clay-water lines of species will be possible. . It is already patent that the clay-water relation will be represented by anbbo� or ban� (see P�te XXII for A. seyal) and not by any narrower line.The widt� ?f this band, given proper assessment of sites, will be the true measureof versatility of species in terms of the dual factor. 

t From th� four-species diagram, Plate XXIIl, the clay-water lines appear:1a0rm a unifo� �attern so far as natural sites arc concerned. The line forhj"'h s�fflensts m the_ same diagram illustrates the great .increase in r�gcw_� tha cial regeneration makes possible for this species in companson
WI e natural zones of the others shown. ' 
same�::he� P�lem for. study is that of the clay-water line for one and theto those ofes ID erent climates. Judged on species, very similar conditionsparts of the Sudan appear to exist in South Karamoja, Uganda (25).
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The Sudan shares Capparis decidua with many countries. How far its clay­water line determined for the Punjab plains will agree with its Sudan line isa matter for study on a wider scale than is open to the writer. 
The difference between the precipitation-clay ratio in the Punjab andin the Sudan Gezira has been referred to above. Whether the clay-water linesof particular species grow_ing in bo_th areas coincide,_ cannot, as has been said,be determined by the wnter. It 1s suggested that 1f they do not, the reasonfor the difference is to be sought in adaptation and in the development ofterritorial sub-types of the species. In some cases equivalent but different genera and species will be found.Toe South American equivalent of the Acacia mellifera appears to be the

Prosopis ju/iflora, possibly with even smaller moisture demand. 
CHAPTER IV. PRACTICAL APPLICATIONS 

OF THE TRANSECIS AND CLAY-WATER 
OR RAINFALL-SOIL-TEXTURE THEORY 

A. THE CHOICE OF A SITE FOR m SOIL TEXTURE, KNOWING THE RAINFALL; AND THI! 
EVALUATION, IN TERMS OP AVAILABLE GROWTH WATER, OF THE VARIOUS SITE TYPES IN 
A PARTICULAR RAINFALL 

(i) Uses of the Transects
When, from analysis of the records made of natural occurre�ccs of allthe various species dealt with, the fact emerged that they share a site transectof a common form in their distribution across the isohyet, a startling revaluationof sites in terms of available growth water in them became necessary andpossible. In brief, whereas previously the low-lying hollows in whi�h wat�raccumulates had been regarded as sites likely to be favourable for moisture, 1thas now been shown that high-lying sands and grits, and even rough-surfacedhillsides though they may lose part of their precipitation receipt by run-off,neverth;less constitute the moisture-optimum sites for perennial plants in theSudan tropics . 
The subsequent preparation of the belt transect, the transect which issimply the list of the type-tree species in the order of their moisture demand,and which was compiled also from the records of distribution on comparable sites, provided a simple key to growth moisture evaluation, in the quantita�vcterm, of the various sites in each rainfall which still carry natural tree vegetation.Where such vegetation is absent, the terrain can still hC? evaluated, t�ough lessprecisely, by use of the site transect, and, in the case of sites approaching datumsites, with great precision by determination of the clay-content. 
The practical application of these meth?ds t? the reaff�restation of sitesin penultimate desert has produced results m rainfalls preVIously consideredhopelessly low for tree growth. 
Before the advance of populations it is the most valuable _species whichfirst disappear. Where, as in the Sudan, the increase of pop�tlon has struckat natural vegetation from the dry end, man shares the blame with sue� chan�of climate as may themselves be produci1;1g retrea!, However, . sm� thisdiscovery of the relative value of sites showmg the �gh water av:rnability ofsands and grits and hillsides, it has been made obVIous that, while man hasremoved completely many of the most val!-lable speci� from. "'.hole belts _oflatitude in North Africa, yet since the species have their_ tenmm noy,r on Stte types far from the true terminus of the site transect which all spec1es share,they can, therefore, be restored northwards again. 



There is at least no climatic obstacle to their r�storation.. The . central 
latitudes of the Sudan are

! 
in fac_t, seen to be reserv01rs of species which s� 

exist there on medial sites m the site transect, although �ut ou_t by man on their 
dry terminal sites further north. That these dry ternnn�l sites have suffe�ed 
by denudation is not to be doubted, but seld?m has therr c!ay-water relation 
been radically changed for the worse. . Where 1t has chang�d 1t has b�n shown 
that only the crudest methods, as for mstance, sand-trappmg on therr surface 
are necessary to ensure the growth of species long _since lost rrom thf:Se areas'. In fact, although the rainfall cannot �e controlled, m many_ wmd-eroding areas surface texture can be controlled to mcrease the water available. The species 
are now known which may be taken from this reservoir of species persisting on their medial sites for translation northwards and restoration to their terminal sites, and, what is still more vital, the sites in the north on which they 
can be re-established are at once known when the clay-water line, or even only the heavy rainfall vector of that line, has been determined for the species. Knowing the heavy rainfall vector of the species, the missing dry end can be interposed from a knowledge of the clay-water lines of the species itself if its line is known, or from the clay-water lines of known species adjacent to it in the belt transect. 
(ii) Treatment of Desert

