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The desert locust is a large insect weighing 1-3 gm.
with a wing span of 10-15 cm., Its eggs are laid in moist
sandy soil from which the water necessary for their
development is absorbed, After hatching the hoppers
moult 5 or occasionally 6 times before reaching the adult,
fully winged stage., After a short time any swarms which
have formed are ready to migrate, They move downwind and
in this way reach areas of low level converggnce of winds
where precipitation is likely to occur., In these areas
maturation usually tekes place almost immediately and the
cycle begins asain,

There are, however, two exceptions to the latter part
of the cycle. One, where the area in which fledging took
place is still receiving rain when maturation may take
place 'in situ' and two successive generations be produced
in the same area. The second takes place where swarms
arrive in an area during the rainy season but maturation
does not take place immediutely and immature swerms remain
in the area for some months before the cycle begine again,

The desert locust ies adapted to life within the wide
range of climatic environments found in its widespread
distribution area, The length of time taken to pass

through the stages outlined above varies considerably with



the differing combinations of envirommental factors such as
temperature, and possibly humidity, light and food, as well
as the density of the locusts themselves, These complicated
and continuously varying environmental conditions have not
been reproduced in the laboratory and thus the effects of
each of these many factors are still not fully known and
understood, The following account outlineg the present
knowledze of the effects of emvirommental factors on the
life cycle of the desert locust,
i. Ovipogition.

Kennedy (1949) obeerved that for the African migratory

cioides R.& F.j ovipoeition

could be divided into three stogess:-

"l,Probings that is, working of the ovipositor against the
substrate with the abdomen bent at right angles
but not yet extended,

2.Diggingzs that is, continued working of the ovipositor

valves while the abdomen extends and makes
twisting movements,

E.Ws that ie, extrusion of froth and eggs
to form an egg pod as the abdomen is retracted
out of the hole.,"

It has been found (Popov 1958, ete,) that these stages
are also characterietic of oviposition by the desert locust,
Probing and digging follow copulation and are the meane by
which suitable egg esites are fouﬁd. Probing was observed
by Popov (ibid) on many types of soil and it apparently
resulted in the rejection of hard, compact surfaces, for
digging was restricted to soft, sandy soils, Oviposition
did not always follow digging, suggesting that the final



test of the suitability of the soil for oviposition was made
during this process, Popov's observations led him to
believe that not only environmental conditions but also the
physiological condition of the female locusts plgyed a part
in the rejection of some of the bore holes that had been made
by digging.

During one particular series of laboratory experiments
Popov (ibid) found that although 54 bore holes were made in
dry sand, it contained no egg-pods, however in the moist
sand presented to the locusts at the same time there were
15 bore holes and 19 egg-pods.

These results led him on to further experiments in which
he demongtrated that the desert locust showed a preference
for laying in sand which had a dry surface layer., During
these experiments a total of 87 egy pods were laid, 57 where
the sand was dry on the surface and 30 when the sand was
moist throushout. These results were tested statistically,
and proved to be sipnificantly different,

In the laboratory eggs were laid only if they could be
placed completely in moist soil, otherwice they were retained
for up to 72 hours and were then deposited on the floor of
the cage (Popov ibid). These points are dealt with fully
in chapter 1 on oviposition and soil moisture,

The reproductive activities are sometimes interrupted
by sheltering and roosting; field observations and laboratory
experiments have been carried out to determmine the conditions

under which these interruptions occur.



Ballard et al (1932) and Popov (ibid) have noted
sheltering by adult locusts during rain under field
conditions., Husain and Mathur (1946) simulated rainfall in
the laboratory and sheltering but no interruption of sexual
activity was observed, Heat, cold and darkness were also
thought by Popov (ibid) to induce sheltering and roosting.
For when at oviposition sites in east Africa a soil surface
temperature (measﬁred with a mercury in glass angle
thermometer) of 43°C was reached, adult locuste began to
shelter in the shade of bushes or to climb on to the branches
and roost until later in the day, when the soil surface
temperature had fallen, The first locusts to seek shelter
were the marching pairs, followed by those probing ahd lastly
by the ovipositing locusts, It should be noted that a
temperature gradient amounting to 16°C can exist at noon
between the sand's surface and the air 6 mm., above that
surface (Geiger 1950). Thus the temperature of 43°C
measured by laying a thermometer on the ground would probably
be lower than that of the actual soil surface, for there
would have been a temperature gradient between the lower
surface of the bulb in contact with the surface of the sand,
and the upper surface of the bulb in contact with the cooler
air,

Variations in the temperature of the soil surface in
the vieinity of egg-bearing swarms played a part in the
selection of egg-sites. During the middle of the day

oviposition was occasionally seen by Popov (ibid) to occur
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in the cooler areas, on the slopes facing away from the sun
or in the light shade cast by small bushes, near where the
locusts had been sheltering, This use of the cooler sites
wags only seen to operate when the soil surface temperature
was above 39°C and lese than 43°C, at which paint.laying was
usually suspended and sheltering and roosting began,

In the morning snd evening the locusts move onto the
warmer, sunward facing slopes and bask, During this activity
they present their sides to the sun and thereby absorb +the
maximum possible radiation, Oviposition frequently followed
bagking particularly in the evening (Popov ibid)., Basking
continued during his observations until the soil surface
femperature reached 24-26°C in the morning and began in the
evening when the soil surface temperatures were 54-5600.

When the soil texture and moisture conditions were
suitable for oviposition over a wide area Popov noted an
association between basking and oviposition sites. Sometimes
these open sunward facing slopes had dried out and under
these conditions, after basking the locusts moved to the
hollows where moisture had been conserved, beflore suitable
laying sites were found,

Some data on the temperatures under which oviposition
occurred have been noted, Mass oviposition in Iran was
seen at air temperatures between 22 and 33°C (Popov 1954).

In east Africa the upper limit of temperature during
oviposgition wass-~ £0il surface tenperature 4%-46°C which

corresponded to air temperatures of 28-34°C, The lowest
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air and soil surface temperatures at which oviposition was
observed was 21°C (Popov 1958).

Husain and Ahmad (19%6) examined experimentally the
temperature range over which oviposition would occur, The
upper limits they obtained by heating the soil from below
thus obtaining a temperature gradient the reverse of that
occurring in the field, Oviposition occurred when the air
temperature varied from 25-36°C when the goil surface
temperature was 30-42°C the temperature at which the eggs
were deposited was 40-48°C, It should be noted that none
of these eggs hatched, The authorsin a later experiment
~ showed that eggs 1-2 days 0ld exposed to a temperature of
470-47,5°C for 2 hours did not develop when subsequently
incubated at 30-33°C, neither did egzs which were kept for
eight hours at 46-46,5°C although a 2 hour period at this
temperature was not fatal, Thus it seems likely that the
failure of the eggs to hateh in their previous experiment
was caused by high temperatures.

In other experiments the locusts were presented with
a range of soil temperatures which varied between 00 and
30°C at a depth of 7,5-10 cm. i.e, at the level where the
ezgs were usually deposited, The eggs were deposited where
the soil temperatures were between 25,59 and 29°C, When
the choice of temperatures was restricted further the eggs
were deposited where the temperature was between 209 and
23°C, the highest soil temperatures available,

Rao (1960) records oviposition occurring in a large
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Fig., 1. The c;hanging weight of eggs of the desert locust
incubated at 27°C. (after Shulov,1952)



field cage at Pasni (Baluchistan) at a soil surface
temperature of 25°C measured with the thermometer lying
horizontally and covered thinly by soil, He also noted
"digging for oviposition" occurringz when the soil surface
temperature was 18°C,

Table 1 summarises the data available on the
temperature a2t which oviposition has been seen both in the
field and in the laboratory and indicates that the
temperatures under which oviposition has been observed in
the field correspond closely to the range of temperatures
found suitable experimentally in the laboratory and it seems
likely that oviposition by the desert locust ies restricted
by certain soil surface temperatures, As yet these have
not been measured very accurately; but the limiting
temperatures measured by the methods noted above are 18°C
and 46°C, It seems that there must also be a minimum amount
of moisture present in the =oil before normal oviposition
will occur,

ii, Egg Development.

The ezgs of the desert locust are laid containing
insufficient water for their development, This is obtained
from the moist sand in which they are laid., Shulov (1952)
denonstrated the increasipg weizht of ezzs kept in moist
sand at 279C during their incubation period, (see fig.l).
Hunter-Jones (in preparation) has also shown the pattern of
water uptake by eggs of the desert locust from sand

moistened by varying amounts of water when incubated at 28°C,



2 20+
O-6cc. i 13cc.
i (Fr—x ]
E - o
g - /
- 20 -"—J_l_x 154 X
= | X -
- E
=
g 4
2 x ]
1 101
3 X_X"
LA B T T LI | T T T T T LI T T T T ¥ T T T T T T T ] L T T T T T T T
(o] 5 10 15 o] 5 10 15
- 2.0cc. RS | J 10cc.
204 -
0 pul 201 N
9 s
E / g
o ] 1 x/x
E - o 4
c 1 i
T 154 154
-t
= 1 -
o 4
7 2 X
10- 10 w
'T ,-_L—-’x' .
6 T T T 71 5 T T T T 16 L] T T 1l5 T T T T 0 T T -5 T T ™5 T T 115—|— T T
- x d
25+ 20cc o 25 25cc.
! x ]
€ - -
on -1 .
E 20 X 204
& J 7
o o
=
m 3
g . x
1 154 x X
s ‘ ~X
x= b
T 1 T !5 T T T T 1|° T T T T 1l5 T T O T T 6 T T T T 1'0 ¥ L) 1 1l5 ¥ '
Time in days Time in days

*Hatching

Fig. 2a., Changes in weight of developing eggs of the desert locust
when incubated in sand containing 0 6,1 3,2,10,20,25¢cc
water to 100gm sand, (after Hunter-Jones in preparation).



(dead ur seuop-IojUNY JI83JE) (SULT USHOIQ) °*pues wWSQOT 0%
J91EM 009°0 ATuo FUTUTBIUOO PUBES 03 PBAIDJSULI] USY) pue poTaad uUCTRBANOUT 8y} JO
jaed aojy (pues wiQOT 03 J8jEM 00QT) pues 38TOW UT 9de3 3SN00T 3.1982p oyl Jo sd3F *qz °*IAtg

sAbp ui 2wl

1 1 | m..-_‘ I i = 1 @_. 1 1 1 1 nwa 1 1 o-.o_,
x 3
2 an I
\ll
/S B
/ % o
A #
\\
L ]
2 St
- L
\\\
I||-llulbulll.-.l".l.lu.llllli-tllb..l.\t.\ -
a_\I-.Illqlllllllil.l.llll..l.llll..‘..llll.lllr'-lr B
T e s e o - s
e .1 -
& o l..l.ﬂll.l.l ~

BuiyoioH

1ybiam

uj



8

His results (fig.2a) show that the eggs were able to hatech
satia:!.’actoril\v. except where the soil was water-logged

(i.e. when 30 cc. water added) or when the moisture content
was a8 low as O,6¢c, in 100 gm. of sand, In the former
case the eggs almost certainly died through lack of oxygen.
In the latter there was a-'gradual increase in weight over
the first 10 daye which differed in pattern from that which
occurred when the eggs hatched. Partially developed eggs
were able to complete their development in sand containing
this amount of moisture, their hatching weight reflecting
the length of time spent in this drier sand (fig.2b).

This would suggest that the water at this concentration was
availeble to the eggs, but that if they had not initially
been in moister sand, the pattern of water uptake was
abnormal and they failed to hateh, The lenzth of the
incubation periods during these experiments varied from
17-19 days, '

Husain, Ahmad and Mathur (1941) examined the influence
of soil moisture on the length of the incubation period of
the eggs of the desert locust, They used sandy, loam,
clay-loam and clay soils for their experiments, These solils
were first oven dried at 60°C and were then placed in a
dessicator for two days at a relative humidity of 100x,

In this way the soils were moistened to what the authors
termed "maximum hygroscopic moisture,”™ Egzs were then
placed in theee sgoils, to some of which were added known
quantities of water., They were then incubated at known

room temperatures in a dessicator in which the air was alwayse
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saturated with moisture unless otherwise stated., Their
results are given in Table 2 and show how the length of the
incubation period was lengthened when the moisture was in
short supply. To this table, I have added the length of
the incubatiocn perieds given by Rao (1960) for the
temperatures quoted by Husain, Ahmad and Mathur,

In the first two experiments when sand had been used
all the egges hatched without the addition of further
moisture, indicating that the variations in temperature
must have made water of condensation available for
absorbtion by the eggss In the other experiments using
sand when the control egge hatched moisture was added to any
unhatehed experimental eggs, with the result that hatching
occurred some 10 or more days later,

In the experimentes where other types of soil were used,
the egge in the dishes containing only a low percentage of
additional water did not always hatch unless additicnal
moisture was added, The extension of the incubation periods
above that usual for the temperatures of the experiments
was greater when clay-loam soil was used, when the incubation
period was 81 days (normal 19-27 days).

These results suggest that the eggs of the desert
locust are able to absorb any moisture in a sandy soil
other than hysroscopic moisture, but that this is not so
when the eggs are in 'heavier' soils, . The amount of
additional water required increases with the increasing

'heaviness' of the soil. It ie of course possible that the



Fig. 3. Incubation period in relation to soil temperature
at 4 inch [10cm] depth showing the difference
in value for each rise of a degree Celsius,
(after Rao. 1960)
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method utilised for producing soils containing "maximum
hy:roscopic moisture" was not an effective one for these
theavier' soils for no direct measurements of moisture
content were made,

The effects of temperature on the incubation period of
the desert locust were demonstrated by Rao (1960), In a
series of experiments carried out between 1932 and 1937,
the temperature of the moist sandy soil at a depth of 10 cm,
was measured during the‘deveIOpment of the eggs. His
resulte show that the length of the incubation periocd
inereased as shown in fig.3 from 13 days at 34°C to 72 days
at 19°C. Similarlresults were obtained by Husain and
Ahmad (1936) and Shulev (1952) =nd Hamilton (1950).

Thus it can be seen that the eggs of the desert locust,
hav;ng been laid in suitably moist soil, absorb from it
the mqisture necessary for their development, The length
of‘their incubation period is largely dependent on
temperature, but particularly when in soils (other than
sand) with a low moisture content their incubation peried
may be considerably extended,

iii. Hopper Dgge;oggent.-

Barly field records quoted by Bodenheimer (1929) and
Husain and Ahmad (19%6) from widely differing.areas and
seasons}of the length of hopper development varied greatly
from 37-153% days (see Table 3).

Experiments conducted by Husain and Ahmad (ibid) showed
the effect of different constant temperatures on the length



TABLE 33

Records of the duration of the hopper period.

Author Country Duration of hopper period (days)
Vosseler Bast African Steppes 50
Vosseler East African Mountains 60=~70
King Sudan 40-50
Lellement Algeria Lh=53
Official Moroceco 40
Gough Egypt Mo
Bucher Palestine L2=56
Regnier N.W.Africa 37=40
Bodenheimer Palestine 42
Ballard et al Egypt 39-153
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of hopper de\?eloment. It was found to vary from 61-63
days at 24°C te 20-21 days at 36°C, At a temperature of
449C only a few hoppers reached the adult stage after 27
days, i.e, longer than at lower temperatures., Greatly
inereased periods of development of up to 161 were obtained
both by Husain and shmad (ibid) and Rao (1960) vhen breeding
hoppers under semi-natural conditions during winter months
when the temperéture was frequently below 19°C, which has
been indicated as a threshold for development by Husain
and Abmad (ibid). Experiments by Husain, Ahmad and Mathur
(1941) showed that where green food was available, low
humidity did aot prolong the duration of the hopper stages
as had been suggested by the work of Hamilton (1936 and 1950).
Dudley (1960) who was able to use an artificial diet which
enabled the humidity to be more fully controlled than before
also found that humidity did not affect the length of the
hopper stages.
iv. Flight Activitby.

After the final moult the fledgling is only capable
of descending flight uutil about a week later when the
development of its flight muscles and the hardening of its
wing structure is completed. From this point flight
activity is a characteristic feature of the adult desert
locust,

Waloff and Rainey (1951) considered the factors (air
temperature, sunshine, wind, rain, gregarious stimulation,
fatigue and feeding) which affect flizht activity, They



TABLE

4: Determinations and estimations of the air speed of the desert locust.

Air Speed km/hr Method Source
Determinations. in the Laboratory.

