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PREFACE

WHEN the University of London did me the honour of in-
viting me to deliver the Heath Clark lectures and I began
to consider in what way the conditions laid down in the
Trust Deed could be met, it seemed that I might be able
to serve a useful purpose by bringing together in brief
compass a large volume of work of which the essential unity
was perhaps unappreciated because it was scattered among
so many and diverse reports and publications. As Chairman
of the Kenya Agricultural Commission in 1929 I had been
seized of the necessity of reforming the native methods of
agriculture if the tribes were to be saved from reducing
their reserves to a state of desert. Since that time Sir Albert
Howard’s farseeing work at Indore had offered a solution
to the prime problem of maintaining the fertility of the soil
under tropical and semi-tropical conditions. The growth
of our knowledge of food accessories had indicated the
causes of some of the defects of nutrition which do much
to maintain many primitive peoples at so low a level of
physique and health that they cannot take their due place
alongside the white man’s civilization, and Sir John Orr’s
pioneer work had showed how large was this factor of
malnutrition among the African natives. I have therefore
endeavoured, however summarily, to outline on a funda-
mental scientific basis the means by which the African
tribes can be given a higher standard of living and be re-
lieved of the pressure of over-population, of the incidence
of much preventable disease, and of the imminent menace
of the destruction of their land. Itis always before my mind
that this 1s very much a British responsibility, for we have
definitely declared ourselves trustees for the natives of so
large a portion of Africa. We are there neither to displace
the natives nor to exploit them; actually we have to save
them from themselves, for the intrusion of our Western
ctvilization has a destructive effect upon the tribal cultures,
whether we rate them high or low. There is room for the
white man in Africa, he has much to gain there, provided
he does his duty by its inhabitants.
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I have had sufficient contacts with Africa to be aware of
the imperfections of my survey; I have had to call upon

many sources of information; in particular I have to thank

Sir Albert Howard, the Hon. Alexander Holm, Mr.
H. C. Sampson, and Professor V. H. Mottram for the help
they have given. Again I owe much to Miss Schafer for
her assistance with text, proofs, and index.

MERTON
November 1935 A. D. HALL
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I
THE MAINTENANCE OF FERTILITY

I caN best set out my purpose in these lectures by a quota-
tion from the Annual Report of the Medical Department
of Kenya for 1934, by Dr. A. R. Paterson:

‘From his experience, first as a doctor and secondly as a sanitarian,

he may recite two facts, namely, that one major cause of ill-health in
the African is a poor dietary, and that another is the insanitary condi-
tions resulting from insanitary and wasteful farming.’
I shall discuss the means of improving native agriculture
as the first step towards better health and a higher standard
of living, and I shall deal with Africa because in that conti-
nent the necessity for action is great and the responsibilities
are largely British.

The possibility that under continuous cropping the soil
would ultimately become exhausted has always been before
men’s minds. We have on the one hand the popular idea
of the fertility of virgin soils, accompanied often by the
other idea that regeneration of the cultivated surface layer
could always be effected by tapping the unexhausted lzw er
below. But even before science had been apphed to the
question the practical man had learnt by experience that
the fertility of the soil was a product of cultivation as well
as an inheritance and that it resided in the surface. The
farmer was chary of bringing up with the plough the sub-
soil, the gardener when he trenched the land was careful
to keep the top spit on the top.