The following paragraphs define the stage which has been reached (in June 1939), in the afforestation of penultimate desert in the 150 mm. isohyet by the application of the clay-water theory. 
The objective is the afforestation, on an economic basis and under rainfall only, of non-riverain land in the 100-300 mm. isohyets of the country. 
The work is primarily of interest to those living under the lowest rainfalls in Africa, but it cannot be without significance elsewhere, and the fact that it is being carried out in country which carries Capparis decidua, Salvadora persicaand �alotrop�s pr_ocera as three of its commonest bush or scrub species makes it possible that 1t will also have a limited interest in Indian semi-desert conditions. So. far as. the_ Sudan is concerned, the results described here are the only suggestion which 1t �as s_o far_ been possible to offer with any confidence towards !he problem of erosion m those areas of the country which are so dry as to be incapable even of growing enough grass to give themselves a fire problem. The sovereign, and, as yet unattainable, first remedy for erosion in the�50 mm. to 1,5� mm. ramt:aµs is fire protection. It may be that a solution

IS found for semi-desert conditions long before a solution has been found forthe wetter areas which support in.flammable grasses. In these Sudan la�tudes of low and capricious rainfalls, it had long beeucounted natural, espec1ally after some initial success with Acacia arabica toconcentrate plantation trials on lands which received water from river fio�ds or_ at�east from that unabsorbed rain which came to them as run-off fro�neigh ouring soils._ That is to say, efforts had been concentrated on soilsw
dir

hos
tl
e surfathces_ received more moisture than was attributable to the rains fallingcc Y on err own surfaces. The extremely slow growth te f • di /lava and orfota) on th •te t rhi s O 10 gen�us Acacias (tortilis, raddiana,pointed to the reaffor/�� s 0t _eh the�e sp�1es �d by then been reduced,

an uneconomic and h on ° �ainlan? m this latitude and rainfall as being near the towns was �ot :��hl ,.unpfossible task. But further riverain land e ,or urther plantations of the flood-demanding 
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Acacia arabica. At this stage, extremely sandy soils such as dunes and high ridges were, by tradition, dry sites, and it must be confessed they were accepted as such. The tradition was not entirely an imported one, but it was not realized that local cultivators could find, at one season, maximum moisture conditions 
on the same soils which, at other seasons, were sites of minimum availablemoisture. The difference, that is to say, between the site conditions adequate to the needs of a 100-day millet and those demanded by a 365 -day tree had 
not been appreciated. So _also, species occurring ?n the soils wron�y reg�ded as dry soils were equally maccurately evaluated m terms of relative m01sture 
demand. 

As the work described in this paper, on the distribution of tree species throughout the �hole Sudan progressed, it became apparent that indigeno� Sudan tree species have their most northern �atural occurrences (therr 
occurrences in lightest rainfall), on sandy or rocky soils and never, by any chance 
of nature, on the heavier clays. 

Plant thirst in perennial plants is particularly noticeable on clays li�ble to, 
and probably owing their existence to, repeated s�sonal inundation _ by 
standing water. But it is by no means confined to mundated clays, bemg noticeable on all clays. 

These simple facts, of which it is suggested the !11tima�e significance may be far-reaching in several climates, enabled a corrective review to be 1;1ade of all the experimental afforestation previously attempted here under rainfall. 
Among other results, a series of unsuccessful attempts to afforest �ites in wet-looking clay-desert country receiving, from run-off, the ph:ysical eqwvalent of many inches of rainfall, was abandoned. Resort was made 10Stead to sandy ridges, even to those whose slope and surface skin encouraged run-off and thus cheated the under layers of part of the ever-meagre rainfall which falls on them in this latitude. 
In the attack on the sands the most valuable assets have proved to be :­
(a) A species introduced by R. E. Massey, formerly GovernmentBotanist here. This is the mesquite of South America, Prosopis julifiora. 
(b) A well-proven technique in the use of pot-raised seedlings as trans­plants.
The mesquite (Prosopis julifiora) gives promise of solving the problem of afforestation of light soils in rainfall as low as 100 mm. There are good reasons for the belief that its establishment will even be possible in rainfalls as low as 75 mm. provided that, if precipitations are restricted to this total, they are so distributed as to penetrate light sands to a depth of at least 750. �- At that depth they are likely to effect a junction with the moisture remammg from preceding seasons. 
Such soils, it has been established, are sufficiently retentive of their rainfall receipt to remain moist to the point of cohesion (when hand-pressed) at a depth at 400 mm.-600 mm. at the end of the extreme drought season, which culmi­

nates in late May or the early days of June. Above this depth they are dry by then. Below it they are still moist. 
A further vital value of this species lies in the fact that its foliage, in. all

