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INTRODUCTION
 

At present there are conflicting views regarding the use of animal
 
traction in agriculture. Some, hypothesize that increased production can
 
be realized only through the use of mechanization - mainly tractorsl/.
 
Strong proponents of this hypothesis consider use of animals as a retarda
tion to development. Others see animal power as an intermediate stage to
 
mechanization or as a panacea to achieve agricultural progress in develop
ing countries. Such opinions serve mainly to propound a simple and gen
eral solution to a very complex problem as neither mechanization nor ani
mal traction can be singly employed under all conditions. Failure to im
plement agricultural development programs which integrate both mechaniza
tion and animal traction will continue to result in inefficient use of
 
resources to enhance agricultural production. This is especially the case
 
on small farms where capital resources are limited (McDowell and Hilde
brand, 1980).
 

Although agricultural mechanization has increased at a rate of 1 to
 
1.5% per year in the developing countries (Chantalakhana and Na Phuket,
 
1979), draft animals continue as a major source of farm power. Hopfen
 
(1969) estimated that nearly 98% of the total agricultural power available
 
in the People's Republic of China, Indonesia, Korea, and the Philippines
 
was derived from animals. Draft animals provided 64% of the effective
 
agricultural power in India in 1966, with 25% coming from human power
 
and only 10% from mechanization (Subrahmanyam and Ryan, 1975). Animal
 
draft cultivation has increased substantially throughout West Africa
 
where 10 to 20 years ago its existence was only minimal (Kline et al.,
 
1969; Uzureau, 1974).
 

Animals utilized throughout the world as a source of traction, in
clude horses, mules, asses, buffalo, cattle, camels, yaks, llamas, al
pacas, reindeer, elephants, elk, moose, sheep, goats, and dogs. In addi
tion to furnishing a source of power, these same animals provide milk,
 
fuel, wool, hair, off-spring, and by-products, such as hides, horns,
 
hooves, and meat at the end of their working lives.
 

The extent to which draft animals are employed in the world might
 
lead one to expect considerable information on guidelines for utiliza
tion, but this is not the case. Frequently, governmental organizations
 
are not structured to encompass identification of merits or problems
 
associated with animal traction. The limited research on traction has
 
resulted in data which are often unrepresentative and unsuitable to
 
"actual farm conditions".
 

-!/However, studies indicate that substantial increases in yields, timeli
ness, cropping intensity, and overall returns are not the result of
 
tractor use alone. Rather, increase in production has been due largely
 
to additional inputs, e.g., fertilizers,insecticides, irrigation, im
proved seed. Ellis (1972); Mclnerney and Donaldson (1975); Merrill
 
(1975); Binswanger (1978); Duff (1978).
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The objective of this paper is to provide a "state of the art" on
 
some of the knowns as well as unknowns about the utilization of animals
 
for traction. The major emphasis is on power fo" agriculture.
 

PRINCIPLES OF ANIMAL DRAFT
 

The efforts of draft animals are often viewed only in terms of work
 
accomplished, e.g., a plowed field, a harrowed rice paddy or goods trans
ported. The basic inanimate physical principles such as friction, force,
 
and speed which influence the process of doing the work are seldom con
sidered; consequently, the power generated by animals is utilized ineffi
ciently and less work is completed. An understanding of the physical prin
ciples involved when using animal power is essential for comparing the
 
working ability and efficiency of draft animals between and among species.
 
This chapter defines these principles and evaluates the effects on animal
 
performance.
 

A. Measuring Power
 

Although cattle appear to have been first used in 3200 BC., by the
 
Sumerians for transport, plowing, and threshing of grain (Zeuner, 1963),

it was not until the 18th century that the power produced by animals while
 
doing work was actually measured. The unit of measure was termed horse
power by James Watt, inventor of the first practical steam engine. To put

his steam engine on the market, Watt needed to determine the number of
 
horses his steam engine could replace. The amount of power was determined
 
by using horses to pull a rope passed over a pulley attached to a weight
 
at the bottom of a deep well. One horse could easily raise a weight of 100
 
lb (45 kg) while walking at 2.5 mi (4 km) per hr or 220 ft (67.1 m) per
 
min. This accomplished 22,000 ft lb (3041.6 kg m) of work). Watt in
creased this by 50% to allow for friction in his engine and for good meas
ure, thus establishing 33,000 ft lb (4562.4 kg m) er min or 550 ft lb (76

kg m) per sec as the unit of power or 1 horsepower./ (hp). One metric hp
 
is equivalent to .99 English hp or 4516.8 kg m per min. Horsepower is the
 
rate at which work is performed and is calculated using two components;
 
work (force x distance) and time. The amount of hp required to do work is
 
dependent on the rate at which the work is performed. For example, to plow
 
1 ha of land requires the same amount of work whether the land is plowed

in 6 hr with two animals or in 1 hr with six animals. However, the faster
 
the rate of work the more hp needed.
 

A more accurate term to use when describing the amount of power an
 
animal can produce is tractive hp3/ Tractive hp is measured at the point
 

-/Watt's 
 steam engine was actually capable of producing only two-thirds
 
of 1 hp (Collins and Caine, 1926).
 

-/Referred 
 to as drawbar hp in relation to tractors. Both tractive hp
 
and hp will be used interchangeably in this paper.
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where an implement or lever is attached and is the power required for pull
ing an implement, e.g., plow, cart, or operating a machine, e.g., mill,
 
press. Tractive hp can be calculated by recording the speed of travel (dis
tance x time) and determining the resistance of the load (draft) by means
 
of a dynamometer. The distance traveled in a given amount of time multi
plied by the resistance recorded by the dynamometer and divided by a con
stant equals the tractive horsepower produced.
 

tractive hp = draft (kg) X speed (km/hr)
 
270
 

For example, the draft required to pull a 40.6 cm sulky plow through a
 
15.2 cm deep Sudan grass sod is 227.3 kg. If three horses pulled the plow
 
at a rate of 3.2 km per hr the tractive horsepower would be:
 

tractive hp = 227.3 kg X 3.2 km/hr = 2.7 
270 

The power source used, whether animal or machine, must deliver more
 
than the required tractive hp to propel itself in addition to overcoming
 
the draft of the object being pulled or moved (Campbell, 1973). However,
 
due to the difficulty involved in making such a precise measurement, the
 
power exerted by an animal for its own movement is considered to be negli
gible and is not added to the basic hp required to operate or move an
 
implement (King, 1907; Collins and Caine, 1926; Vaugh, 1944).
 

B. Draft of Plows
 

The term "draft" as used in agriculture refers to the force required to
 
pull an object for a given distance. It is sometimes denoted as tractive
 
effort or tractive pull and is 
one of the major components for calculating
 
tractive horsepower. Implements employed in agriculture require a certain
 
amount of draft to be moved.
 

The draft of tillage implements, like a plow, is dependent upon such
 
factors as weight of the plow, its shape, sharpness and scouring proper
ties of the plow, angle of draft, character of the soil, skill of the plow
man, presence of different attachments, speed of travel, and size of the
 
furrow (Ellis and Rumley, 1911). Examples of variation in draft require
ments for various implements drawn from the United States and equatorial
 
Africa are in Table 1 and 2. Horsepower requirements are listed only in
 
Table 1 because the draft of the implements was actually measured by a
 
dynamometer. However, comparison of the draft requirements per area in
 
both tables demonstrates that similar amounts of power are needed for
 
tillage operations in warm and temperate regions.
 

/A dynamometer is a machine which furnishes tractive resistance at 
a
 
rate which is constant and proportional to the force that is applied.
 
A measurement is recorded graphically or visually which indicates the
 
draft or force exerted.
 



4 

Table 1. Draft requirements and speeds of operations
 
for agricultural implements (U.S. data)
 

Implement 

Depth of 
tillage 
(cm) 

Draft 
(kg) 

Draft2 
(kg/cm ) 

Speed 
(km/hr) 

hp 
required 

35.6 cm 

" 

One bottom mold
board plow 

" 

15.3 

13.0 

227 

227 

.42 

.49 

2.4-4.0 2.0-3.4 

if 

" " 18.0 191 .29 "i 

of 

it Two bottom mold

15.3 

10.2 

236 

218 

.43 

.60 

" 

" 

" 

board plow 

" 

" 

" 

13.0 

13.0 

16.5 

16.5 

346 

627 

293 

386 

.75 

1.35" 

.49 

.66 

2.8 m Disc harrow - 181 - 3.2-4.0 2.1-2.7 

" " -

206I 

250 

-

- If " 

3.0 m - 268 - it 

3.0 m - 296 - it 

2.7 m - 257 - " " 

7.3 m Smooth harrow - 336 - " " 

2.1 m Cultipacker - 136 - of it 

2 Row cultivator 8.9 246 .12 " i 

2 Row cultivator 6.4 136 .11 it " 

Source: Adapted from Collins and Caine (1926).
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Table 2. Draft requirements and speeds of operation for
 
agricultural implements in equatorial Africa
 

Speed 

Implement Draft km/hr 

Plow, indigenous .14-.70 kg/cm2 1.61 - 2.42 

moldboard .21-1.12 " 2.42 - 4.84 

disc .31-1.00 " 2.42 - 5.65 

Disc harrow,
 
single action .45-1.50 kg/cm 1.61 - 4.03
 

double action 1.20-2.70 " 1.61 - 4.03 

Rotary tiller .70-3.50 " .8 - 2.42
 

Harrow, spike or peg 1.80-2.70 kg/peg 1.61 - 4.84
 

spring tine 10 
- 25 kg/tine 1.61 - 4.84
 

Roller or puddler .15-.90 kg/cm .8 - 4.03
 

Leveler, float .30-.70 kg/cm 
 1.61 - 4.84
 

Row-crop planter 30 - 70 kg/row "
 

Grain drill 
 6 - 22
 

Transplanter 
 10  20 .8 -2.42
 

Source: Adapted from Kline et al. 
(1969).
 

C. Draft of Wheeled Implements
 

The draft necessary to pull wheeled implements, e.g., wagons, carts,
cultivators, is influenced by axle friction, grade, and rolling resis
tance. Axle friction varies with the load on the wheels, spindle radius,

efficiency of lubrication, and materials used in the wearing surfaces,

i.e., plain or ball bearings, bronze bushings. The coefficient of axle

friction is defined as 
the number which when multiplied by the total

load on the wheels will give the resistance to rotation due to axle
 
friction. The tractive pull required to 
overcome axle friction varies
directly with the radius of the spindle and inversely with the radius

of the wheel. Tests conducted by Wooley and Jones (1925) with wagons

weighing 1839 kg and having a coefficient of axle resistance of 0.012,

showed a draft of 1.9, 1.8, and 1.7 kg per 0.91 MT for front and rear

wheel heights of 91.4 and 101.6, 91.4 and 111.8, and 101.6 and 111.8 cm,
 

http:1.80-2.70
http:1.20-2.70


6 

respectively. Draft increase due to axle friction on implements with pro
perly maintained and lubricated bearings is usually considered negligible;

however, the coefficient of axle friction can be as high as 0.072 if lubricant is deficient, bearings are scorched, bushings are worn or absent or

seals are broken. Such an increase in the coefficient of axle friction will
 
more than triple the draft in the above tests to 6.3, 5.9, and 5.7, kg.
 

Grade resistance is independent of wheel size. It depends on the load

and slope of the ground. The steepness of a grade is usually expressed as
 a percentage, or as the measurement of vertical rise per distance of hor
izontal run (Wooley and Jones, 1925). 
A 1% grade would be a rise of 1 in
 per 100 m of run, for example. Grade fesistance is equal to the weight

pulled multiplied by the percentage of grade and the coefficient of rolling resistance, i.e., the ratio between implement draft and total gross

weight moved. The hp required to pull a load at a constant speed will increase as 
the surface gradient increases. Wooley and Jones 
(1925) reported

that 1 hp was required to pull a load having a draft of 85 kg at a speed

of 3.2 kin on level ground. To pull a similar load at the same speed up

grades of 5 and 10% required 3.3 and 5.7 hp; therefore, the amount of

weight pulled should be gauged according to the varying grade and surface

of the route selected and the ability of the animal(s) to generate adequ
ate hp.
 

Rolling resistance, or the resistance caused by the wheels of an im
plement sinking into the surface over which it is moving or 
by the sur
face piling up ahead of the wheels, is dependent upon ground surface, size,

width, and type of wheel, i.e., wooden, iron-rimmed, pneumatic, and weight
of the load. The coefficient of rolling resistance may range from 0.01 on

hard surfaces to more than 0.25 on very wet or sandy ground depending on
size and type of wheels and/or tire inflation (FAO, 1972; Campbell, 1973).

Data from 629 tests demonstrated that increasing wheel width from 4 to

10.2 cm was more effective in decreasing the draft than was 
the increase in
wheel height from 91.4 to 111.8 cm (Wooley and Jones, 1925). The use of wide

wheels of varying heights reduced wagon draft irrespective of ground sur
face, however, increasing the height or width of the wheel became less

effective as the density of the road surface increased. All wagons tested

had the greatest draft on muddy roads and plowed ground regardless of

wheel height or width, although the increase in draft was found to be less
for the higher wide wheels than the others relative to wagon draft on a
 
hard level surface.
 

Wheel type can also affect the draft of an implement. Use of pneu
matic tired carts on both plowed ground and dirt roads will allow for a
greater amount of weight to be moved per kg of draft applied compared to

iron-rimmed ond wooden-wheeled carts on the 
same surfaces (Sayer, 1934)

This ratio widens as 
the weight pulled on plowed ground is increased,

but becomes less pronounced on a dirt road (Table 3).
 

Collins and Caine (1926) measured the draft required to pull wagons

loaded with freight on different road surfaces (Table 4). If tests were
 
carried out on a grade, the load was pulled in both directions in order
 
to prevent the grade from influencing the draft measurement. The results
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Table 3. Draft for carts equipped'with various type wheels
 

Ratio:
 
Draft


Ground Weight (kg) 
 Draft to weight

Type of cart surface Cart Load Total (kg) (kg)
 

Wooden cart with
 
pneumatic tires Plowed 
 364 .933 .1297 51 1:25
 

Iron cart with
 
pneumatic tires 
 495 1866 2361 140 1:17
 

Farm cart with iron
 
rimmed tires 
 " 373 933 1306 178 1:7
 

Country cart with
 
wooden wheels " 252 597 849 127 
 1:7
 

Wooden cart with
 
pneumatic tires Dirt road 
 364 933 1297 22 1:59
 

Iron cart with
 
pneumatic tires 
 " 495 1866 2361 45 1:52
 

Farm cart with iron
 
rimmed wheels 
 373 933 1306 27 1:48
 

Country cart with
 
wooden wheels " 252 597 849 36 1:24
 

Source: Adapted from Sayer (1934).
 

show that the initial draft required to start the same load on a variety

of surfaces is directly proportional to the draft required to keep that
 
load in motion over those particular surfaces. For instance, the team

weighing 1273 kg made initial tractive pulls of 446, 527, 682, and

455 kg for a load of 6500 kg pulled over road surfaces of granite blocks,

concrete, asphalt, and brick. The tractive pulls required to keep the
load in motion were relative to the initial draft required to start

the load, decreasing to 39, 46, 182, and 48 kg. Such trials demonstrate
 
not only the influence of ground surface on implement draft, but also,

the ability of draft animals to generate power over extreme ranges within

*very short periods of time.
 