14=16 sceseecesssss initial speed | on a rougdabout Krogh and

11 sessscsescas average Speed 2l at 25"35 C. weiS"’Fogh (1952)
8‘_13 sSessseenOeee range on a ro d&bout WGiS-FOgh ( 1952)
10-8 sseesescesss AaAVeErage apeed i at 25-31 C for 24.—5h1".

9-13 eesesvorscone mge on a roundﬂ.bgut Weis-FOgh (1952)
10 csecessccess average speed | at 25,30,4&35 C for 4=5hr

G=23*l eescesescces €Xxtreme values | attached to flight Wootten and
10+8-18eeccesesssee average range balance wind tunnel Sawyer (1954)

11' 5 s seesnssvoRe aver&ge Speed at 25-30 C fOI‘ a fe‘l\'

B. Estimations in the field.

15
29
165

between 11%18......

22
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(AN E R RN N ENE ]
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unrecorded

minutes to 5 hr

timed flight of 200metres in still air

observer holding direct reading anemometer
keeping pace with locust at 29-5°C.
same method

visual estimate by 2 observers

course of track observed in mirror;
wind speed and digection measyred,
Temperature 31-32 C.

photographic technique of double exposure

Lepinay (1928)
Rungs (1945)

Gunn,Perry et al
(1948)
Raine

(1951

& Waloff

Gunn,Perry et al
(1948)

Rainey & Waloff
(1951)

RaineY;WHloff
& Sayer (in prep)
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concluded that in the range of environmental conditiqns
encountered that particularly at low air temperatures,
sunshine was of importance in the development of flight
activity. 1In the absence of sunshine, the body temperature
of the locusts approximates to that of the air and this
temperature then becomes a dominsnt factor in controlling
flight activity. It was through the part they play in
regulating the body temperature of locusts that these factors
were thought to be effective.

Krozh and Weis-Fogh (1952) found by laboratory
determinations that in the absence qf-heating radiation
sustained flight activity took place at air temperatures
ranging from 22-37°C with optimum conditions from 25-35°C,
Gunn, Perry et al (1948) observed flight activity in the
field among locusts with similar body temperatures (20-40°C).

Various determinations of the air speed of locuets have
been made in the laboratory. Krogh and.ﬂeis-?ogh (1952)
and Weis-Fogh (1952 and 1956) concluded that during steady
horizontal flignt it would probably be 10-13% km/hr, although
initially a higher speed of 14-16 km/hr, was usual,
Wwootten and Sawyer (1954) obtained air speeds of 9-23% km/hr,
with an average value of 11,5 km/hr., Several estimates
have been made by various methods under field conditions
(see Table 4).
v, Swarnm Movemonts.

The determination of the air speed of desert locusts

under controlled conditions in the laborqtory vary from
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8=2% km/hr, These results suggest that a swarm of locusts
uniformly orientated into the wind would not be able to make
headway againgt a wind of more than about 23 km/hr, and
that the directicn of displacement at wind speeds higher
than this would neceesarily be down or across wind,

Obgervations from slow flying light aircraft (Rainey
and Sayer 1953) showed that swarms were composed of a large
number of groups of locusts, Within each group the locusts
were uniformly orientated but a wide diversity of
orientation was observed betwéen groups. These observations
were later confirmed by a photographic technique using
double exposures (Rainey, Waloff and Sayer in preparation).

4 study of over 40 examples where the direction of
displacement of the swarms had been established by successive
fixes and the direction =and speed of the wind had been
recorded, led Rainey (in preparation) to conclude:- |

"that despite the uniformity of orientation so
conspicuously exhibited within the individual

groups of flying locusts, both the direction

and maximum speed of displacement observed in

flying swarme reflect an effectively random

overall orientation of the flying locusts in

the swarm as a whole,"

Studies by Reiney (in preparation) of the geograrhical
displacement of over 40 swarms with which contact had been
maintained by aircraft, led to their classificotion into
four types.

1) Progressive, systematic swarm movement in which there was
a constancy of more than 75% over pariods of a few hours to

five days. ‘These were associated with quasi-stationary
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wind-fields..
2) Marked changes in the direction of swarm movement vhere
the constancy was less than 75%. These were associated
‘with markéd changes in wind direction,
3) Complex changes in the direction of swarm movement in
which the swarm crossed its previous track. These were
associated with changes in wind direction both in lowland
and mountadnous :reas.
4) Quasi-stationary flying swarms, when despite conspicuous
flight activity the roosting sites of the swarm for several
successive days overlapped. Both of the examples studied
g0 far occurred in the mountains and are thought to be
connected with the ansbatic flow which takes place during
the day in such areas,

These findinge were later used by ispliden and Rainey
(in preparation) to study the movements during the period
lay 1954-lay 1955, which could be established from the
progressive day o0 day chanpges in the area occupied by
swarms, It was found thati- >
1, the long range progressive displacements of swarms, waich
had taken place in periods of, from 5 days to 2 months, were
associated with:-
a, quasi uniform wind fields such as the trade winds:
b. extra tropical depressions, when the movement proceeded
internittently during the periods when warmer winds were
blowing from the appropriate sector:

¢. during the seasonal displacements of the inter~tropiecal
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convergence zone (ITCZ).

2, Periods when the swarms remained quasi-stationary for
two to four months were associated withi-

a, opposing wind fields such as the convergent low level
wind-field of the ITCZ, the opposing NW and Si low level
wind currente characterietic of the winter conditione in the
Red Sea Basing and the on-chore sea breeze which opposed
the light off-shore more general wind flow during the winter
in Kathiawar, India:

b. low temperatures which in areas such as southern Moroecco
most probably reduced flight activitys

¢. mountainous areas such as parts of Algeria and eastern
Africa where as well as low temperatures the local anabatic
circulation probably played an important part in reducing the
progressive movement of swarms,

During the study of Aspliden and Rainey (ibid) it was
established that swarms move downwind during the periods of
long range and progressive movement over distances of
600-3500 km, These swarms eventually arrive in areas of
low level convergent wind flow, As was noted above, the
swarms remain quasi-stationary in such areas which are subject
to precipitation during the oscillations of the frontal
systems which acéampany the passage of disturbances. In
many but not all of these areas the arrival of the swarme is
guickly followed by maturation and oviposition among them.
vi. Sexual Maturation.

An association between precipitation and breeding has long



been recognised (Maxwell-Darling 193%4) considered that

"while atmospheric humidity causes sexual
maturation, rainfall is necessary for oviposition."

He based these conclusions on his observations of locusts
none of which laid in the field until rain had fellen; and
on his experimentes with immature locusts which were kept in
cazes and Jars with varying combinations of natural (ffom
the field) and green vegetation and dry and wet sand. The
air temperatures of both the cages and the jars was similar
but the humidity in the jars varied between 40 and 50%
whereas that in the cages was below 20% for all but 3 days
of the experiment, The locusts in the cases did not become
éexually mature until the rains came, at which time sexual
maturation was also taking place in the field:. However,
maturation took place earlier in the jars and Mexwell-Darling
concluded that the higher atmospheric humidity was the
factor that had induced maturation, Noting that the locusts
in the jars had eaten four times as much food as those in
the cages he thought that the influence of the humidity on
maturation might have been indirect and connected with the
increazsed feeding observed.

Rao (1960) followinz his observations on the solitary
populations in India and Pakistan also noted the association
between rainfall and breeding,.

"Breedinz occurred only when there was rainfall
sufficient to bring about a farily deep

penetration of moisture in sandy soils. In

cases where locusts were already fairly mature

at the time of the occurrence of rain, eggs
were laid almost immediately, while in other



Fig. 4. Pre-oviposition period at constant temperatures.
(after Husain and Ahmad, 1936)
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cases sex-maturation was apparently hastened
thereby."

It is frequently noted as in Norris (1957) that

"Schistocerca under natural conditions breeds

when it meets with rainfall, in the absence

of whiech it remains immature for long periods,

This ‘has usually been considered to be the

result of direct inhibition of reproduction by

low humidity or its effect on the food supply.”
She had, however, observed retardation of maturation which
took up to 118 (normal 21-28 days) days during conditions
of long photoperiod or during rearing at low density.
(Norris 1952 and 1957). There are, however, conditions
under which maturation in the field is retarded although
precipitation is occurring =and the photoperiod is not long.
These conditions sre present in the autumn and winter in the
northern area of Bpring breeding which extends throughout
the belﬁ affected by the westerly depressions which cause
autumn and, or winter and spring precipitation from Moroecco
through the Middle East to Pakistan and India, In these
areas swarms remain immature for up to 6 months. In this
area it is probable that the low temperatures at this season
inhibit maturation for Rao (ibid) found thati-
| "in winter snd esrly spring temperatures are too

low to allow of breeding, and it is only when

the daily mean rises to above 209C that locusts

manifeet signs of reproductive activity in

north-west India,"
Husain and Ahmad (1936) examined the rate of sexual maturation
at varying temperatures and found that the pre-oviposition
period which they used to indicate the time taken to reach

maturity varied according to temperature.
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Fig.4 shows their results for constant temperatures ranging
from 27°-40°C, During the winter locuste which had fledged
between Auzust and lNovember were reared in a laboratory at
room temperature which "remained below 18°C" during December
and January, Oviposition began when the "maximum temperature
rose to about 21°C." Unfortunately no other details about
the room temperature were given, The pre-oviposition period
of these locusts varied from 87-192 days (average 1335 days).
The delay in maturation produced under these conditions of
low temperature wag probably similar to that which was taking
place in the field during the same period,

Hamilton (1950) examined the effects of relative humidity
at different constant temperatures on the rate of sexual
maturation. Apart from partially drying the food to
counteract its effect on the relative humidity in the cages
no control of the food either guantitative or gualitative
was made, Hamilton concluded from his results that for each
of the temperatures he used 26.5, 32 and 38YC, the optimum
relative humidity lay between 65 and 70%., Away from the
Optimum'conditions of humidity, maturation time increased.
However, whereas at high humidities the length of life
decreased it did not do sb at low humidities., Hamilton
(1936) was able to keep adults immature at %29 and 30% RH
for 98 and 123 days before placing them in a humidity of
75% when they beceme mature within a fortnight.

During other experiments using alternating conditions,

the time taken to reach maturity was shorter than when the
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conditions had been constant (Hamilton 1950) Hemilton
concluded therefore that maturation was stimulated by
alternating conditions,

Although these results suggest that atmospheric¢ humidity
- plays an important part in maturation, it has been shown
that in the presence of succulent food (such as green cabbage
leaves) maturation times are not retarded even when the
cage relative humidity was as low as 35% (Husain, Ahmad
and Mathur 1941). FNorris (1952) also found no evidence of
any effect of relative humidity affecting maturation time
during experiments when the mean relative humidity varied
between 34 and 70%. In these experiments unlike those of
Hamilton's fresh grass was present which raised the
relative humidity near it from 5 to 12%.

The recent work of Dudley (1961) was carried out under
more rigidly controlled constant temperature, humidity,
light and food conditions and he concluded from his
observations that:-

".eelt seems clear that the failure to reproduce

on the part of the locust resulted from the

constant temperature, for teste on the other

factors have shown that, individuslly each

was not concerned, Although constant

temperature is, therefore, believed to be of

prime importance in produeingz this result, it

is nevertheless possible that other factors

mizht have contributed and that the result

could have been caused by constancy of conditions

in general, It is, however, beyond the scope

of the present work to investigate this latter

poseibility."

He also found that the conditions under which the hoppers had

developed affected their rate of maturation as adults, as
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did the leagth of time in which the female locust had been
in the constant environment before being placed in conditions
known to end the delay, [Hale locusts reared under the
congtant conditions required either stimuli from the
phyeical environment when fully grown or, in certain
circumstances, particular feeding conditions for sexual
maturation to be completed, 1In the laboratory ei ther
stimulus on its own was sufficient to cause maturation,

but Dudley felt that both stimulate maturation in the field.
The food factor involved was found not to be one of moisture
intake alone but to be connected with some constituent of
the grass which either was destroyed or taken in
insufficient quantities when the grass was dried. He also
found evidence as had Norris (1957) that there was a
seasonal variability in the grass which increased the rate

of maturation in the spring. I

Among female locusts the delay could be broken by the
same stimuli as for the males, and in addition the stimulus
of copulation causged maturation, However, until about 30
days after fledging when resorbtion of their eggs had
commenced, a delay was noted after transference to a suitable
environment which was only shortened vy copulation with
mature yellow males,

It would appear then that in the field maturation is
consistently delayed both under dry-season and winter
conditions, Laboratory experiments to investigate this
problem have consisted in subjecting the locuste to
differing but usually approximately constant conditions
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of temperature and relative humidity. They have shown that
in fact low temperatures do reduce the rate of sexual
maturation and that graes which is dry also inhibits
maturation but in a way as yet unknown, Delsays have been
caused by constant conditions probably by constant
temperature and maturation followed when these conditions
were changed, In the field conditions as constant as those
required to cause this delay never occur however

maturation does follow the sudden environmental changes
which accompanieé the onset of the rains in some breeding

areass
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B. INTRODUCTION 70 THE TFRESENT STUDY.

i. Higtorigcal Backeround.

Plagues of locusts are one of the world's oldest
entomological problems. Invasions by the desert locust
can at times cause localised devastation in a large part of
arid and semi-arid Africa and south-west Asia, In
Moroceco in one season alone, crop dsmage amounted to 13
million U.S, dollars (Vayssiére 1954), In western Eritrea
in September 1958, late instar hoppers and fledglings
caused the losg of 43,000 tons of cereals, which expressed
in other terms amounts to a year's food supply for 170,000
people (Bast Africa High Commission 1961, and Bullen
unpublished).

It was not until about thirty years ago that a
systematic attempt was made to collect information about
locust distribution, This followed the discovery by Uvarov
and Faure (Uvarov 1921 & 1928) that the locusts which in
the solitary phase did relatively little harm to crops,
underwent gregarisation under certain conditions and greatly
increased in numbers changed into the recognisably distinet
grezarious phases the resultant swarms causing much damage
to crops. Until that time the two phases had been thought
to be unconnected and research on locusts and methods for
their control had only taken place on the gregarious phase
during times of plague. |

In April 1929, about a year after an invasion by the
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desert locust of the Anglo-Egyptian Sudan, Kenya and

Tanganyika, a locust sub-committee was formed by the late

Earl of Balfour, Chairman of the(Committee of Civil Research.,

Two years later this committee was absorbed by the Economic

Advisory Council ard became the Committee on Locust Control

of that Council, JYrom the bezinning it was decided to

collect information about all the infested territories of

Africa and Western Asia in an attempt to locate the

permanent breeding areas and migration routes of the desert

locust., With this end in mind Sir Boris Uvarov (then
gsenior assistant in charge of locust investigations at the

Imperial Bureau of-Entomology% wrote 'Instructions for

Observations on Locuste' (Uvarov 1930) setting out the

means of distinguishing between the types of locusts likely

to be seen and indicating by a series of questions the
information about the environment and behaviour of locusts
that would be of value to entomologists. This pamphlet
was widely distributed in all the affected territories and
the information requested was immediately forthcoming,.

Thus the collection of documents and manuscripts now held

by the Anti-Locust Research Centre was begun,

At the First International Anti-Locust Conference,

Rome, 1931, it waes decidedi-

"1l) That 21l information on locusts in Africa and Western
sgia should be centralised in a single institution in
Europes

2) That the Imperial Institute of Entomology should be

lyow the Commonwealth Bureau of Entomology. In 1945 a

separate organisation The Anti-Locust Research Centre was
formed to continue the work on locusts,
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adopted as the international centre for locust
research, because it had the experts, documentation
and collections;

3) That monthly reports on locusts should be prepared,
separately for each species, accordinz to an agreed
form, accompanied by maps showing various locust
activities by special symbols, and submitted by
each country, or territory to the Centre."(Uvarov 1951)

After this agreement the affected territories sent the
information to the Imperizl Institute of Entomology on forms,
which although they varied slightly one from another had
been designed to provide the information reguired in london,
In 1958 standard forms (revised in the light of experience
and supplemented by analogous forms for populations of
locuste not showing gregarious behaviour) were accepted by
the Food and Agriculture Orgenisation's (FAQD)) Techniecal
Advisory Committee on the Desert Locust and were imbtroduced
by .FAO throughout the desert locust distribution area,
These reports are frequently supplemented by narrative

accounts of campaipgne in which some addftional information

on ecological conditions often appear.

