2 5 Factors of soil formation

The factors approach to soil genesis provides a systematic way to examine
relationships among soils and to explain how and why one kind of soil

differs from another. Five soil-forming factors are: parent material, time,
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climate, organisms, and relief (topography). Each of these factors is consid-
ered to be capable of affecting the soil independently. In many instances one
or more of the factors may be dependent upon another; for example, or-
ganisms may be dependent upon the climate. At other times, the clir;late
may be same but the organisms may differ. For example, at or near a prai-
rie-forest boundary, both the prairie and the forest share the same climate,
but the plant and animal populations of the forest and the prairie differ. In
such a situation, organisms may have an independent effect.

Jenny (1941) showed how equations for a given soil property, for select-
ed groups of soils, could be developed using the factors approach. The soil
property, designated as S for a general equation, was stated to be a function

of (dependent on) five factors. -
| S = f(cl, o, 1,p, t

where cl = climate, 0 = organism, T = relief, p = parent material,and t =

time.
This equation can be applied to related soils in the following way. If
he five factors differs, the rémaining factors arc considered to

only one of t
dered to vary, the equation

be constant. For example, if only time is consi
could be written as: : :

§=f(t)c,orp
This equation represents the case when S, a soil property like the organic
orizon, for example, is a function of time or the

carbon content ofthe Ah
factors remaining constant.

age of soil, with the other
Sequences. R ils that differ i e
os are referred to by terms

come to be re arded as sequences, Such sequenc
that make reference to The factor that is thought to be primarily responsible

for soil differences across the sequence. For example:
Soils differ in parent material.

Soils differ in soil age.

Soils differ in rainfall.
Soils differ in air and/soil temperature.

Soils differ in organisms. |
Soils differ only in topography. pommonly these
are drainage catenas, Of hydrosequences.

Climate apd organisms have been considered to be the active [Ectors. the
or other

driving forces that promote the processes that causc changes in sO ‘
ecosystem properties during the course of soil genesis. Pargil materigl,

tgggggphy, and time are called passive_factors, which may inhibit of resist
the general process of soil formation.

Lithosequences
Chronosequences
Rainfall sequences
Temperature sequences
Biosequences
Toposequences
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2.5.1 Parent material
Parent matenal refers to the consolidated or unconsolidated initial material

from which soul develops. In field examination of soil, the lower stratum, or
C honzon below the solum, is usually designated as the parent material. In
some cases, however, this may not be true; for example, in soil developed
in thin, wind-transported material on any rock. The nature of the parent

matenal profoundly affects the properties of young soils, and even of the
oldest souls in and chimates.

Parent matenals can be divided into consolidated rock materials and
unconsolidated materials transported by various agencies— water, ice (gla-
ciers), gravity, and wind. Rock types and their properties have been de-
scribed in Section 2.2. Parent material may be formed by weathering pro-

cesses on rocks in situ as saprolite or regolith, where residual or colluvial

soils develop. Such materials are common on the slopes of hills and moun-
tains in the northern and western parts of Pakistan. Parent materials may

also be transported to other places and redeposited to act as an initial-state

soil system.
The transported materials are named according to the transporting
agencies and site of deposition. Material deposited by water is alluvium.

Alluvial material deposited by descending streams, rivers, or even torrents
creates the landforms called alluvial fans, which coalesce to form piedmont

plains at the foot of mountain ranges in the highlands of Pakistan. Piedmont
plains are characterized by coarse textured and well-drained soil at the apex
and fine-textured and poorly-drained soil at the fan basé. In arid climates,
even accumulated salts occur at the base of the fan. The vast area of the
Indus plain consists of river.alluvial plains made up of levees, basins, and
terraces. Before it joins the Arabian sea, the Indus river forms a delta.plain

in Sindh province. -
deposited at the foot of steep slopes by gravity.