but the earliest stages, is goat-proof. The beans of the U:CC have a very high 
fodder value (they are relished by horses, plough b�s, milk C<?ws and goats), 
but the purely vegetative parts are apparently devoid of attract.I_on even to �e 
local goat, which prefers the rags and paper of the refuse hill to mesqwte
foliage. 
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(iii) Surface Improvemem No terracing contour-ridging, or other artificial water conservationmeasures have y;t been resorted to in plantation work on the sands, saveexperimentally. Up to date they have not been necessary. They may yetprove necessary on small but stubborn failure patches where the rains have notpercolated, probably because of already existing '' skin." Such ''skin" formseven on sand ridges, at a rapidly cumulative rate wherever water stands on or moves over, the sandy surface. " Skin " is the most important advers�factor, since it not only prevents percolation by facilitating run-off, but appears also to increase soil-moisture loss by evaporation, at the soil surface, of waterraised from the lower layers. This water does not rise to a surface of loosesand, to the same extent. 
The invariable occurrence of drought conditions where a clay layer over­lies sand, conditions not existing on the same sands where they have no clay covering, forces the conclusion that a clay layer can dry out sands lying below it. In semi-desert conditions it is becoming increasingly clear that the surfaceimprovement and protection provided by the first established vegetationrapidly render such areas of skin surface absorptive by the simple process ofcovering them with a trapped layer of absorptive wind-delivered sand. 
At the moment, the greatest influence for good which the increasingvegetative cover is exerting on the experimental areas where it can still becontrolled is this accumulation of wind-rolled sand. This sand is rolled intothe fenced areas, and while, in the earliest stages of these areas, strong winds are still able to roll much of this sand right through an eight acre plot and outat the other side, yet an increasing amount of the rolled sand is being trappedby the growing young trees and by the Panicum turgidum grass. With closureto grazing this grass develops, in six months, into a factor of still more vital importance as a sand-trap. Incoming sand, if it can be trapped, is the best 

remedy for " skin," and so far from being a threat to the plantation, it is a condition greatly to be desired in areas under proper management. 
Only in those cases where seedling pot transplants are used at too youngor too delicate a stage, when their bark is not yet tough enough to withstandthe attrition by the low-moving sand, is it doing damage in controlled areas.Even with small seedling transplants a stage of resistance is normally reachedwithin two months after transplanting, that is to say before the season ofsevere drought and drift has set in. 
Complete immunity to losses by attrition demands the use of pre-hardenedtransplants, which are produced by adding the methods of the school to thoseof the nursery. The use of pot transplants enables areas to be planted, whichcould never, because of sand attrition of cotyledons, be established with direct sown seed. 

(iv) Condition and Treatment of Clay Desert
The methods so far described have been successful on sands whose surfacesare receptive of rainfall, and which are retentive of that which percolates into them. In the northern Sudan, heavy and naked clays can neither admit much v.:ater nor r�tain _wh�t they get against the losses due to evaporation at soil­arr surfaces 10 this climate of extreme dry tropical conditions.
In the Sudan the worst desert is clay desert. Pot transplants have failed year after year in so-called wet-clay sites. From such desert surfaces clay
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particles are seasonally (April-July) removed in "haboobs ", which are duststorms of the dust-bowl type. Winds during the season of high temperatures( l0S•-117• F. shade) lift and remove this dust but leave· th� san� and gritparticles in an unbound state, ready to be rolled by the next high wmd. 
These sands and grits are the raw material essential in desert conditionshere to any reconstruction of soil or re-establishment of soil cover, and, if these areas are to be reclothed, sand and grit must be available in accumulations far exceeding in depth the thin layers in which they are left on the surfacewhen the dust is blown out from them. 
This rolled sand and grit-material, wherever it is trapped by the wallsand houses at a village, by bushy-based tree, such a� Ziziphus spi�a-chr�ti, 

Salvadora persica, or Capparis decidua, or by _sucker thickets of Acac1�.
al�1da,is by them accumulated into mounds overl�g the clay �ats. Th� stink­bark " of the Sudan, A. orfota, is sl ower-grow1?g, an� copp1ce-fo:m m gro�h, and is less successful as a sand-trap, but both this species and Pamcum t"!'gidumgrass are often stages on the way to a sand layer_ whose de�th overlymg theclay is great enough for the growth of more significant species. 

Near towns and villages where all other species have been grazed out of
existence, Calotropis procera often constitutes the sole hope of sand accumula-
tion. The mounds large or small, which all these· species tend. to fo� out ofrolling sand, at best only dot the surface like widely separated islands 10 a veryempty sea of barren clay. 

It has been shown that mesquite can be establish� on these scattered 
islands provided they are high enough, and reference 1s ma�e below to the 
question of the necessary depth of sand. So far? no tree species of any �alfue 
is available which could grow in 100 mm. of ram on the clay surfaces O 

. 
e 

gaps between these island mounds. The clays must first �e covere� oved wi: 

a good blanket of sand. In the 1946. season, mesquite w:s i_ntro _u�, 
one or more on each island, in an experimental area ch?sen •�r its em g 
island mounds. The lower branches or outer ste� of this species tend from 
their earliest years to sink to_ the ground "!lnder the we�ght of the� own JxubeTh! 
growth, and hence tend to mcrease honzontally t�eu �and-fixing ra dus. It will outer branches of the 1938 crop were_ by 1946 buned 10 t_rapr, slf • • able be some years before it can be determmed whether mesq�te 1 Y its�, is caliether •·of forming sand " continents " out of these mound" arc pe agos, or w cla the assistan_e of artificial sand-traps is indispensa� io ensret:i:tp�

tabl{ 
" seas ,, between the mound " islands ,, are cover . y san ailable evidence depth. Where mounds are close toge!he� mesqwte, O? av ffect is yet to �is likely to succeeed in doing so, but while its sand-�PP10g e 1 rainfalls isdemonstrated, its ability to grow on trapped sand m these ow 
already demonstrated. 
(v) 1be depth of sand required over �ays_ . . how deep aIn the selection of sites, there 1s this problem of do�! this rainfall. layer of sand is needed on the clili. to s& 3°: �fc