For the past thirty years each month's information has
been plotted on a small scale (1lslil, 132M or l34M) map using
symbols based on those designed at the First and Third
International anti-Locust Conferences. This series of maps
has also been extended to include information colleected from
published and mamuscript data which relate to the period
before 1930, From these maps it has been possible to
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delimit the total area subject to invasgion and that, where
breeding by the desert locust has been recorded (£iz.5).
From a more detailed study of these data the generalised
cycle of breeding and migration was worked out.

In a series of Memoirs published by the inti-Locust
Research Centre (Waloff 1946, Donnelly 1947, Davies 1952,
and Fortescue~Foulkes 1953) the details of these seasonal
cycles and migrations were further analysed and their
relationship with the climates were studied, In particular
the relationship of breeding with the local rainfall regimes
was summarised in a series of maps (fizs.6-9). From the
study of the presence of breeding in eastern Africa
(Waloff ibid) during the three main rainy seasons, i.e. short
rains (Oct.~Febs), long rains (March-July) and monsoon rains
(July-Oct.) it was concluded that:-

"The breeding cycles in different parts of the

area are closely connected with the rainfall

regimes. It is realised that in addition to

the primary determining factor, i.e. the presence

of swarms, the occurrence of breeding in any

area is determined not only by the incidence of

the required amount of rainfall, but also by

the suitability of scils and of temperatures,

However, the closeness with which the breeding

cycles over large parts of East Africa reflect

the annual reinfall regimes suggest that in any

area provided other conditions are suitable,

the breeding cycle will lurgely depend on the

,8easonal dicstribution of rains,"

The cloge connection between the seasonal distribution of
rainfall and of desert locust breeding was also noted by
Donnelly (ibid) for western and north-western ifrica,

Davies (ibid) for north-eastern Africa and the lMiddle East
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and Fortescue-Foulkes (ibid) for south-western Asia.

Althoupgh Waloff in her study (ibid) found in some cases
that the limite of breeding coincided with the 1,000 mm,
mean annual isohyet (see fig.6) she concluded thats:-

"The very wide range of annual rainfall under

which breeding can occur indicates that the

annual isohyets give no clue to the conditions

under which it takes place, and that this must

be studied by examining the actual records

during each breeding season,"

Donnelly (ibid) also found that in some areas the 50 and
500 mm, mean annual isohyets and the limits of breeding were
- ecoincident, and Fortescue-Foulkes (ibid) correlated the
western limit of summer breeding with the 25 mm, June -
October isohyets but as neither they nor Davies (ibid)
comnented upon this conclusion I assume that they were in
agreement with it.

The seasonal migrations of the desert locust between
the often widely separated breeding areas in its aistribution
area have been summarised by Uvarov (1957). [Figs. 10 and 11
show their generalised pattern.

iii,

These early studies showed the position of the breeding
areas but gave no quantitative data on the relative
importance of any area, The preparation of maps of the
frequency of breeding by Miss Waloff et al (in preparation)
‘constitute the first attempt of a2 quantitative estimate on
the relative importance of the breeding areas. The first
study of this kind aimed at finding the relative frequency
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of infestation by swarme and by hopper bands throughout the
desert locust invasion area, The period chosen was 1938

to 1953 which includes 1 }2 plague and 1 )2 recession periods,
4Also the percentage of infested years during this period
clogely resembled that for a much longer period in both
Algeria and India and Pakistan, It was also felt that the
standard of reporting throughout the area over that period
was sufficiently uniform for comparicons to be attempted.
The degree square was adopted as the basic unit of comparison,
althouch they differ in area by some 30% between the equator
and 43°N the northernmost limit of infestation by swarms
during the study period. It was thought to be a unit of
such a size that most of the inaccuracies of reporting swarm
and hopper band positions would not be apparent in the final
presentation of the data, yet the differences of frequency
that exist over relatively small distances af a few hundred
kilometres, would not be disregarded, The solution evolved
to counteract the tendency for the relatively frequent
reporting of locusts in a well populated area, with the less
frequent reporting of a comparable infestation in a thinly
inhabited area, was to note only the presence or absence of
swarms and hopper bande during each month of the study period.
Thug the intensity of the infestation is not taken into
accounty another peservation to be borne in mind is that
the infestations are neither uniformly nor randomly
distributed within a degree square and that this is likely

to be particularly so in areas of varied relief or where
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changes in soil and vegetation occur, However, this method
of treatment enabled the vast amount of data available for
this period to be presented in such a way that it is
immediately apparent that some areas had been more frequently
infested than others,
iv, Ere

At the beginning of this study, data were available

showing for cach degree square the month during the 16 year
period when breeding had occurred, Thé invagion area of

the desert locust extended for approximately 29 million

sq.km. (11 million sq.miles). During the years 1938-1953
breeding is known to have occurred in degree squares covering
about half of this area (13 million sq.km./5 million sq.miles)
see figesl2, The annual hopper frequency map was compiled

by counting for each degree squaré the recorded presence of

ohe or more hopper bandsg during each year of the 16 year
period, The highest annual frequency thus recorded was

13/16 yearsin a degree square on the cost of the Sudan,
Breeding was reported in 10 or more years (60% or more) of

‘the period in 26 degree squares (epprox. 2% of the total
breeding area), These areas, which I will call high frequency
breeding areas are to be found in the Nile Valley in the

Sudan, along the coasBts of the Red Sea and the Gulf'of Aden,

in south-eastern Ethiopa (the Ogaden) and in the desert areas
along the Indo~Pakistan border. The sreas of medium frequency
(Eﬁ? years or 30-60% of the time) are found not only
surrounding the high frequeney areas but also in north-western
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Africa, and in parts of Arabia and the Middle East, and
eccount for 28% of the breeding area, The remaining 70%
of the area was infested in less than 30% of the years,

The anmal frequency map of breeding thus provided a
bagis for defining the major breeding areas (see fig.13).
For the purposes of this study the areas recording breeding
in more than 60% of years will be termed high frequency
breeding areasy those having breeding from 30 to 59% of
the time will be called medium frequency breeding arecas.
These two groups will constitute the major desert locust
breeding areas. The areas recording less than 30% of years
with breedinz will be known as low frequency breeding areas.

It was, however, already known that some areas have
more than one breeding season during the year and it is
possible, therefore, that some of the annual high frequency
breeding totals within these areas are caused not by
frequent breeding during each of the breeding seasons which
occur in that area, but by less frequent breeding in each
of the seasons occurring in dirfgrent years, For this
reason use of the monthly and quarterly frequencies will
also have to be made.

vi, Rainfall Tinmite in Breedins Areas.

A close association between rainfall and breeding has
already been noted. It is therefore conceivable that the
high frequency areas experience rainfall conditions which
are particularly suitable for breedinz, It was already
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known that certain mean annual isohyets delimit some of the
breeding areas, Therefore a check was made to see whether
or not mean anmual isohyets delimit varying annual
frequencies of breeding,

Mean annual rainfsall figures were collected for the
degree squares where breeding had been recorded and there
were found to be rainfall stations in about 2/3% of them,

An examination of these data shows that the desert locust
has occasionally bred in areas where the mesn annual
rainfell is as low as 5 mm, or as high as 2,285 mn,

Within the high frequeney breeding arcas data were
collected for 19 of the 26 degree squares. An interesting
and possibly significant result was the gimilarity of the
upper and lower limits of the rainfall range within 3 of
these widely separated areas, In the Sudan, south-eastern
Ethiopia and Indo-Pakistan the mean annual rainfall totals
lay between 8%-102 and 296-371 mm, (see Table 5). The
other high freguency area is in Ethiopia and experiences a
much wider range of mean annual rainfall (1931316 mm,).
Many of The stations recording the larger rainfall averages
are high w on the Dessie Escarpment, outside the normal
breeding area. It micht be said, therefore, that the
hizh frequency breeding areas of the desert locust are
charactericed by a mean annual rai}rfall of between 80 and
400 mm,

Areas other than these four high frequency breeding
areas have a mean annual rainfall of between 80 and 400 mm,
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These areas aré ghown in fig. 14 togebther with those
receiving more or lese than those amounts. These areas
with rainfall similar to that of the high frequency breeding
areas are to be found in parts of the spring breeding area
which stretches from Moroecco to Pakistan, in much of the
summer breeding area of Africa and in the long and short
rains breeding area of easfern Africa, Such breeding as
hag been recorded in these regions has been most frequent
in the areas with a meén anpual rainfall of between 80 and
400 mm, Fig.l5 shows that breeding seldom occurs in an
area where the mean annual rainfall exceeds 1,000 mm, The
two exceptions occur in parts of Uganda and Ethippa which
have two rainfall seasons,in one of whieh_the mean does not
exceed 750 mm, and in the other is between ?50 and 1,250 mm§
go that it is prebeble that breeding does not occur in areas
where the averége rainfall in any one season exceeds 1,000
or at most 1,256 mm, Breeding is also 1n££equent in areas
where the mean apnual rainfall is low, i.e. less than 80 mm,
In view of the variability of rainfall (see f£ig.15) in this
area it would seem that conditions suitable for breeding

do not occur very frequently in areas where the mean annual
rainfall is below 80 mm, and above 500 mm, per annum,.

vii, Foreecs

From the knowledge of the seasonal patterns of the
movements between the widely separated breeding areas and
the position of the most frequently infested areas, it has

been possible to forecast the general developments that are



likely to occur, These forecasts are circulated each
month to all the territories in the distribution area of
the desert locust.

Initially these forecasts were based only on a
knowledge of anslogous past situations., The more recent
work of Aspliden and Rainey (in preparation) has established
that the major movements of desert locust swarms do in
fact take place down-wind, towards and with zones of
convergent wind flow. They fecl that this accounts for
the close and apparently purposeful association between
the distribution of rainfall, waich is essential for
breeding, and the arrival of swarms in these areas where
they subsequently breed, This work has also enabled
indicationg of the onset of such movements to be recognised.
These findings have led to improvements in short-term
forecasts, |

This study was started to learn more about the
association between rainfall and breeding, and the limiting
conditions of moisture in which breeding takes place, In
this way it was hoped that data currently available on
recent rainfall could be used to improve the interpretation
an& forecasting of events in the desert locust breeding areas.,
viii, Re

The relationship between weather and breeding falls

into three phasesi-
1: factors affecting maturation.
23 factors affecting oviposition.
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3: factors affecting the successful development of the

eggs.
Rainfall has been noted by many workers such as Norris (1957)
Popov (1958) and Reao (1960).35 playinz; an impoartant pert
in 2 and 3, and it also appears (Maxwell-Darling 1934,
Hamilton 1950, Norris 1957 and Rao 1960) to be involved in
én as yet unexplained way in 1.

A preliminary study (see Page 31) had shown that the
major desert locust breeding areas experience a similar
mean gnnual rainfall, It was thus decided to study further
the rainfall conditions accompanying breedinz in one well
documented major breeding area, In partidular the
association between rainfall and the formmation of soil
moisture conditions suitable for oviposition were studied
and the limiting conditions of rainfall under which breeding
takes place were sought. These factors were alsc studied
with reference to the monthly rainfall data which are
available at the time when the interpretation and forecasting
of events in the desert locust breeding areas cre being
made, For at the beginning of cach month when this is
being done the meteorclogical services of this and other
areas broadcast Climat Messages which include the previous
months rainfall total.

ix. Selection of a liajor Bree z_Area for .

I began by selecting an area where there is only one

major rainy season which occurs at a time when the

temperature conditions are unlikely to be unsuitable for
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breeding.‘ This is likely to be true of the areas of summer
rains in Africa and south-west Asia,

The quarterly frequency map for July-September (£fig.l6)
zives a zood indication of the frequency of breeding at this
season which takes place in association with these rainsg
it also shows the end of the previoug seasons breeding which
takes place in the spring in north-west Africa and the
Middle East and in association with the long rains breeding
on the Somali Peninsula, From thies map it can be seen that
the Indo~Pakistan and Sudan-Ethiopian areas are major
breeding areas at this season, It also shows how the main
areas of breeding at this season lie between the average
surface pogition of the ITCZ in July and the area of maximum
rainfall which occurs at the southernmost extension of the
overlyin; easterly winds., The 1TCZ along which the swarne
are to be found at this season, oscillates both north and
south of this position, However, it would appesr that it
is in between the average position of the surface ITCZ and
the zone of maximum rainfall that the swarms most frequently
find conditiong suitable for breeding.,.

From the point of view of meteorological data and of
length of recorded locust history the Indo-Pakistan area
Iis much the better documented one, It is also an area
where the monsoon breeding takes place in a region of
relatively uniform relief and where there is little surface
drainage, Thus this is a parlicularly suitable area in
which to study the association of rainfall and breeding as
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the complicating factor of moisture entering or leaving the
area as run-off is reduced to a minimum, Also as Rao
(1960) statesi-

"In north-west India the general atmospheric
temperatures are usually not adverse to locust
activity except in the winter months.”

His findings on summer breeding in this area can be
summarised as follows:-

1) Sosking rains are required to provide the requisite
conditions of goil temperature and moisture.

2) Sandy or loamy soils must be available to ensure the
necessary drainage, but that even these might become water-
logged after very heavy rain, thus prejudicing the chances
of survival of any eggs present, On the timing of the
rainfall he states:-

"Good rainfall in June and July would result in
an early development of swarms, which may lead
"to the development of a second summer generation,
if further good rains should happen to fall in
August or September., On the other hand, a long
break in August would bar further breeding,
even if there should be the requisite amount of
precipitation in September, Heavy rainfall in
August or September would generally result in
the development of late breeding and consequently
lead to a conesiderable over wintering of swarms
in the Punjab,United Provinces and Sind (Rao ibid).
It has long been accepted that the varying quantities

of rain received during each year.play an important part
in the distribution and the success or failure of the
monsoon breeding in Indo-Pakistan, References in the
literature are numerous on the point. Rao (ibid) whilst

acknowledinz the drawbacks of using monthly rainfall totals
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to gauge the affect rainfall has on breeding, nevertheless
conclﬁded.
"On the whole, however, the monthly totals have
proved for all practical purposes quite useful

for purposes of correlation,”

In his and Pruthi's (1951 ete.) publications the
monthly rainfll totals for selected stations are listed.
Within their texts qualitative assessments of the azbundance
or scarcity of precipitation during a particular season
are given, togjether with the resultant effect on locust
breeding, However, no attempt is made to relate the
rainfall totals to a quantitative standard such as the
mean monthly rainfall for these stations. It is often
assumed that greater than average rainfall causes
exceptionally suitable conditions for breedingz, although
it has been suggested (Rainey verbal communication) that
the reverse might hold in the wetter areas where breeding

occasionally takes place,

In view of these facts it was felt worthwhi;e in this
study to compare the actual amounts of monthly rainfall with
the mean to0 see what effect departure from this mean has
on the breeding of the desert locust during the summer in
India and Pakistan, The results of this study appear in
chapter 3. Other more datéiled studies of the association
of daily rainfall snd the recorded locust events such as
maturation and egg-laying have been made as well as studies

of the cumulative total of rainfall received before laying
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in an attempt to throw further lizht on the limiting
conditions of rainfall under which breeding takes place in

this area,
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CHAPTER I

SOIL MOISTURE AND OVIPOSITION

Before the significance of the rainfall data can be
estimated some assessment of the moisture conditions
under which oviposition takes place and the effect of
rainfall on soil moisture has to be made,

Popov (1958) found that he was able to make a rough
classification of oviposition behaviour and distribution
from the moisture level in the soil, He found that on
the 14 occasions in East Africa where he had studied
oviposition in progress during or up to a fortnight after
rainfall, the resultant egg-fields could be divided into
three groups according to the depthlof moisture below
the surface.

I. Under Humid Conditions: where the moisture level,
i.e, the level beneath which the soil was visibly moist,
was about 0,5-2,0 em. below the surface, which occurred
in these instances about 48 hours after rainfall,

II. s: when the moisture

level was from 2,5-6.5 cm, below the surface some 4=5

days after the rain,
I1II. Under Dry Conditiong: when the moisture level was

more than 7.5 em, below the soil surface which occurred

more than a week after rain,
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ii. Selection of Egg-Sites.