Colluvial material is
Lacustrine deposits consist of the alluvium deposited by rivers in quiet water

of lakes. Glacial drifts consist of all the materials picked up, mixed, disinte-
grated, transported, and deposited through the action of glacial ice, or of
water resulting primarily from melting of glaciers. This landform is common
at high elevations in the northern part of the country. Wind-blown material
called eolian deposits are either in silt-sized particles (loess) or sand parti-
f:les (sand dunes) either stabilized or shifting. Within Pakistan, loess is found
in the Pothwar plateau and sand dunes in the deserts of Thal and Thar. The
origin or place of removal and time of deposition of these-wind-blown
deposits are not fully known, however some localized sandy deposits are
sroducts of the physical weathering of nearby sandstone, like the sandy

naira of Swabi and Karak Districts in the NWFP. A

L



cipitation, wind

S(s) =fm),T,orpt
The other expresses soil properties as a function of temperature.
S (s) = f(T), m, 0,1, p, t

The climate of Pakistan can generally be described as subtropical conti-
nental, ranging from arid/hot or arid/cool to subhumid/humid. Nearly two-
thirds of the country’s area is hot/very hot and dry with less than 200 mm
annual rainfall. A small coastal arca has a hot, dry, tropical marinc climate.
Central Punjab and parts of Pcshawar, Kohat, and Bannu rcgions have
semiarid climate with less than 500 mm annual rainfall. Sialkot, Gujrat, and
lower Pothwar, Mardan, and Swat have a subhumid climate with less than
1000 mm annual precipitation. A small area of Hazara and Northern M-
war are cold and humid (annual rainfall more than 1000-1500 mm). Chitrad,
Gilgit, and the hjgh mountains in other parts of the country have dry,
arid climate. ;

Relationship between soll properties and moisture factors. Mhé
important in soil formatiop, because water is involved in most of t pt
cal, chemical, and biochemical processes, such as biomass produd
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mincral weathering and cl; '
clay formation, t ocati -
. ) ransloc; b
soil, and leaching of soluble salts ' slocation of colloids within the

Total soil nitrogen and organic m

. atter increase with increasi ;
at a given temperature. This re crcasing moisture

land soils because ) la“o."ShiP is especially pronounced for grass-
use there is actual increase in biomass production with in-

Creasing precipitation. In arid and semiarid climatcs most of the water is |
through Cvapotranspiration, which results j i o eris oSt
responsible for the | N In scarcity of _vegctation and is
pIn general soilso::,f nltf: gL‘n.level . ""e son!s of Fakistan. -
lant food than arid reglons are richer in solublc constituents and
P an t!losc of humid zones. Little mineral weathering takes place,
’z};d the wcat‘hcrmg products are not rcmo\{cd fr.om sf)il through leaching,
¢ presence or absence of a carbonate horizon is an important visible soil
characteristic. Well-developed soils in rcgions of low rainfall have in their
profiles a layer of carbonate concretions that contain more CaCO, and
MgCO3 than the horizons above or below. In highly developed well-drained
soils of humid regions, the carbonate horizon is usually missing. Under
constant temperature, the depth of the CaCOj, accumulation layer increases
with increase in effectivé precipitation. Soils containing a CaCO, layer are
called pedocals. |

Soils of humid regions have more biomass production and weathering
than arid zonc soils because of the surplus water available. In general, an
increase in precipitation is associated with an increase in weathering and clay
formation. Surplus water is cffective in the translocation of colloids and
removal of soluble weathering products from the solum. Humid region soils,
when compared to arid and subhumid soils, tend to have a greater clay con-
tent, greater acidity (lower pH), lower base saturation and lower fertility. In
extremely humid climatcs, weathering is sb intense that the primary mincrals
are completcly dissolved, releasing iron oxides. Such iron-oxide containing
soils have been termed pedalfers. Duc to high amounts of organic and
inorganic colloids in pedalfers, cation exchange capacity and total.ex‘changc-
able cations (exchangcable bases + exchangecable Al) of t‘hc soil increase
with precipitation in regions where the tcmperature rémains more or less
constant. However, in cold humid regions (¢.g. Russia in the latitude .of
Moscow, western European countries), cxchangeable H (Al) (soil acidity) in-
crease is associated with a decrease in exchangeable bases.