D. Line of Draft
 

The true line of draft of an implement, such as a plow, wagon or

cultivator, is the point from which the implement can be pulled with

the least amount of force. The line of hitch or pull by the animal(s)
 



Table 4. Draft required to start and keep in motion wheeled cart loads
 
over various road surfaces using a single animal or 
team
 

Animal 
weight 
(kg) 

No. 
horses 

Total weight 
wagon and load 

(kg) 
Granite block 

A B 
Concrete 
A B 

Asphalt 
A B A 

Brick 
B 

784 1 3046 432 14 546 55 

727 1 2182 364 27 441 9 546 36 
1455 2 6155 546 65 446 42 591 153 -

1273 6500 446 39 527 46 682 182 455 48 
1546 7409 736 91 818 173 -

1591" 6773 1091 77 143 750 73 
1505 4675 446 46 455 107 105 
1414 3146 98 27 - - 223 72 

a/
 
a/A - To initially move load.
 

B - To pull load once in motion.
 

Source: Adapted from .CollIns and Caine (1926).
 



should be as close to the true line of draft of the implement as possible.
 
Hitching a plow off the true line of draft can cause additional friction
 
resulting in a 10% increase in the tractive pull (Horse and Mule Association
 
of America, 1946).
 

The size of the angle between the line of hitch and the ground will
 
also influence the draft of an implement. Using both short and long beam
 
plows it was shown that as the angle between the plow and the animals de
creased, draft decreased. A single moldboard plow with a short steel beam
 
had a draft of 145 kg vs 131.5 kg for a similar plow with a long wooden
 
beam. The more acute angle also reduced the downward force required to
 
keep the plowshare at the proper working depth, i.e., the downward force
 
on the short beam plow was 86 kg compared to 49 kg for the long beam plow
 
(Ramiah et al., 1956).
 

Keeping the line of hitch as nearly parallel to the ground as possi
ble will reduce the force required of both the animal(s) pulling the im
plement and the operator. The force can be minimized not only by using
 
a long beam, but also, by employing a harness having a collar or breast
strap which allows for adjustment of the traces for animals of various
 
sizes and different implements. Unfortunately, cost and tradition often
 
make the use of these methods the exception rather than the rule.
 

DRAFT CAPACITY OF ANIMALS
 

This section examines horsepower developed by draft animals during
 
maximum pulling trials and under field conditions, and the effects of
 
body size on working efficiency. Draft performances of animals in tem
perate and tropical areas have been largely separated because of differ
ent environmental, nutritional, and prevailing management factors. It is
 
recognized, however, that there are similarities among draft animal per
formance in both areas and therefore, comparisons between the two groups
 
have been made where appropriate.
 

A. Power Produced at Maximum Effort
 

Collins and Caine (1926) used a dynamometer to measure the maximum
 
hp developed by teams of draft horses in pulling contests. The teams
 
were required to pull the dynamometer a distance of 8.4 m without stop
ping. Horsepower was recorded for the team that set the world's record
 
that year (Table 5). The amounts of hp developed for trials three and
 
five are lower than the others because the team was not hurried during
 
the pulls. The contest was judged on maximum pull rather than maximum
 
hp produced. This study deomonstrates that the amount of hp developed is
 
not based on the amount of weight pulled, but on time. In trial three
 
the team took 11 sec to pull a load of 1361 kg and developed 13.8 hp.
 
If the time to cover the 8.4 m had been 5 sec, hp developed would have
 
been 30.5. In trial two, the team managed to generate 30 hp by pulling
 
a lighter load the set distance at a much faster rate than those re
corded in trials three through six.
 

Korzenev (1955) conducted performance tests on a dirt track using
 
Vladimir draft stallions. One animal was able to pull a load of 16,413 kg
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Table:5.,oRecord of pulls made~by the winning heavyweight team
 

Trial' Time Tractive pull
 

no. Distance (m) (sec) (kg) hp,
 

1; 8.4 4.0 907 25.4
 

2" 4.2 1134 30.2
 

3 " 11.0 1361 13.8 

4 .8.0 1452 20.3
 

5 11.0 1542 15.7
 

6 9.8 1554 17.8
 

Source: Collins and Caine (1926).
 

for 450 m in 4.5 min. The same animal pulled 900 kg over 2000 m in 5.5
 
min during a trotting test. Since the draft of the loads was not given,
 
hp could not be calculated.
 

Hesse (1956) compared the working ability of small horses with
 
large horses and cows. Data from maximum pulling tests conducted for
 
2 and 4 hr periods showed that Fjord and Hafling ponies could pull
 
approximately 65.5% of the weight pulled by Rhenish-German grade horses
 
and 116% of that by Red Angeln, Black Pied Lowland, German Red, and
 
Yellow Franconian cows. Corresponding figures for Iceland ponies were
 
43.6% and 77.4% and for Shetland ponies 21.8% and 38.7%. Over a distance
 
of 40 m the record loads pulled by a Rhenish horse and Fjord pony were
 
494 and 396 kg, respectively.
 

In other trials with horses (Ishizaki et al., 1954), the mean
 
draft resistance did not exceed approximately 10% body weight of the
 
animal; hence, there was no significant correlation between speed and
 
body weight. However, if the horses were subjected toheavy work such
 
as plowing paddy fields, the correlation was significant. Although
 
maximum draft developed by the horses was roughly proportional to their
 
body weight, light horses were able to bear heavier packs than ex
pected from projected calculations based on 10% of body weight. Draft
 
performance tests carried out by Prawochenski and Piotraszewski (1955)
 
gave similar results. Trials carried out over a two year period with
 
1420 horses showed a small, but significant, negative correlation be
tween maximum load a horse could pull (expressed as a percentage of its
 
live weight) and its live weight. This indicates that the smaller the
 
horse, the greater the maximum weight it can pull in relation to its
 
body weight. Light horses (562 kg) could pull about 77% their body
 
weight, whereas, heavy horses (mares 700 kg and stallions 770 kg)
 
pulled loads equivalent to 69.6% of their body weight.
 

Kleisch and Neuhaus (1948) found that two mature German lowland
 
oxen, weighing 1629 kg, were able to produce a maximum tractive ef
fort of 5300 kg. These same oxen were able to pull a loaded wagon
 



weighing 2850 kg for a distance of 700 m in 6.5 min. In other trials, a pair
of oxen weighing 1502 kg were able to pull 8550 kg or more than 5.5 times
their body weight. Another pair pulled 
a wagon with a load of 2500 kg or
4.5 times their body weight for a distance of 1000 m in 12.2 min.
 

Haring et al. 
(1956) recorded that oxen from the highlands of Hessen,
Germany, were able to pull loads much faster than lowland cattle and their
superiority became more pronounced as 
the loads increased. Hopfen (1969)
reported that in 2 and 4 hr of work maximum pulls made by highland cows
were 160 to 170 and 140 to 150 kg, respectively. For the same time periods
lowland cows recorded maximum pulls of 140 to 150 and 120 kg.
 

Other performance tests carried out in temperate areas, such as
Ishizaki and Honzawa (1949); Fischer (1950); Ivanov (1950, 1952); Kruger
and Seefeldt (1955); Tolaine and Roston (1957), substantiate the studies
reviewed. The draft and hp developed during maximum pulling trials should
not be considered representative of the power which animals generate when
used on a daily basis for work (Collins and Caine, 1926; Brody, 1945).
Pulling trials demonstrate the reserve or "overload" strength which is
utilized when initially starting a mill or press or when encountering
rocks, roots or 
stumps when plowing or pulling a load (Wooley and Jones,
1925; FAO, 1972). Such exertion of extra effort cannot be maintained for
long periods of time without causing physical damage to an animal and thereby reducing its usefulness for work.
 

B. Work Efficiency of Animals
 

The work efficiency of animals is defined as 
the ratio of energy recovered in the work accomplished to the total energy expended as determined by the rate of oxygen consumption. For example, if a horse working
at 
the rate of 1 hp (270,000 kg m or 633 kcal per hr) consumed oxygen
equivalent to 3165 kcal, the energetic efficiency of the work is 633/3165
X 100 = 
20%. The energetic efficiency of muscular work can be divided into 3 categories: gross, net, and absolute (Brody, 1945). These are de
fined:
 

Gross efficiency 
 = work accomplished
 
energy expended
 

Net efficiency 
 = work accomplished
 

energy expended above that at rest
 
Absolute efficiency = 
work accomplished
 

energy expended above that of walking without load
The maximum energetic efficiency measured for draft horses was nearly

25% for gross, 28% for net and 35% of absolute5 Gross efficiency is the
 

!/Hill (1927) calculated the maximum theoretic efficiency of a contracting
muscle as approximately 40%. According to Brody (1945), this is analogous to absolute efficiency. This would allow for 60% of the remaining
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most applicable to this discussion because it includes not only the energy
of actual work accomplished, but also, the overhead energy of walking and
 
resting. Energetic efficiency of muscular work is measured in terms of
 
metabolites oxidized in the body as determined by oxygen consumption and
 
not in terms of energy converted from feed to body metabolites (Brody,

1945). The latter involves considerable waste and will reduce overall
 
efficiency. If the energy cost of feed conversion is included, the overall
 
efficiency of equines will be reduced to 10 to 15% and bovines to 9 to 10%
 
(Brody, 1945; FAO, 1972).
 

Experimental findings reported in the previous section showed that

in proportion to body weight, small animals could pull or carry greater

loads than large animals; yet, draft capabilities of animals are largely

dependent on body weight, i.e., 
two animals, each one having the muscu
lar power to utilize its entire weight, the heavier one will exert the
 
larger draft (King, 1907). To compare the energetic efficiency between
 
different size animals requires consideration of the total work accom
plished. In terms of hp produced, small animals are able to develop a
 
greater gross efficiency than large animals since decreasing the weight of
 
an animal increases the value of the ratio 
 hp , and there

weight of animal
fore, increases the efficiency (Proctor et al.,*1934). This merely dem
onstrates that for a large animal to perform work as efficient as a small
 
animal, it must do twice the work of the latter. The work done must vary

in direct proportion with animal size for efficiency to remain constant 
.
 
Proctor et al. (1934) stated that "for given rates of work done the ener
getic eficiency of the work decreases with increasing size of the (ani
mal), but differences in efficiency between large and small 
(animals)

decline with increasing amount of work accomplished," Brody and Trow
bridge (1937) demonstrated that maximum energetic efficiency is indepen
dent of size of even species of animal. Small and large animals all
 
reached approximately the 
same maximum gross efficiency level of 24%
 
while working. Experiments have shown that the fewer the working hours
 
per day, the lower the all day efficiency.
 

The energetic efficiency of animals will increase as draft and

speed increase until an optimum rate of work is reached. Draft horses,

weighing 680 to 862 kg, appear most efficient when working at a rate of
 
1.0 horsepower (King, 1907; Collins and Caine, 1926). A horse could
 

energy to be expended partly for overcoming external resistance (wind,

contact of feet with ground, etc.) and incidental motions associated
 
with work. However, most of the energy is expended for overcoming the
 
internal resistance of body colloids. Although this resistance is en
ergetically wasteful, it protects the animal from physical injury by

limiting the forces which can be exerted on the joints, bones, tendons,
 
etc. (Hill, 1927).
 

6/When animals are resting, a large animal consumes more feed than a
 
small one, so that while large and small animals are able to work with

equal efficiency, the feed cost of upkeep of a large animal is greater
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generate a tractive effort equivalent to 10% its body weight walking at a
speed of 3.5 to 4 km per hr for 32 km per day over a period of two years,

without showing signs of physical stress. Other tests showed that draft
 
horses of similar weights had the highest energetic efficiency when work
ing at a rate of 1.0 hp while exerting a tractive pull equal to 15% of
 
body weight at a speed of 2.4 km per hr 
(Brody and Trowbridge, 1937).

Water buffalo have attained a maximum gross efficiency of 23.5% when pro
ducing tractive efforts of 80 to 100 kg. Net efficiency was 28.5% at hp

ranging from 0.8 to 1.2 (Johnson, 1964). A pair of Hariana bullocks,

weighing 813 kg, were most efficient when drawing loads with a draft of 60
 
kg at a speed of 3.8 km per hr or working at a rate of 0.8 hp (r-vaddatam

and Maurya, 1978). These tests indicate the importance of employing ani
mals at a rate which will allow for maximum work to be accomplished per

day. In general, animals have the highest energetic efficiency when work
ing at a given hp at a slow speed pulling a heavy load than at a high

speed pulling a light load (Brody, 1945)/
 

1. Efficiency of Animals in Teams
 

Animals hitched as a team incur a loss of energetic efficiency

which is relative to 
the tractive effort of a single animal (Marks',1951;

FAO, 1972). This loss amounts to 7.5% for two, 15% for three, 22% for
 
four, 30% for five, and 37% for six animals. For example, if one animal
 
weighing 450 kg was able to generate a tractive effort equal to 10% its
 
weight (45 kg), a pair of the 
same strength could be expected to develop
 
a total tractive effort of 83 kg. Total tractive pull increases as more
 
animals are hitched together, but tractive pull per animal decreases.
 
Trials conducted in West Africa (FAO, 1972) showed that a pair of 1/2

Brahma oxen generated approximately twice the tractive pull per animal as
 
compared to the two and threc pairs of Madagascar Zebu bullocks (Table 6).
 

Table 6. Tractive effort produced by pairs of animals
 

Tractive pull per

Average Maximum animal
 

Type Weight effort effort (kg)
 
of animals Pair(s) (kg) 
 (kg) (kg) Average Maximum
 

1/2 Brahma
 
oxen 1 1060 147 310 74 155
 

Madagascar
 
Zebu
 
bullocks 2 1300 160 400 40. 100
 
" 3 
 1945 200 435 33 73
 

Source: Adapted from FAO (1972).
 

-/Total 
 energy cost for doing work is less at a higher speed due to the
 
saving of maintenance expense resulting from the reduction in time
 
required to complete the job. (Provided that the increased time re
quired for recuperation following work at a higher speed is not in
cluded in the expense) (Brody, 1945).
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Plowing in the Northern Great Plains and the Pacific Northwest in
 
the U.S. was carried out with two and three bottom 35.6 cm and 40.6 cm
 
moldboard plows. The numbers of horses ranged from four to twelve and
 
amount of land plowed in a 10 hr day ranged from 2 to 3.6 ha (Table 7).
 
A five horse team was most commonly used when plowing with the 2-bottom
 
35.6 cm plow. The addition of a sixth horse did not result in a greater
 
number of hectares plowed per day, i.e., five and six horse teams pull
ing 2-bottom 35.6 cm plows were able to plow 2.1 ha in a 10 hr day. Simi
lar results were obtained for harrowing and cultivating (Table 8). Hec
tarage harrowed by teams of six horses was only 4% greater than for teams
 
of four horses when pulling harrows 6.1 m in width. The difference in hec
tares harrowed between four and five horse teams pulling a harrow 7.3 m
 
in width was only 8%. In both instances employing additional horses accom
plished only slightly more work due to the loss in efficiency which occurs
 
as the number of animals hitched together is increased.
 

Table 7. Rates of plowing, U.S.
 

Number
 

Region Iml na!Implement / 
ume 

Reports Horses Ha/10 hr 

Northern Great Plains 2-bottom 35.6 cm 
moldboard 64 4 2.0 

" 219 5 2.1 

" 132 6 2.1 

3-bottom 35.6 cm 
moldboard plow 45 8 3.4 

Pacific Northwest 2-bottom 35.6 cm 
moldboard plow 46 6 2.1 

2-bottom 35.6 cm 
moldboard plow 32 8 2.0 

2-bottom 40.6 cm 
moldboard plow 42 2.6 

3-bottom 35.6 cm 
moldboard plow 42 2.9 

48 9 3.4 

41 10 3.4 

13 12 3.6 

3-bottom 40.6 cm 
moldboard plow 34 12 3.6 

-2Thesize of implement is the working width and in some cases represents
 
two or more implements in a combination hitch.
 

Source: Adapted from Washburn and Merrick (1936).
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Table 8. Rates of harrowing and cultivating, Northern Great Plains, U.S.
 