The selection of the egg-sites by the settled locust
swarms under these three sets of conditions varied
considerably., Both under humid and under dry conditions
the choice of sites was highly selective, so that during
the initial period of probing and digging in search for
suitable oviposition sites which took place many of the
bore holes made were rejected indicating that much of
the area was found unsuitable for oviposition, In the
first case the locusts which had been basking, remained
on and utilised these warmer slopes, and in the third
only the most humid areas were selected (see pp.,2 et seq.)
In this case the limited number of suitable sites led
to very dense groups of egg-pods being laid in them,

The intermediate case of moderately moist areas the depth
of moisture seemed to be acceptable, and laying proceedéd
with few of the bore holes being rejected. Sometimes
oviposition occurred more tham once at the same site,
When this happened and the moisture conditions at the
time of both layings differed, then the position of the
egg=-pods varied accordihg to the pattern noted aboves
however, if the soil moisture conditions were similar

on both occasions then no obvious difference in the

choice of egg-sites was noted,

To assist in interpreting these and other observations



TABLE 6

Frequency of digging (D) and lasying (P) in tubes
containing moist sand at different depths under
dry sand (after Popov 1958)

Thick- |Thick-

ness of |ness of Date (January)s

dry moist

upper |lower 3 4 5 e 7 adl 3% | AR |18

layer |layer

(em.) (cm,) DP|DP|DP|DP|DP|(DP(DP|DP|(DP
4] 10 08 (00|02 2202|120 |31(23|11)
4 9 021013 |21 |30|24|04 /01|21
2 8 00|L1|00|50(42|35|05 (41|10
3 7 00|13(11|401/|20(01|00|24 |31
4 6 133|121 (122|208 2|00123 51
6 4 14(3110Y|00|31|53|03%(00(12
8 2 -=-|00(00|00(00|00(00|1 0|00

10 0 -=-|80|00]00 208070130100
Total 612118 (38 (134 164(2215|11013(12101(136




TABLE 6 (continued)

Frequency of digging (D) and laying (P) in tubes
containing moist sand at different depths under
dry sand (after Popov 1958)

Date (January):

Total

14 | 15| 17| 18| 19| 20| 21| 22| 24

DPDPIDP DP|DP|DP|DP|DP|DP| D (P |D+P
01(11/12|01|00{01|02|12|02]| 10|26 | 36
03/22|15(31(20{01|00|01|(00]| 19|29 | 48
00(00(3%31(|42(13(20|01|00|00)| 28|21 | 49
10|11(34(15|00|11|21|23|44| 27|29 | 56
12(11(43(12(00/(00|40(22|53| 37|24 | 61
0010|0111 |11|11|{01|10(00| 18|20 | 38
00(00|00|00|0O00(0OO0|0O0|0O0O]|00O 1 1
0O0(50[(40(40(40(30|00(40|50| 5| 0| 54
269516161412 84 |7 4|65 (108|149 |194 (149 | 343
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he had made on oviposition in the field, Popov (ibid)
carr;ad out some laboratory.experimehta to study the
effects of the moieturé conditions under which oviposition
takes place,

iv.

It was found (see Tables 6 and 7) that oviposition
never occurred in completely dry sand, although there
was much abortive probing and digging under these
conditions, [Normal oviposition only took place when
the whole-eggppod could be laid in water-moistened soil.
For this condition to be satisfied the moist layer had to
be at least 6 cm, deeps Eggs could, however, be
gsuccessfully laid into moist sand which was overlain by
as much as 8 cm, of dry sands These were limiting but
not optimum conditions for oviposition in this type of

tube, for where a larger horizontal area is available

pods have been placed in a layer as small as 3 em, in
depth (Norris unpublished).

Popoy (ibid) attempted to produce in the laboratory
the soil conditions caused by varying amounts of rainfall.
These experiments were carried out in a constant temperature
rodm where the general temperature was maintained at 28T
The tubes of moistened sand were in a position where in
the daytime, when extra heat and light were supplied by a
60 watt electric lamp, the temperature rose to about 32%.



TABLE 9

Quantitative tests of =so0il moisture preference

(after Popov 1958)

Amount Thickness of | Depth of Depth of
of water | HNumber dry surface penetration pod
added of tubes layer of moisture (mm, )
(mm, ) (nm, ) (o, )
f
| A=hour
tubes
5 2 Seand dry = -
throughout
75 5 11 (8-15) S4 (45=65) -
10 12 7 (4=15) 75(45-90) 80(75-85)
15 11 5:5(0=12) 123(90-150) | 82.5(65-100)
20 6 (0-12) 180(145-200) | 85(60-110)
30 5 (0-10) 200 200+ 85
‘ 48-hour
tubes
5 Sand - -
througﬁgt '
745 Sand dry 50(in one -
throughout tube)
(except in
1 tube)
10 10 25(18-30) 82(60~130) 85(80-~100)
15 10 16(10-20) 113(80-196) @ 95(65-120)
20 9 15(10-20) 190(140-200) | 96(80-115)
30 2 11(10-12) 200 80




TABLE 7 (continued)

Quantitative tests of =oil moisture preference
(after Popov 1958)

Probings Pods
No,of No.of
tubes tubes
showing | Total lMean with Total Mean
probing pods
2 ? ? Nil Nil Nil
Loy 22+ 5.5 Nil Nil Nil
12 49 4,1 5 10 0.8
10 20+ Dol 12 1,1
7+ 20+ 2.6 10 1.1
3 7 2.3 2 0.7
2 ? ? Nil Nil Nil
? ? Nil Nil Nil
10 31+ 4,0 3 5 0.5
10 40 4,0 8 16 1.6
9 33 3e7 8 14 1.6
2 9 445 2 3 1.5
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The sand used had been sifted through a sieve of 1,5 mm.
mesh, and was placed in tubes 20 cm. long which had a
slit in the bottom to allow drainagze to toke place.
The water waé poured onto the surface of the sand and
was allowed to seep into it naturallys ‘The results of
these experiments are shown in Tz=ble 7 The range and
the average depth to which the various amounts of water
penetrated after 24 and 48 hours are shown in the table
as is the thickness of the dry layer which had formed at
the top of the tubes during the same periods of times
The average penetration varied from 7-9.5 + times the
depth of added water, \When 10 or more millimetres of
water were added in no case did the depth of the drylayer
exceed 3 cm, ise, half the maximum depth which had been
penetrated in the laboratory experiments, The depth of
moist sand beneath this dry layerinto which the eggs were
placed varied between 4,5 and 20 cm, when 10 or more
millimetres of water were added, a depth of moist sand
again comparable with his earlier results.

It was found that 24 hours after simuloting a fall
of 5 mm, the sand appeared to be dry. In this case and
also when 7,5 mm, were added no layingz took places.

vi.

Moisture conditions representing a fall of 10 mm,
were sometimes adegquate for laying, particularly within
the first 24 hours, The conditions most suitable for
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. Fig, 17. Calculated effect of intensity of
precipitation on conservation of
moisture from 1 inch of rain,
(after Hopkins, 1940)
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oviposition after both 24 and 48 houra.'were those caused
by water representing falls of 15 and 20 mmj when
conditions representing 30 mm, were made they appeared to
be too moist during the first 24 hours, but subsequently
became acceptable, These records support Popov's earlier
work on the requisite depth of soil moisture and also
agree closely with the conclusion that Rao (1960) made
after 9 years of extensive field research and studies of
the available locust data for India prior to 1940 and the
relevant meteorological records,. |

"It is only when a heavy fall of over an inch

[25 mm,] of rain occurs that sandy soils

cvecome sufficiently wet to allow of eggs being

laid .parent locusts, If instead of one

dren rain falling on one particular day,

the same amount of rain is spread over 3 or 4.

days, the effect would not be the same, as the

moisture would not then penetrate sufficiently

deep into the soil,"

vii,

Some results based on observations for 19221938 on

this latter point of Rao's are given by HOpkina (1940)
who, noting the increased proportion of soil moisture
retained in a fallow soil' in Saskatchewan, Canada after
heavy rainfall (fig.l7) assumed that this wes éaused by
the deeper penetration of moisture, after such falls of
rain, reaching & zone whére evaporation is less effective,
These resulvs apply to an area where it has been estimated
that in the absence of precipitation 6 mm, of moisture

lonis soil had been placed in water-tight tanks set in

gitsdzf the So0il Research Station,Swift Current,Saskatchewan,
ana
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would be lost from the soil in May and June and 8 mm, in
July and August, Comparable figures for India are not
available but the total water loss by evaporation at
Pusa, India for the 7 month dry period has been
calculated as not exceeding 50 mm, Russell (1958)
found that the loss of water from bare soil at Rothamsted,
England d4id not differ very greatly from that lost from
bare soils at Poona and Pusa in India, At Rothamsted
following rainfall in the summer 13 mm. of moisture is
evaporated in the first 5 days after which the rate of
evaporation falls rapidly from about 2.5 mm, a day to
2-1¢3% mm, a week, So that after a drought of 6 weeks
about 25 mm, of moisture has been lost and during the

3 months drought from June - August 1921 the total loss
was only 33 mm, When precipitation occurs the amount
of evaporation increases, Fig.l8 shaws_the amount of
moisture estimated to be conserved in the soil at Swift
Current, Saskatchewan 10 days after varying amounts of
rain have fallen, It shows that 9 mm. in May end June
and 12 mm. in July end August are required to offset the
evaporation of the following 10 days. This latter
amount is comparable to the amount lost at Rothamsted in
the 10 days following rain during the summer, These
amounts can be regarded as the 'minimum effective! reinfall
for the area, Fig.l9 shows the percentage moisture
conserved 10 days after precipitation exceeding these

amounts has fallen,and again ] 1ndicates the increased
@N t:\u
4

¢ J
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efficiency of heavy falls of rain,

The inter-relating factors (which will be presented
in greater detail below) affecting the guantity of soil
moisture available for the eggs, include not only the
quantity of the precipitation and the intensity with which
it fell but also other climatic factors such as température,
humidity and winde-speed, all of which help to determine
the rate of evaporation of moisture from the soil surface,
S50 too does the nature of the soil play an important part
in regulating the availability of water,

Most of the published data on these subjects are
based on evidence from temperate' latitudes, and much of
the quantitative evidence used in pspers on the water-
balance in arid and semi-arid zones are also from these
sources, However, as Russell found that water losses
‘from the bare soil at Rothemsted end in arid and semi-arid
zones did not differ widely, :I.t'may be permissible to use
these data until actual values from the areas being studied

are available,

When rainfall reaches the soil surface part of it
infiltrates into the soil where some of it becomes available
for making conditions suitable for oviposition, whilst the
rest of it is lost for this purpoée by run-off, evapo-
ti‘anspiration and drainaze into the lower layers which
cannot be utilised by the locusts,
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Heatt and Schloemer (1955) gave the relationship of

these factors asi-
dQ = P=r~g-E,

Where dQ = changes in moisture in the zone being studied
P = precipitation
r= m—orf
g = e into the lower layers

avape- anapiration.

Burgos and Tschapek (1958) took more factors into
congideration and desecribed the relationship as followsie

Qu = § + sum of incoming moisture - sum of outgoing
moisture

where @, = initial moisture content of the soil
Qu = final moisture content of the soil

2 incoming moisture = Pr! +Col +Cot4Cat S Burgos and
i\ Tachap ek
> outgoing moisture = Evi +R:|.'+Ev++1?¢

after Albrecht
where Pr | = precipitation

Co ¥-= condensation of atmospheric water vapour in the
goil due to differences in tension between the
vapour in the atmosphere and that in the soil.

Co ! = condensation of vapowr from lower horizons in
the ugpar horizons due to the same factor.

Cat = capillary movement of water from lower to upper
horizons, _

%f = evapo-transpiration.

; surface run-off,

By! = evaporation in the goil i,e. movement of vapour
from upper to lower horizons,

F | = loss of weter in upper horizons by infiltration.

RE+F! can be written as R the tobtal run-off (surface and
internal)

In soils where the water table is at depths greater
than 3 or 4 metres (which is so in much of the Desert Locust
breeding areas) Cat is of very-limited importance. for
many soils Cot, Cot and Ev{ are also of little impartance,
and although opinions of their importance in semi-arid
golls vary, Albrecht, like Heatt and Schloemer, felt able



Fig, 20. The range of minimum infiltration rates
with row crops on wet soils.
(after Musgrave, 1955)
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to express the water balance adeguately without the use
of these factors, Thus the relationship becomes

Q= (Q +Pr+)=(EviR)
which is essentially the same as that used by Heatt and
Schloemer,
x. Inconing Noisture,
a) Ratie of Infiltraion.

As the rainfall reaches the soil surface ite rate of -
- infiltration is determined by the permeability of the .
layers of the soil, and is greater in sandy soils than in
those with a higher proportion of clay particles. Where
there are few clay particles the initial rate of
infiltration can be over 50 mm,/hour where the soil is
well cultivated, but any degree of compaction reduces this
rate greatly, Musgrave (1955) gives minimum rates of
infiltration for the mein soil groups (Fige20).

Other factors which affect infiltration are the season
of the year and the temperature of the soil and water,.
For sand, the minimum rate given is 8-11 mm,./hour
Milthorpe (1960) in a research review, states that for
many purposes it may be assumed that infiltration rates
are never greater than 15 mm./hour = and that when showers
are of low intengity all the water enters the soil,
| Dubief (1953) summarises the laboratory and field data on
the effect of precipitation on soil moisture in the Sahara,
an area where breeding by the desert locust occasionally
takes place. In the samples of sand studied, the pore
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space occupied between 25 and 30% of the dry soils the
infiltration rates varied greatly (0.02-3,0 mm./sec.)

but these were nearly always faster than the intensity of
rainfall which seldom exceeds 0,03 mm./sec. This is of
importance in minimising the amount of run-off, which
occurs when there is an excess of rain falling over the
rate of infiltration, In arid and scmi-arid zones, vhere
the average run-off for an entire drainage basin is
considered over a period of several years, the quantity
is found to be small, although during that time large
anounts may have occurred locally. '

Schoeller (1959) suggests that where the annual
precipitation is less than 200 mm, run-off mgy be of two
typese The rainfall amounts which are generény small
normally fall on unsaturated soil., However, there is
usually some surface flow during the year in some stream
beds which means that either the soil must have become
saturated in a limited area, or that the intensity of the
rain must have been greater than the rate of infiltration,
Dubief (ibid) maintains that surface flow will oeccur in
the Central Sahara when a fall of rain with an intensity
of 5 mm,/minfate exceeds 5 mm,

b) godl Capacity.

When all the pores in the upper part of the soil are
filled with moisture,; the soil is said to be saturated
with respect to water and is at its maximum retentive
capacity. If no further rain falls, drainage by fairly
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rapid percolation of water into the lower layers continues
and the larger pore spaces are emptied., At this stage
the soil is at its field capacity. Moisture movement
continues by capillary forces, is much slower and can
contirue until only the moisture associated with the
surfaces of the soil particles remains, This moisture
can only move as vapour and the moisture comtent of a soil
in this condition is known as the hygroscopic coefficient,
The wilting point or coefficient is the lowest moisture
content of the soil at which water is available to plants,

Field observations at Tamanrasset, Sahara, reported
by Dubief (ibid) showed that the depth of sand moistened
was some 10 times as great as the mount of rainfall that
had been recorded, Other observations at Tindouf in
Mauritania suggested a similar relationship, He
concluded that the rainfall would infiltrate quickly into
sandy soil reaching a depth at least 10 times as great as
the measured precipitation and that this layer would
eventually retain about 3-6% moisture, Aifter the
cessation of the rainfall, the water would continue to
percolate downwards, but at a very reduced rate of aboub
2 mm,./day. Summarising the knovledge of the water content
of the sand-dunes in the Sahara, he says that a single
fall of a 100 mm, (a maximum value not exceeded even in a
rainy period) would moisten a layer of not more than 1.5
to 2 metres deep. He also states that to moisten the
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surface layer (about 80 cm, deep through which moisture
noves by capillary forces) 60 mme of rain is needed after
a long dry period, again an amount seldom recorded as a
single fall in the Sahara, These assumptions he finds
are confirmed by the observations reported by Cauvet (1908)
that the layer below 2.5 metres is always dry.

Glover P.B, (1950) and Glover J.(1962) studied the
depth of moisture penetration within differing vegetation
complexes in Kenya and the Somali iepublic (N.iegions)
Certain of their observations on plant roots in this area
haé suggested that there might be a relationship between
the top cover, the root growth form of plants and the visible
penetration depths of rain water into the soil, This was
done by méasuring the depth of visible moisture penetration
along the walls of trenches dug after a known quantity of
rain had fallen, or water had been added to, an area, They
- found that the greater part of the rainfall had penetrated
into the soil 2 hours after the rain and that there was
only slightly more penetration during the next 12 hours,
The experiments showed that many factors modified the
penetration of the moisture, These included the slope
of the ground and the relationship of the trench to that
slope, the presence of gravel beds in the soil and the
vegetation patbern, However, where the trenches were
associated with bare ground the depth of penetration was
approximately 10 times yreater than the amount of rain
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which had fallen, Where there was a plant cover greater
penetration of moisture occurred beneath the plants and
it occasgionally amounted to 60 times the rainfall, In
Kenya for the cmunitiea_and soil types and the amount
of rainfall studied the depth of rain-water penetration
was approximately equa; to the heizht of the plent plus
the normal penetration the shower would have made into

& bare soil. The sectional area of the wet soil beneath
each clump of vegetation was also found to be approximately
equal to the sectional area of the clump showing above
ground plus an area corresponding to the amount which
would have been moistened had there been no plant cover,

e)

Some data affecting the water balance in the soil of
the study area are available and c¢an be found in the
Proceedings of the Symposium on the Rajputana Desert,
September 1952, Raychaudhuri summarises the nature of
the moisture content at 6 experimental stations run by
the Indian Council of Agricultural Research, The sandy
soils can hold up to 14% moisture, but in the hot season
the moisture in the surface lgyers ie reduced to 3-4%.