In Pakistan there is not enough eftcctive rainfall to '§h'ow'any pro-
nounced effect on soil properties, cxcept that littering, humification, ‘shtg:t
decreasesin soil pH, and decalcification of the solum have been noted in the
cold subhumid/humid mountainous regions (€.g. Murree, Hazara, Swat). f

Relationship between soil properties and ttlampe-ralure: Bccéusle (:.
intensive weathering, soil depth is much greater in hot hu:ud ;irloi];li:‘ lr .
gions than it is in cold arctic rcgions,vwhefc'thc‘ depth of the : balanceyof
few centimeters. Temperature exerts a deciding influence on the
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::;( ;l)'rno:eurclt’igr ar;d df;composition of organic matter. Studies have shown
S ot uniform moisture conditi ¢ '

the average nitrogen and organic mmtcrng:r::?:ti:v'}(lt;g?:i:‘:l‘::t::l:c\;gfltan(:\n’
mcan‘annuzll temperatures rose. This could be due to increased ratst i’
organic matter decomposition with increasing temperature. Van't :lgﬁ(’,
(empera?urc_rule: "For every 10°C rise in tcmperature, the rz;tc of a chem:
cal reaction increascs by a factor of two to three”, is also applicable to clay
formation. The higher the annual temperature, the greater is the clay con-
tent of comparable soils. In Pakistan, the mostly arid climate with very hot
Summer temperatures is responsible for the low organic matter content of
the soil. Whatever little plant residue is added is rapidly decomposed, rather
burnt, in the hot summer environment,

2.5.3 Organisms

The organisms factor includes both plants and animals, including man.
Pl.ar_lts atfect soil formation through organic matter accumulation, profile
mixing, nutrient cycling, control of the hydrologic cycle, and providing soil
structural stability. Plant root exudate and organic matter transformations
arc sougces of energy and nutrients for micreorganisms. Some microorgan-
isms, like bacteria and algac, fix atmospheric nitrogen alone or in association-
with higher plants. Soil animals influence soil formation by consuming or
decomposing into organic matter, but their main role is as carth movers. In
Jenny’s factor approach, organisms arc studicd as an independent variable
of soil formation. However; the biotic factor in pedogencsis is difficult to
assess quantitatively because of the dependence of this factor on all the soil-
forming factors. o |

Organisms as dependent variables. Differcnt parcnt materials/parent
rocks support diffcrent vegetation types. During soil- survey in Merida
(Spain), the author obscrved mostly oak plants on granite and olive Plants
on granodiorite rocks. In general, as soils get older, chang,cs such as incor-
‘poration of organic matter, leaching, mineral transformations, and chemical
and physical changes in the rooting medium support ‘d.xftcrent types otj
vegetation. The broad climatic zones of the world havc diffcrent vegetation:
tropical rain forcsts, coniferous trees of the temperate zone, short to tall

grass of semiarid and subhumid regions, and the t

mates. |
In soils formed on the same parent material, reliet controls the natural

vegetation. In humid climates, forest is the natural vegc_tation on wel.l-
drained soils on higher positions in the landscape, wh.crcas hydrOP";Y‘.'C
(water-tolerant) plants (c.g. cattails) are _adapted tq growing on Wet scl)tliollrj
the lower parts of the terrain. Similarly, 1n arid regions halophytic (sa e’
erant) plants, e.g. Atriplex, grow on saline soils found in low-lying por

horny bushes of desert cli-
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of the landscape, and less salt-tolerant but more drought-resistant xerophyti
a8 .c

plants (e.g. cacti) on the upper dry parts of the slopes
Organisms themselves can affect the growth of other organisms; for

example, biological N, is fixed by bacteria in association with host le :
plants. The growth of one species may be depressed by the gmwtﬁ of a?::hl
cr organism. This situation is called allelopathy, the harmful effect of on;:
plant on another through the production of chemical compounds. This can

happen between any two types of organisms.
Organisms as independent variables. Soils developed under forest

versus pra.iric vegetation at prairic-forest boundaries have been studied by
soil scientists. The forest soils commonly show greater leaching of cations,
correspondingly lower pH, and greater clay translocation than do adjacent
grasslfmd soils. There is more surface deposition and decomposition of
organic matter from trees. On the other hand, the organic matter content
of the grassland soils is much higher, cspecially in the subsurface horizons.
This gives the soil a darker colour, and higher moisture and catior exchange
capacity than the forest soils have. It leads to the formation of a mollic
epipedon (surface horizon) in the grassland Mollisols. In forest soils, clay
accumulation in the B horizon (argillic horizon) places them in the order of
Alfisols.