Nevertheless, 1t became evident that the maintenance of
fertility was in some way dependent upon the method of
farming followed. Some virgin soils evidently possess
enormous reserves of fertility, like the black soils of Mani-
toba, which as Lawes and Gilbert showed fifty years ago?
contained nearly one per cent. of nitrogen down to the
fourth foot, as compared with a quarter of one per cent. in
the first foot only in one of the richest of English soils.
These black soils, to be found in many parts of the world,
as in the Russian chernozem, are the virgin soils of popular
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imagination, but even with them it becomes evident that
under the sort of cultivation to which they were being sub-
jected—e.g. in the Middle West the continuous growth
of cereals like wheat and maize—their productive power is
being worked out, just as some of the black soils in our own
Fens are getting visibly thinner and giving place to the
underlying comparatively infertile clay. Elsewhere, as has
been latterly seen in the prairie states themselves, in Mon-
tana or Alberta, and again in Africa and Australia, land is
found to become unproductive after a decade or less of
cropping. It seemed pretty obvious that if the soil is only
a reservoir of fertility, some of which goes to make up
the crop which is removed, exhaustion must follow after
a longer or shorter interval. Even a scientific man like
Crookes in his famous address to the British Association
in 1898 saw an eventual limitation and then a shrinkage of
crop production because of the progressive exhaustion of
the stock of nitrogen of the soil, nitrogen which existed
there only as the residues of past vegetation, which was
being removed with each crop that was taken away for
food and was not being replaced by natural processes. I
need not consider Crookes’s remedy—the artificial produc-
tion of combined nitrogen compounds which has since then
passed from a laboratory experiment to a world industry,
because even as he spoke science was beginning to learn
about the recuperative agencies in plants and in the soil
itself which are gathering nitrogen from the atmosphere
and so continuously repairing the losses of which Crookes
was so conscious. Indeed, had he taken a wider survey of
the then existing agriculture he must have realized that
some factor must be at work of which his diagnosis took
no account. European agriculture has cultivated the same
fields for two or even three thousand years, and though at
the time Crookes was speaking they might seem to be
dependent upon fertilizers and extraneous sources of ferti-
lity, yet a hundred years earlier our English land, before
any importations of fertilizers began, was maintaining a
steady production of which the index was about 20 bushels
to the acre of wheat when this crop came round in the rota-
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tion. Not a very high level of fertility indeed, but in the
Far East, where an intensive agriculture had been evolved
to meet a population density unparalleled in Europe, the
land had been made increasingly self-sufficient for three or
four thousand years. King? gives the following astonishing
figures:

“The average of seven Chinese holdings which we visited and
where we obtained similar data indicates a maintenance capacity for
these lands of 1783 people, 212 cattle and donkeys and 399 swine
—1,995 consumers and 399 rough food transformers per square
mile of farm land. The population of the large i1sland of Chungming
in the mouth of the Yangtse river, having an area of 270 square
miles, possessed, according to the official census of 190z, a density
of 3,700 per square mile, and yet there was but one large city on the
island, hence the population is largely rural.’

‘When we reflect upon the depleted fertility of our older farm
lands, comparatively few of which have seen a century’s service, and
upon the enormous quantity of mineral fertilizers which are being
annually applied to them in order to secure paying yields, it becomes
evident that the time is here when profound consideration should
be given to the practices the Mongolian race has maintained through
many centuries, which permit it to be said of China that one-sixth
of an acre of good land is ample for the maintenance of one person,
and which are feeding an average of three people per acre of farm
land in the three southernmost of the four main islands of Japan.’

This sets out the question I propose to consider in these
lectures; in many parts of the world the land is showing
signs of exhaustion and is proving unable to support a
growing population. Hence follow diseases arising from
malnutrition, social unrest, and land hunger, eventually
war and the dlsmtegratmn of the cultural organization. On
the other hand, in certain countries of older civilization,
notably in the East, the land seems to be equal to producing
food at a high level for an indefinite period. Is there a
lesson to be learnt therefrom which will remove the threat
of soil exhaustion? When a tribe or nation demands more
land 1t 1s at least a temporary answer to teach it to make
full use of its existing land, even though that may be only
putting off the day when the pressure of population be-
comes insistent again at a new level.
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To get the problem in true perspective we must begin
by reviewing the elements of fertility, an old story perhaps
now, but one we need to read in a special way. At the out-
set we must postulate water, for although its source is
independent of the soil many of the operations of cultiva-
tion are directed towards conserving and getting full duty
out of the rainfall, and the reckless treatment of the soil
may turn an adequate rainfall to waste. There is a quantita-
tive relationship, not a fixed ratio but one ranging from
250-400 to 1, between the water evaporated through a
plant and the dry matter produced, and this imposes a
limitation on the production of many areas with a low rain-
fall and no irrigation water.

Soil fertility proper is, however, conditioned by the
presence of three main constituents of the compounds of
nitrogen, phosphorus, and potassium. The two latter, the
mineral elements, are derived from the basic minerals of
the rocks out of which soils grow, and such losses as the
soils suffer by their removal in crops have to be repaired
from the same source. Some soils and their parent rocks
are deficient in one or both of these constituents, so defi-
cient as to constitute the limitation to production, and
ultimately this limitation can only be removed by the
bringing in of some extraneous supply.