Number
 
Operation Kind and size of implement-A/  Reports 


Harrowing 4.6 m spike-tooth harrow 71 


4.9 m i 36 


5.5 m "I 12 

6.1 m " 176 
" 22 


45 


6.7 m " 21 

12 


5 


7.3 m 77 


23 


36 


7.6 m " 7 


6 


17 


7.9 m 67 


38 


38 

8.5 m " 8 

2.7 m spring-tooth harrow 4 


" 
 2 


3.1 m " 3 


3.7 m 3 


5 

Cultivating 2.4 m duckfoot cultivator 7 


1
10 


" 
 7 


2.7 m 20 


3.1 m " 9 

-/IBID. (Table 7).
 

Source: Adapted from Washburn and Merrick (1936).
 

Horses Ha/10 hr 

4 12.2 

13.3 

14.0 

" 16.1 

5 17.6 

6 16.8 

4 18.2 

5 18.7 

6 22.6 

4 18.0 

5 19.5 

6 20.6 

4 16.4 

5 21.7 

6 22.6 

4 19.1 

5 19.6 

6 22.6 

4 17.0 

4 7.6 

6 8.0 

4 6.3 

4 9.0 

6 9.6 

6 5.7 

4 6.6 

6 6.1 

6 6.3 

6 7.3 
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Type of work and rate at which it is performed will dictate the num
ber of animals needed. Certain operations, e.g., plowing very wet soil or
 
pulling heavy loads at a fast speed, require substantial power to overcome
 
implement draft. Even though tractive effort per animal is reduced as the
 
size or number of teams is increased, the addition of animals may be nec
essary in order to provide adequate power to accomplish the work. A prob-
lem arises, however, when the animals being hitched together are not of
 
the same size. Smaller animals suffer especially, since they are not only
 
exerting an effort to pull the implement, but they are "pulling against"
 
larger animals, which may be either walking at a faster pace and/or twist
ing the yoke or harness due to their greater height. The use of poorly de
signed or fitting yokes or harness will add to efficiency loss as team
 
size is increased.
 

While data in Tables 7 and 8 are useful for determining approximate
 
work capacities of draft animals, it should be emphasized that the values
 
given represent cultivation trials carried out under different conditions.
 
Many factors are involved which can cause the results to vary, e.g., weight
 
of the animals used, driver's experience, surface and grade of the road or
 
land, implement draft, load or 
object being moved, cohesive properties
 
and other physical characteristics of the soil being tilled, design and
 
fit of the collar or yoke, level of feeding, health, and training of the
 
animal. These factors either individually or collectively will have an
 
effect on the working performance of the animals being employed and, there
fore, on amount of land which can be cultivated.
 

ANIMAL TRACTION IN WARM CLIMATES
 

Animals used for power in the warm climate regions, principally
 
between 30'N and 30'S latitude, often undergo more stresses than in tem
perate areas. The prevalence of disease, thermal stress, high variability
 
in available feed, and poorly designed harness, yokes and/or implements
 
often contribute to inefficientuse of animal power. Some tests of draft
 
capabilities of animals for maximum output and working potential in warm
 
climates are discussed.
 

A. Horse
 

Horses are relied upon as pack animals and for transport in the moun
tainous areas of Central and South America and Asia. They are used for
 
carting goods in Western and Northern Africa and South and Southeast Asia
 
because they are capable of pulling loads faster than cattle or buffalo.
 
Often horses can perform field work at a faster rate than cattle 
or
 
buffalo, excluding the harrowing operation of lowland rice (Table 9).
 
However, their use is hindered due to higher purcvase price, greater
 
susceptibility to injuries and sores resulting from poor fitting collars
 
and yokes, and stricter nutritional requirements than cattle or buffalo
 
(van Leeuwen, 1952).
 

Horses in Senegal are employed for draft more than oxen because of
 
their abundance. They are used for pulling light carts or seeders. Guary
 
(1962) reported that one horse was capable of pulling a seeder weighing
 



Table 9. Number of hr required bya/
 
four species to prepare 1 ha of land--


Type of task Horses Bullocks Cows Buffalo 

1st plowing, lowland 
rice field 30.8 35.5 36.1 38.8 (3) 

1st harrowing, lowland 
rice field 34.9 23.1 28.5 29.6 

1st plowing, upland 
dry ground 34.9 40.9 49.5 47.9 

1st harrowing, upland 
dry ground 21.9 28.2 - 29.0 

-/Based on two animals per team or yoke unless otherwise indicated.
 

Source:.Adapted from van Leeuwen (1952).
 

30 to 50 kg at a rate of 3.6 km per hr. Monnier (1965) stated that horses
 
weighing 250 to 350 kg were able to generate a tractive effort of 35 kg.
 
Data gathered by FAO (1972) showed that a horse weighing 265 kg was able
 
to make a maximum tractive pull of 550 kg at a speed of 4.8 km per hr.
 
This is equivalent to 9.7 hp or a pull of twice the horses's weight.
 
After seven tests, the mean tractive pull of the same horse was 425 kg
 
at a speed of 4.7 km per hr, thus, generating a hp of 7.4. Tolaine and
 
Roston (1957) reported the average tractive efforts of draft horses in
 
Brazil as 10 to 12% of their body weight over a period of 10 hr, which
 
is similar to values for temperate areas: King, 1907; Collins and Caine,
 
1926.
 

B. Ass and Mule
 

Both asses and mules are employed for packing, riding, and draft in
 
Asia, Northern Africa, and Central and South America. The largest popu
lations occur in Ethiopia, Mexico, Brazil, Turkey, Afghanistan, and
 
Morocco (FAO, 1978). The amount of weight carried by an ass or mule
 
will depend on the size of the animal, type of pack saddle used, and
 
route traveled. Government asses in Sudan, ranging in height from 90 to
 
110 cm at the withers, are limited by government regulations to pack
 
loads of 45 to 67 kg, although privately owned asses often carry loads
 
of 91 to 135 kg. Riding asses are approximately 100 to 120 cm in height
 
at the withers. These animals are utilized for transporting lighter
 
loads at a faster pace (Cole and Ronning, 1974). Pack mules are sure
footed animals which are preferred over horses when traveling over rugged
 
terrain due to their calmer disposition. Mature mules can travel 40 km
 
per day carrying 112 kg for up to 30 days (Daly, 1901; Boniface, 1903).
 

Asses weighing 200 to 300 kg and mules of 350 to 550 kg were able
 
to pull loads with approximate drafts of 30 to 40 and 50 to 60 kg,
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respectively (Hopfen, 1969). The hp generated from such pulls was 0.4 for
 
asses and 0.7 for mules. Mules and asses, like horses, are limited in the
 
tractive pull they can exert relative to their body weight. Asses in Sene
gal were unable to develop a tractive effort greater than 25 kg due to their
 
light weight (Monnier, 1965). FAO (1972) reported that an ass weighing 160
 
kg could produce an average tractive pull of 46 kg for 3 to 3.5 hr a day

for 10 out of 14 days. One asF weighing 155 kg was able to develop a maxi
mum tractive pull of 355 kg at a speed of 4.5 km per hr or nearly 6 hp.
 
A pair of asses weighing 310 kg were able to develop a maximum tractive
 
pull of 480 kg or 8 hp. It was found during the trials that attempting to
 
work an ass for more than 3.5 or 4 hr was most difficult, no matter how
 
long the period of rest. In general, an ass is able to pull 16 to 20% its
 
weight at a speed of 2.5 to 2.8 km per hr for 3 to 3.5 hr.
 

C. Buffalo
 

Swamp buffalo are employed extensively for draft in South and South
east Asia for rice production. They are generally considered stronger,
 
although slower than cattle (Table 9). Their flexible foot joints (fet
lock and pastern) and larger hooves allow them to perform better than
 
cattle in heavy wet soils (Cockrill, 1974). Both males and females are
 
commonly utilized for draft. Milk production of the Swamp buffalo is low
 
compared to that of the River buffalo which is used primarily in com
mercial dairying operations in India, Pakistan, Egypt, and Eastern Europe.
 

Buffalo are commonly trained at 3 to 4 years of age, although de
pending on the country and/or region, training may begin as early as 2
 
years or as late as 8. Similarly, the age at which work animals are
 
castrated ranges from as early as 9 months in Laos, to 5 years in India,
 
where the operation is delayed until the animals' offspring can be judged
 
for qualities of type and draft. Castration may not be practiced in some
 
areas due to religious beliefs. (FAO, 1977).
 

Swamp buffalo in Thailand work an average of 5 hr per day for land
 
preparation with the number of work days per year ranging from 66 
to
 
146 (Cockrill, 1974). Rates of plowing for buffalo in different zones
 
in Thailand vary (Table 10). The average working life of a buffalo ranges
 
from 10 to 20 years (Cockrill, 1974; FAO, 1977; Chantalakhana, and Ne
 
Phuket, 1979).
 

Buffalo are capable of a large tractive pull on a dead weight, but
 
are slow for road traction. Oxen are sometimes yoked with buffalo for mov
ing heavy loads on roads (FAO, 1977). Those regularly used on roads hav
ing hard surfaces are commonly shod to prevent wearing of the hooves.
 
Shoes referred to in Java as "trompahs", are constructed from old rubber
 
tires, while in Taiwan and India, shoes are made of tightly woven straw
 
pads and thin iron plates, respectively (Cockrill, L968).
 

Buffalo are used to transport goods in Bulgaria and Yugoslavia and
 
for hauling water casks in Turkey. They also supply power for the oper
ation of grain mills. In Burma, they are employed to drag teak logs from
 
the edge of the forests to the nearest point at which they can be loaded
 
for carting to mill, railhead, raft.ng place or to streams for floating
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Table 10. Rates of plowing in Thailand with buffalo
 

Hr worked Total days
 

Region per day Ha/day/buffalo per year
 

Tha Pra-Udorn-Ubol 4.8 .08 138.3
 

Central Plains
 
Southeast 4.9 .11 146.1
 

Korat 5.1 .08 139.6
 

North 5.2 .11 66.1
 

Source: Cockrill (1974).
 

out during the rainy season (Cockrill, 1974). Buffalo are preferred to
 
cattle for threshingof rice where trampling is used, and they perform
 
such tasks as operating a water lift for irrigation better than cattle
 
(McDowell, 1972).
 

In China a fully grown castrate of the "round barrel" type of Kiangsu
 
province plowed 0.25 to 0.33 ha of irrigated land in a working day of 8
 
to 10 hr, broken by five intervals of rest. In Hupeh province, a Wuchu cas
trate did all the work required on 2.3 ha of cultivated land. Liu (1978;
 
cited by Chantalakhana and Ha Phuket, 1979) reported that Swamp and River
 
buffalo in Kwangsi province, could produce maximum tractive efforts of 16
 
to 16.5% of their body weight. Plowing trials using Swamp buffalo and
 
F1 Murrah crosses demonstrated that the crossbred could prepare 0.02 ha
 
of land more per hr than could the Swamp buffalo. A Tangyang castrate
 
may draw a load of 100 to 500 kg or pack 100 to 150 kg over a distance
 
of 25 km in a day (Epstein, 1969; FAO, 1977).
 

A good pair of intact males in Pakistan was able to haul a 2 MT load
 
over 25 to 32 km in a working day. In East Java, similar males pulled
 
loads of up to 1.5 MT on two-wheeled drays weighing about 500 kg at a
 
little over 3 km per hr carrying produce to markets (Cockrill, 1974).
 

Under normal working conditions, a mature buffalo can develop a
 
tractive effort of 10 to 14% its weight. Stout (1966) reported that a
 
buffalo weighing 452 kg produced a tractive pull of 55 kg at a speed of
 
3.6 km per hr, generating 0.73 hp. This is similar to that of 0.75 hp
 
reported by Hopfen (1969). Draft produced within the above ranges will
 
vary, depending on type of harness or yoke employed.
 

Garner (1957) conducted maximum load and endurance tests with buffa
lo in Thailand using traditional and improved harness. Maximum tractive
 
pulls were carried out using a stone boat constructed of wood with 5 x
 
15.2 cm runners. The stone boat was loaded until an animal could no
 
longer move it forward. The largest loads (including the stone boat)
 
were 639 and 705 kg which were pulled with a breast strap and collar
 
harness. For the maximum endurance tests a load with a draft of 341 kg
 
was pulled for a pre-measured distance of 503 m. Using three different
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types of harness: yoke, collar, and breast strap, the loads were pulled

the set distance in 31.5, 21, and 18.5 min, respectively. The hp devel
oped for each pull was 0.53 for the yoke, 0.79 for the collar, and 0.89
 
for the breast strap. There are several advantages to using a cillar or
 
breast strap such as easier breathing,less chance of yoke galls, better
 
control over depth of plowing, and the line of draft is lower to the
 
ground. However, there are also problems with the two improved types of
 
harness; durability and cost of the materials from which the collar and
 
breast strap are constructed. Both burlap and leather are susceptible to
 
rotting when frequently wet unless properly treated periodically with a
 
preservative. This will require additional labor by the farmer which he
 
may not feel is warranted enough to carry out on a scheduled basis. The
 
initial and repair cost of other components making up the harness, i.e.,

the hooks, rings, and chains, may be financially prohibitive to the far
mer. While the chains may be stronger and more durable than locally avail
able rope, there exists a greater chance of injury to the buffalo if it
 
becomes frightened or excited and runs 
from its driver. Although the
 
feasibility of introducing such technology is questionable, these trials
 
effectively demonstrated that more efficient utilization of animal power
 
could be achieved with properly fitting harness.
 

/
D. Oxerr 

Information on draft generated by oxen and bulls in warm climates can
 
be divided into two categories; tractive effort produced and amount of
 
work accomplished while powering different implements or machines for 3
 
to 10 hr per day, and maximum draft generated for short lengths of time.
 

1. Working Draft
 

The speed of travel and size of load which mature bulls or oxen
 
can maintain is highly dependent on mature body weight, type of yoke,

terrain, ground surface, temperature, and type of cart or wagon used.
 
Joshi and Phillips (1953) and Joshi et al. (1957) reported that normal
 
speed of travel on flat or nearly level ground was 3.2 to 4.0 km per hr
 
over a period of 8 to 10 hr. Loads transported by bulls and oxen weighing
 
more than 350 kg may vary from 360 to 1360 kg and 680 to 1800 kg with
 
carts and wagons having iron-rimmed wheels and pneumatic tires. Esti
mates of the working capacity of different types and breeds of cattle
 
commonly employed for draft in Africa and South and East Asia are in
 
Appendices A and B.
 

In Zaire, the use of four-wheeled rubber tired wagons allowed one
 
animal to move a load nearly three times that pulled on a cart with two
 
metal wheels due to less rolling resistance (Table 11) (Mathieu, 1959).
 

Gaury (1962) stated that a pair of well fed oxen could maintain a
 
load with a draft of 90 to 100 kg at a speed of 2.2 km per hr (0.7 to
 

!/Oxen as used here applies to castrated male cattle.
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Table 11. Work performed by oxen in Zaire
 

Number of animals Implement pulled Km or ha covered 

1 Cart with two large 2 km seven times with 
metal wheels a load of 450 kg 

2 Wagon, four rubber 14 km with a load of 
tires 2500 kg 

2-4 Double plow (105 kg) 3.2-6.0 ha depending 
upon the terrain 

1 Cultivator 12.0 ha 

*2 Hay cutter 1.1 to 2.0 ha of prairie 
and 0.5 to 1.0 ha of 
heavy grass 

2 Rake 2.0 to 3.0 ha 

2 Seeder 1.5 ha 

Source: Mathieu (1959). 