"~ There are also noticeable differences between soils formed under
conifcrous and under deciduous trees. Soils under conifers have greater
amounts of organic carbon and total nitrogen, lower pH, grecater amounts
of Na, K and P, and lower amounts of Ca and Mg, than soils under decidu-
ous trees. ,

Another example of the cffect of organisms on soil formation is Basket
or Giant podzols under kauri trees (Agatha australis) in New Zcaland and
Tasmania. Litter of a large kauri tree produces a podzol under its canopy,
whereas the surrounding soil which is under other types of vegetation has

an argillic horizon.

2.5.4 Topography
Topography or relief refers to the configuration of the land surface, and can
be described as clevations or incqualities of land surface considered collee-
tively. Some terms employed for describing topography are level or flat,
undulating, rolling, hilly, and mountainous. Major topographic features ca§ily
recognized are mountains and valleys, escarpments, troughs and ridges,.hllls,
plateaus, and flood plains. All such rclief features are present in szklstan,
from the lofticst mountains to the slightly sloping vast plain including the
delta of the Indus River. | '
Relicf controls soil formation as an indepcndent variable; howcvcr- it
can also be treated as an interdependent factor. For example, relict
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inﬂucnce§ the Qistrilwlxti()|1 of climatic forces and agencices on soil material
et o north o o s SIS he it
ST ATt and aci z?sl(\pus. he formation of initjal parent
n'futcrml 1S al.so controlled by relief. In the Indus alluvial plain, levees of
hlghcr.cl_c.\'ullon near river banks have coarser material than the finer-tex-
turcd mtial material of the nearly level basin arcas, and the piedmont
alluviym near the mountains is coarser and more angular than that of the
arca turther away from the mountain range. Relief itself changes with time:
sloping lands are eroded, alluvial plains formed.

Thus topography is commonly considered to be a factor that modifies
the etfects of the other factors of soil formation. Topography influences
protile development through its effects on the quantity of precipitation ab-
sorbed and retained in the soil, the amount of water lost as runoff, soil
crosion, drainage, and microclimate of the site. Changes in microclimate
include temperature differences caused by aspect, the compass direction of
the slope, and the combined tempcerature and rainfall effects which control
the type of vegetation on high elevations.

Effect of slope on soil genesis. Slope controls the following soil proper-
ties within a specific geographic region: (1) depth of the solum, (2) thick-
ness and organic matter content of the horizon, (3) relative wetness of the
profile, (4) colour of the profile, (5) degree of horizon differentiation,
(6) soluble salt content, (7) kind and degree of pan devclopment, (8) tem-
perature, and (9) character of the initial material.

The above changes depend upon the steepness and length of the slope.
Generally the high arcas (hilltops, upper slopes) on convex slopes are rela-
tively dry because of high runoff and low infiltration, have high erosion
potential, and are warmer than low areas. Low areas (lower slopes, concave
depressions) may be scasonally wet or have permanent high water table; thu's
they are poorly drained and have a lower temperature. They receive sedi-
ments, salts, ions, clays, and carbonates from the upper slopes. Thus ll?c
soils on the upper slope are shallow and coarse or even gravelly, lower n
pH, soluble salts, and organic matter content, lighter in colour aqd wc!l-
drained; whereas those of lower slope areas are finer in texture, higher in
pH, soluble salts, and calcium carbonate, darker in colour, and have im-
peded drainage. o

In the northern hemisphere, soils on south and west-facing slopes
receive more direct rays of the sun and are, therefore., warmer and dner
than north and east-facing slopes. In the southern hemisphere, thcl reverse
situation helds: north and east-facing slopes arc warmer anq dricr than
south and west-facing ones. In cold wet arcas, thcsg warmer sites ltlay E)c
more productive because of their more favourable soil moisturc and temper-
ature. In arid climates, on the other hand, the south and west-facing slopes
have thin caile and lese veeetation.
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: ") describes the suite of contig-
The catena. The term catena (1at ‘chain )dnsuﬂ'w;.“s m; " scquence of
. alley bottom. This s a '
‘ *Xte ) trom Wl top to valley i
ous soils extending ot R

E.\ Is along a slope which are mamly ditterentiated by tope Bre p' (y".] e
e \ nl "ncn vindicates a recurnng sequence of soils ‘“f“l";‘b '|g hes in
dLC. YO W ‘ ‘ . ‘ neeet \ o 5 <ol
fncncr;ull\ undulating landscape. The catena is restrictec
climatic zone, although soil microclimate varies.