Nitrogen is, however, the dominant element in plant
nutrition, for though the others are no less indispensable
the plant generally makes shift to get enough of them out
of the soil if the supply of nitrogen and water 1s assured.

Now, the higher plants can only utilize compounds of
nitrogen and cannot assimilate the free nitrogen gas of the
atmosphere. Moreover, the earth’s crust can have started
with but a small stock of combined nitrogen, and every
time organic material is burnt the nitrogen therein goes
out of combination into the gaseous state. On such a basis
there is no source in sight for either the original stock of
combined nitrogen in the world’s soil and living organisms,
nor any adequate means of repairing the losses it suffers by
conversion into the free gas. But just about sixty years ago
one agent was discovered which is at work bringing nitrogen
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into combination, in the shape of certain bacteria which
live symbiotically in the nodules that are found on the
roots of the leguminous plants. Plants of this family are
distributed the world over and some members play a promi-
nent part in the farming of every country, e.g. the clovers,
peas, and beans. It is not surprising that this source of
combined nitrogen should have remained so long unper-
ceived, for it was only in the later half of the nineteenth
century that Pasteur’s work had begun to make people
conscious that bacteria possessed functions and were active
agencies in the organization of life. The practical man had
been applying the principle involved from the beginning of
time; the earliest records of agriculture tell us of the well-
tried experience that the growth of crops like vetches or
beans was the best preparation for a succeeding crop of
wheat.? The bacteria associated with the leguminous crop
gather from the air not only the nitrogen contained in the
crop that is harvested, but much more that is either left
behind in the roots or excreted during growth whereby
the land is left richer in nitrogen than it was before. In
one of the classical experiments of Lawesand Gilbert a piece
of land sown with clover in 1883 produced crops which re-
moved some 320 lb. of nitrogen per acre, and yet the surface
soil at the end contained 175 lb. more nitrogen than it
possessed at the start of the experiment. It will be found
that all the systems of European agriculture, which have
maintained the land in cultivation for many centuries with-
out exhaustion though perhaps at no high pitch of fertility,
are based upon a rotation which includes one or more
leguminous crops at regular intervals, whereby the nitrogen
stock is restored. It is this inclusion of the leguminous crop
which differentiates the conservative rotation from the
wasteful mining into the resources of the soil such as took
place in the early exploitation of the Middle West by the
continuous growth of maize and wheat. Many African
settlers have found how quickly soil exhaustion can set
in under repeated croppings of maize. An experienced
farmer in Kenya found that after the eighth growth of
maize the land would no longer produce a paying crop;
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I have seen the land indeed almost infertile after a third
crop.

The discovery of the nitrogen-fixing power of the bacteria
associated with the leguminous plants did not long stand
alone as the only example of such bacterial actions. In that
case the host plant supplies the bacteria with carbohydrate
by the combustion of which the bacteria derive the energy
required to bring the free nitrogen into combination. There
is a real partnership, for the host plant gets in return nitro-
gen that it requires for its growth. As Thorntont* has
shown, under adverse conditions the bacteria become para-
sitic and rob the host plant of its substance without giving
anything in return. Though the organisms associated with
the leguminous plants may be regarded as belonging to a
single species, Bacillus radicicola, there exist certain physio-
logical strains appropriate to particular groups of host
plants and differing in their efficiency as nitrogen fixers.
These differences are becoming of practical, even of com-
mercial importance, for with the extension of cultivation of
particular legumes on to land that has hitherto not carried
that or a closely related species it becomes necessary to
inoculate the seed with a pure culture of its appropriate
strain, and such cultures are now prepared for sale. In
England, for example, inoculation is necessary when intro-
ducing lucerne or soya bean into new areas.

The leguminous organism has little power of fixing nitro-
gen when grown as a pure culture without its host plant,
but, as was to be expected, several other organisms have
been discovered which can bring nitrogen into combination
when living free in the soil. Of these the most significant
is a large bacterium named Azotobacter chroococcum by its
discoverer, Beijerinck. It may easily be isolated and shown
to fix nitrogen by introducing a trace of almost any culti-
vated soil into a sterile nutrient solution without nitrogen
but containing a carbohydrate (maltose is the most effective
for experimental purposes) and some calcium carbonate to
neutralize the acids also produced. As much as g—10 mgm.
of nitrogen is fixed for each gram of carbohydrate oxi-
dized. The Axzotobacter organism is widely distributed
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throughout the world; it has been found in the fertile soils
of every continent, particularly in the deep black soils,
though only in soils possessing a neutral reaction and con-
taining an appreciable amount of calcium carbonate.’ In-
deed, to the fact that this organism is only active when the
soil reaction is neutral or slightly alkaline we must attribute
the experience that the soils duly supplied with lime are
the fertile soils of the world.