Jay is such that water, This appears to depend on whether e con_ 0
• n of sand and clay and can and eventually tree roots, ea� cross hthe Junctiiliinner sand layer will suffice.penetrate the clay. Where this can appen a . idum t al sand ridge held by Pan1cum turg : Part of the 1938 work was on a na udr ·ts edial axis the depth taperingwhich has a depth of 8 to 10 feet of san on i m 
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outwards to zero on the fringes of the ridges, where the raw clay is exposed by 
wind and by run-off from the ridge itself. From observation of the mesquite 
planted on this ridge, which averages seven feet in height growth in ten months 
and in places exceeds ten feet, the fringing areas where the sand is but two feet 
thick are carrying mesquite which is no poorer than that growing on the axis 
of the ridge with its 10-12 feet of sand. The shallow fringes appear to benefit 
from a lateral percolation of some of the moisture which falls on the higher 
parts of the ridge and is absorbed there. On high ridges, particularly where 
these are of coarse or very recent unfixed sand, water has been shown to spread 
outwards and downwards through the ridge to the fringes. (The crests of 
very new live dunes drain too rapidly.) Thus, it cannot yet be assumed that 
two feet of sand above clay is an adequate depth in the absence of higher­
lying reservoirs of porous sands. 

In all �ese sites, the_ impermeability of the underlying clays contributes 
to the retention of water m the sandy mounds and ridges which overly them. 
(vi) Artificial methods of trapping sand

Concurre�tly with the experiments for the planting of naturally formed
mounds and nd�es of trapped sand, experiments have been in progress for 
two years to deVIse the cheapest effective means of inducing sand deposit to 

fo� �n unplantable clays and so to render these areas plantable. These 
a�cial methods are not sought merely as means in themselves, but as means 
which may hasten the determination of certain vital data on which to found 
the subsequent use of less artificial methods. 

It is n�sary! for instance, to know what planting direction, with regard 
to the prevailing wmds at the season of greatest sand movement is the direction 
most likely to permit of using one year's planting as the ob;truction which 
will a�umulate that minimum depth of sand on which the following year's 
plantation may successfully be established. 

� these artificial experiments we have so far relied on close-woven fencing 
of split bamboo made on a " Thrift " fencing-machine. This fencing can be 
carried in rolls and is supported adequately by five-foot posts three to four 
metres apart. Separate support wires are unnecessary. 

In June 1938, a fence of this type was erected on a bare clay plain near 
�artoum _on an �t-west line. In that same month, during a very heavy 
rught of wmd, 24 mches of sand and grit was trapped by the fence. The 
depth of the trapped sand decreased with distance from the base of the fence, 
but was roughly equal both north and south of it. At a distance of five feet 
or thereabouts from �e base of the fence, no sand had been trapped and the 
clay was exposed as it was over the whole area before the work started. No 

sand at all �as trapped, that is to say, much further from the base of the fence 
than the height of the fence. 

. A second fence �as th�n erected ten feet south of the first, the sand and 
�t at that season havmg come from the south. The new fence gathered 8 inches 
m �ee weeks, then the rains fell and no further measurable change was noted 
until May 1939. By that date the area between the two fences was covered 
to an average depth of 20 inches. At no time did the second fence collect 
r:!� 

depth of sand as was laid down in one June night in 1938 on the first 

In the rains of 1938 (July-October), the sand ridge then formed carried a 
good crop of annual grasses, the surrounding clays being grassless. It also 
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grew Cassia senna, Cassia italica, and a single plant of Calotropis procera
all spontaneous appearances. The grasses, all annuals, of course, died out 
in November, but the Cassia spp. and the Calotropis were alive and growing 
well at 24/7/39, having survived the worst of the dry season. 

A serio�s mistake was made in omitf:ing to surround this experiment, 
which was laid down on the open desert, with a goat-proof fence. However 
the mistake has brought out some interesting facts. . 

'
The narrow strip of grass-covered sand was soon eaten bare by goats as 

the rains ended and the grasses died. Its surface was broken and loosened by 
tramping, but from this stage, owin& to the shelter provided by the fence, 
wind did not remove more sand than it brought, and the contour of the ridge 
is well-preserved to date in the form and dimensions already described. 

The grazing trouble did not end when the crop of grass had been eaten 
completely off the ridge. Throughout the whole of the dry windy season of 
1938-39 the fence continued to collect dry fragments of desert grasses, all of 
them apparently grasses on which goats feed. They were trapped against the 
fence which was continuously patrolled by one of the town herds of goats. 
They'came there each morning and a� all that the wind had been good eno�gh 
to bring and the fence to hold overrught. The grasses appeared to be earned 
from all the area within this segment of the goat-grazing perimeter of the town, 
which may be said to have a seven to ten miles radius. 

Such little grass from this source as was not eaten at the fence was trampled 
to a fine chaff and mixed with the sand of the artificial ridge and not all blown 
away. The ground of the ridge was heavily dunged by the �o�ts and in a v_ery 
promising condition to grow the Prosopis juliflora planted on 1t m the 1939 rams. 

There is no doubt that the continual goat traffic had been a major factor 
in preventing greater increase of sand and grit deposit during the dry season. 
Further, the blown grasses, which would greatly ha1e improved the fence as an 
obstacle, were, as has been noted, otherwise disposed of. On the other hand, 
the dung and chaff had some fixation value. 