0.8 hp) or pull a plow weighing 15 kg at a depth of 12 cm with a draft
 
of 50 kg. Gaury reported the minimum tractive pull of two healthy oxen
 
in Mali as 80 kg, which is the amount of draft often necessary for basic
 
land preparation.
 

In Senegal it was determined that a minimum of 80 to 100 kg of
 
draft was required for performing various tillage operations; plowing,
 
seeding, weeding, and harvesting (Monnier, 1965; Nourrissat, 1965).
 
Mature N'Dama and N'Dama X Zebu oxen (350 to 450 kg) are commonly used
 
for draft. They are able to develop an average tractive pull of 35 to
 
45 kg, equivalent to 10% of body weight. However, some operations require
 
tractive efforts up to 220 kg if the soils are high in clay, therefore,
 
making it sometimes necessary to employ teams of up to three pairs of oxen
 
(Nourrissat, 1965).
 

In India, two oxen walking at a rate of 4 km per hr while powering
 
a Persian wneel with a draft of 59 kg, generated 0.87 hp (I.A.R.C., 1966).
 
When plowing, a pair of oxen developed from 0.3 to 1.9 hp walking at speeds
 
of 2.7 to 2.8 km per hr and slowing down to 1.9 km per hr at the end of
 
the day.
 

Matthews and Pullen (1975) found that N'Dama bulls, a small breed,
 
Bos taurus type, adapted quickly to the wet paddy soil. Based on a 5 hr
 
working period, a pair of bulls could plow, harrow, and level 0.15 to
 
0.22, 0.33 to 0.49, and 0.26 to 0.5 ha, respectively. While cattle are
 
not as suited to paddy cultivation as water buffalo, these trials, like
 
those of van Leeuwen (1952) previously mentioned,illustrate the possi
bility of using oxen for rice production provided good water control can
 
be maintained.
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2. Maximum Draft
 

At the Indian Veterinarian Research Institute, Izatnagar, 24 Hari
ana bullocks weighing an average 460 kg, were tested for maximum pulling

performance (Mukherjee et al., 
1961). The loads were pulled on two-wheeled
 
carts on a smooth paved road over a distance of approximately 0.5 lm for
 
a 6 hr period. Maximum loads ranged from 310 to 540% of body weight. While
 
no dynamometer was used to determine the draft generated by the oxen to
 
start the loads and keep them moving, it is reasonable to assume that the
 
ratio of the tractive efforts required are similar to those recorded by

Collins and Caine (1926) discussed earlier.
 

Other tests in India employing different types of yokes showed that
 
pairs of oxen weighing 709 kg pulled loads of 360 kg or 51% of their body

weight. Single animals (372 kg) were able to exert maximum tractive ef
forts of 66% of their weight. Yokes which restircted side n.)vement were
 
undesirable (Vaugh, 1944). Trials conducted by Swamy Rao (1964) and FAO
 
(1972), clearly demonstrated that an increase in pulling power could be
 
obtained with improved yokes and harness (Table 12). 
A corresponding

increase in power was reported by Ali (1977) who stated that the desi
 
(locally made) yoke cononly used by small farmers produced about 22%
 
less power than the improved Nagpure yoke and 60% less than the Allaha
bad harness.
 

Although increased efficiency and tractive effort can be achieved
 
by using improved harness or yokes, the main obstacle of "farmer accept
ance" has yet to be 
overcome on a broad basis. Prohibitive factors to
 
such acceptance include replacement cost, reduced versatility, in
creased maintenance, and lack of knowledge regarding animal efficiency
 
and comfort.
 

The average tractive pull of oxen on 
regularly worked agricultural

land is approximately 14% of body weight, whereas on land which has been
 
poorly cleared and/or tilled infrequently, the tractive pull is reduced
 
to 10% (FAO, 1972; Nourrissat, 1965; Renaut, 1966; Sargent, 1977). Monn
ier(1965) suggested that the draft capability of oxen could be increased
 
from 10% to 20% with proper feeding. Although such an increase would offer
 
substantial benefits in tractive effort, it is doubtful that with im
proved feeding alone a 10% increase over normal draft prcduction is
 
feasible, as extensive tests with well fed draft horses in temperate areas
 
demonstrated that the animals were only able to develop a constant draft
 
of 10% of their body weight during a 10 hr working day.
 

Reports of oxen developing a draft of 20% of their body weight un
der average working conditions 
are few. Values of up to 24% were reported

by Swamy Rao (1964; cited by Devadattam and Maurya, 1978), however, these
 
were obtained using improved harness. The Indian Council of Agricultural

Research (1966) reported that pairs of oxen, weighing 727 to 909 kg,

pulled moldboard plows having a draft of 145 
to 182 kg (20% of their body

weight) on a daily basis for up to 
1.2 months without any adverse effect
 
on their health. While harness type was not described, it appears unlikely

that two animals could exert such a large tractive effort under field
 



Table 12. Maximum instantaneous efforts by cattle
 

Average Maximum
 
instant- instant-


Number Body aneous 
 aneous
 
No. and type of weight effort Speed effort Speed

of animals tests 
 (kg) (kg) (km/h) (kg) (km/h)
 

a
Pair Djokhore bullocks~ 13 730 500 3.4 780 
 4.5
 

Pair Djokhore cowa 6 635 
 375 2.8 570 4.0
 

Pair White Peul Zebu
 
bullocksb/ 
 2 770 565: -800 -

Pair Madagascar Zebu
 
bullocks-! 
 2 650 :345 3.1 750 4.5 

2 Pairs Madagascar -..
 more than 
Zebu bullocksk' 1 1300 650 .3.1 1000 3.8 

Pair of Renitelo bullocks--- 1 1110 
 590 3.9 more than 
 4.5
 

1000
 

Head yoke for the Djokhore bullocks and cuwb
 

b/'
bWithers yoke for the Peul Zebus, the Madagascar Zebus and the Renitelos
 

Source: Adapted from FAO (1972).
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conditions for so long a period without developing yoke galls, unless some
 
type of improved harness was used..
 

Given current status of animal health management and types of har
ness and yokes employed, it appears that average levels of draft gener
ated by working oxen and bulls will remain at 10 to 14% of body weight.
 
Increases in this level will not be feasible, without physically injur
ing and reducing the working efficiency of animals, until improvements
 
are made in the areas mentioned.
 

E. Crossbred Oxen
 

Crossbreeding of European (Bos taurus) and Zebu (Bos indicus) breeds
 
has been received fairly well by farmers in warmer climates due to in
creased lactation length, higher milk production, and earlier age of
 
first calving. Although crossbred oxen have been employed for draft at
 
the National Dairy Research Institute in Karnal, India for many years
 
(Anand and Sundaresan, 1974), the acceptance of crossbred oxen or bulls
 
for draft by farmers has been minimal because of the general opinion

that their working performance is inferior to that of the indigenous
 
cattle (Rajapurohit, 1979) since they lack a large distinct hump and
 
are unable to tolerate high temperatures (Roy et al., 1972).
 

Roy et al. (1972) compared the plowing abilities of Hariana oxen
 
and Jersey-Hariana crosses under wet and dry soil conditions in West
 
Bengal. The crossbreds averaged 9.7 years and 525 kg and the Hariana
 
10 years and 370 kg. Plowing in wet land, i.e., rice paddies with stand
ing water 30 to 60 cm in depth, resulted in the crossbreds plowing

slightly more than the Hariana oxen, provided work commenced at 0600
 
hr and ended at 0800 hr. Trials conducted later in the day caused a
 
rise in pulse and respiration rates and temperature of both groups of
 
animals. The crossbreds exhibited the largest increase even though

equivalent amounts of land were plowed by both groups. After 1000 hr,
 
the crossbred oxen demonstrated an unwillingness to work. Plowing trials
 
were also carried out with Hariana and Brown Swiss-Sahiwal crossbred
 
oxen at Karnal, India. During the summer and winter months, the differ
ence in the amount of work done in 6 hr was 7 to 11% higher for the
 
Hariana oxen, with the difference increasing to 19% during the hot
 
humid period of July to September (Rao, 1972). These studies indicate
 
that as long as crossbred oxen begin work early in the day, i.e., 0500
 
to 0600, their working efficiency is comparable to that of the Hariana
 
oxen over a 4 to 6 hr period.
 

When comparing draft potential of indigenous types vs crossbreds,
 

!/However, trials conducted by Collins and Caine (1926) using draft
 
horses demonstrated that even with a well fitting harness and rest
 
stops, the animals developed sore shoulders during periods of rela
tively high humidity (73%) and temperature (30*C) and were unable to
 
be worked for 1 week.
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consideration must be given to body weight. Hariana crosses with Jersey,
 
Brown Swiss, and Holstein were heavier and had larger heart girths and
 
forelimbs than pure Hariana cattle (Anand and Sundaresan, 1974). Since
 
draft produced by oxen is largely dependent on body weight, especially,
 
the amount of weight distributed over the front legs, crossbred oxen should
 
be able to generate more power than indigenous animals, provided they are
 
not subjected to thermal stress.
 

The lack of a hump in crossbred animals has commonly been regarded
 
as a weakness ,.'iCh affects its draft performance. This is not true, as
 
oxen in the United States and Europe are used for draft which do not
 
possess humps. Rather, it is the design of the yokes which are employed
 
and the line of draft maintained which require that the hump be relied
 
upon to transfer power from the animal to forward movement of an imple
ment. Use of the hump to pull against the yoke, e.g., the withers yoke,
 
is not only inefficient, but moreover, puts excess strain on the cervi
cal portion of the Rhomboideus muscle which is the primary attachment of
 
the hump in the Bos indicus breeds.
 

The hump of Fl crosses is positioned forward of the scapulae as
 
compared to the hump of pure Red Sindhi which is located directly over
 
the scapulae. Height of the hump in the F1 cross is quite reduced with
 
the trapezius muscle being thicker and more fan shaped than that of the
 
Red Sindhi. The trapezius muscle in non-humped animals or Bos taurus
 
breeds is not divided into cervical and thoracic parts as is the case
 
in Bos indicus breeds (McDowell et al., 1958). The cervical portion of
 
the trapezius muscle in Bos indicus breeds which is attached to the hump
 
is thin (Milne, 1955) and offers less strength in attachment than for
 
F1 crosses.
 

The use of improperly fitted yokes causes the beam to shift back
 
and forth over the animal's neck; hitting the back of the head when
 
going down steep grades or backing up; and pushing against the front of
 
the hump when pulling loads uphill or generating large tractive efforts.
 
As a result, friction occurs which causes yoke galls to develop. This
 
injury is not only painful to the animal, but reduces working efficiency
 
and ifleft untreated can permanently disable the animal (Alur, 1940).
 
While crossbred oxen are not immune to such injuries resulting from poor
ly seated yokes, less strain is placed on the Rhomoboideus muscle be
cause of a thicker trapezius muscle which covers a larger area at the
 
anterior base of the hump, thereby, allowing for pressure exerted
 
against the hump to be distributed across a larger surface.
 

G. Castration and Training of Oxen
 

Temperament, physical development, and training are three criteria
 
which largely determine the usefulness of animals for work.
 

Age of castration varies, ranging from 0.5 to 5.5 years (Table
 
13). It is recommended that castration be done between the ages of 1.5
 
to 2 years, since performing the operation earlier or later only reduces
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Table 13. Usual age and weight for initiation
 
of training for work in Africa and Asia
 

Age Age trained 
castrated for work Weight (kg) Mature 

Breed or type (yr) (yr) 1 yr 2 yr weight (kg) 

Adamawa - 145 350-500- 190 

Azaouak  - - 350-500 

Maure - 2.5-4 - - 250-350 

Northern Sudan
 
Shorthorn - 1.5-4 
 80 135 300-410
 

Shuwa - 2.5-3 145 240 350-400
 
/N'Dama 1.5-2 2-3 84-136 200-300 280-410 

Senegal Fulani  5 - - 300-415
 

Ankole - 2.2-5 140 225 
 300-410 

Bukedi - 2-3 90-120A / 1 60- 1 7 5 / 350-450£/ 

Bororo 2.5-4 2-4 - 350-400
 

Lugware - 3 85-100 150-200 300-350
 

Madagascar Zebu - 4 175 260 300-450
 
Kankrej .5-1 3-4 175 250 360-550
 

Nagori .5-.8 3 112A I 21 7A
/ 350-360=/
 

Ongole (Sumba) - 3-3.5 215 350 
 540-680
 

Khillari 5-5.5 2-3 - - 450-635
 

Lohani 3-3.5 3-3.5 - 270
 

Siri 4 4 150-185 200-230 315-540
 

Krishna Valley 3-4 2.5 150 250-275 490-519 /
 

A/Indicates weight recorded on government research stations or stock
 

farms.
 

Source: Adapted from Joshi and Phillips (1953); Joshi et al. (1957);
 
I.C.A.R. (1960); Oyenuga (1967); FAO (1972).
 

physical development (FAO, 1972).
 

Training for work also varies. In Africa and India, cattle are usu
ally trained between the ages of 2 to 4 years (Joshi and Phillips, 1953;
 
Joshi et al., 1957; Nourrissat, 1965; Laurent, 1968; FAO, 1972; Achiya
 
and Udundo, 1975), although age may range from 1.5 to 5 years (Table 13).
 
Cattle are trained for logging in Chile at approximately 3 years of age,

while oxen in areas of Southeast Asia commence training at 2 to 2.5 years
 
(Williamson and Payne, (1978). In Indonesia, cattle are usually not
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considered suitable for work until 3 or 4 years of age (Rollinson and Nell, 
1973). Training earl.ier than 2.5 yenrH LH not advised unless anilmal are 
well fed. Working an animal before its bone structure, joints, and muscles 
have had a chance to properly develop may result in injury, thus, reduc
ing the usefulness for work (FAO, 1972). 

The time required to properly train an animal depends on such fac
tors as the length of the training sessions, the skill of the trainer,
 
methods used, age, temperament, and the type of job, e.g., plowing or
 
carting. Training can be accomplished in as little as 3 days or extend
 
through one full crop year, depending on whether or not an animal is doc
ile and settles quickly into the program (Laurent, 1968). Methods of train
ing are described by FAO (1972) and Achiya and Udundo (1975).
 

F. Working of Cows
 

Studies on the use of cows for draft in either temperate or tropical
 
regions are few; however, cows are commonly used in Egypt and Indonesia
 
where a shortage of bulls or bullocks has existed (Lall, 1949; Rollinson
 
and Nell, 1973). Experiments in Germany with cows of the Red Spotted
 
Mountain breed showed there was little effect on milk yield when perform
ing light work for no more than 5 hours per day (Kolacek, 1933). Cows
 
employed for heavy work exhibited a substantial loss in daily milk yield
 
(Krautforst, 1947; Humbert, 1948; Haring et al., 1956). Tornede (1939)
 
reported that light working of cows stimulated milk production, but that
 
heavy work could cause up to 80% decrease in yield. Kleisch and Neuhaus
 
(1948) reviewed data from 69 farms on which lactating cows were regularly
 
used for draft. They estimated that milk loss d:1e to work for a normal
 
half day (approximately 5 hr) was 10 to 20%. Average milk yield per lac
tation of cows worked for 700 to 1000 hr was 4066 kg with 3.2% butterfat,
 
whereas, cows not worked yielded 4344 kg of milk with 3.3% butterfat. This
 
is in agreement with studies done by Schmidt et al. (1952) of 59 working
 
cows on 18 farms. Other experiments carried out over a period of 6.5
 
months with milking cows of the Bernese-Hanna breed weighing 600 kg,
 
showed that duration of work had a greater effect than intensity of work
 
in lowering milk yield. High yielders dropped more than low yielders.
 
Extremely fatigued animals required more than 32 hr for milk yield to
 
return to normal after work (Kallbrunner, 1941).
 