A fall of rain of 25 mm, in this area is sgaid to penetrate
to a depth of 150-200 cm, an amount slightly less than
that quoted by Dubief for the Sahara, but again moistening
the soil to a depth much greater than the minimum
requirements (3-6. em.) for oviposition under laboratory
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Bonditions by the desert locust,

The fate of this moisture dﬁring a subsequent dry
period may indicate why the moisture conditions created
by a f£all of 25 mm, have been observed to be the minimum
acceptable under field conditions in India,
£) availapility of Moisture.

Figz.22 shows the moisture conditions characteristic
of various sgoil types and indicates the amount of water
available for evapo-transpiration or absorbtion by the

locust eggs.

It is not known if the eggs of the desert locust are
able to utilise the moisture from a soil below the wilting
coefficients The experiments of Husain, Ahmad and
Mathur (1941) suggest that in sandy soils it is only the
hygroscopic moisture that is not available for absorbifon
by the egzs (see pe8)s Clark (1947) in a study on the
fera Walk.)
also said that it was thought that hygroscopic moisture

Australian plagsge locust

is not available to the eggs of locusts, Studies on
other insects in Australia such as the cockchafer
(Aphodius howitti) have shown that they react to the force
with which the water is held in the soil and not to the
absoclute amount of water present, For this insect water
held at pF's between 2,5 and 3,75, i.e. when the soil is
between its field capacity and wilting point (see figz.21)
was utilised by the cockchafer's eggs, but where the pF



60

was 440, i.e. approaching the wilting point, the eggs
lost water to the soil and so died, Andrewertha (1958).
It is most probable that locust eggs have a similar
reaction to water in the soil,

xi. Qu

a) Evepopations
Water is lost from the surface of soil which is

saturated, at approximately the same rate as from an
open water surface, but when the surface dries out, the
rate of evaporation decreases markedly, Milthorpe (1960)'
quotes various authors, including Penman, workj.né; at
Rothamsted where clay and sandy loams are present, as
stating that very little further 'erarpora:hioxi occurs from
soil after 16-25 mm, have been lost. This amount of
moisture is equivalent to that available in the top -
10-15 cme of soil., He also quotes Staple snd Lehanme
who, working in Saskatchewan with loam soil, found that
20 nme was lost fairly rapidly from a wet soil, after
which a furthgr 7-8 mn, was lost slowly if there was a
prolonged period without rsiin.- However, it should be
noted that in neither of these instances was a sand;r soil
being studied, and as can be seen from fig,22, less
moisture would have been available for evaporation from
a sandy soil.

The initial rate of evaporation influences the
amount of moisture which is lost§y with a low rate of

evaporation of about 2,5 mm./day evaporation is rapid
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Fige 23. The drying rates of four soils under
uniform conditions of temperature, vapour
pressure and wind speed in a tunnel,
(Milthorpe, 1960)
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until éome 20-25 m.m., have been lost, but with a faster
initial rate of evaporation of some 5-6 mm,/day (7 mm,/day
has been estimated for Rajasthan, see page 65) the dry
layer is formed after only 8-10 mm, have been lost.

The water loss at the slower rate is almost entirely due
to further downward £low,

Fize2% illustrates these points showing the sierozenm
loging less moisture at the high rate of evaporation than
the other soils for which the initial rate of evaporation
was lower, The change in evaporation rates is shown
clearly.

Milthorpe concluded from these and other studies
thati=

"Depending on the rate of potential evaporation,

the degree of cover and time from re-wetting,

as much as 10 to 30 mm. representing the

available water in the top 10-18 cu, of soil

may be lost via the soll surface for each

cycle of wetting,"

This amount may be increased when there is a cover of
vegetation, for then the dry layer vhich inhibits
evaporation tekes longer to form.

b) Evaporation in India.

Raman and Satakopan (1935) used the following modified
form of Rowher's empirical formula for calculating mean
monthly evaporation rates in Indias-

E = (1,465-0,018B) (0.44+0,118w)(100~1)e
where: E = mean daily evaporation from the U.S.A,

standard type evaporimeter,
B = barometric pressure in inches of mercury.
w = mean wind velocity in miles per hour,.
h = mean relative humidity for the period.
e

= mean vapour pressure of the period in inches
of mercury.
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Values for several stations in the desert locust
breedin; areas of India and Pckistan were given in the
Proceedings of the Symposium on the Rajputana Desert by
Pramanik (1952) (see Table 8). The velues far Bikaner,
Jodhpur, Jaipur, Deesa, Hyderabad and Jacobabad were
re-calculated by Pramanik using more recent meteorological
data than that available to Ramen and Satakopan, Very
few measurements of evaporation have been made in the
Rajputana Desert, Some were made by Fergusson (1944)
for the years 1932-1937 of evaporation from floating pans
in Kailans and Bussamund Reservoirs and from shore pans
30.5 metres from these reem-ioirs at Jodbpur. The mean
annual evaporation from the floating pans was 2600 mm,
and from the shore pans 2900 mm, When the evaporation
at Jodhpur was calculated ysing the formula and the
meteorological data for these years, the result obtained
was 4600 mm, ©Pramanik, allowing for a greater rate of
evaporation amounting to 3200 mm./annum, had the pans
been aituated.fﬁrthar away from the water, has estimabed
that to obtain values of evaporation from this formula
thé results should be reduced by a factor of 2/3.
¢) E

Ramdas (1952) at the same symposium discussed
evaporation in this area, He used the following method
to obtain an estimate of the loss of water from the soil
surface in Rajasthan,

The modified formula of Rowher indicates the power
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of evaporation of the layer of air one foot above the

so0il surface, Experiments at Poona with the U.S.4,
standard type evaporating pans, one set at standard
exposure and the other set flush with the soil surface,
had shown the following relationship between i-evaporation
one foot above the surface and Ey-evaporation at the

soil surface,.

Bo = +845E.

Further oxperiments had shown that when a ring of
wet soil surrounded the pan set flush dith the soil; the
rate of evaporation decreased but that, as the diameter
of the wet soil increased, a limiting value of
EBopee= 0,7y was soon reached. 1In a rainy season the
value of E, will be approximately the same as Egp~ but
this is not so in a dry season, when the surface soil is
dry. Thus, Ramdas multiplied the values obtained from
the standard U.S. type evaporimeters by both these
reduction factors,

Thus Bop- = B x 0,845 x 0,70 = 0,6E.

Ramdas applied this relationship to West Rajasthan,
assumning there to be no cover of vegetation and a dry
s0il for most of the year, Taking the pan evaporation
to be 2500 mm, for a year, he obtained a value of 1500 mn,
for evaporation from a lake or a larg,-é expanse of wet soil,
A further correction was then made to allow for the soil
being dry for much of the time, which would mean an
annual total of less than 1500 mm,
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Experiments had been carried out at Poona to find
the relationship between evaporation Ep when the soil
surface is moist and £, when the depth of the water-table
is Z em., below the surface. The following relationship
was found:

E, = Box 10°2,
where X is a constant depending on the soil type.

For the sandy soils of Rajputane, Ramdas used the
value 0,008 for « and assumed the water-table to be at
a depth of 100 cm., (Ramdas 1948)., He obtained a value
of 240 mm,/annum, that is the evaporation almost equals
the mean smmuel rainfall of the area., Thus one can
agsume that, except for short periods during the rainy
season, there will be a moisture deficit in the soil.
xii. Conclusiong.

- It cen be seen that to obtain reliable estimates of
the soil moisture conditions under which oviposition has
taken place - for direct measurements are seldom
available - a pgreat deal of information on soil type and
structure, climate and dejbailed reports of locust
behaviour must be known, As can also be seen from the
previous section, these factors are intricately interwoven,
and are further complicated by the fact that the soil in
these areas is seldom saturated so that the percentage
loss of moisture following equal amounts of precipitation

nay vary considerably,
The data available, even for the better documented
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areas are limited, In the Rajasthan Desert area of
India, daily raeinfall data are available but there are
few data on evaporation, This, together with the fact
that detailed information on the egg-sites is not
available, makes it improbable that any but the most
general observations on the soil moisture conditions,
under which oviposition ocecurs, can be made, except
during field experiments when they can be measured,
However, it is known that desert locusts prefer to
lay their eggs in a soll vwhich has a dry surface layer,
This means that the eggs will normally be laid in a soil
where the rate of evaporation has already fallen to a
low level, Values of daily evaporation far the Rajasthan
area, calculated from the monthly values availablel
suggest that an evaporating power of about 7 mm,/day is
a reasonable one for the area during the wet summer
nonths, 1In this case it may be assumed from the values
quoted by Milthorpe that the dry surface lagyer will have
been formed after only some 8-10 mm, of moisture have
been lost, i.e. about half the water available in the
top 10-15 cm, of soil, If this is so, it can be seen
from the diagram on the relationship between soil moisture
characteristics and soil texture (£figz.22) that even in
the coarsest sand about 3% water is present when half
the available moisture has been removed, ILaboratory work
(1 average evaporation for the % months July-September is

600 mm, which gives an average daily velue of approximately
7 mm, Pramanik (1952)
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by Hunter-Jones (in preparation) has shown that
oviposition takes place readily in the laboratory under
such moisture conditions and that a nomal. hatch results
when the tubes (covered with a metal cap to reduce
evaporation) containing the eggs are incubated at a
temperature of 280C, The range of moistures from which
- hatching resulted was from approaching 25% when the
soil was nearly water-logged falling to 1%, The value
of 3% moisture beneath the dry layer also agrees with
the value of 3-4% moisture quoted by Raychaudhurdi (1952)
(see page 58) for the value of moisture .af the surface
layers during the hot season in Rajasthan, Providing
that maturation of the population has 6cctn~red; once the
soil surface layer has been moistened to a depth of some
6- em, laying could take places This depth of soil could
be moistened by a fall of rain of about 6 mm, It is
appai*ent though, from the estimates of the evaporative
power of the air, also from Popor's laboratory experiments,
that thi.s amount of rain would be removed very rapidly from
the soil, Unfortunately he does not give The amounts of
rain which had fallen before his observations were made,
but his classification sugests that the depth of the dry
surface layer may increase fairly constantly with the
passage of time., Any further moisture falling in this
type of area penetrates quickly to a greater depth,
seldom lying on the surface, so that under the conditions

of rapid evaporation which are present, the top surface
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would again become dry in a dsy or two.

The fact that the locusts can delsy oviposition for
up to 72 hours and that they show a preference for laying
through a dry surface layer, would mean that they would
normally be able to wait until these conditions had become
established, This in turn would minimise the chanse of
the eggs becoming dessicated as the soil dries, a
phenomenon not unknown under field conditions (Brown E,S.
1947). His observations suggest that these eggs had
been laid under conditions of high moisture as tl_xo
dessicated eggs had been laid on the higher better drained
areass

Continuous records of soil moisture conditions
within a desert locust breeding area have not been
publighed, elthough some are availsble within the breeding
area of the Australiam plague locust (Clark ibid) which
breeds in conditions not too dissimilar from these
pertaining to semi-arid India, These recards show that
it is only for short periods that the soil moisture
exceeds 5% and although water-logged for short periods
even after heavy rain it seldom was above 15%s
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CHAPTER 2

RAINFALL AND BREEDING IN THE RAJASEAN DESERT, INDIA

i, a €} ti f \red.,

The area chosen for the detailed study lies entirely
within India and is bounded by the Rann of Cutch in the
south, the Aravalli Range in the east and the River Sutle]
in the north and by the Indo-Pakistan border in the west,
Pithawalla (1948,1952) divided the region into four:-

i The Thar.

ii The Pat.

iii The Ghaggar Plain,

iv 7The Steppe Desert and the Luni River Basin,

In the south-west, bounded in the west by the Lower Nara
River lies the crea known as the Thar, which is a region of
longitudinal sand-dunes, These lie in a SW-NE to WSW-ENE
direction, i,e. parallel to the direction of the south-west
monsoon winds; they are mainly between 30 and 45 metres
high reaching a meximum height of over 150 metres, The
alluvium in the flat valleys between the parallel ridges
of sand is readily cultivable when moistened by the showers
of rain which fall during the summer months, The southern
part of this region adjoins the Rann of Cutch and is
frequently flooded by sea as well as fresh water during
the south-west monsoon season, This results in the
formation of a series of lakes. However, during the dry
season the water-table recedes to some 3,5 metres or more

below the surface.

Further inland, in the region known as the Pat, where
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the wind force is not so great, the dunes become transverse
to the south-west wind., Here the landscape is more rugged
but not so high as in the Thar, The loose sandy soil
covers fine clays and silte which are impervious, and so
there is no downward percolation of water from the streams,
which tend to form pools and lakes, Those formed near the
BEastern Nara are of fresh water but most of the others are
saline, SZmbankments now protect this area from flooding
by the Indus but the flood waters from the Eastern Nara
are still used for cultivatioﬂ.

Furtheér north still, in the Ghaggas Plain, are a large
number of dry river beds and ancient channels filled with
firm loamy soils and bounded by ridges of sand, These
valley floors are very fertile when moistened by rain,

The north ard west fringes of the Rajasthan Desert are
known as the Steppe Desert, This area is about 1/3 sand
covered, by dunes of the transverse type, and 2/3 rocky
plateau. The Luni River system runs through thie area
and &uring the dry season it becomes a series of saline
streams and dry channels, During this season there is a
fayersal in the downward flow of sub-soil water leading to
the deposition of galts on the soil surface,

% I a than De .(after Pramanik (1952)
and Pramanik and Hariheran 1952)

The climate of this region can be divided into four
gseasonsi=-
December to Macch ¢ north-east mongoon, cold season,

April and May ¢ transitional period of hot weather.
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Fig. 26. Average conditions of wind and humidity during
July and August, 1 and 3km above north-west
India and Pakistan., (after Pramanik,1952)
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June to September t$ south-west monsoon, wet season,
October and Novepber : retreat of the south-west monsoon,

During the c¢o0ld sgeason from December to March this area
is under the influence of the north-east monsoon. The
mesn maximum temperature is 20-25°C and the mesn minimum
temperature 3-10°C, There are, however, cold waves
associated with westerly depressions crossing the area
which cén bring the temperature of individual days as low
ee 4°C, During this season about 5% of the annual rainfall
total is received and is associated with a few of the 4-5
depresgions which enter the area from the west each month,.
The relative humidity is 50-60% in the morning fallings to
25=35% during the afternoon,

During the trans:tional period of April and May the
temperature is at its meximums mean maximun for May
41-42°C and menn minimum 24-27°C, During heat waves the
temperature frequently rises to over 49°C, Dust storms
are frequent dufing this period and =lthough there are a
few thunderstorms, precipitation and humidity are low
.(R.H.35-60% in morning and 10-30% in the afternoon).

The average dates of the arrival of the south-west
monsoon in India ere shown in £iz+25, and show that it
usually arrives in this area in the first half of July.
Diagrame of wind and humidity (fiz.26) show that the layer
of the moist southwesterlies is a shallow one and is
overlain by dry éubsiding air, The result is that except

for a shallow lgyer the south-west monsoon current only
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penetrates into the desert areas intermittently and
consequently the rainfall is scanty. The semi-arid area
where the mean arnual rainfall is between 250 and 500 mm,
lies on the edge of this anticyclonic circulation of the
upper air and a deeper layer of the moist air penetrates
this region causing more rain to fall although it is still
not heavy.