The mistake of leaving the experiment unenclosed has shown that 20 ya�ds 
of trap fence per goat, across the wind, will create a highly-favoured grazmg 
ground week after week so long as there are gi:asses blowing from the deserts
around. It is doubtful whether any clearer picture could be found t� show
the desperate surface conditions which have developed round certain dry
tropical towns, including Khartoum. 

Many directional adjustments, it will be seen,. have still to be made bef?re 

these methods can be applied to all the types of site capable of reafforestation
by them. 

It is now considered as proved that mesquite grows rapidly eno�gh to
make it an economic fuel crop for the larger centres if grown ?n a r<?tation_of
between eight and sixteen years under six inches of avera�e ram on light 

th
oils.

That is to say, coupes of mesquite will sell for more than it cost to grow em.
It is further held proved that if the rainfall is not too heavy, �; �ee 

provides an admirable pod-fodder for cattle and goats and �us a co:a_ uti�n 

to the support of ·the herds now responsible for town-penmeter ge 10 

the danger latitudes. . 
Still further, it is proved that several species are capabl� '?f gro:���

of improving, and of extending those patch� of sandy so 10 pe • e
desert, which though themselves a result of pnmary or subsequent erosion, ar 
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the only areas n?t yet compl�tely beyond restoration, since they absorb and
retain even the lightest of rams. 

In some sites the species (Prosopis juliflora) has been escaping during the 
past fifteen years, that is, where it has _reached t_he fr_ui_ting. stage an_d been 
unfenced. It has travelled at least two miles from its ongmal introduction site 
at Shambat in 150 mm. average rainfall. 

These results have been achieved by abandoning the " wet" clays, and 
by resort to the sands hitherto called dry. 
8. CHOICE OF SPECIES TO BE PLANTED, KNOWING THE SOIL TEXTURE AND RAINFALL 

Reference to the diagrams showing the clay-water lines for the species
illustrated, shows that after making every reasonable allowance for possible 
occurrences not represented, there is for each species a very wide texture­
rainfall field from which it is apparently entirely absent, and a very much 
narrower texture-rainfall field which is its field of occurrence : its vector. 
Failure evidence, in artificial afforestation, confirms the restricted texture­
rainfall field open to a given species. The differences in clay content between
success sites and failure sites were often so narrow as to appear insignificant. 
Fifteen years of trial and error at Tewfikia and Zarzour reserves, to which 
reference has been ma�e, and �t other sites, revealed that the higher the clay 
content (an� oft�n the inundation),. the lower down the scale of species in the
order of therr moisture demand was it necessary to come to find a species which 
could survive there. To-day the choice of species whose clay-water line is 
known, is determined almost automatically on the basis of the texture of the 
surface soil at the site ; and knowledge of the clay-water lines of the other 
most significant species is continuously being accumulated from success and 
failure plantation sites as well as from samples taken in natural occurrence 
sites _across _the is?hyets.. The combin_ed species diagram (Plate XXXI) 
contains _species havmg therr belt ce_ntres m the Acacia-Short-Grass Country, in 
the Acacia-Tall-Grass Country, and m the Mixed Deciduous Forest. Reference 
to the position of _one of _the�e species in the belt transect shows the species 
most closely a�soci�ted wtth 1t as regards clay-water requirements. There is 
great overlappmg m the Mixed Deciduous, where many species share so 
comparatively narrow a rainfall span. 

All species sha_re parts of their range with others, their near neighbours, on the scale of motsture demand, i.e. on the belt transect but no instance hasbeen found of species whose dry and wet termini, i.e. wh�se ranges, coincidephysi�y or geographically. Such facts make it dangerous to deduce fromthe eXIstence of one species at a given site that another known to be an associate at _ an�ther point in_ their respective ranges, will prov� a successful associate att!ns site also._ Without a �owledge of the natural-occurrence clay-waterline, the extension of r�nge which can b� b�ought about by artificial regenerationmeth?ds, m�thods which convert the limited natural-reproduction range intothe w1d�r eXIstence range, often masks for a time the fact that a mistaken choice of species has been made. 
Each species has its �o _versa!-fil�es, its two spans : that within which itrepJ0f &ffi 1��lf and that wt� wl_uc� 1t can grow if assisted artificially through�thln th 

cu �Js. The first li�s Within, and is a part of, the second. FailuresWl e WI er span are failures of season, or of technique and can be�verco:�d ;:e wider field of real error and of wasted effort 'is that whiches ou 1 e e second span, which lies in fact in the texture-rainfall vector
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from which the species is e1:cluded by the extent of its moisture demand. 
Knowledge of the texture-ramfall range of the species concerned at once 
enables this, the widest field of error, to be avoided. 
C. ESTIMATION OF RAINFALL FROM NATURAL OCCURRENCES, THE TEXTURE OF THE SOIL OF 

THE SITE AND THE SPECIES RANGE (i.e., ITS CLAY-WATER LINE) BEINO KNOWN 

The sequence of the site types on which a species exists from its wet 
terminus to its dry terminus has been given in Part II, Chapter III. (See 
Plate XIII showing site transect.) . The estimation of rainfall, from natural 
occurrences, is of much less practical value than the estimation of the growth 
moisture of a site in a known rainfall. At the same time, the African rainfall 
is not yet known in such detail or with such accuracy that the use of tree 
indicators for its evaluation need be despised. Further, particularly in the 
vicinity of the higher hills, local pockets of higher or lower precipitation 
occur. More mesophytic types are commonly found, for instance, on the 
N. and NW. slopes of the few important massifs.