The noteworthy feature of the action of Azotobacter is
that it provides the mechanism by which nitrogen can
accumulate in soils which are not carrying a leguminous
vegetation. In the absence of legumes mere plant growth,
however long continued, cannot add to the stock of nitro-
gen, though the vegetation is allowed to decay and return to
the soil the nitrogen it has taken out. But when the carbona-
ceous matter manufactured by the plant in the year’s
growth falls back to the soil it provides the source of energy
for the Azotobacter, whereby to bring nitrogen into com-
bination and so increase the stock in the soil. The classical
example of this process is afforded by the area at Rotham-
sted, part of the wheat field, which has been allowed to
run wild and acquire a spontaneous self-sown vegetation
which has never been harvested or grazed. Initially poor
in nitrogen, the soil of this area when examined many years
later was found to have enriched itself by an amount
approximating to 100 lb. of nitrogen per annum.® A similar
area at Rothamsted, but situated on soil almost devoid of
carbonate of lime, had in the same time only gained about
half as much nitrogen.

It will be seen at once what bearing this observation has
upon that characteristic feature of native agriculture in so
many countries—shifting cultivation, the practice by which
the cultivator clears a patch in the bush and crops it for
perhaps a period of three years. He then abandons it for
another clearing, and does not recur to the same land until
a varying number of years have elapsed, during which the
land accumulates fertility again and the weeds of cultivation
die out.

‘T'o complete the scientific basis of these observations on
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the accumulation of fertility as a result of bacterial actions
when the carbohydrate material of natural vegetation is
allowed to fall back to the soil I must refer to another series
of experiments at Rothamsted made by Dr. H. B. Hutchin-
son.” He took one of the continuous barley plots which by
long cropping without any nitrogenous fertilizer was in an
extremely exhausted condition as regards nitrogen, though
for many years it had been receiving phosphates and other
minerals and it also contained a sufficiency of calcium
carbonate. Half of the plot was treated with carbohydrate
(sugar, in one case starch) at the rate of 1 ton per acre,
which may be taken as fully equal to the carbohydrates
contained in the year’s growth of natural vegetation. To
summarize the experiment, which extended over a period
of six years, when the carbohydrate was applied in the
spring its effect was negative, there was a definite reduction
of crop. But when the application was made in the autumn
there was an increase in the following crop, on the average
of 37 per cent. The determining factor lay in the tempera-
ture of the soil following the application. At the time of the
autumn dressing, September, the soil was still warm enough
to permit the Azotobacter to get to work and fix nitrogen
which became available for the crop of barley sown in the
following spring. At the time of the spring application,
however, the soil was too cold to activate the Azotobacter,
whereupon other oxidizing organisms working at a lower
temperature attacked the carbohydrate, but not being nitro-
gen fixers they had to obtain the nitrogen they also required
from the small stock in the soil. As the barley was sown
shortly after the application these organisms were thus
competing with the barley for what little available nitrogen
there was in the soil, with the result of a smaller crop.
Further experiments confirm both conclusions, first that
the nitrogen-fixing organisms require a fairly high tempera-
ture in the soil, and, secondly, that when active bacterial
action is going on in the soil, breaking down vegetable
matter which is not itself rich in nitrogen, the bacteria
enter into successful competition with any growing crop
for such reserves of active nitrogen as may be in the soil.

LIBRARY
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This latter observation has an important bearing on the
variable results that have been obtained from green manur-
ing. It may also be noted that in Dr. Hutchinson’s experi-
ments a parallel series on another plot, equally starved of
nitrogen but also exhausted of phosphate, did not show
any significant gain from the application of carbohydrate.
The Azotobacter cannot work without a due supply of the
mineral elements of fertility, notably of phosphoric acid
and carbonate of lime, as other experiments have shown.