Shu et al. (1964) demonstrated that first and second cross female
 
progeny of Holstein and Syh-Yang cattle were able to pull loads of 255
 
and 300 kg, respectively, in comparison to native Syh-Yang cows which
 
pulled 238 kg. The study indicated that first cross cows, producing 5 kg
 
of milk per day, could be used for draft without serious decline in milk
 
production.
 

Cultivation trials using cows were carried out by Nourrissat (1965)
 
at the Centre National de Recherches Agronomiques de Bambey, Senegal.
 
Animals weighing 300 kg were worked for 350 hr per year and produced 600
 
liters of milk over an 8 month lactation period. Monnier (1965) reported
 
that cows can be utilized for light cultivation, e.g., weeding, seeding
 
of crops, provided the draft requirement does not exceed 80 kg. However,
 
in order to generate this amount of draft, it is often necessary to
 



hitch two pairs of cows together.
 

There are several points which can be raised concerning the utilization of cows 
for draft. Observations cited, were conducted in temperate regions or on research stations in the tropics where availability
of feed was not 
a problem. Both good management and type of feeding, i.e.,
additional feeding for heavier work, played an important part in sustaining milk production (Tornede, 1939; Krautforst, 1947; Schmidt et al.,
1952; Nourrissat, 1965). Experimental studies in Pakistan with-female
Swamp buffaloes used for draft, have indicated that milk production could
be maintained provided that adequate rations could be supplied and that
the animals were worked under favorable environmental conditions (Rizwan-ul

Muqtadir et al., 
1975).
 

Stall feeding of cows and oxen reduces their energy requirements for
maintenance. Normal exercise of cattle during grazing on good quality temperate pastures can increase maintenance energy expenditures 15 
to 40%
(Reid, 1958; Waldo, 1961; Blaxter, 1962).

animals to 

Lower quality pastures force
travel larger distances while grazing, thus increasing the need
for thermal control. Depending on pasture conditions, maintenance requirements of grazing animals may be as 
much as 170% of the requirements for
stall fed animals (VanSoest, 1981). 
Such an increase in maintenance reduces the energy available for both work and milk production.
 

The working of cows before conception and during early gestation necessitates that adequate energy be provided to insure reproductive efficiency. Data gathered from 5,188 farms in Germany, using 1,777 cows on a
regular basis for draft,indicated that fertility was 6 to 7% lower in
those animals worked (Tierzucht, 1949). Parturition at 
the onset of the
rainy season or into the dry season by working animals has resulted in
calves being underweight (Nourrissat, 1965).
 

It appears that further studies should be conducted under conditions
and circumstances more similar to those being experienced by traditional
farmers in order to better evaluate the capabilities and limitations of
using cows as draft animals. Current research does not support the thesis
that cows 
can be employed for draft without encountering adverse effects
on lactation, reproduction, growth, and general health given the present
level of livestock management and available resources.
 

H. Camel
 

There are approximately 17 million camels in the world, of which over
71% 
are in Africa with the remainder distributed mostly in Asia (FAO,
1978). The one-humped camel (Camelus dromedarius) referred to as 
the
dromedary or Arabian camel is the prevailing species found in the desert
areas of Africa, Arabia, Australia, and India. The two-humped (Camelus
bactrianus) or Bactrian camel is able to withstand colder temperatures
than the dromedary and is the predominate species found in Central and
Northern Asia. The average body weights of mature Bactrian males and
females are 632 and 497 kg (Cerenpuncag and Davaa, 1967), whereas, mature
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dromedaries range from 370 to 600 kg for males and from 350 to 520 kg for
 
females (Iwema, 1960; Wilson, 1978).
 

It is possible to define two main types of dromedaries on an environ
mental basis; mountain and lowland (Matharu, 1966; Leupold, 1968). The
 
former are coarse boned and compact with a shoulder height of 1.8-2 m vs
 
2.2 m for the lowland type. The latter include large dromedaries of the
 
river zones which are used for packing and draft and the fine-boned, thin
 
skinned desert camels employed for riding.
 

The camel is most widely used for riding and transporting of merchan-
dise, but is also used for plowing, providing power for Persian water
 
wheels, sugarcane presses, different types of mills, and pulling of carts
 
(Knoess, 1977). A saddle is usually employed for both packing and pulling.
 
Saddles vary from region to region and according to work being performed.
 

Both males and females are used for work. Females can continue at
 
light work during the first 8 months of gestation (Podberezkin, 1951).
 
Males are castrated between 3 and 6 years. Castration at 5 to 6 years is
 
recommended to permit maximum physical development. Although castrates
 
are not affected by rutting season, they are unable to bear as heavy

loads as intact males. Training of camels for work normally commences at
 
2 to 4 years (Podberezkin, 1951; Iwema, 1960; Matharu, 1966) with full
 
utilization ranging from 4 to 7 years (Leonard, 1894; Cross, 1917;
 
Phillips et al., 1945; Matharu, 1966). Age at time of training and mature
 
working level is dependent on species, type, nutritional status, physi
cal development, and work to be performed, i.e., riding,packing or draft.
 
Camels should not be worked on a year round basis, but should be given
 
a period of rest each year, ideally during the rainy season when work
ing conditions are sub-optimum and forage growth begins to improve
 
(Matharu, 1966).
 

Bactrian camels in China are reported as capable of traveling 25
 
to 40 km per day on long journeys and up to 85 km on short trips in 24
 
hr. Strong camels can carry loads of 275 kg and cover 1,150 km in 30
 
days. Average loads are 140 kg at the beginning of the working season
 
decreasing to 120 at the end (Phillips et al., 
1945). Podberezkin (1951)

stated that two Bactrian camels yoked together could pull a total weight

of 1400 kg, including the load and wagon. Dromedaries in Pakistan carry

loads of 362 to 435 kg at a rate of 4 km per hr (Yasin and Wahid, 1957).

Riding camels carrying a rider and a load of 55 kg could travel at 8 to
 
10 km per hr on level ground (Leupold, 1968). Matharu (1966) recommended
 
that animals carrying loads of 180 kg not be allowed to work continuous
ly more than 8 hr per day or 6 hr while traveling at a speed of 3.2 to
 
4.8 km per hr without rest, and the distance covered per day on level
 

.ground should not exceed 32 kim!O/. A pair of Turkestan camels were able
 

lO/This is the maximum load and work capacity recommended for military
 
camels in India (Matharu, 1966). Loads of 163 kg per camel were
 
maintained by the Sudanese military (Wilson, 1978). Loads of 
over
 
200 kg were carried by dromedaries on an official exploration party
 
across the South Libyan desert in 1927 (Newbold and Shaw, 1928).
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to pull a wagon with a load of 908 kg. Individually they were able to bearloadn of 200 to 250 kg and travel. at 4 to 5 km per hr or 35 km per day(Epstein, 1969). McKnight (1969) gave data which agrees with Leupold (1968)
and Yasin and Wahid 
(1957). In addition, 
he wrote that camels in Australia were often hitched in pairs, rarely in trios. Six or 
eight animals
made up most teams, although occasionally 10 or 12 pairs would be joined
together to shift an unusually heavy load. Camel teams were clearly superior during the drought years because much of the loading space in wagons
drawn by horses and oxen had to be taken up with feed; 
as a result, the
feeding rates charged, in addition to the normal freight charges, would
 
double the total cost to the shipper.
 

Two male Afar camels in Ethiopia, weighing 430 and 371 kg, were separately hitched to a reversible moldboard plow. They each were able to
plow 1 ha of land to a depth of approximately 16 cm in 20 hr, working 7
 
hr a day (Knoess, 1977).
 

Wilson (1978) conducted plowing trials with camels in Southern Darfur, Sudan. A spring balance was placed between the camel and the plow
to determine the draft developed. A camel could produce approximately 1
hp when pulling a plow at a depth of 15 cm and could plow about 1 ha in
11.3 hr. Other measurements showed that a camel could generate 1.2 hp
while operating an oil mill. The conclusion is that camels are capable

of providing substantial power for agricultural production.
 

I. Elephant
 

Elephants are utilized as draft animals in the forest areas of Burma,
Thailand, India, and Sri Lanka. They haul felled timber out of the forests to the flatlands where it 
can be loaded onto trucks or floated down
rivers or streams to mills or railheads. Male elephants weigh over 2700
kg and are 2.5-2.7 m in height. Females are slightly smaller (Ferrier,
1947; Singh, 1966). Type of work performed by an elephant in forest
 areas 
is dependent on age. Training of animals usually commences at 3 to
5 years (Fischer, 1979) with the most productive working period being from

30 to 46 years (Table 14).
 

The amount of work an elephant can accomplish is dependent on its
physical condition, size of timber, condition of the drag paths, and
availability of feed in the vicinity of the logging area (Ferrier, 1947).
Animals are commonly worked 5 days per week with the number of hours
worked dependent 
on the time of year, i.e., animals coming from a layoff
during the hot season are worked only 4 hr per day the first week, 5 to 6
hr per day the second week and 8 hr per day thereafter. The onset of hot
and humid weather will cause 
the period of work to be reduced to 5 to 6
hr. When animals are "aun ;r'g", they will often be worked more than 8 hr
and then given a period of rest after the operation has been completed.
 

Carrington (1958) reported that 
an elephant can haul logs weighing
900 kg or more, and two elephants working as a team can haul 4500 kg.
Ferrier (1947) stated that elephants 
are able to exert a draft approximately equal to 72% of that of a mature horse relative to body weight.
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Table 14. Work done by elephants
 
utilized in timber operations
 

''Age (yr) 
 Type of work performed
 

5-16 
 Training and light transport duties
 

16-24 
 Light extraction of small logs on level areas
 

24-30 Hauling logs over fairly rugged terrain
 

30-38 Heavy logging operations in rugged areas, aunging
 

38-46 Heavy logging operations in moderate terrain
 

46-53 Hauling of logs on flatlands or with wheeled dolly
 

53-60 Light work and minor transport duties
 

Source: Adapted from Ferrier (1947).
 

On the premise that the amount of draft a horse can develop is equal to
 
10 to 12% of body weight, a 725 kg horse can generate a tractive pull of
 
73 to 90 kg, while an elephant weighing 3000 kg could be expected to pro
duce a tractive effort of 216 to 260 kg. The weight of an elephant in
creases approximately 45 kg per 2.5 cm increase in shoulder height above
 
2.5 m and decreases about 34 kg for every 2.5 cm below this level
 
(Ferrier, 1947).
 

In order to utilize an elephant's strength most efficiently and to
 
prevent physical injury, special types of harness, block and tackle and
 
wheeled drays are used for loggingig/. Elephants are also hitched together
 
in tandem and as one and two paired teams to move heavy logs or pull tim
ber across muddy areas or up steep slopes. Two animals having tusks should
 
not be hitched in tandem due to possible injury if a chain, cable or har
ness breaks or one of the animals falls (Ferrier, 1947).
 

Elephants employed to transport baggage usually weigh less than ele
phants used for logging, although older elephants which have been "re
tired" from logging are sometimes used. Baggage elephants can cover 24 km
 
on flat ground and 14.4 km over hilly areas during the rainy season in
 
4.5 to 5 hr. Animals benefit when journeys of this distance or greater
 
are broken in two, allowing for a few hours rest. Elephants can carry
 
loads of 16 to 25% body weight, depending on their size and type of
 
saddles used. Infrequently, an animal will be found which can travel
 
at a rate of approximately 6.4 km per hr, although an average pace for
 
a baggage elephant is less than 5 km per hr (Ferrier, 1948; Singh, 1966).
 

Elephants are also used for plowing and carting in certain areas of
 
South and East Asia. Singh (1955) reported that an elephant could plow
 

-1-/For a detailed description of harness used and design of tackle, see
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nearly I ha of land pulling a 2-bottom moldboard plow at a depth of 15 cm 
or harrow 2 ha of land pulling a large harrow in a 3 to 4 hr period. How
ever, extensive use of the elephant in this particular capacity is limited 
because of its large feed requirement, i.e., a large animal may consume 
522 to 590 kg of herbage per day. In addition, the height of the elephant
requires a specially designed harness in order to pull such large imple
ments. These two factors suggest that the number of elephants employed for
 
agricultural purposes will be minimal, and that where possible, horses,
 
oxen, and buffalo will be the preferred source of power.
 

OTHER SPECIES UTILIZED FOR DRAFT
 

The yak, reindeer, llama, alpaca, dog, elk, moose, sheep, and goat
 
are used for draft at high elevations in South America, Central and North
ern Asia or in taiga or tundra regions of the world. Studies to deter
mine the level at which these animals can most efficiently generate power
 
have been minimal.
 

A. Yak and Yak-Cattle Hybrids
 

The yak (Bos grunniens) is found between 3,000 to 6,000 m elevations
 
in Nepal, Tibet, Mongolia, China, and other areas of Central Asia. It is
 
employed predominately as a pack animal, but may be utilized for riding,
 
carting, and plowing. Female yaks in China have been estimated to weigh

225 kg (Phillips et al., 1945). Novikov et al. 
(1950; cited by Epstein,

1969) gives mature body weights as 240 and 350 kg for cows and bulls in
 
Tibet and Szechwan. One bull raised on a state farm in Tadzihk SSR weighed

650 kg at 6 years of age. According to Balezin (1959; cited by Epstein,
 
1969) the average weights of 29 yak cows 
and seven oxen from the Tsinghai

border of South Eastern Kansu province were 212 and 541 kg. Yaks are
 
especially adept at carrying loads of 120 to 
160 kg over mountainous ter
rain at speeds of 2.4 to 3.2 km per hr (Reinhart, 1912; cited by Epstein,

1969; Phillips et al., 
1946; Zeuner, 1963). They are capable of utilizing
 
poor quality feed and can pack loads of 50 to 75 kg for 13 to 16 km a
 
day over several months without adverse effects. Yaks are considered
 
superior to mules in sense of direction and ability to travel through deep
 
snow and swamps (Phillips et al., 1946).
 

Yak-cattle hybrids are stronger and larger than local cattle or yaks,

but the extent of their development and conformation is dependent on the
 
geographical region from which the parent stocks are chosenin2/. Hybrid

vigor is usually obtained by crossing male cattle with female yaks. Male
 
hybrids are accepted to be sterile (Phillips et al., 1945).A hybrid bull
 

A.J. Ferrier, The Care and Management of Elephants in Burma (London:

Messrs. Steel Brothers and Co., Ltd., 1947), p. 55-61.
 

-2/ See Epstein, Domestic Animals of China (London, Morrison, and Gibb
 
Ltd., 1969), pp. 23-25 and R.W. Phillips, R.G. Johnson, and R.T.
 
Moyer, Livestock of China (Washington, D.C., U.S. Government Printing
 
Office, 1945), pp. 73-76.
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in the USSR attained a weight of 765 kg and two female hybrids averaged
31.1 
kg with eight castrated male hybrids averaging 491 kg (Epstein, 1969).
 

B. Reindeer
 

Reindeer (Rangifer tarandus) can be found from the coastal areas of
Northern Scandinavia, across the Siberian tundra, south to Northern Mongolia and the Altai Mountains and from Northeastern China along the Argun
River eastward to the Bering Sea and 
across into the North American tundra
 
region.
 