Rainfall estimation is possible with most accuracy by sampling datum
soils carrying species whose clay-water line is already known. When no 
datum soils are available, as in many broken hill areas, it is necessary to rely 
on the rainfall transect and the site transect, and, under these conditions, for 
rainfall estimation, a good " bracket" must be found. That is to say, while 

the hill slopes themselves offer a comparison with other hill sites of known 
rainfall, .these are pre-datum sites only, and post-�atui;n sites must be sought 
for confirmatory evidence of the amount of the rainfall. 
0. ESTIMATION OF THE RATNPALL·EQUIVALENT OF SURFACE WATER RECEIPT OR OF LOSS BY 

RUN-OFF OR EVAPORATION 

By definition, in all except datum sites, the water value of the site, as 
represented, for instance, by the vegetation of the site, fails to indicate the 

rainfall, since such non-datum sites receive and hold either more or less than 
their own rainfall receipt. Where the rainfall and the clay content of a par­
ticular non-datum site are known, and where there occurs on it a species whose 
clay-water line has been determined, the water gain or loss of the site in question 
can be evaluated, using this clay-water line. It is only necessary to ascertain 
from the clay-water line, the rainfall which corresponds on datwn soils to the 

clay content of the non-datum site in question, to note the difference between
this rainfall and the rainfall of the non-datum site. 

On sites losing water by run-off the rainfall at the non-datum occurrence 
of the species exceeds the rainfall at the datum �urre�<:Cs of that �e. clay 
content. On sites receiving water by on-flow m addition to therr rainfall 
receipt, the rainfall of the occurrence site is less than the rainfall at the datum 
• occurrences having that same clay content. As an example, were Acacia
seyal (Plate XXII) to be found on a 30 per cent. cl�y on the 300 mm. isohy�t,
it would be an occurrence only capable of explanation by an on-flow r�1pt
of water, having a rainfall equivalent of approximate!>: 200 �- of rainfall
Or again, if the same species were to be recorded on so light a soil as a �O per 
cent. clay in a rainfall so heavy as 600 mm., only a loss by run-?ff C9U1Valent
approximately to 160 mm. of its total rainfall receipt could explain this record.

This fourth application of the theory has significant uses in irri?tion
practice. By it can be measured the extent of the large "_unused" fractio� of
applied irrigation water of which an example has been given for Sakellarides
cotton in Part m, Chapter I.
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Line of the transect through Acacia spp. belts on datum soils. 
See Part II, Chapter II, A (i) 

Line of the transect through species belts of the Mixed Deciduous 
Forest. See Part n, Chapter II, A (ii) 
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PLATB X 

DIAGRAM OF AN INSELBERG IN A COTTON SOIL PLAIN 

c . . . A. F.A C.P. 

: �·-················ Broad- leaved d�ciduous Specie.r················�
�·A.,utula·�
. ' 

!<··-·A. ri.sw/a·-� 

-·.-· A. .Se.,•'.-··· .. ··-�
i 

I. = Inselberg, or isolated hill in a .plain

Plinth = Halo of detritus surrounding the base of an inselberg·like a collar.

F .A. = Flooded area of " cotton " soil plain ; flooded seasonally by run-off
from the plinth 

C.P. = Clay plain typical of the surrounding country for miles 

�·-····-A. Seyal················ 



PLATE XI 

CONTOUR TRANSECT 

This use of the transect is for a single Rainfall. Species occurrences recorded 
should lie within a radius of 3-4 mi_les. 

K A B 

Description of Site Types 

A Hard-surface slopes, i.e., sh�t slopes 
High, old flood plain, if now flooded, only for 

days 

C Low flood plain, flooded for weeks at a time 

D Mounds, usually of tennite origin, in swamp 

E Mayaas and rahads, i.e., land-locked pools 

F Qay plains, no run-off, and no standing water 

G Mature sand plains, no run-off and no st anding 
water 

H Immature sand, new dunes and old sand-hiUs 

Small well-watered and well-drained pockets in 
sands 

K Hills of rough rocky surface 

C D E 

Typical Species 

A. mellifera. A. senega/ 
Balanites aegyptiaca 
Zizyphus Spina-Christi 

Acacia fistula 

Bauhinia reticu/ata 

Acacia arahica 

Acaqia seya/ 

Sclerocarya birrea 

Albizzia zygia 
Detarium sp. 

Not represented in the 
acacia seyal transect 

Boswellia papyfirera 
Lonchllcarpus sp. 
Stercu/ia sp. 

L Wadies or large seasonal watercourses flushing Acacia sieberiana 
for an hour or two after rain 

M Hard plains of grit or rock Not represented in the 
acacia seyal transect 

N Seasonal runnels flushing for an hour or two Pseudo-cedrel,i kotschyii
after rains 

0 Banks of permanent streams or rivers Acacia campy/acantha 
Ficus sycamorus 
Tamarindus indica 

F G H 

m 
G 
■ 
□ 

. 

. 

. 