Having thus briefly discussed the scientific basis of the
natural process whereby fertility is maintained in or re-
stored to the soil, we may proceed to a consideration of the
methods of farmers in the old settled countries of the
world where intuition and experience have evolved methods
of securing continuous production from the land without
the menace of soil exhaustion.

In our own country it may be presumed that the earliest
farmers practised a form of shifting cultivation, the in-
fluence of which may still be seen in the West and North,
in the distinction between outfield and infield in the old
Scottish farming, and in the Welsh custom of moving the
arable cultivation from field to field round the whole area
of the farm, most of which at any one time will be in grass.
When no extraneous source of fertility is available, arable
cultivation and continuous cropping with cereals is ex-
hausting. But the fertility gradually returns when the land
i1s left for a few years in grass, partly because of the natural
ciovers and other leguminous plants that spring up and
partly because the roots and other vegetable residues that
fall back to the soil provide material which enables the

zotobacter organisms to collect nitrogen from the atmo-
sphere. At the same time the phosphoric acid and potash
are also being added to the surface layers as they are brought
up from the subsoil by the deeper roots of the herbage
plants. It is not a high level of fertility that can be thus
maintained, but it was sufficient for the small population
and the low standard of subsistence then prevailing.

With the arrival in Britain of certain of the Teutonic
tribes, presumably even before the Roman conquest, came
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a more definite system of fixed agriculture which has left
its marks upon the land even to this day. Many of these
tribes, not however all, both then and in the later Saxon
invasions, brought with them a form of land tenure which
was widespread over Europe, and indeed seems to be part
of the inheritance of a considerable section of the Aryan
folk. This was the strip system of arable farming whereby
the cultivated land was divided into three fields, one devoted
to winter corn—wheat or rye, another to spring corn as
barley or beans, while the third was left fallow. In each
of these fields every member of the community possessed
the use of a certain number of units of land, which he
cultivated for the appointed crop and took the produce.
Outside the three fields was an area of communal grazing.
How far the tenure was originally communal is still a
matter of dispute; at any rate in Britain it emerges in his-
tory as the manorial system in which there is an overlord
owning the whole group of fields and waste, but subject to
the customary tenures of the cultivators. The historical
aspect is outside my consideration, but from the point of
view of the conservation of fertility we find two crops
grown for food, and thus exhausting, followed by one year
of rest, when the growth of weeds would have some re-
cuperative effect. In so far as beans were grown on the
spring-corn field these would also bring about some re-
cuperation. While there is evidence of some use of the live
stock to restore fertility to the arable land by folding them
there at night after they had been grazing by day on the
waste, and at other times by confining them at night and after-
wards collecting the dung for manure, yet these restorative
measures were of small efficiency and the level of production
that could be maintained was very low. Walter of Henley,
writing in the thirteenth century, and another almost con-
temporary author, when the system was in full vogue, speak
of threefold up to fivefold returns for wheat, rather more
for rye and barley, if the crops were successful. We shall
not be far out if we take for an index an average yield of
10 bushels of wheat per acre for a sowing of 2 to 3 bushels.

The pressure of population and the desire to get a cash
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return as well as subsistence from the land gradually
brought about a change of system—the enclosures, which,
beginning in Tudor times and culminating perhaps in the
eighteenth century, are now completed save for one or two
examples of the old tenure which rank almost as museum
pieces.® The communal farming was too restrictive of the
powers of the individual to vary his cropping or improve
his land; the act of enclosure re-parcelled the lands of the
manor and gave each of its tenants a piece of land in free-
hold, proportional to the extent of the strips he had held
before in the common fields. As the owner could now
fence his fields he could begin to grow fodder crops for his
live stock and to bring the resulting manure back to the
land from which it had originated. At about the same time
as the enclosures got under way, English landowners were
coming into contact through the wars of religion with
European countries in which still persisted some of the
methods and the crops of the old Roman farming, which
had possessed a far more skilful technique than the three-
field system of the barbarians who swamped northern
Europe. From Flanders and France were introduced root
crops for stock feeding, and sown grasses, clovers, and
lucerne; by means of which towards the end of the seven-
teenth century the eastern county farmers of England had
evolved a routine—the four-course rotation, which with
local modifications has dictated the order of British crop-
ping down to the close of the nineteenth century.