Domesticated reindeer employed as pack animals are usually driven in
single file following a trained animal and a guide. The animals aie often
linked together; each tethered by the bridle to the saddle of the reindeer in front (C.D.I., 1922; Forde, 1961).

hides weigh 2 to 

Pack bags made from reindeer
3 kg; their capacity is 25 to 40 kg. Pack saddles weigh
5 to 7 kg and normally last 4 to 5 years. Saddles are divided into three
groups according to size and structure of the saddle tree: ordinary, heavy
duty, and children's (cradle-pack saddle) (Zhigunov, 1961). Although ani-mals can bear loads up to 
100 kg, average loads including the saddle range
between 30 to 70 kg. C.D.I. (1922) reported that duermen in Siberia use
extra reindeer in order to keep the loads light; 
the objective being
speed of travel: whereas, in Alaska, emphasis appears to be on amount of
weight carried. Grown bucks or geldings (125-140 kg) are capable of packing nearly 70 kg for 80 km over very rough terrain. Mature females can be
employed as pack animals,although maximum loads rarely exceed 30 kg
(Forde, 1961). Epstein (1969), citing Herre (1955) and Maenchen-Helfen
(1936), stated that reindeer can carry 40 kg for 4 to 5 hr before resting.
Load standards for pack reindeer traveling over various types of terrain
 
are in Table 15.
 

Reindeer used for riding (125-140 kg) in the USSR are outfitted with
a "soft fixed" riding saddle. Average weight of the saddle including a
load is 67 to 70 kg, with length of service being 3 to 4 years. Normal
distances traveled daily on a year round basis can range from 50 to 75 km.
Reindeer are the only draft animals which are capable of working throughout the year in the trackless taiga and tundra. They require no 
special
fodder supplies nor arrangements for fodder transport as 
they are able
to utilize existing vegetation (Zhigunov, 1961).
 

There are basically two types of sleds pulled by reindeer; 
lashed
and solid. The lashed sled is assembled by tying the supports in pairs
with leather straps. Loaded, weight may vary from 175 
to 230 kg. Solid
sleds for freight haulage are of two kinds, regular and reinforced. Regular sleds are built mainly to carry loads of camping equipment of up to
200 kg. Reinforced sleds are employed for transporting timber, firewood,
barrels, machinery, and other heavy loads. As many as 
four reindeer
may be harnessed together to pull sleds depending on 
the load being
pulled and sled design (Zhigunov, 1961).
 

Geldings and stags (115 to 120 kg) are used for hauling freight;
does are seldom used. Reindeer can travel at an average speed of 4 to
 



Table 15. 
 Load standards for sled and pack reindeer according to ground and road surface
 

Condition of road 

or trail 


Good winter road 


Average winter road 


Poor winter road, 

virgin soil or marshy 

summer road 


Good trail, hard ground,

medium rugged terrain 


Ordinary trail, mountains,

forests, and boggy soil 


No trail, boggy soil,
 
swamp 


Maximum load of
Speed Distance (km) sled per reindeer Percent body weight

km/hr Daily Monthly (kg) 
 of load packed
 

5 25 500 150
 
7 35 700 100
 
9 
 45 900 75
 

5 25 500 100
 
7 35 700 75
 
9 45 900 50
 

4 20 400 75
 
6 30 600 50
 
8 40 800 35
 

5-7 35 
 700 
 40
 

5-7 35 
 700 
 30
 

5-7 30 
 600 
 20
 

Source: Adapted from Zhigunov (1961).
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5 km per hr pulling loaded sleds. Animals drawing a light load can maintain
 
a speed of 8 to 10 km per hr. Zhigunov (1961) separates load speeds into
 
three categories: the "postal trot" of 10 km per hr, the "load trot" of 6
 
to 7 km per hr and the "walking pace" of 4 to 5 km per hr. Reindeer can
 
pull loads weighing 45 to 150 kg depending on trail conditions and can
 
cover 32 to 40 km per day (Table 15) (Phillips et al., 1949; cited by
 
Epstein, 1969).
 

Preliminary tests for endurance, obedience, and other useful working

qualities are carried ovt with potential pack, riding, and freight rein
deer. Freight reindeer are harnessed in pairs to a sled which is loaded
 
until its weight corresponds to 100 to 150 kg per animal. Pack reindeer
 
must be able to carry loads equal to 40% body weight (Zhigunov, 1961).

Reindeer reach maturity at five years of age, although training for draft
 
commences earlier. Animals can live 12 to 15 years of age and may be worked
 
until age 10 (Forde, 1934; cited by Epstein, 1969).
 

C. Llama and Alpaca
 

The llama (Lama glama) and alpaca (Lama pacos) belong to the New
 
World camelids and are commonly found at high altitudes of 2400 to 4000 m
 
in Peru, Bolivia, Argentina, and Chile. Male alpacas are rarely used as
 
pack animals, except where there is a scarcity of llamas. Alpacas cannot
 
carry as heavy loads as llamas and are primarily utilized for their high
 
quality wool.
 

Llamas, like the yak, are heavily depended upon for transporting

goods and supplies, e.g., potatoes, firewood, salt, and mined ore, over
 
rugged topography with their wool and meat products ranking second in
 
importance. Only males are used for packing. Animals attain maturity at
 
approximately 2 years of age (Cardozo, 1965; Iniguez, 1980) and weigh 85
 
to 120 kg. Llamas are capable of transporting loads of 25 to 50 kg for
 
a distance of 40 km a day over a period of 20 
to 30 days (Link, 1946;
 
Fernandez-Baca, 1978; Iniguez, 1980).
 

D. Dog
 

Sled dogs are a reliable source of power for hauling people and
 
freight over land and sea-ice in
areas of the Arctic and Antarctic. Both
 
pack and sled dogs are employed by hunting and fishing peoples in the
 
taiga regions along the East Siberian coast lands and across North
 
America to Greenland (C.D.I., 1922; Forde, 1961).
 

Pack and sled dogs are commonly referred to as "huskies", although

there are basically four major breeds that are recognized: Alaskan
 
Malemute, Eskimo and Siberian Husky, and Samoyede.
 

Average weights of male and female sled dogs range from 23 to 43 and
 
18 to 23 kg. Dogs are trained from 6 months to 1 year of age and are at
 
their peak condition for hard work at 3 to 6 years. The normal life span

for sled dogs is 8 or 9 years, although dogs showing signs of osteo
arthritis may have to be retired at an 
earlier age (Bostelmann, 1975).
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The use of females in teams is usually based on driver preference.

Teams comprised of all females 
are reported to be very adequate for
 
pulling light loads over short distances at relatively fast rates (U.S.

War Department, 1944). It is common to have a bitch or 
two in a team to

reduce fighting between males. Bitches trained as 
team leaders help to
 
act as an incentive for the males, preventing them from becoming bored
 
when traveling through monotonous regions and when making rigorous as
cents over rough terrain.
 

Taylor (1957) used 
a strain gauge to measure the draft generated by

9 sled dogs, each weighing an average of 39 kg. The hp generated per

animal when pulling as a team for the largest regular load was 0.16.
 
The maximum instantaneous effort exerted by the team was approximately

270 kg. Draft produced while walking was 
found to be inversely propor
tional to speed over a range of 75 to 110 kg. Trotting trials with light

loads of 10 to 55 kg showed a direct proportion between draft and hp

developed. Maximum energy expenditure of the team was nearly equal when
 
generating drafts of 55 
to 95 kg while trotting and walking, respective
ly. Such findings are similar to those reported by Brody (1945) for
 
horses and by Devadattam and Maurya (1978) for oxen, and tend to indi
cate that sled dogs are more efficient working at a given hp pulling a
 
heavy load while walking, than pulling a light load at a trot or gallop.
 

Dogs employed for rapid transport (sometimes referred to as messen
ger teams; U.S. War Department, 1944) can pull loads, including the
 
sled, of approximately 23 kg per animal. Freight teams, made up of lar
ger and heavier dogs, are capable of pulling weighted sleds averaging

45 kg per animal at speeds of 4.8 to 8 km per hr. Taylor (1955; cited
 
by Bostelmann, 1975) reported that sled loads averaging more than 115 kg

per dog were too heavy for teams and required more frequent periods of rest.

Well maintained teams can travel 90 to 95 km per day, although normal dis
tances covered daily average 16 to 40 km.
 

Dogs used for packing are generally heavier than those hitched. Pack

dogs normally weigh more than 35 kg, with weights of 50 to 60 kg pre
ferred. They are able to carry 16 kg for a period of several days over

rugged landscape without any adverse effects if properly maintained. They

can bear loads of 23 kg per day for one to two days at a time (U.S. War
 
Department, 1944).
 

E. Elk and Moose
 

Domesticated elk (Alces alces) and moose 
(Alces americana) are used
 
as draft, riding, and pack animals in the northern taiga and tundra reg
ions of Europe, Asia, and North America. An experiment station was es
tablished more 
than 20 years ago in the Pechero-Ilychskii Game Reserve in

the U.S.S.R. (Jurgenson, 1953; Knorre, 1959; Anon. 1974) 
to determine the

potential of large scale domestication of elk for draft and the production

of meat and milk. Studies have shown that because the elk is naturally a
 
slow moving animal, it is better utilized for riding or packing, i.e.,

carrying dung, rather than for draft, i.e., 
pulling a sled or travois
 
(Jurgenson, 1953). However, Lihacev (1962) found that domestication of

the elk for either transport or draft was met with little success. 
Instead,
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the most promising use of the animal was for meat and leather. Mature elk
 
and moose can attain body w.ights of 680 to 820 kg (Cole and Ronning,
 
1974), although animals produced for meat are normally slaughtered at 500
 
kg (Anon., 1974).
 

F. Sheep and Goat
 

The use of sheep and goats as draft animals (except for amusement)13/
 
appears to be limited to the Himalayan regions of Central Asia, although
 
domestic goats have been used as pack animals in Western Europe (Zeuner,

1963). The Chanthan breed of sheep and Kel breed of goat are utilized for
 
packing within and north of the arid regions of Kashmir (Mason, 1974).
 
Large sheep of the Hunia breed are able to carry loads of salt and borax
 
weighing up to 18 kg over snow covered paoses in Tibet (Zeuner, 1963;
 
Epstein, 1969). In the Himachal Pradesh and Punjab states of India, male
 
sheep of the Rampur Bushahr or Bushier breed are castrated and used as
 
pack animals. Wethers are reported to carry loads of 2.3 to 3.2 kg (Lall,
 
1950; cited by Williamson and Payne, 1978). Goats of the Chigu breed, in
 
Punjab, India, are able to pack loads eighing 4.5 to 18 kg for up to 15
 
km per day (Mason, 1974).
 

Available data indicates that mature sheep and goats can pack loads
 
equivalent to 12 to 23% of their body weight. These values are less than
 
those of 27 to 41% recorded for pack dogs.
 

COMPARATIVE DRAFT AND PACKING PERFORMANCE
 

Percentage of body weight exerted as draft or packed by animals is
 
variable. Wide ranges occur among reported values for maximum perfor
mance tests and daily work due to differences in methods of measurement
 
and duration of experiments. While tests of maximum performance indicate
 
animal reserve strength, they do not reflect ability to work for ex
tended periods of time. Estimates of draft and packing capacities of
 
species reviewed have been summarized (Table 16, 17). In general, most
 
animals can develop a draft of 10 to 14% of body weight when traveling
 
at a speed of 2.4 to 4.0 km per hr (Table 16). An increase in speed will
 
cause a reduction in draft exertedor legnth of work period. However,
 
hp produced will increase due to a faster rate of work; oxen (450 kg)
 
traveling 2.4 km per hr and developing a draft of 64 kg, generate 0.6
 
hp. Increasing speed to 4.0 km per hr, reduces draft to 45 kg, but in
creases hp to 0.7.
 

Large differences exist between species regarding percentage of
 
body weight that can be packed. Horses and mules can pack 12 to 15% of
 
body weight while camels and reindeer are reported as capable of carry
ing loads equivalent to 27 to 40% (Table 17). Saddle design and type
 
will influence weight carried. Recommendations for pack animals, es
pecially camels, are inconsistent. More research will be needed before
 

13/In the United States, a team of six Hampshire sheep have been able
 

to generate a tractive effort large enough to pull a pick-up truck
 
(Jones, 1980)
 



Table 16. Estimates of draft capacity of several species
 
with drawn implements at low and high speeds
 

Type 
of 

animal 

Mature 
weight 
(kg) 

Low speed 
Speed Draft 
(km/hr) (kg) hp 

High speed 
Speed Draft 
(km/hr) (kg) hp 

Horse 

light 
medium 
heavy 

385 
500 
850 

2.4 
2.4 
2.4 

48 
63 

106 

.4 

.6 

.9 

4.0 
4.0 
4.0 

39 
50 
85 

.6 

.7 
1.3 

Mule 

light 
heavy 

200 
600. 

2.4 
2.4 

32 
96 

.2 

.9 
4.0 
4.0 

20 
60 

.3 

.9 

Ass 
light 
heavy 

190 
300 

2.4 
2.4 

30 
48 

.3 

.4 
4.0 
4.0 

19 
30 

.3 

.4 
Ox 

light 
medium 
heavy 

210 
450 
900 

2.4 
2.4 
2.4 

30 
64 

129 

.3 

.6 
1.1 

4.0 
4.0 
.4.0 

21 
45 
90 

.3 

.7 
1.3 

Cow 

light 
heavy 

-200 
575 

2.4 
2.4 

20 
58 

.2 

.5 
3.5 
3.5 

16 
48 

.2 

.6 
Buffalo 

light 
medium 
heavy 

400 
650 
900 

2.4 
2.4 
2.4 

56 
91 

126 

.5 

.8 
1.1 

3.2 
3.2 
3.2 

40 
65 
90 

.5 

.8 
1.1 

Camel 
(dromedary) 

light 
heavy 

370 
600 

3.5 
3.5 

50 
84 

.6 
1.1 

4.0 
4.0 

37 
60 

.5 

.9 

Elephant 

medium 2900 2.0 230 1.7 - - -heavy 3600 2.0 285 2.1 - - -

Dog 
light 
heavy 

21 
43 

5.4 
5.4 

6 
12 

.1 

.2 
8.5 
8.5 

2 
4 

.06 

.1 
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Table 17. Estimates of capabilities of various species
 
for pack loads over 6 to 8 hr per day
 

Mature weight Speed 	 Load (kg)
 

Type of 	animal (kg) (km/hr) Average Maximum
 

Horse
 

light 350 5.6 40 55
 
medium 500 5.6 60 75
 
heavy 635 5.6 75 95
 

Mule
 

light 270 7.2 34 50
 
medium 500 7.2 63 90
 
heavy 650 7.2 82 115
 

Camel
 
(Bactrian)
 

male: medium 630 4.0 175 250
 
heavy 725 4.0 200 290
 

female: medium 500 4.0 135 200
 
heavy 575 4.0 155 230
 

Camel
 
(dromedary)
 

male: 	light 370 4.0 100 150
 
medium 500 4.0 140 200
 
heavy 600 4.0 165 240
 

female: 	light 350 4.0 96 140
 
medium 435 4.0 120 175
 
heavy 520 4.0 145 210
 

Elephant
 

medium 2900 3.5 460 580
 
heavy 3600 3.5 575 720
 

Yak
 

male: light 350 2.8 85 110
 
heavy 650 2.8 160 205
 

female: 	medium 225 2.8 55 70
 
heavy 300 2.8 75 100
 

Yak-cattle hybrid
 

light 300 2.8 75 100
 
medium 500 2.8 120 160
 
heavy 750 2.8 180 240
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Table 17 (c6n1d)
 

Typeof animal 


Buffalo
 

light 

medium 

heavy 


Ox 
light 

medium 

heavy 


Reindeer
 

medium 

heavy 


Llama
 

light 

heavy 


Dog
 

light 

medium 

heavy 


Sheep
 

medium 

heavy 


Goat
 

light 

medium 

heavy 


Mature weight 


(kg) 


400 

650 

900 


250 

450 

700 


125 

140 


85 

120 


35 

50 

60 


50 

70 


40 

50 

75 


Speed 


(km/hr) 


3 

3 

3 


3.5 

3.5 

3.5 


5 

5 


4.5 

4.5 


6 

6 

6 


2.5 

2.5 


2.5 

2.5 

2.5 


Load (kg) 
Average Maximum 

50 60 
82 100 

110 140 

30 65 
55 115 
90 175 

30- 50 
35 56 

25 35 
40 50 

9 14 
14 20 
16 25 

6 12 
8 16 

5 9 
6 12 
9 17 
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optimum loading guidelines are adequately 
established. Studies should in

clude assessment of current load recommendations 
and energy needs based
 

on weight carried, speed of travel, and 
working period.
 