■ 

K 

Rocky Hills 

Deep Clays 

Sands 

Loams 

IDWldatcd Areas 

L M 

Place : Gcdarcf Dis1rict 
Lat. 14° N. 
Long. 36° E. 

Av. Rainfall: 700 mms. 

Datum Sit� Speeies (f) : 
Acacia Sqal 

N N M 0 



PLATE XII 

THE RAINFALL TRANSECT FOR A SINGLE SPECIES
(See Part II, Chapter Iii (iii))

Species : Acacia mellifera 

Site Type A B C D E F G H K L

Rainfall E
"' 
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100 mms.� - - - - - - - - - - - - - - - _ - - - - - - - - - - - - - - - - - - - - - -)'-j 
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Species not recorded 

on sites MN 0 

I 

The above diagram shows the changes in the type of site occupied by Acacia

mellifera with changes in rainfall across a span of 1,000 miles. The site types
A--0 have been described on Plate XI

0 

, I 
, I 
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Rainfall Scale : 

PLATE XIII 

THE SITE TRANSECT 

A B 

1,000 mms. 

The Site Transect 

See Part II, Chapter II (iv) p. 35 

C D E 

800 rnrns. 

All species progress through their rainfall span via the same series of site types 

and in the same order of site types. This diagram shows the series, the order 

and the rainfall span within which these sites can be equi-conditional as 

evidenced by the growth of a single species on all of them. Not all the site 

types of this series are always represented in a single contour transect. 

Comparison of the site type above with the rainfall shown below it gives a 

measure of the comparative values, in terms of chresard, of the various site 

types. The site types are described o n  plate XI and at pp. 31-32. 

F 

500 mrns. 

G H K L M N N M 0 

300 mms. 150 mms. 100 mms. 
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PLATE xvm 
DIAGRAM TO ILLUSTRATE VERSATILITY OF ACACIA ARAB/CA 
(This diagram is in terms of clay co ntent o nly, water su pply no t determinableowing to dual co nditions of rainfall and inundation. See p. 35.)

6ood Growth Foor Growth 

s'N.. Latitude. 
10' N. L1t.it,ude. 

1z• H. 
1...t;t..,... 

" As a factor increases in intensity
its relative effect o n  the organism
decreases."

Lundegardh 

------,. 16' '4. Lat.it,ude. 

20 L _______ __..1 __ �=-----...___ _______ -:--
• h. t ral range in blue Note.-Sites wit m na u 

"th ut natural range m red 
NOTE 

Sites of artificial establishme_nt 
�I _

o
tcs good growth and po or growthI nd art1fic1a s1 Averages of natura . a 

jo ined by co lo ured Imes. 
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PLATE XIX 
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600 1000 
Millimetres of Water 

WATER REQUIREMENT OF COTTON 
See pp. 33 and 38 

Diagram showing the known clay-water relation for Sake! cotton in the Sudan 
Gezira and the known water requirement of cotton in Egypt (Dudgeon • ,
Molesworth and Yenidunia) and in the Punjab (Wilsdon) from Greene. 
Point Q is known. Points ©) are intersections suggested as �robable
clay contents of the Punjab and Egyptian soils which have water reqmrements 
of 600 mms. and I ,000 mms. respectively. 
Point e represents the rainfall-soil texture conditions existing at the 
successful experiment with Sakellarides cotton on a sand-dune, described on 
p. 41.
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PLATB XX. 

DIAGRAM OF VARIATION 

IN CLAY CONTENT WITH CONTOUR 

AT 

Acacia 
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'APPENDIX I 

INDEX OF SPECIES IN ALPHABETICAL ORDER 

Abrus precatorius L. 
Acacia abyssinica Hochst. 
Acacia a/bida Del. 

. Acacia arabica Willd. 
Acacia campylacantha Hochst. ex A. Rich. 
Acacia drepanolobium Harms. 
Acacia fistula Schwein/. 
Acacia/lava (Forsk.) Schwein/. 
Acacia hebecladoides Harms. 
Acacia laeta R. Br. 
Acacia mellifera Benth. 
Acacia mollissima (introduced). 
Acacia orfota (Forsk.) Schwein/. 
Acacia raddiana Savi ; Arabic "sayal." 
Acacia senega! Willd. • · 
Acacia seya/ Del. 
Acacia sieberiana D C. 

Acacia seyal var. multijuga Schwei,?f. 
Acacia tortilis (Forsk.) Hayne. 
Adansonia digitata L. 
Adenium honghe/ A. D C. 

Aeschynomeme e/aphroxylon (Guill. &

Perrott) Taub. 
Afze/ia africana Smith. 
Albizzia anthe/minthica A. Brongn. 
Albiizia aylmeri Hutch. 
Albizzia sericocephala Benth. 
Albizzia maranguensis Taub. 
Alhizzia zygia J. F. Macbr. 
Alstonia congensis Engl. 
Amblygonocarpus schweinfurthii Harms. 
Annona senega/ensis Pers. 
Arundinaria alpina K. Schum. 
Anogeissus schimperi Hochst. 
Antiaris toxicaria (Rumph. ex Pers.) Lesch. 
A vicennia marina Stapf. 

Borassus aethiopium Mart. 
Boscia s_enega/ensis (Pers.) Lam. ex Poir. 