2.5.5 Time

: . cvelopment of
Most soil-forming processes arc time-dependent, So,lh‘c :cm T?mc itself
many of the teatures of soil profiles are also t|mL-QLPL" hi :h the other
does not do any thing, it acts as a kind ot multiplicr by whic

tactors arc manifested in the soil. The relation of spils to llm.C ma?ll be
discussed with respect to (a) age of the soil, (b) relative stage of develop-
nt, and (c) rate of formation. ‘

e a. Abs(ol)ute dating of soil horizons and profile. To assess the effect of
time on soil formation, it is nccessary to measure how long (ycar._%) and_. at
what intensity a particular pedogenic reaction has operated on a soil profile.
But this is difficult because the value of a soil-forming factor may change
with time depending upon climatic changes and other catastrophic cvcntg.
Time zero is considered to be the time at which the development of a soil
begins, i.e. when the parent material starts to be acted upon by biotic or
chemical environmental forces, Catastrophicevents produce parent materials
and provide the Opportunity to estimate the age of soil horizons/profiles.
Such deposits may be glacial drift, lava flows, mudflows, landslides, acceler-
ated erosional surfaces or deposits, flood deposits, and land creation or land
submergence. Scientists have studied the profile development of some of
these recent parent materials. However, the majority of soils have an un-
known or doubtfu] time span of development, and might have been formed

(polygenic) as compared to

. rastically over geological time: the most recent
major changes were associated with the gt

‘ ‘ ernating glacial and interglacial

periods of the Pleistocene. Major climati '

rising and falling of sea Jeye] ¢position, which induced

fsostatw. Processes in the earth’s crust, all of which produced radicg] changes

In the distribution of par i » and in the shapes of
The absolyte age of soils can be

counts, radiometrjc mcthods (¢ gut

estimated approximately by tree ring
ng
ments) or carbonate C in caliche layers,

and decay of other radioactive ele-
It is estimated that an Inceptisol
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profile may take 200 years to develop and an Alfisol profile 4000 1o 10,00)
years, assuming moderate Intensity of the Factors of soy formation

Rate of soil formation. Some conditions hasten the rate of SO

ment; they include warm humid climate with

unconsolidated parent material with Jow lime content and hi
minerals, and fl; ) i

il develop-
ation, permeable

, dry climate, grass vegeta

- tion, consohdated
aterial with poor drain

age, and steeply sloping topog-
raphy.

The rate of soj] formation as g whole varies over time. Characteristics

of a young soil change more rapidly than those of older soils. The intensity
ot individual processes also varies over time. For Instance, there is rapid

1l, because the rate of addition
1s higher than that of decomposition. In mature soil, additions are counter-

balanced by losses; and old soil is characterized by declining organic matter.
In young soil there is more clay formation because of the presence of prima-
ry minerals, while in mature soij there is less. However rates of soil devel-

opment are extremely variable. Boul et al. (1980) summarized the general
picture of rates as follows,

A horizon 1-20 years/cm
A plus B horizon 40-100 years/cm

Complete weathering in the solum  100-750 years/cm

Stages of soil development. A soil profile can att
librium if the rate of weathering of parent material
natural erosion. Pedogenic processcs, however, gener
cquilibrium at different rates, following a type of ‘law o
with respect to time. We spcak of young, mature,
weakly, moderately, or strongly developed in morphological characteristics
with respect to other soils in the same geographic area, or to soils that are
pedologically similar in different arcas, Young soils have more propertics
associated with the parent material, while mature soils have steady state

equilibrium with respect to the parent material. In mature soil, different
genetic horizons are discernible,

ain steady state equi-
matches the rate of
ally proceed towards
t diminishing returns’
and old soils which are