With the arrival of the rains the temperature falls,
although in the north it still reaches 46°C occasionally,
The humidity is 70-80% in the morning and 40-60% in the
afternoon, Following the withdrawal of the south-~west
monsoon in September, hot dry weather sets in until October
when the temperature falls, the humidity is 50-60% in the
morning falling to 20-30% in the afternoon,

iii,

‘ eger .gafter Ramdag 1952,
Pramanik 1952 and Ramanathan 952

The mean annual rainfall of this area varies from less
than 125-760 mm, and its distribution is shown in fig.27.
The number of days in which more than 0,25 mm, falls varies
over the area from about 5 to 30 (£ig.28). About 90% of
the mean annual rainfall falls during the south-west monsoon
season from June-September., Ramanathan (1952) gives the
mean annual rainfall for West Rajasthan as 282 mm, of which
257 f£all during the summer monthe, the corresponding values
for south-west Punjab are 249 and 175 mm, and for Sind
155 and 130 mm, To demongtrate the great variability of
rainfall from year to year he showed the departure of each

year by a defined amount from a 50 year normal and the



SIND W. RAJASTHAN

Fig. 29. Number of years in which rainfall of west Rajasthan
and Sind differed from the average in a total of
50 years, (after Ramanathan, 1952)
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results for Sind and west Rajasthan are shown in fig, 29.
Pramanik (1952) found that the coefficient of variability
for the stations in the arid regions where the mean annual
rainfall is under 250 mm, varied from 50«90 and were between
40 and 60 in the semi arid areas where the mean annual
rainfall is between 250 and 500 mm,

Most of the rain falling during the south-west monsoon
scason in this area is associated with disturbance from the
Bay of Bengale According to Pramanik (ibid)s-

"When a low or depression moves north or north-
westwards through east Madhya Pradesh and Vindhya
Predesh, rain generally occurs in east Rajasthan
with little rain in west Rajassthan, If a
disturbance moves up to west Madhya Pradesh and
Madhya Bharat, and then recurves north or north-
westwards, good rain occurs in east Rajasthan and
some rain in weet Rajasthan, When a disturbance
moves over to Rajasthan, well distributed rain
occurs over most of Rajasthan, 1In cases when a
depression followes a more southerly course and
moves throuph Gujarat, only southern portions of
Rgiasthan, particularly of east Rajasthan get
Iralne.

Only about 5% of the annual rainfall occurs
during the winter in Rajasthan, During the
winter or early spring, if secondaries of western
disturbances pass through S.W, Punjab, we get
gome rain in east Raggsthan. but little rain in
weet Rajasthan, but any depression sticks

over S.W, Punjab or passes through Rajasthan,

we get some rain also over west Rajasthan, If
the secondary moves towards Kathiawer we generally
get a little rain in east Rajasthan but very
little rain in west Rajasthan..."

iv._ s O L

The locust infestation normally beging in this area in

May, ise. towards the end of the dry season, and breeding
coincides with the wet season during which there is a zood

cover of vezetation both natural and from cultivations
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Fig. 30. Map showing the position of the rainfall stations within the tehsils,
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within the area, 4an examination of the frequency meps of
this area show it to be one of medium and high.frequency.
breeding. The frequency of breedin; within each of the
sub=divisions (see fig.24) shows no siznificant regional
differentiation.

The rainfall stations selected for the detailed studies
were chosen to represent conditions within the natural
sub=-divisions and were also in typical locust habitats,
Help was obtained in choosing these 20 stations from
research workers familiar with This area,

Ve Data Availables

Daily rainfall values for Indian meteorological and
rainfall stations are available and the data for the years
1950-1954 were collected for 20 gelected stations in the
Rajasthan Desart area of India. The locust data available
in London for that period, except for the month of July
1954 when the full report was at hand, are the fortnightly
sunnaries produced from the data sent to the Department of
Agriculture in New Delhi, These summaries list the locust
infestations according to the administrative areas affected.
This means that the position within the tehsil (the smallest
adminigtrative unit in thie area) is not known, The area
of the tehsil varies from about 5,000 sq.km, in the
cultivated areas to 16,000 sq.km, in the desert areas of
Rajasthan (see £igz.30).

vi. Me a ata.

The daily rainfall values for the 20 selected stations
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together with the locust data for the tehsil in which the
rainfall had been recorded,were plotted in the form of a
table,with a column for each of the rainfall stations,

The rainfall and locust data for May to October were listed
chronologically in the columns, it was then posesible to
read from these tables the amount of rain that had fallen
on any particular date and when any reported locust activity
had occurred, These rainfall and locust data were
exanined for evidence of an association between rainfall
and breeding in the area and also for any limiting value

or values of rainfall that could be found,

For the purposes of presentation within this thesis
it was found necessary to convert these tables into
histograms, As far as the locust data were concerned,
this did not present many difficulties, It was possible
to count the number of stations recording locust activity
on any one day and plot this total against the appropriate
date on the diagram, Initially the locust data were
divided into five categories:

i immature gwarms.

11% E:g:ggngﬂg::g?s or those of mixed maturity.
iv swarms of unknown maturity.

v ovipositing swarms,

Later it was found convenient to combine the first two
categories and they are shown combined in the diagrams,
The ovipositing swarms were plotted on a separate graph so

that they stood out clearly. Where the date on which the
laying occurred was in doubt, e.g. in 1953 most of the data
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were known only to the nearest week or fortnight, that
section of the histogram has been shaded distinctively.

The reduction of the rainfall data into the form of a
histogram presented many more problems, Ag with the
representation of the locust data there was little
possibility of showing the regional pattern of the reports,
Therefore it was decided to note any significant factors
of this nature in the text,

There are several ways in which the rainfall data
could have been plotted:-

i plotting the average daily rainfall of the 20 stations.
ii plotting the actual amounte of rainfall in the form of
a dispersion diagram.
iii plotting the total amount of rainfall received at the
20 stations.,

The first method using the average rainfall at the
stations was precluded as it was felt that the average was
not a very representative figure as frequently only a small
number of the stations recorded any rainfall and amongst
those that did, an appreciable degree of variability was
present. Of the other two methods the second is perhaps
potentially the better as it would enable the exact amounts
of rainfall to be seen, but however with the omission of
any information on regional distribution of this rainfall
and the locust data such a degree of accuracyhloses much of
its values Thus the third method which was the easiest |
and quickest to construet was selected and although it gives
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a somsubat gualitative picture of the rain falling over the
area as a whole, this was felt to give an adequate
representation of the facts, The final diagrems (fig.31-35)
congist of three superimposed histograms, one of rainfall
and two of locust data,

vii. Sub-Di t Data.

The period from May to mid-October was chosen to
include the period of influx of desert locusts into the
Rajasthan Desert which usually takes place in mid-May and
also the end of laying in any one season,

1950 1951 1952 1953 1954

first swarm 17 May 13 May 15 May 15 May during 16-31
report liay

last date of 12 Oct. 7 Sept. &4 Sept. 1-15 Ost, 26 Oct.
laying :

It is apparent at once from these diagrams that.the
locust data can be divided into three main sections., The
first of these consists of the arrival of swarme of all
maturities in the area and is succeeded by the second period,
one of breeding, during which laying is prevalent at most
of the stations end very few if any immature cwarms are seenj
which is followed by a time when there are very few swarm
reports but hopper bands are presenty finally there is the
third period which in some years is charactericed by reports
of immature swarms and in others by a second period of laying.

viii, Association of these Sub-Divisions with the Patte

As can be seen from the diagrams these pericds do not

occur at exactly the same time each year and it is possible



TABLE 9

INDIA, RAJASTHAN DESERT, Association between rainfall and

breeding
1950 1951 1952 1953 1954
FIRST MAY- MAY =~ MAY - HAY - MAY -
SHOWERS JULY 5 [JULYXO| JULY1s| JULY 5| JUNE26
arrival of May May Hay May May
swarms I 17 13 15 15 16-31
BEGINNING OF JULY JULY JULY JULY JUNE
MONSOON RAINS 6/7 20 17 6 26
beginning of July July July July June
laying II 11 31 7 1-16 190r27
BREAK IN AUG. AUG. FROM JULY AUG, 18~
RAINS 15«28 |21=31 |AUG.29 | 23-30 | SEFL1
a)actual Auge22 | Augs huge.l?
ﬁéﬁ new a)a f&ﬁteﬁ i’gi_*;l o 01298 &
b)calculated| Augs Septs |Auge Aug, Aug.
29 18 25 24 7
FURTHER AUG ¢ 29~ | SEPT J-| NONE JULY25| SEPT.
RAIN SEFT, SEPT, -
P 1 28%kon i
a) laying | Sept. Octe Sept.
from 7 1-15 9
New swarms IIX
b)immature Septs | Auge
from 16-31 | 22
WITHDRAWAL OF OCT. SEPT. |AUG. SEPT, OCT.
MONSOON 1 6 29 24 1




80

that such differences may be associated with variations in
the pattern of the rainfall, The main events for these

five years are summarised in Table 9.

In most years it can be seen that the onset of the

monsoon rains is shortly followed by the firet reporte of
laying, The delay before oviposition was recorded was 4
days in 1950, 11 days in 1951 and between 1l and 26 days

in 1953, 1In 1952 and 1954, however, some breeding occurred
before the break of the monsoon, In 1950 there was a
report of breeding at Nagaur during the first week of July.
It is not stated whether this was a report of & laying swarm
or of hopper bands, but in any case it is probable that
this breeding was associated with the rainfall which
occurred at the beginning of June and which at Nagaur
amounted to 21 mm, within an eight day period, In 1952
breeding began on July 7 in Sardarshahr, Churu and Jodhpur
tehsils about a week after the end of widespread rain in
these areas, In 1954 the early laying was in Suratgarh tehsil
where two falls of over 25 mm, had been recorded within a
fortnight of the layings,

This suggests that amcunts of rainfall of this order
produce conditions suitable for oviposition to the mature
swarms which enter the area from nearby breeding grounds
in these instances probably from Iran, Afghanistan and
Pakistan during the period of hizh temperatures and low
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humidity which proceed the break in the monsoon, The
conditions prevalent at these times, however, do not appear
to be suitable for producing the maturation of the young _
swarms entering the area, a phenomenon which would appear

to be triggered off by the onse¢t of the monsoon rains, for
it is only in 1954 that there are any appreciable number of
reports of immature swarms after the onszet of the monsoon,
This was almost certainly caused by the continued entry of
young swarms from the nearby areas of spring breeding in
Pakistan and Afghanistan long after the break of the_monsoon,
and not by the condivions being unsuitable for maturation.

It should be noted that the break in the monsoon is not

only characterised by precipitation but also by a rise in
humidity and fall in temparaturé. These climatic changes
are closely followed by chanies in the vegetation and thus

of virtually the entire enviromment of the locusts,

b)

Another feature to notice in these diagrams is that
maturation sometimes occurs 'in situ' of the fledglings
produced from the first group of egg-layings, A line has
been added to the diagrams to indicate the date when
fledging can be expected calculated from the knowledge of
the length of incubation and hopper development in this
area, Thus attention is drawn to the time when the weather
conditions are likely to be of importance from this point
of view, During these five years, maturation followed by
laying occurred on three occasions 1950, 1953 and 1954, but
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in 1951 and 1952 there was no sign of maturation of these
swarms until the following spring, Turning to the weather,
and in partigular the rainfall at these periods, it should be
noted that there was very little rain after August on the
occasions when the swarms remained immature, In 1951 when
the rainfall amounted to just over 25 mm, at Nagaur (the

only station reporting rain) there is some indication from
subsequent reports of hatching that laying continued until
the énd of this rainy period, but as can be seen from the
diagram the newly formed swarms did not mature.

Thus it would appear that there is some association
between the onset of the monsoon rains and maturation and
the beginning of laying and also between the later rains
and the second period of laying.:

ix, Limitinz Valueg of Rainfa agcociated with Oyinogition:
A Study of Cumulative Rainfall precedin: lirst Recorded
OQviposition,.

It had been suggested that some indication of the limiting
amounts of rainfall which precede breedin; might be found
by a study of the cumulative rainfall before the first laying.
It was found most convenient to construct graphs of
cumulative rainfall starting at January lst, To these
graphs was added all the recorded locust data for that area.
The locust data which were plotted on these graphs relate
to the tehsil in which the rainfall station is situated,
From this it can be secen that the distance of the swarm
from the rainfall station is not known with any great degree

of accuracy.
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Frequently it was found from subsequent reports of
hatching that the first layings had not been reported and
plotting the data in this way meant that allowance could be
readily made for this factor without the rainfall data
having to be replotted, This method of plotting the
rainfall data also enabled comparisons between places to be
made at any one date,

These graphs were plotted for the years 1950, 1951
and 1954 and £ig.36 shows atypical exemple of them, During
these years there were 22 occasions when it was probable
that the first date of laying was recorded and another 9
when the subsequent data allowed it to be calculated with
some certainty. The results are summarised in Tables 10,
11 and 12, J

Popov's laboratory experiments and field observations
on the depth of penetration of moisture (see chapter 1)
have indicated that a rainfall amount of 6 mm, moistens a
depth of soil Jjust sufficient for oviposition to occur.
However, in the laboratory moisture simulating a fall of
rain of 5 mm, evaporated 1h the subsequent 24 hours,
indicating a rate of evaporation of at least 5 mm,/day.

In the field with rates of evaporation exceeding 5 mm./day
(Rajasthean 7 mm,/dsy) a dry 1ayér which greatly reduces
evaporation is formed after 8-10 mm, have been iost.

Thus to enable oviposition to occur, certainly a fall
exceeding 2 days evaporatioﬁ i.e. 14 mm, would have to

occur, In the laboratory ovipecsition did not occur until



at least 10 mm, of moisture had been added to the sand,

Of this amount a loss of about 5 mm, could have been
expected, Thus it might be suggested that a fall of about
19 mme (5 mme + 2 days loss by evaporation) would cause
conditions suitable for oviposition in the field,

A single fall of rain of at least this amount or falls
on consecutive days amounting to 19 mm, were received
between 0 and 16 days before laying in all but 6 of the 31
examples, Of these 6 examples 19 mm, had been received in
the lst instance within the period 2-4 days before laying

2nd instance within the period 7-9 doys before laying

%rd instance within the period 3-6 days before laying
On the other three occasions the total cumulative rainfall
for the monsoon rains season prior to laying amounted tos-

1) 14 mm, in 3% fells within the period 5-13 days

before laying.

2) 8 mm, in 1 fall 8 days before laying.

3) no rainfall was recorded at the rainfall etation.
As oviposition will only take place in water-moistened soil
the laying in at least this last example must have taken
place either after rainfall had been received at the egg-
site but not at the rainfall station or possibly have
occurred in irigated land,

In India maturetion among the invading swarms is
associated with the environmental changes accompanying the
onset of the south-west monsoon, Among the changing
environmental factors at this time is the onset of the

rains, As can be seen from the tables, most of the rain
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between January lst and the firet recorded laying falls
after the beginning of the monsoon rains and it is
generally this rain that makes the soil suitable for
oviposition, These first rains of the seagon which
precede the mass maturation are always widespread and
sufficiently heavy for many of the rainfall stations to
have received well over 19 mm, of rainfall between the

onset of the monsoon raine in Rajasthan and the first
recorded laying dates (see Tables 10, 1l and 12), For this
reason there are few instances when the cumulative rainfall
before the first recorded laying date are close to the
minimum amount determined experimentally in the laboratory
or to that suggested as feasible under field conditions,
Mature swarms of an earlier generation do, however, sometimes
enter this area with the immature swarms from the spring
breeding'areas. In 1950 they were recorded as laying in
an area which had received 21 mm, within an 8 dgy period
when the time in®erval between the rainfall and the laying
wag uncertain, Laying amongst these mature swarms also
occurred in 1954 within 2 days of a fall of 25 mm,

The other occasions when the cumulative total preceding
the first recorded laying is likely to approach the minimum
amount are whére the newly matured swarms enter an area
which had not previously received heavy rainfell, In the
31 cases gtudied in these three years cumulative totals
following the onset on the monsoon rains of less than 20 mm,

were recorded on 5 occasions when laying occurred between
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12 and 40 days after the onset of the rains. Cumulative
totals of between 20 and 40 mm, were recorded on a further

5 occagions between 11 and 21 days after the onset of the
rains. In the remaining 21 cases cumulative rainfall totals
of over 40 mm, were recorded and laying occurred between

5 and 40 days after the rains had begun,

In none of the 31 cases in these three years did the
first recorded laying take place more than 6 weeks after
the beginning of the monsoon rains, The cumulative
rainfall totals over this period varied greatly both from
place to place and from year to year (see Table 13)., When
such rainfall data are used to assess the probability of
breeding occurring in this area, these results show that
it will not become widespread until the monsoon raing have
begun, but that once maturation has occurred laying nay
occasionally take place in the vicinity of rainfall
stations which have received less than 20 mne of rainfall

but as a rule an amount gréater than this will have fallen,
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CHAPTER 3

The evidence of the association between rainfall and
laying as préseated in the previous chapter is not in a
form which can readily be used 15 the interpretation and
forecasting of & current situation. For this, the
relevant parameters must be selected from the data which
become available at that time, Each month a selection
of monthly rainfall totals are sent as part of the
Heteorological Services' Climat Broadcast. The association
of breeding with above and below average moathly rainfall
totals has been attempted, using the data of the monsoon
breeding seasons for the years 1938-1953, This period
was selected as the frequency of infestation during these

years was found to be characteristic of a much longer
period (see p.29).