OF DRAFT ANIMALS
NUTRIENT REQUIREMENTS 

Age, sex, amount of draft generated, 
and duration of work will deter

mine energy requirements. Mature 
oxen for example, have requirements 

for
 

maintenance and work, while immature 
animals and pregnant or lactating
 

cows employed for draft have additional 
needs. Many of the estimated re

quirements in the literature are 
based on standards used for draft 

of non

working animals in temperate regions 
and are often not representative 

of
 

animal needs under "actual farming" 
conditions. This section examines 

avail

able data on energy requirements 
for working animals and attempts 

to cate

gorize three areas: maintenance, 
growth, and work. The effects of 

physical
 

conditioning and temperature on 
energy needs are also discussed.
 

A. Maintenance
 

Energy requirements for draft animals 
at maintenance level are similar
 

to those for non-working animals. 
Daily requirements to maintain 

450 kg
 

draft animals have been calculated 
from previous reports (Table 18). 

In
 

order to provide consistency, the 
unit total digestible nutrients 

(TDN)
 

has been selected. Estimated requirements 
average 3.3 kg of TDN. Differ

ences between values may lie in 
the methods used to determine requirements.
 

Table 18. Estimates of energy needed for
 

maintenance of draft animals weighing 
450 kg
 

/
 
TDN-


Source

(kg) Species
Country/Region 


Kellner (1917)
Ox
3.3
Europe 

Morrison (1947)
Horse
3.2
United States 


3.1 Horse N.R.C.b/ (1966)
 
United States 


N.R.C. (1973)
Horse
3.5
United States 

Dharmani et al. (1946)
Ox
3.2
India 

Lander (1949)
Ox
3.4
India 

Lander (1949)
Buffalo
4.2
India 

Sen (1966)
Ox
3.4
India 

FAO (1972)
Ox
2.6
West Africa 


= carbohydrate +
 
-2/Valueswere converted to TDN 

assuming that TDN 


(Crampton and Harris, 1969) and 
1 forage
 

protein + 2.25 (fat), 

to the energy derived from 1 kg 

of barley
 
unit (F.U.) is equivalent 


0.73 kg of TDN (Morrison, 1956).
 
(VanSoest, 1981); thus, 1 F.U. 

= 


Research Council.
-/National 
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The same methods cannot be employed to measure maintenance needs in mature
 
and growing animals due to under nutrition which occurs as the animal
 
grows "at the expense of its own body" (VanSoest, 1981). Given that main
tenance needs of animals are partially set by the level of body reserves
 
available, an animal lacking adequate energy for work will utilize these
 
reserves to meet energy needs, resulting in weight loss.
 

B. Growth
 

Although animals are commonly trained for work from 2.5 to 4 years
 
(Table 13), it is unlikely they will have attained their mature weight.
 
Employing immature animals for draft necessitates that adequate energy
 
be provided for growth. Values reported for immature animals are few and
 
variable. Lander (1949) recommended that cattle (147 to 226 kg) be fed
 
1.1 to 1.3 kg of TDN above maintenance for a daily gain of 0.45 kg. Sen
 
(1966) reported that 1.3 to 1.7 kg of TDN were required above maintenance
 
for growing cattle (150 to 450 kg). Wrigley (1971) gave estimates of 0.9
 
to 1.1 kg of TDN above maintenance for immature oxen. The National Re
search Council (N.R.C., 1976) recommended that immature cattle (100 to
 
400 kg), gaining 0.5 to 1.0 kg per day, be fed 0.5 to 3.5 kg of TDN
 
above maintenance. Calculations from energy values given by the N.R.C.
 
(1966) for immature draft horses indicate that animals attaining mature
 
weights of 270 to 635 kg need 0.7 to 0.8 of TDN per day, in excess of
 
maintenance requirements.
 

C. Work
 

1. General Requirements
 

a. Energy
 

Draft horses working at a rate of 1 hp for 8 hr have a ratio
 
of energy expenditure of rest (basal metabolism) to work of about 8
 
(Brody and Cunningham, 1936). This ratio is within the range of 3 to 8
 
given by Dill (1936) for humans doing strenuous work for 8 to 10 hr.
 
Horses (513 kg) performing field operations, i.e., plowing, harrowing,
 
and cultivating, had relative metabolic rates-4/ of 5.2 to 6.3 (Tatsumi
 
et al., 1958). The relative metabolic rate of horses (549 kg) in the
 
USSR, when generating a draft of 15% body weight at a speed of 5.8 km
 
per hr, was about 9 (Nadal'jak, 19 61a). Four breeds of heavy draft stall
ions (748 kg) expended 32% more kcal per 100 kg of body weight pulling
 
a load (draft of 130 kg) than at rest, (Nadial'jak, 1961b). Lantin (1964)
 
found the relative metabolic rates of buffalo at work as 2.9 to 6.6.
 
Ponies doing medium work (0.26 hp for 4 to 5 hr) expended energy equiva
lent to nearly 3 times basal metabolism (Barth et al., 1977) which is
 
similar to other values of 3.0 to 3.5 for draft horses at light and med
ium work (N.R.C., 1966, 1973). According to Brody (1945), the "ratio of
 
sustained hard work to rest energy is approximately the same in horse
 
and man, and probably independent of size or of species as such." In
 
general, energy expenditure of animals at work is 3 to 8 times that of
 

-4/Relative metabolic rate = energy expended at work
 
energy expended at rest
 



basal metabolism, but actual relative metabolic rates will be affected by
 

frequency and level of work.
 

The classifications light, medium, and heavy are commonly used to
 

designate nutrient requirements of working animals (Kellner, 1917; Dharmani,
 

1946; Lander, 1949; Monnier, 1965; Nourrissat, 1965; N.R.C., 1966, 1973;
 

Sen, 1966; Wrigley, 1961; FAO, 1972). These classifications are based on
 

the number of hours work was performed, but do not consider that energy
 

requirements vary directly with the rate at which work is accomplished,
 
i.e., work done for a specified period of time at one rate will require
 

more or less energy than work done at a different rate. Applying a gereral
 

category to work performed, based on time alone, may not adequately cover
 

energy costs. Rather, both intensity (percentage of body weight developed
 

as draft) and rate of work (hp) should be included when calculating energy
 

needs.
 

b. Protein
 

Although animals at work need more than maintenance requirements,
 

it is undetermined whether extra protein is required. Chambers and Mil

horat (1928), Mitchell and Kruger (1928), Nitsche (1939; cited by N.R.C.,
 
1973), Forbes (1945) and Kraut and Lehmann (1949; cited by Maynard and
 

Loosli, 1969) demonstrated that increased physical activity did not
 
"measurably" raise protein needs. Harvey et al. (1939; cited by N.R.C.,
 

1949) found that draft horses working at rates of up to 1.27 hp for 4 hr,
 

remained in positive nitrogen balance without increasing protein intake.
 

While a loss of protein and other nitrogenous compounds occurs through
 

sweating (Consolazio et al., 1963 and Watkin et al., 1948; cited by
 

N.R.C., 1973) the amount of protein required to replace such losses has
 

not been determined (N.R.C., 1978b). On the other hand, over feeding of
 

protein may reduce working performance "due to increased heart and res

piration rates and sweating" (Slade et al., 1975; cited by N.R.C., 1978
 

Although Lander (1949) and Sen (1966) recommended increasing protein for
 

working oxen in India, values given for working cattle in West Africa
 

showed protein requirements as unchanged (Nourrissat, 1965; FAO, 1972).
 

Kehar et al. (1943) found that oxen were able to work for 6 hr periods
 

with no measureable increase in loss of endogenous protein provided
 

the increased caloric requirement during the work period was met by
 

carbohydrates and fats. Crampton (1964) and Maynard and Loosli (1969)
 

suggested that the ratio of protein to energy in the maintenance diet
 

should remain constant since widening of this ratio could depress palat

ability and digestibility and increase metabolic neat loss. Nutritive
 

requirements recommended for horses (N.R.C., 1978 ) show the percentage
 

of protein for mature horses performing light, medium and heavy work
 

as unchanged from maintenance. Feeding of concentrates to provide
 

additional energy for work (and thereby, continuing to maintain fair

ly constant protein to energy ratio) was regarded as adequate to cover
 

nitrogen losses from sweating. While feeding concentrates as a source
 

of energy provides flexibility in meeting protein needs, this option is
 

not available to the majority of farmers who rely on animal traction.
 

The general conclusion is that an increase in protein for work above main

tenance levels will not be required provided the maintenance ration is
 
adequately balanced.
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c. Minerals and Vitamins
 

Mineral and vitamin requirements of working animals are not
 
firmly established; however, it is known that requirements for certain
 
minerals, i.e., calcium, phosphorus, chloride, and vitamins, i.e.,
 
B-vitamins, increase during work (N.R.C., 1966, 1973, 1978b). Ordinarily,
 
horses acquire most of their needed minerals from pasture, roughage, and
 
grain (N.R.C., 19 78b). Mineral content of such feeds will be affected
 
by minerals, in the soil, plant species, stage of maturity of the plants,
 
and methods of harvesting for stored forages. Mature cattle and horses
 
usually receive adequate amounts of vitamins, when they have access to
 
high quality roughage (N.R.C., 1973, 1976, 19 7pa,b). Present recommenda
tions need to be tested under actual working conditions to assess their
 
applicability. Until more is known, current N.R.C. recommendations for
 
cattle and horses appear adequate as a guide.
 

2. Work Time and Physical Conditioning
 

When calculating energy requirements for working animals, it is
 
important that length of time during which an animal is actually at work
 
be considered. The time spent standing in harness is not part of the true
 
work period (N.R.C., 1949). This reasoning is based on data gathered from
 
experiments on resting metabolism (Winchester, 1943; Brody et al., 1943). A
 
short term increase in energy needsoccurs between periods of actual work
 
and rest. The amount is influenced by an animal's physical condition. If
 
an animal is in good physical condition, i.e., healthy and worked regular
ly, it will recuperate from oxygen debt and return to its maintenance
 
level of oxygen consumption quicker than an animal worked infrequently
 
(Brody, 1945). Regularly worked Vladimir draft horses required 8% less
 
energy per 100 kg of body weight per 100 kg load drawn 1 km and had a
 
higher tolerance to oxygen debt as compared to being worked at irregular
 
intervals (Nadal'jak, 1961c). Time required to completely return to main
tenance level of oxygen consumption may take I to 2 hrs, even for animals
 
regularly worked (Marinic, 1957). Experiments conducted with Polish Konik
 
draft horses demonstrated that measurement of the pH level in a animal's
 
blood plasma; before, immediately following, and 1 to 2 hr after strenuous
 
work, may be used as a "supplement index" for evaluating an animal's work
ing performance (Kownacki et al., 1962).There was a negative correlation
 
between pulse rate at rest and the maximum load Hariana oxen could pull
 
(Mukherjee et al., 1961). Energy needs of an animal increase above those
 
required for maintenance and growth during the initial stages of training,
 
even before any "actual work" is accomplished. Extra energy expenditure
 
occurs when an animal resists being led or yoked in a team. Energy ex
pended by animals during initial training periods can be equal to or
 
greater than the energy utilized while working (Lall, 1949).
 

3. Influence of Temperature on Energy Requirements
 

Information on changes in energy needs of draft animals as a re
sult of thermal stress is scanty. Respiration rate and body temperature
 
of Hariana oxen increased as ambient temperature rose (10 to 28'C), while
 
pulse rate tended to quicken as relative humidity increased. There was
 
also a positive relationship with time (6 hr) and the three measures
 
(Mukherjee, et al., 1961). Similar studies showed a significant correlation
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between pulse rate and hp produced with Hariana oxen from 26 to 33*C.
 

Animal fatigue may be brought on more rapidly by an increase in ambient
 

temperatures and humidity than by amount of weight pulled (Devadattam
 

and Maurya, 1978). The elevation of pulse and respiration rates and
 

body temperature, under thermal stress, indicates a resulting rise in
 

metabolic rate and sweating which require additional energy (McDowell,
 

1972). Further studies are needed on working schedules during the day
 

to minimize thermal stress.
 

CONCLUSIONS
 

With the majority of farmers in Africa and South and East Asia
 

relying on animals as a source of power and the reality that future
 

supplies and availability of petroleum are uncertain, appropriate rec

ommendations for more efficient and productive systems of employing
 

animal draft are essential. Unfortunately, few guidelines exist for in

dividuals working in agricultural programs who wish to upgrade this
 

area of livestock utility, but as pointed out by McDowell and Hilde

brand (1980) there is frequently a lack of interaction among govern

ment agencies which are responsible for agricultural development.
 

They conclude that the ministries or ministry responsible for livestock
 

are mainly concerned with animal health and meat or milk production
 

while other organizations are concerned with crops. This results in
 

minimal attention by governments to problems associated with animal
 

traction.
 

Improved harness would permit greater draft to be generated and
 

would provide added comfort for animals. Consideration of the physical
 

line of draft, rolling and grade resistance, which can
principles, e.g., 

affect the quantity of draft will allow for more efficient transfer of
 

power from animals to implements. Studies to determine variation in
 

draft between first and subsequent plowings or of different soil types
 

have been minimal. It cannot be assumed that second, third, and fourth
 
For example, Raagard
plowings will require less draft than the first. 


(1973) found that tillage of the soil for a third time did not reduce
 

draft from that need initially, due to late rains softening the soil
 

resulting in the plow going deeper.
 

Estimated energy requirements for horses and oxen of different
 

weights, working at various rates for 4, 6, and 8 hr are given in
 

Tables 18 and 19. Values for horses were calculated from feeding stand

ards compiled by Morrison (1947) and N.R.C. (1966, 1973). Quantity of
 

TDN for three levels of intensity (percentage of body weight developed
 

as draft) are 2.6, 3.0, and 3.5 times hourly maintenance need for each
 

Horses require more energy when traveling at a speed
hour of wori 5/. 

of 4 km per hr than at slower speeds, given selected work-ng intensi

ties. Total amount of energy needed varies according to time and rate
 

of work. Oxen require more energy working at slow speeds developing
 

draft equivalent to 14% of body weight than at fast speeds developing
 

less draft (Table 19). Constants employed for calculating energy needs
 

L5/Assumed maintenance requirements as 11 to 15% above the energy cost
 

of asal metabolism (Brody, 1945).
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Table 18. Estimates of TDN needs for horses of various sizes

working at different rates for 4, 6, and 8 hr periods
 

Teight
(kg) 

Draft 
(kg) 

Draft- / 
(%body weight) 

Speed 
(km/hr) hp 

TDN needs (kg/timeb/ 
4 6 8 

270 27 10 4.0 .40 3.4 4.0 4.6 

270 30 11 3.5 .39 3.2 3.7 4.2 

270 32 12 3.2 .38 3.1 3.5 3.9 

365 37 10 4.0 .55 4.2 4.9 5.7 

365 40 11 3.5 .52 4.0 4.7 5.3 

365 44 12 3.2 .52 4.0 4.7 5.3 

455 46 10 4.0 .68 4.9 5.8 6.6 

455 50 11 3.5 .65 4.7 5.4 6.2 

455 55 12 3.2 .65 4.7 5.4 6.2 

545 55 10 4.0 .81 5.6 6.6 7.6 

545 60 11 3.5 .78 5.4 6.3 7.1 

545 65 12 3.2 .77 5.1 5.9 6.7 

635 65 10 4.0 .95 6.3 7.4 8.5 

635 70 11 3.5 .91 6.0 7.0 8.0 

635 76 12 3.2 .90 5.7 6.6 7.5 

A/Percentage of body weight developed as draft by light and heavy animals
 was calculated similarly, since the ability of light animals to generate
a greater percentage of body weight as draft compared to heavy animals
has been shown to be significant only at levels of maximum performance
(Prawochenski and Piotraszewski, 1955). For extended time periods, percentage of body weight developed as draft by light animals should be
within the same range as heavy animals of the same species in order for
 
energy to be utilized more efficiently.
 