Boswellia papyrifera A. Rich. 
Brillelia micrantha Baill. 
Burk ea afrfcana Hook. 
Butyrospermum niloticum Kotsclty. 

Cadaba rotundifo/ia Forsk. 
Calotropis procera Ait. 
Canarium schweinfurthii Engl. 
Capparis decidua (Forsk.) Edgew. 
Carissa edulis Vahl. 
Cassia italica (Mill.) Lam. 
Cassia senna L. 
Ceiba pentandra Gaertn. 
Celtis integrifolia Lam. 
Ch/orophora excelsa Bentlt. Hook. 
Chrysophyl/um a/bidum G. Don. 
Cola cordifolia R. Br. 
Combretum acu/eatum Vent. 
Combretum ltartmannianum Schwein/. 

• Combretum ghasalense Engl. Diels.
Cordia gharaf Ehrenb. ex Aschers. 

Cordy/a richardi Planch. 
Crossopteryx febrifuga Afz. ex G. Don. 
Cussonia arborea Hochst. ex A. Rich . 
Cyperus papyrus L. 
Dalbergia melanoxylon Guill. & Perr. 
Daniellia oliveri (Rolfe) Hutch. Daiz. 
Detarium senegalensis J. F. Gmel. 
Dichrostachys glomerata (Forsk.) Chiov. 
Diospyros mespiliformis Hochst. 
Dombeya mucole Sprague. 

Ekebergia senega/ensis A. Juss. 
Entandrophragma sp. 
Erythroph/eum guineense Don. 
Entada sudanica Schweinf 
Erythrina abyssinica Steud. 
Fagara ango/ensis Engl. 
Faurea speciosa Welw. 
Funtumia elastica (Preuss.) Stapf. 
Gardenia lutea Fresen, 
Grewia tenax (Forsk.) Fiori. 
Grewia mollis Juss. 
Gossypium anomalum Wawra & Peyr. 
Gossypium somalense (Gurke) J.B. Hutch. 
Gymnosporia senegalensis Lam. 
Hagenia abyssinica J. F. Gmel. 
Hymenocardia acida Tu!. 
Hyphaene thebaica Mart. 
lrvingia smithii Hook. f 
Imperato cylindrica var Koenigii. Durand &

Schinz. 
Isober/inia angolensis (Welw. ex Benth.) 

Hoyle & Brenan. 
lsoberlinia tomentosa (Harms.) Craib &

Stapf. 
Juniperus procera Hochst. ex'en�I. 
Khaya grandifoliola C. D C. 
Khaya senega/ensis (Desr.) A. Juss. 
Kigelia aethiopica. Decne. 
Landolphia florida Bent h. • 
Lannea fruticosa (Hochst.) Engler. 
Lannea humilis ( Oliv.) Eng/er. 
Lannea kerstingii Engler & Krause. 
Leptadenia spartium Wight. 

. Lonchocarpus /axif/orus Guill. Perr. 
Lophira a!ata Banks ex Gaertn. 
Maba abyssinica Hiern. 
Maerua ango/ensis D C. 

Maerua crassifo/ia Forsk. 
Maesopsis eminii Engler. 
Mildbraediodendron excelsum Harms. 
Mimusops djurensis Engler. 
Mitragyna inermis (Willd.) Kuntze. 
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Mitragyua stipulosa Ku11tze. 
Monotes kerstingii Gilg. 

Oxytenanthera abyssinica (A. Rich.) Munro. 
Olea hochstetteri Baker. 
Olea welwitschii (Knob/.) Gilg and Sche/lenb. 

Parinari curatellifolia (Planch.) Hiern. 
Parkia filicoidea Welw. ex O/iv. 
Parkia oliveri J. F. Macbr. 
Podocarpus graci/ior Pilger. 
Podocarpus mi/anjianus Rendle. 
Panicum repens L. 
Panicum turgidum Forsk. 
Paspalidium geminatum Forsk. 
Phragmites mauritianus Kunth. 
Piliostigma reticulatum (D C.) Hochst. 
Polyscias ferruginea (Hiern) Harms. 
Prosopis africana (G.P.) Taub. 
Prosopis juliflora (introduced). 
Protea gaguedi J. F. Gmel. 
Protea madiensis O/iv. 
Pseudocedrela kotschyi Harms. 
Pterocarpus lucens epr. ex Guill. Perr. 
Pygeum africanum Hook. f. 

Rhizophora sp. 
Rubus sp. 

Salvadora persica L. 
Sarcocephalus esculentus Afz.
Schrebera macrantha Gilg & Schel/enbSc/erocarya birrea Hochst. 
Steganotaenia araliacea Hochst. 
Sterculia setigera Del. 
Stereospermum kunthianum Cham. 
Strychnos spinosa Lam. 
Suaeda monoica Forsk. 

Tamarindus indica L. 
Terminalia brownii Fresen. 
Tetrapleura tetraptera Taub. 

Uapaca sansibarica Pax. 

Vitex cuneata Schum. & Thon. syn. V. 
cienkowskii Kotschy Peyr. 

Ziziphus spina-cliristi Lam. 

Note.-Tbree grasses are named m the text by their Arab names. 

The genera probably are :-

Addar Sorghum spp. 
Annis Sorghum sp. 
Anzora Hyparrhenia sp. 

No conclusive determination has yet been reached for these. 
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