To see whethér or not there was an association between
the monthly rainfall values and breeding, three stations
were selected} Bikaner and Jaisalmer in the high frequency
area and Bhuj which is further-south and ig in the low
frequency area, The nature of the data on breediﬂg did
not enable an estimate of the amount of breeding that had
taken place in the neighbourhood of rainfall station to

be made, What could, however, be estimated was an
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indication of how widespread the breeding was under
different rainfall conditions and thus whether or not
these factors were associated, The area selected for
study coﬁ:prised the nine degree squares which were
centred on the one containing the rainfall station.

For each year the number of these squares infested in
each month was noted, These amounts were then plotted
as graphs on the same chart as the graphs of rainfall
(£ige37). The similarity in the shape of these graphs
suggested that there is an association between rainfall
and the breeding that took place in the surrounding
areas As the time lag between the beginning of the
rains and laying is probably not more then a fortnight
(see ps 80) the time interval of one month used in these
diagrams will therefore generally be too long for any
displacement of the graphs from one another to be
significant from this point of view.

It is usual in this area for monsoon breeding to
begin in July. At this time of year fledging occurs
between 6 and 8 weeks later, and it is possible for laying
by this new generation to begin in September, It is
most probable that the secondary peak which is apparent
in the dagraus in September/October in some years is
caused by the overlapping of the breeding by these two
successive generations, It was for this reason, that

the data of July and August only was used in the
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statistical examination of the correlation between
monthly rainfall totals and breeding,

The reinfall data for these two months was divided
into an arbitrary series of classes ranging from O,

0,5 inchy 1,5 inch ete. to 26,5 inch, The number of
squares infested in each month was noted and was entered
against the ‘Etpproprj.ate class of rainfall, The
frequency curve of rainfall against breeding was found
to be skew and it wes found that it could be described
adequately as loge-normal, This provided a lég mean at
the peak distribution of breeding corresponding to a
rainfall of 2,71 inch lying between 95% limits of

2469 and 2,74 inch. That is, the widest distribution
of breeding is associated with monthly rainfall totels
of between 2 and 3 inches, (50 and 76 mm,) (see fig.38).
ii, Logust Data.

No map was available showing the distribution and
frequency of monsoon breeding in India and Pakistan for
the years 1938-1953., There were, however, maps showing
the records of egg-laying and hopper bands for each month
of this period which had been assembled by Waloff et al
(unpublished).

Breeding on the rains associated with the south-west
monsoon in this area does not usually begin before July,
although in a few years it does start in the latter half
of June, In the course of work prepared for the
Operational Research Team of the United Nations Special
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Fund Desert Locust Project (Magor unpublished) some
information on this point was assembled, The range of
dates were noted on which laying took place in units of
2 degrees latitude by 2 degrees of longzitude foar the

20 year period 1942-1961, This information has been
summarised on a map (fig,.39) and is given in full in
Table 14, This shows that in these 20 years laying
started in June in 4 of these years, 1944, 1945, 1954
and 1959, Of these years two are in the study period,
Between the years 1938 and 1942 breeding began in June
only in 1941, This means that in the study period
laying began in June in 3 of the 16 years. The fledglings
from these June/July lgyinge take from 42-58 days to
appear, In certain years these fledglings which appear
in August and September mature rapidly and eggs of a
second generation are laid :ln September/October, In
these years hoﬁpar bands may still be present in India
and Pakistan in December, Fortescue-Foulkes (1953)
suggests the possibility of a third generation having
been produced in 1941, an opinion not shared by Pruthi
(1951). Rao (1960) also does not mention the possible
production of a third genara"bion in any of the years
preceding 1940 so it seems unlikely that this had
occurred in 1941, ﬁoreover, the developmental period
for layings which take place in September is 49 days,
whereas it is 70 days for egge laid in late October,

It therefore seems probable that the eggs and hopper bands
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seen in November and December 1941, were in fact
displaying this longer developmental périod.and were
not part of a third generation.

Frequently all the stages of development of an
'ogg-field are not recorded. Thus, if only the reports
of one stage such as'eggulaying are noted, the full
extent of the breedins will not be shown. As in June
hopper bands from the spring breeding may still be
present in India and Pakisban, the June data have not
been included on the maps compiled to show the
distribution and frequency of monsoon breeding in this
area, They have been compiled from the reports of
esg-layin: by swarms and of hopper bands for the months
of July to December from 1938 to 1953.
114,

The extent of this br_eding in India and Pakistan is
shown in £ig,,0¢ In individual degree squares breeding
was reported in as many as 12 of the 16 years., There
is a group of squares in the descrt areas of Bikaner,
Jodhpur and Jaisalmer districts in India, and Bahawalpur
district in Pakistan, in which breeding occurred in 10
or more of these yearsy the frequency of breeding
decreases outside this area and in general the areas of
lowest frequency are the ones furthest awsy from this
central area of high frequency.

It was obvious from the compilation of this material



for the months Judy-iwesader and e deviztion from
nermal of the June-leptesber reinfall at the selected
stations during the yeare 1938=-1003.



Fige 422 and bs The distribution of swarms within each degree square
to;a the months July-December during the years
19 - 1955.

Key. Looust data
J = July
A = August
S « September
0 = October
N - November
D = December _
The thiek line encloses -the major
monsoon breeding area.
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that the distribution of breeding varied greatly from
year to year. For this reason maps were drawn for each
of the 16 years showing the months in which breeding had
been observed in each degree square (fiz..41 a & b).

During this period there were fours years (1938,
1939, 1947 and 1948) when no gregarious breeding was
recorded during the monsoon rains season, The area
within which breeding had occurred during the remnaining
years varied from 4 degree squares in 1946 to 59 degree
squares in 19534 The position of the infested area also
varied markedly from year to year,

As the occurrence of breeding must also be affected
by the presence or absence of swarms, maps of the
distribution of swarms between July and December in these
years were compiled in a similar manner (£ig..42 @ & b).

The monsoon breeding season can be divided into
three phases:-
I, The influx of swarms.

II, Breeding.
III. The production of new swarms, with the possible
continuation of breeding and further production of
swarms.
As it is posesible fﬁr gregarious populations to be
produced from scattered populations and vice versa in
any one year the situations listed in Table 15 are

possible,
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It was possible to ascertain certain facts from a
comparison of the two sets of locust maps. From the
maps of swarm distribution and other locust data, it was
possible to ascertain that during these months no swarms
were in fact recorded during the year 1938 nearer than
Eritrea, 1939 nearer than West Aden Protectorate and
1948 nearer than Eritrea, However, it must be remembered
that a scattered population is always present in India and
Pakistan, and in certain years gregarisation can take
place amongst them, In 1947, for example, the only
confirmed reports of swarms were in Pakistan in September
and November, and it would seem probable therefore that
conditions had been suitable during the summer months
for the formation of swarms by this population, 1In
1940, 1948 and 1949 it would sppezr that conditions
favoured gregarisation earlier in the sezson as hopper
bands were recorded in many districts where swarms had
not been seen, |

The reverse process of dissociation was also noted
during this 16 year period. 1In 1948 the few hopper
bands that had formed did not appear to retain their
coherence in the adult stage since no swarms were recorded
in that year, In 1944 and 1946 swarms were recorded
early in the scason and breeding by them resulted in
the formation of hopper bands but few, if any, swams
resulted from this breeding, 1In years such 2s these
it seems likely that the westher conditions, particularly
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the rainfall, may have played an important part in
regulating the numbers of the desert locust population,

For this reason the monthly rainfazll data for the
years'1958-1953 were collected for rainfall stations
situated throughout the area where breeding had been
recorded (£ige10)0 The average monthly rainfall values
for this period were then calculated for each of the
57 stations, Working mape had already been prepared
for each of these years showing the months between July
and December in which breeding had been recorded in each
degree square, To each of these maps the seven monthly
rainfall totals for the 57 selected rainfall stations were
added, Another map was drawn showing the seven average
monthly rainfall totals at each of the rainfall stations,

The rain with which the laying is associated
generally falls in the months of July, August and
September, but occasgionally the rain failing in June is
also effective from this point of view. _

In the first instance the individual monthly totals
were compared with the monthly average to see whether
the departure from the average was positive or negative.
The results obtuined for these months of June-September
are gshown in fig.43 a & b, From the results a table
summarising the number of rainfall stations recording
positive and negative deviations from the aversge rainfall
was drawn up (Table 16).



TABLE 16: Deviations from everage rainfall 1936 « 1953,

Year June July Augast September

+ = ave 4+ = ave 4+ = Ave 4+ = ave

1938 3517 0 13350 5410 | 24135 |
1939 | 21310 645 0 3480 | 9384
1940 271250 QM0 | 37160 1475
1941 2, 29 0 0420 | 5470 | 25317
192 12400 | 3910 | 22310 | 32192
963 | 940 | 29240 940 | 29204
1944 16350 | 36130 | 4 S0 9373
1945 1830 | 38150 | 2930 | 27253
556 | 27250 | 12400 27250 b 461
1947 150 5370 | 31202 | 32155.
1948 1730 | 21150 1 70 6300
1949 8280 | 25110 10260 | 202 2
1950 35 0 36 190 19 %6 0 2519 6
1951 641 | 5510 a1 332 5396
1952 2 24 1 25 26 0 21271 Ou5
1953 V19 0 13 16 0 1712 0 8210
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From this table it can be seen that in all the
months during this 16 year period it was usual for the
majority of stations to have recorded less than average
rainfall, i,e, the distribution of monthly rainfall
shows & characteristic negative skewness. Examination
of the déviati ons from normal show that in general the
higher the rainfall the more normal is the distribution,
thus July and August show a more normal distribution
than June and September,

‘\71. i |

Barlier work by Rao etc. (see ppsz3) had suggested:-
1) that gregarisation is associated with above average
rainfall,
2) that widespread and successful breeding is associated
with above average rainfall,
3) that the presence of breeding in Baluchistan and
Las Bela west of the medium and high frequency breeding
areas during the summer months is associated with above
average rainfall in this area,
4) that conversely the presence of breeding east of the
medium and high frequency area is associated with below
average rainfall.
5) that a second generation is associated with above
average rainfall in September or possibly in August/
September,
vii. ation .

In 1940 swerms were recorded in July in only 2 degreec
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squares, one in Bikener District and one in Jodhpur
district. Breeﬁing began during July in both these
areas and during the summer gregarious breeding became
widespread and resulted in the production of many swarms,

In the vieinity of the initial gregerious breeding
the rainfall conditions were as follows., In the case of
the breeding in Bikaner District there are five rainfall
stations in the two degree squares where the breeding
began in July. At all these statione above average
rainfall was received in June, In July the deviation
from the normal in the two degree squares differed, In
one both stations recorded below average rainfall, whereas
in the othﬁr the reverse occurred, In iugust all the
five stations received abdve average rainfall, and in
September the rainfsll was below average.

In Jodhpur district, breeding began in only one
degree square in July, where it continued until October.
None of the selected rainfall stations is situated within
this degree square, but in three of the neighbouring
squares there are a total uf 5 stations. At only one
of these stations was the rainfall above average in both
‘June and July, at the others it was above average in
‘June but below average in July. The August and September
pattern was the same as in the Bikamer case, i,e. above
average in August and below average in September,

Within India and Pakistan the distribution of swarms
was again very limited, They were recorded in only 3
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degree squeres in all of which above aversge rains were
received, Breeding followed in two of these three
equares, In September breeding became more widespread
along the Indo-rakistan border. Rainfall data are nob
available in all the degree squares.affected by breeding,
. but where they are available the rainfall was above
average in 12 of the 16 rainfall stations in August and
was beloﬁ average evefywhere in September. Breeding
continued until October in much of the area: and November
in 2 degree squares.

The distribution of recorded swarms remaeined very
limited, until after September; only 7 degree squares
had been affected and breeding had taken place in 6 of
them, Flodglinga would have been forming swarms from.'
Septembef‘onwarda. - In October, November and December,
as can be seen from fig.42, the swarms Uthat ha&_formed
and were forming spread outside the breading‘aieg aﬁd
passed through a large number of degree u@uarea.
Gregarpigabion in 1949.

A year with a similar locust history is 1949 when
again after several years with little or no swarm activity
'or gregarious breeding, there wae an influx of seattered
locusts with possibly some swarms, and during the summer
two generations were produced on the monsoon rains. |
In this year as in 1940 the breeding was confined to the
medium and high frequency area,. In 1949 no swarms were

recorded until September, although gregarious breeding
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had becn observed from July. In the degree squares
where breeding began in July, the rainfall in June and
- July was zbove average at 4 stations and below average
at I3. A% only one of the stations was the rainfall
below average in both months, As in l940,thare was
an extension of the area where gregarious bréeding was
taking plaée in September and October, Thére aré no
‘available rainfell data for Pakistan during this year,
but in India where the data are avaiiable in either
August or September, with one exception, the stations
within the breeding area recorded more than average
rainfall,

Conditiong in 1047 and 1948.

1947 and 1948 were years when some degree of .
gregarisation was noted, but in neither case was it
sufficient for a large number of awérﬁs to have been
produced. If the rainfall data for 1947 sre examined,
it can be seen that the rainfall fdr June :nd July was
below average everywhere excepﬁ-at Bareilly in the east
of the area near where there were unconfirmed reports
of swarms in August.  The rains were, however, above
average in sugust and September at many stations, It
may have been breeding amongst the scattered population
on these rains that was on sufficiest a scale for the
production of the few swarms that were observed in
September and November,

Gregarisation was noted at a different stage in
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19483 hopper bands were recorded in that yesr during
July at several points in Baluchistan and Las Bela,
Unfortunately in this area only the rainfall data for
June are aveilable, but in thie month it was well acvove
averaze (Pasni 146 mm, average 10 mm,). Elsewhere no
gregarious breedihg was recorded although at many of
the stations above average rainfall was recorded in July
and August, though not September, No swarms were
recorded in 1948,

The pattern of summer rainfall in these four years
did not vary greatly, and s0 it is possible that the
reason for the variation in the locust history in these
years lies in some factor other than the rainfall,
possibly the supply of locusts from outside the area,
for in both 1940 and 1949 the first appearance of swarms
had been recorded in the areas to the west. In 1940
swarms were produced in Iran during the spring breeding
and in 1949, following the rains brought during the
passage of a cyclone in October 1948, there was a build
up of the locust population in south-eastern Arabia
and swarms were formed in February 1949,

Thus it appears that although in 1947 and 1948 there
was a movement of locusts not only within India and
Pakistan but also from further west, the numbers were
not high enough to prodﬁce-many swarms, for it was only
in 1940 and 1949, when the numbers were higher and also
grezarious breeding had occurred during the spring, that



' P \ ’
] :J ‘\ .
. W . - R {.
] N ’ ; "'1 - \:-\_}
' i N A
N N s J 3 : v
!.‘ 5 r M * : 3
so] 1 e " 185/354 L
v‘-..________f _!
S o Je2fsss
| 66(102"  Se132/604 .
AP lD N':w.m/
s 93/20/ g 239/152
254 ' v, J*444/290 25
Annual rainfall 'gﬁﬁ.‘
1941 [/942 *192/382
total / total
0 100 200 5
—i—J at 30
Statute miles

65 70 75

Fig. 44. Contrasting annual rainfall totals-at selected
rainfall stations in 1941 and 1942.

B Bikaner M Montgomery
Bh Bhu j N Nagaur

D Dewa S Su jangarh
J Jalor Sh Shergarh



101

a large number of swarms were produced in the summer
breeding area of India and Pakistan and remained
coherent during their displacement to the areas of
winter and spring breeding. :

The most iﬁport;ant factor which appears to be
different in 1940 and 1949 from 1947 and 1948 relates
not to the weather within this area but rather to the
supply of locusts from outside., No definite relationship
between above average rainfall and gregarisation can be
discerned from this treatment., For although at many
of the stations situated near the breeding sites one or
more months received above average rainfall, this was

not invariably so.