-/Includes 
 daily maintenance needs.
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Table 19. Estimates of TDN needs for oxen of various sizes
 
working at different rates for 4, 6, and 8 hr periods
 

Weight Draft Draft- / Speed TDN needs (kg/time)-/ 

(kg) (kg) (%body weight) (km/hr) hp 4 6 8 

250 25 10 4.0 .37 3.3 3.8 4.3 

250 30 12 3.5 .39 3.5 4.0 4.6 

250 35 14 3.2 .41 3.6 4.3 4.9 

300 30 1 10 4.0 .44 3.7 4.3 4.9 

300 36 12 3.5 .47 3.9 4.6 5.2 

300 42 14 3.2 .49 4.1 4;8 5.5 

350 35 10 '4.0 .52 4.2 4.8 '5.4 

350. 42 12 3.5 .54 4.4 5.1 5.8

350 49 14 3.2 .58 4.5 5.4 6.2 

400 40 10 4.0 .59 4.7 5.4 6.2 

400 48 12 3.5 .62 4.9 5.8 6.6 

400 56 14 3.2 .66 5.2 6.1 7.0 

450 45 10 4.0 .67 5.2 5.9 6.7 

450 54 12 3.5 .70 5.4 6.3 7.2 

450 63 14 3.2 .75 5.6 6.7 7.7 

500 50 10 4.0 .74 5.4 6.3 7.1 

500 60 12 3.5 .78 5.7 6.7 7.6 

500 70 14 3.2 .83 5.9 7.0 8.1 

550 55 10 4.0 .81 5.7 6.6 7.5 

550 66 12 3.5 .86 6.0 7.0 8.0 

550 77 14 3.2 .91 6.3 7.4 8.5 

600 60 10 4.0 .89 6.1 7.0 7.9 

600 72 12 3.5 .93 6.4 7.5 8.5 

600 84 14 3.2 .99 6.7 7.9 9.1 

-/IBID.(Table 18). 

- /Includes daily maintenance needs.
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of selected intensities for horses were applied to oxen based on data from
 
Dill (1936) and Brody (1945). The estimates demonstrate that similar
 
amounts of TDN are required for different rates of work over varying time
 

periods, e.g., a 350 kg ox generating 0.52 hp for 8 hr would require the
 
same amount of TDN as it would when generating 0.58 hp for 6 hr.
 

In warm climate regions of the world it will be difficult for animals
 
to obtain these levels of TDN while grazing on natural pasture alone, ex

cept during the early part of the wet season. This means that for most of
 
the year supplementation will be needed for peak working performance. Un
less supplemented, working animals at high rates for extended periods of
 
time will result in the use of body reserves. Where supplements are un
available or too high in cost, there is a dilemma on how best to match
 
feed resources and animal needs.
 

Requirements for mules and asses appear similar to those given for
 
horses (Morrison, 1947). Feeding standards for working buffalo are few
 
(Lander, 1949); however, the TDN estimates given in this paper for oxen
 
should serve as good approximation for meeting energy needs of buffalo
 
working at similar rates.
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African cattle employed for traction
 

Breed or type 


Azaouak 


Maure 


Egyptian cattle 


Libyan (Shorthorned) 


cattle
 

Brown Atlas 


Adamawa 


Northern Sudan Short-

horned Zebu 


Shuwa 


Predominant 

region(s) 


French West Africa, 

Nigeria, and Eastern 

Sudan 


Mauritania, Western 

Sudan, and French 

West Africa 


Egypt 


Libya 


Tunisia, Algeria, 

and Morocco 


Cameroon and South-

eastern Nigeria 


Northern Sudan 


Lake Chad area, ex-


treme Northern
 
Cameroon, and Eastern
 
Nigeria
 

Mature weight
 
(kg)a/ 


Bulls 350-500 


Bulls 300-400 


Bulls 380-450 


Bulls 250-420 

Bullocks 200-400 


Bulls 350-500 


Bulls 400 

Bullocks 410 


Bulls 350-400 


Draft capacity and utilization
 

Excellent pack ox, especially in
 
sandy areas. Not suitable for heavy
 
draft
 

Pack animals capable of carrying
 
loads of 80-100 kg for 40 km in a
 
10-i hr day. Suitable for draft,
 
but are slow
 

Tillage, threshing and powering of
 
Persian water wheels
 

General draft work
 

General draft work, capable of
 
walking 2.4-2.8 km per hr
 

Transportation of farm produce and
 
tillage on moderate soils
 

Tillage and carting. Pair of bulls
 
can plow .28 ha or ridge 1.0 ha in
 

5-6 hr or pack 113 kg for 4-5 hr
 
at 4.8 km per hr
 

Pack animals, medium draft qualities
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0 

Breed or type 
Predominant 
region(s) 

Mature weight 
(kg)a/ Draft capacity and utilization 

Sokoto French Wezt" Africa 
and Nigeria 

Bulls 535 General draft. Slowbut docile and 
reliable 

Fulani or Peul: 
Nigerian Fulani 
Senegal Fulani 

Sudanese Fulani 
White Fulani 

West of the Senegal 
River to east of Lake 
Chad, and including 

part of Senegal, 
Mauritania, Sudan, 

Bulls 300-350 
Bullocks 330 

General draft. A pair of bullocks 
can haul 490-540 kg in a cart at
3.2 km per hr for 6-8 hr per day 

Niger, and Nigeria 

M'Bororo French West Africa Bulls 350-500 Pack animals, poor temperament for 
Lake Chad area, and Bullocks 360 draft 
Northern Nigeria 

N'Dama West Africa Bulls 300-410 Tillage and haulage, not suitable 
Bullocks 260-400 for prolonged or heavy work 

Kuri West Africa and Sudan Bulls 490-650 Poor draft and pack animals 
Savannah zone to the Bullocks 500-550 
west and south of 
Lake Chad 

Ankole Uganda, Rwanda, 

Burundi, and Tanzania 

Bulls 290-500 

Bullocks 340-365 

Energetic animals. Pair of bulls 
can haul 800 kg in a rubber tired 

cart for 16 km. Can plow in hard 
soil for 4-5 hr 

Barotse Northern Rhodesia Bulls 500-600 Limited draft due to poor dura-
Bullocks 490 bility of hooves 
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Breed or type 


Bukedi 


Lugware 


Tanzanian Short-

horned Zebu 


Madagascar Zebu 


Predominant 


region(s) 


Eastern and Northern 


Uganda 


Zaire and Sudan 


East Africa 


Madagascar 


Mature -weight
 

(kg)A/ 

Bulls 270-365 


Bullocks 300-450 


Bulls 300-410 


Bullocks 350-400 


Bulls 225-310 

Bullocks 200-260
 

Bulls 400-450 


Bullocks 400-450 


Draft capacity and utilization
 

General draft, even-tempered, but
 

slow workers
 

Good temperament and willingness to
 
work. A pair of bullocks can haul
 
700-800 kg at 4 km per hr for 15 km
 
in a 4 hr working day
 

Tillage
 

Pair of oxen can haul 350-500 kg at
 
4 km per hr and cover 30 km in a day
 

A team of 6 oxen can plow .5 ha in
 
a 5 hr working day.
 

A/Based on recorded body weights and estimates using heart girth measurements.
 

Source: Adapted from Joshi and Phillips (1957); FAO (1972); McDowell (1972),and WiJilamson and Payne (i978)
 

I-. 
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APPENDIX B 

Cattle employed for traction in South and East Asia
 

Breed or type 
Predominant 
region(s) 

Mature wqight 
(kg)a Draft capacity and-utilization 

Kankrej Area surrounding Sind, 
Pakistan and in 
Gujarat and Rajasthan, 
India 

Bulls 455-682 
Bullocks 550 

Fast, but powerful. A pair-/ can 
haul up to 1810 kg on a cart with 
pneumatic tires for 40 km in 10 
hr. Employed for plowing, harrow
ing, threshing, and lifting water 
from wells 

Kenwariya or Kenkatha Southern Uttar Pradesh Bulls 340 Light draft and cultivation 
and Northern Madhya Bullocks 320 
Pradesh, India 

Kherigarh Kheri district of 
Uttar Pradesh, 
India 

Bulls 270 
Bullocks 250-270 

Light draft and rapie transport. 
Estimated that a pair can haul 
1350 in a cart for 45-55 km in a 

Malvi Madhya Pradesh and Bulls 300-315 

day at 4-6.4 km per hr 

General draft and transport 
Maharashtra, India 

Tharparkar or Thari Eastern portion of 
the Sind Province 

Bulls 400-570 
Bullocks 385-430 

Tillage and powering Persian water 
wheels, carting, and packing. In 
the desert a pair can pull 450-680 
kg on a cart with pneumatic tires 
and cover 32-40 km in 8-10 hr. A 

Bachaur Bihar, India Bulls 395-440 

pack animal can carry 150-225 kg. 

General draft, a pair of bulls can 

haul up to 600 kg 
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Breed or type 
Predominant 
region(s) 

Mature weight 
(kg)a/ Draft capacity and utilization 

Bhagnari Northern Pakistan Bulls 450-465 Powerful and used for heavy draft in 
Bullocks 480-490 irrigated areas for deep plowing. 

Somewhat slow, but are able to work 
for prolonged periods and pull heavy 
loads under high temperature condi
tions. Draft capacities similar to 
those of Tharparkar bullocks 

Deoni Andhra Pradesh, General draft, pair of animals able 
India to pull 540 kg on iron-tired cart 

for 33 km in 10 hr 
Gir Junagarh, Bhavnagar, Bulls 320-540 Powerful draft animal, but medium

and Amreli dis- paced in movement. Performance 
tricts of Gujarat, comparable to Deoni bullocks 
India 

Nimari Narmada Valley 
tract in Madhya 
Pradesh, India 

Bulls 386-523 Capable of hauling 680-905 kg on a 
hard road 32-40 km in a day. With 
lighter loads travel at 4.8-5.6 km 
per hr. Perform field work for 8-10 
hr per day 

Red Sindhi Sind Province of 
Pakistan and 
Gujarat, India 

Bulls 385-395 
Bullocks 340-405 

Medium paced, steady workers for 
draft, transport, and packing. On 
dirt road, a pair can pull 680-905 
kg on an iron-tired cart for 7-8 
hr a day at 3.2-4 km per hr. A 
pack animal can carry 135-225 kg 

Ln 
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Breed or type 


Sahiwal 


Amrit Mahal 


Hallikar 


Kangayam 


Gaolao 


Hariana 


Krishna Valley 


Mewati 


Predominant 

region(s) 


Punjab, India and 

Montgomery dis-

rict of Pakistan 


Mysore, India 


Mysore, India 


Southern and South-

eastern area of Tamil 

Nadu, India 


Madhya Pradesh and 

Maharashtra, India 


Eastern Punjab, 

Rajasthan, and 

Western Uttar 


Pradesh
 

Andhra Pradesh, 


India 


Mathura district 


of Uttar Pradesh 

and Bharatpur, 

India 


Mature weight
 
(kg)R/ 


Bulls 506-540 

Bullocks 450 


Bulls 385-405 


Bulls 400-490 


Bulls 470-540 

Bullocks 520 


Bulls 400-430 

Bullocks 400 


Bulls 360-495 

Bullocks 335-530 


Bulls 510 


Bullocks 545 


Bulls 465 


Bullocks 360 


Draft capacity and utilization
 

A pair can pull loads of 1810 kg
 
in a cart w/penumatic tires on a
 
hard road for 24 km in 6-8 hr of
 
travel
 

Great stamina, a pair can pull
 

680-907 kg at 4.8-4 km per hr
 
for 8-10 hr without rest
 

General draft and transport
 

A pair can pull 907 kg in an iron
tired cart 6.4 km per hr for up to
 
60 km
 

Rapid draft, a pair can travel 35
40 km in 7-8 hr pulling 450 kg.
 
General tillage
 

Fast plowing and road transport. A
 
pair can pull 907 kg for 32 km at
 
3.2 km per hr
 

Heavy draft in black cotton soils,
 
transport
 

A pair can haul 540-680 kg on an
 
iron-rimmed cart for 24-32 km at
 
4.8 km per hr. General tillage
 
work 8-10 hr a day
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Breed or type 


Nagori 


Ongole 


Rath 


Dangi 


Khillari 


Predominant 

region(s) 


Rajasthan, India 


Andhra Pradesh, 


India
 

Java, Indonesia 


Sumba, Indonesia 


Alwar and adjacent 

areas in Rajasthan, 

India 


Western Maharashtra 

and Southern Gujarat, 

India 


Maharashtra, 

India 


Mature weight
 
(kg)A/ 


Bulls 360 


Bullocks 315 


Bulls 540-610 


Bulls 495-645 


(grazing)
 

Bulls 595-795
 
(stall fed)
 

Bulls 525 

Bullocks 450 


Bullocks 440-545 


Bulls 364-455 


Bulls 453-635 

Bullocks 400-500 


Draft capacity and utilization
 

Young pair can haul 360 kg in an
 
iron-rimmed cart on a sandy road
 
and cover 57 km in 8 hr. Can travel
 
for 32 km at 9.6 km per hr
 

General transport and tillage
 

General draft and tillage
 

A pair can haul 1270 kg for 6-7
 
hr at 4.9 km per hr
 

Powerful, a pair is capable of
 
pulling 450 kg in heavy sand for
 
32 km. Able to work 10 hr a day
 
in the field
 

A pair can haul timber at 3.2-4.8
 
km per hr and travel 32-38 km per
 
day
 

Able to pull 680 kg in an iron
tired cart at 6.4 km per hr for
 
40-48 km
 

U' 
Ln 
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Predominant Mature weight 
Breed or type region(s) (kg)a/ Draft capactiy and utilization 

Lohani Eastern Pakistan Bulls 272 A pair can haul 450-540 kg at 4.8
and Rajasthan, Bullocks 317 5.6 km per hr and cover 24-32 km 
India in a day 

Ponwar Pilibhit district, Bulls 311-362 Rapid draft for tillage and 
of Uttar Pradesh, Bullocks 317 transport 
India 

Siri Areas around Darj- Bulls 362-544 General tillage, threshing. Bullocks 
eel.ng, India and 
in S'kkim and Bhutan 

Bullocks 315-453 have strong feet and can haul 907 kg 
up steep hills at 1.6 km per hr. Work 

for 8-10 hr a day 

Dhanni Jhelum and Rawal- Bulls 362-344 A pair can haul a load of 1130-1360 
pindi area of Bullocks 476-585 kg in an iron-tired cart on a rough 
Pakistan and North- dirt road and can cover 40-48 km in 
western Punjab, India 8-10 hr. As a pack animal, can 

carry 136-225 kg 

a/Based on recorded body weights and estimates using heart girth measurements.
 

/Unless indicated otherwise, a pair refers to mature bullocks.
 

Source: Adapted from Joshi et al. (1953), Indian Council of Agricultural Research (1960), and
 
McDowell (1972).
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