In the four-course rotation the crop of turnips or other
roots was followed by a crop of barley in which the small
seeds were sown so as to give a crop of clover, pure or
mixed, in the third year. On the sod of the clover ley
ploughed at the end of summer the wheat crop came,
whereupon the cycle was renewed again. Of the four years’
produce only the wheat and the barley grain were sold or
consumed away from the land, and their straw was trampled
down to manure under bullocks receiving the roots and the
clover hay. The covenants were rigorous against the sale
of anything but the grain; thus the system was conservative
of the fertilizing materials taken from the soil, while the
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clover (alternatively beans) coming every fourth year was
recuperative by reason of the nitrogen collected by bacterial
action. The change to this system from the old open-field
farming was accompanied by a considerable increase in
production and in the level of fertility maintained in the
soil. By the end of the eighteenth century we can gather
from observers like Arthur Young and Marshall that the
average crop of wheat was about 20 bushels per acre, and
if the four-course system only gave two grain crops in four
years instead of two in three years of open-field farming,
the other two years were producing beef or mutton, instead
of the entirely unproductive fallow in the third year of the
old system.

How effective a leguminous crop can be in collecting
nitrogen to maintain the fertility of the soil under con-
tinuous cropping may be seen from one of the Rothamsted
fields, Agdell, which is cropped under the four-course
rotation.® One of the plots has received no nitrogenous
fertilizer since 1848, but i1s supplied with superphosphate,
potash, and other mineral constituents. Taking the mean
of the yields during the twenty years 1884-1903, a period
beginning no less than thirty-six years after the supply of
nitrogen as manure had ceased, the crops amounted to
38 bushels per acre of wheat, 20 bushels of barley, 10} tons
of swedes, and 33 cwt. of clover hay (alternatively in one
year 28 bushels of beans), all removed, for nothing of the
crop gets back to the land except the roots and stubble of
the clover, wheat, and barley. On a parallel plot similarly
managed but where the swedes were ploughed up and
chopped in as some equivalent to the usual return of the
farmyard manure resulting from the crops grown, the
yields became 41 bushels of wheat, 29 bushels of barley,
12 tons of swedes and 38 cwt. of clover hay. Now this
represents a higher level of production than was on an
average being obtained from English land in the same years.
All this production, which on an average permanently
removed 38 1b. of nitrogen per acre per annum from the
soil, was being maintained by nitrogen drawn from the
atmosphere without any nitrogenous fertilizer.
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The four-course system was in its way something to be
proud of as an example of sound intuition, maintaining the
fertility of the soil at a fairly high level when farming on a
relatively large scale. It will be noted that the foundation
of the system is the regular recurrence of the clover crop,
gathering nitrogen both by the bacteria in the nodules on
its roots and by supplying organic matter to the soil by the
oxidation of which the Asotobacter organisms could fix
further nitrogen, adding also a stock of humus whereby
the texture and relations of the soil to water are improved.

At this stage in the history of British agriculture a new
factor enters—the introduction of extraneous sources of
fertility, the so-called artificial manures. Just about a cen-
tury ago nitrate of soda began to be brought from the
Iauﬁc bones from Europe or India; the new gas works
began to provide sulphate of ammonia, a little later Lawes
was manufacturing superphosphate from fossil animal re-
mains. For the farmers of Britain fertility was also being
imported in feeding-stuffs for our cattle—maize, linseed,
and other grains containing nitrogen and some amount of
phosphoric acid and potash. Our land was raised thereby
to a new pitch of fertility, the 20 bushels of wheat per acre
—the norm of the eighteenth century of self-contained
farming, became 30 bushels per acre by 1870 and only
price considerations prevented a still htgher yield. The
range and extent of the artificial fertilizers have been enor-
mously extended, indeed as regards nitrogen have taken a
new leap since the War has brought to such a pitch the
methods of bringing the atmospheric nitrogen into combina-
tion. As part of the great war machine each nation under
the new nationalism must maintain its establishments for
manufacturing synthetic nitrogen products, for nitrogen
is the basis of explosives as of fertility. The output of
fertilizers in peace time can be switched over to explosives
in war. British farmers are sometimes reproached for not
making more use of the cheap nitrogenous fertilizers nowa-
days at their disposal, but for a long time world prices of
agricultural produce have not encouraged expenditure. In-
stead, we see a considerable development of the natural




















































































































































































































































