The years of widespread and successful _bréedm
include those such as 1941 and 1942 when the raipfall
conditions were very dissimilar, In 1941 most of the
rainfall stations in the vieinity of fhe breeding had

two or more monthe recording less than average rainfall,
whereas the reverse was true in 1942 (see fig.44).

in examination of the rainfall totals in these two
years show that t‘hey differed markedly, the 1942 total
being as much as 5 times that of 1941 in the north-west
and the position being reveresed further south in the
neighbourhood of Jalor and Shergarh, Nevertheless
breeding was widespread and successful in both of these
years, showing that above average rainfall is not a
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necessary condition,

A feature of the summer breeding in some years is
the extension into parts of Baluchistan west of the

medium and high frequency area, It has been suggested
(Rao 1960) that this takes place when the south-west
monsoon extends further west than usual, an event which
is marked by heavier than usual falls of rain, During
the 16 years under disvussion, breeding was present in
this low frequency area in 7 years, 1943, 1944, 1945,
1948, 1950, 1952 and 1953.

In two of these years, 1943 and 1948, the hoppers
present in July were the remnants of the spring breeding
that had taken place in the area, and therefore will
not be further considered,

In 1952, the one report was of hatching in
mid-July in an area where a mature swarm had been seen
at the beginning of the month, Turbat, the nearest of
the rainfall stations, had a June rainfall amount of
44 mm, greatly above the average of 4 mm, and another
nearby station, Panjgur, had above average rainfall,
although Pasni further south received no reinfall at
all in June, In July none of these stations received
any rainfall,

In the other years, 1944, 1945, 1950 and 1953,
the breeding recorded was more widespread and prolongeds
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In 1944 it was associated with above average rains in
July and August, and at some stations in Eeptember as
| well, |

In 1945 the breeding was restricted to the area
between 27 and 28°N where above average rain was
recorded in July but not August. In 1950 the breeding
was probably associated with the above average rainfall
which was recorded in July at the stations in its
vicinity.

The rainfall data available for 1953 are more
limited then in other years; only thoée for 5 of thé
stations in Pekistan are available, With the exception
of Pasni, the most westerly cf these stations where no
rain was recorded, above average rains were recorded
at the other stations in at least two of the three
months June - August,

There were, hoﬁrever, other years during which
. swarms were present in India and Pakistan, when the
stations west of the medium and high frequency area
received !ibove average rainfall in a month and when this
event was not followed by gregerious breeding, The
months involved were July 1942, and August 1946 and
1951, In 1942 swarms had been present in the same
area as the rainfall but breeding took place only
amongst the stragglers left behind as the swarms moved
eastwards, In 1946 there were very few swarms in the
area at all and this may well be the reason why breeding
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‘did not occur, In 1951 swarms had been present in the
area in July, but by August when the above average rains
were recorded their position was further east and so
they were unable to make use of these rains,

It would seem though, that in general breeding
does take place in Baluchistan when above average rains
fall during the summer months, However, this factor,
when consgidered in isolation, is a crude indicator, for
. as can be seen in certain years, such as 1951, the
swarms do nct move into the avea with the weather
systen ,@hic.h brings the rain, This is eapeci’a;ly
likely to happen when the source of swarms is in the
east and when breeding is already taking place there, |
‘for then flight activity is likely to be lessened,

In yet other years only a minority of the swarms are
physiologically ready to oviposit, In such casaé |
only a small amount of scattered breeding will occur,
the majority of the individuals continuing thelir
migratory flight eastwards.

The extension of bx_-eedi'ng east of the medium and
high frequency area is a more unusual occurrence than
the westwerd extension, It is also more restricted
in extent, It took place only once in a large way
during the 3}€ gears, This wﬁa in 1942 when abqve
average rain was in fact recorded, In other years only
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one or two degree squares adjacent to the medium and

hich frequency area were affected, Only in 1941 was
this breeding associated with below average rainfall in
the infested degree square in all four months, Breeding
in this area is not, therefore, always associated with

less than average rainfall,

The years showing &2 high percentage of rainfall

stations recording more than average rainfall in
Septedber are 1942, 1943, 1945, 1947, 1949 and 1950,
With the exceptions of 1947 when there was no gregarious
breeding at all, and 1945 when the 2nd generation was
confined to & small area, these years were characterised
by a second generation, This, however, was also true
of the years 1940, 1941, 1944 and 1953, when the majority
of the stations in the degree squares affected had less
than average rainfall in September, lMost of these
stations, but not all, had above average reinfall in
August if not in September,

In'1944, however, no swarms were recorded af ter
September, Following two months with above average
rain, the September rainfall, as mentiored sbove, was
generally below average and the second generation
breeding was very localised., Pruihi (1951) thought
that the few swarms which did form were dispersed during
their westward migration. It should be noted, however,

that there was an influx of scattered locusts in Omahn
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in Hoiembar vhich was followed by swarm reports in
December in Iran and Oman, As the only other possible
so&&ca of these swarms was the Yemen they were most -
probably the result of this second generation breeding |
in India and Pakistan,

The rainfall pattern and locust history up to.
September in 1951 was very similar to that of 1944,
1952 also closely resembled these years, but the second
generation breeding was entirely absent in 1952,
However, in_ these two years widespread reports within
Indo-Pakisten of the swarms that had been produced
were recorded during the last quarter of the year,
Their continued presence in these months would suggest
weather conditions differcnt from those of 1944 when the
swarms were dispersed or moved westwards out of the area
during September,

xii, Comclusiong.

From these monthly rainfall data of the period
| 1938-1953, it can be seen that comparison of the actual
rainfall with the mean is unlikely to yield any
successful method of interpreting and forecasting
breeding in this area except in a fow limited areas and
casess These are the possibility of breeding within
the low frequency breeding area in Baluchistan and the
likelihood of a second generation beiny produced
throughout the area,

With regard to the breeding in Baluchistan, in these
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16 years, summer breeding occurred in 5 of them, 1In all
of these years when swarms were present above average
rains were received in at least either June and/or
July., Of the three yeors when above average rainfall
in a month was not followed by gregarious breeding,

in one, the above average rainfall in July was followed
by scattered breeding amongst the stragglers left by
the swarm, and in the other years the above average
rainfalilwas-receivad in August when the swarms had
already left the area. It may therefore be susgestéd
- that the requisite conditions for gfegarious breéding
to occur in this area are the presence of swarms during
above average falls of rain in June and/or July.

The association between above average rainfall in
August and September, and the laying of egge of a
second generation, is not =0 clear cub, Although
from the previous chapter it can be seen that rainfall
is a necessary feature in the maturation of the newly
produced fledgling swarms, it has been shown above _
that although thies second breeding usually occurs where
August and/or September rainfall is above average, in
some areas below average rainfall in both of these
months has been sufficient for breeding to occur.

All attempts to correlate breedinz with climatic
parameters such as_has been done here, must necessarily
entail the selection and generalisation of data. The

nature of the rainfall in this area is sporadic.
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Bxamination of the diagrams show that in any one degree
Bquare the stations do not necessarily show the same
deviation from the normal in a month, still less do
they receive the same quantity of rainfall,
Particularly as mature swarms of the desert locust are
able to utilise sporadic rainfall it ia guite possible
that the stations selected are not reflectin: the
conditions affecting the swarms,

Nevertheless, it may be suggested that the monsoon
rain falling in the medium and high'frequency sumner
breeding area is almost always sufficient to enable
breeding to occmé successfully when there is an influx
of gwarms, 1In years when there is only a small
scattered population present it seems unlikely that
an increage will ocour_in the numbers of the population
sufficiently lr.u;ge to result in the nroduction of
swarns, For this to happen an unusually large influx
of population is requiredsy most probably too there
must be a gregarious element amongst this incoming
populationy These results emphasise the part that
the link between the various breeding areas plwalin
the development and continuation of the swarm infestations
in the summer breeding belt of Indo-Pakistan,

In areas such as Baluchisten or maﬁths such as
September when the aver&e rainfall is low, the position

is rather different, Under these circumstances

- evidently the mean monthly rainfall total must be close
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to the lower limiting amount, Thus, successful breeding
occurs only when above averége rain falls,

In the low frequency breeding areas of Baluchistan,
the mean monthly rainfall never exceeds 76 mm, and is
usually between 5 and 25 mm, The average values for
September vary considerably, but except in the vieinity
of high landldgain.does not exceed 76 mm, It seems
preobable, therefore, that the soil moisture conditions
created by the individual falls which make up these totals

are sufficient to enable successful breeding to occur,
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CONCLUSIONS

The monsoon breeding in India and Pakistan can be
divided into 3 stagesi-
1l: the influx of immature swarms together with a few mature
ones (probably of an earlier ganeration);
2t a period of breeding;
3: the production of fledgling swarms, which in some years
mature and lay eggs in the region and which in others are
eventually displaced to the winter and spring breeding areas,

These stages are associated with certain weather
conditions, ©Stage 1 with the dry weather which precedes
the arrival of the south-west monsoon and which is broken
by an occasional shower probably associated with late
westerly depressions, Btage 2 begins within a fortnight
(often sooner) of the arrival in Rajasthan of the rains
associated with the south-west monsoon. If at the end of
stage 3 there is widespread rain, maturation of the
fledglings taokes piace. This accounts for the variation
which can occur,for in other years the new swarms remain
immature until the followinz spring. These results confirm
the findings of Rao (1960). They also show that in this
area maturation occurs in the environmental conditions
associated with widespread rainfall, However diagram 45
compiled from data available for the spring breeding area
of Morocco demonstrate that this is not always so. A
gimilar situation occurs in many parts of the belt of winter

and spring rainfall where maturation of the swarms does not
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occur for some months after they have arrived in aress where
the rains have started, Rao (ibid) states that breeding
does not begin in Pakistan until the mean daily temperature
rises above 20°C, This could be an effect of low
temperature slowing down maturation as is shown in laboratory
experiments described on pages 17 and 18, or could possibly
be associated with a seasonal variation in the nutritional
value of the plants, for laboratory results (see page 20)
suggest that not only does the food intake by locusts affect
their rate of maturation, but that spring grass may
| increase its In the examples from Morocco the mean daily
temperatures had seldom exceeded 20°C when lgying began,
Further work is required to delimit values of the various
environmentél factors that could be regarding maturation
in these areas,

Once maturation has occurred and the esgs are fully
developed laying will take place within 72 hours (Popov
1958). If no suitable egge-sites are found then the eggs
may be scattered on the surface of the soil, In order to
develop successfully the egge must absorb moisture from
the soils, 1In the laboratory locusts have laid in sand
where the poisture content was as low as 2% and have
successfully hatched where the range was 1,3% to 25%.

The lower limit for normal laying is slightly higher than
that needed for successful hatching., Eggs are usually
laid in moisbt sand that is overlain by a lgyer of dry

sand which greatly reduces evaporation, In the laboratory
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the maximum depth of this dry lgyer could be 8 ecm. The
narrowest layer of moist éoil in which eggs were deposited
was about 3 eme, In this case the eggs were placed
horizontally, whereas they are normally laid vertically
when a minimum depth of 6 cm, of moistsand is required,

To moisten thie depth of soil a fall of rain of about
© mm, would be required, However, it is unusual for the
locusté to lay until the surface lsyer has become dry,

In Rajasthan where the daily rate of evaporation has been
estimated to average 7 mm,./day, the dry layer (which greatly
reduces subsequent evaporation) is likely to be formed
after the loss of 8-10 mm, of moisture, In the laboratory
when simulating rainfall, at least 10 mm, of water were
required to create conditions suitable for oviposition,

The rate of evaporation there was about 5 mm,/day, which
means that the remaining 5 mm, of water were gufficient to
provide the requisite conditions, It has therefore been
suggested that in Rajasthan, conditiong of moisture
suitable for oviposition would be formed after a fall of
rain of 19 mm,, i.¢s 5 mm, + 2 days loss by evaporation

(14 mm,), Single falls, or occasions when this amount
fell on consecutive days were recorded between O and 16
days before oviposition in all but 6 of the 31 examples
studieds Of these 6 cases there were only 3 in which the
cumulative total over a period lasting up to 4 days, within
a fortnisht of oviposition, did not exceed this amount,

In the remaining 3 cases the cumulative rainfall total
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between the onset of the rains and oviposition did not
amount to 19 mm, In 2 cases 8 and 13 mm, were recorded
and in the %rd case no rain had been received at the selected
reinfall station, As locusts will not lay in dry soil
‘these results indicate either that the laying occurred in
sand moistened by run-off or irrig:tion or possibly where
wind erosion had removed the layer of dry sand éxpoSing

an underlying layer of moist sand, Alternatively that
rainfail had occurred at the egg-site but not at the
rainfall station, This is particularly 1ik91§ to have
occurred in the west of Rajasthan where the aversge rainfall
is lower and is more sporadically distﬁiouted and also

where the tehsils are larger,

These results do emphasize though that when mature
swoarms are present in an area a lack of rainfsell for periods
of a month or more at the meteorological stationes does not
preclude laying in the surrounding areas, The results
also suggest that once swarms are mature laying can take
place in areas where small améunts of rain have fallen,
although in this area at any rate it would appear that
maturation only takee place in association with the
environmental changes which accompany widéépread rainfalle.

The distribution of gregarious breeding during the
summer in Indié and Pakistan varies greatly from year to
year, During the gtudy period in the years when gregarious
breed;ng was recorded it affected as few as 4 and as many

as 59 degree squares, The departure of the monthly rainfall
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from average in the summer breeding area of India and
Pakistan would appear to be significant in only a few
instances, such as September in the areas where the average
monthly total is between O and 50 mmj or in areas such as
Baluchistan where the average rainfall from June to
September seldom exceeds 50 mm, For within the high
frequency breeding area where the averagze seasonal rainfall
exceeds this amount successful breeding took place in years
with both positive and negative departures from the average.
However, breeding in the low frequency breeding arcas of
Baluchistan was associated with above average falls of rain
which occur in years when the disturbances associated with
the south-west monsoon extended into the area, In some
yeara'though gregarious breeding did not occur when there
was above average rainfall in this area, this happened
either when early in the season most of the swarms present
in the area had not matured or later whem the source of
swarms was to the east where laying had already begun with
- the result that flight activity was diminiched and the
swarms were not displaced by the disturbances.

Breeding in the eastern low frequency breeding area,
where the rainfall is considerably higher, was not found
to be associated with below average rainfall,

The maturation of the fledglinge produced in this area
and laying by these swarms was associated with above
average rain falling in late sugust and September,

There is no unambiguous evidence that gregarisation
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i.e., the production of swarms entirely 'de novo'! from a
scattered population occurred in this area during the period
studied., Gregarisation took plagce in years when there

had been some gregarious breeding and swarm formation in

the winter and spring breeding areas to the west. It is
possible, therefore, that some swarms had entered the area
in these years although they were not reported. It would
appear then that gregarisation in this area was associated
with the influx of a large number of locusts into the area
with a previous history of gregarious breeding, but it did
not appear to be associated with above averagé rainfall,

' During the course of this work it became apparent that
the rainfall date ineluded in the monthly Climat brosdecasts
exchanged 5y the meteorological services of the world might
be of value in assessing the prospects of breeding in an
area and also in interpreting evente in these breeding aress.
Accordingly in 1960 arrangements were made with the |
Meteorological Office to have these data from the 104
relevant stations made available each month to the Anti-
Locust Research Centre,

Since that time there have been occasions, esuch as in
Pakistan March-iay 1960, when these rainfall data have been’
of value in forecasting events in breeding areass. 4s a
result, a request was made to the World Meteorological
Organisation by the Anti-Locust Research Centre for
- additional stations in potential bree&ing areas to be
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included in the Climat broadcasts. Arrangements were then
made by the’World Meteorological Organisation with the
countriecs concepned, for these additional data to be
included in fha Climat broadcasts. | Data for an additional
22 stations are now received regularly,

From the final resulte of this study it can be seen
that in the summer breeding area of India and Pekistan
these Climat data can be of use particularly in months and
areas where the average rainfall is less than 50 mm,

Above averaze rains 'in the western low freguency areas in
Baluchistan are very likely to be followed by breeding.
Above average rains over a wide area in June might indicate
the early onset of the monsoon rains which would be followed
by maturation and breeding by the swarmms, Hore often
though the above average rainfall in this month was less
widespread in the study period, Under such circumstances
localised breeding among the mature swarms of an earlier
generation may teke place.. Apbove average rains in September
are likely to precede’the naturation of and oviposition by
the newly formed swarms, ;

The onset of the monsoon rains which precede maturation
amongst the swarms in Rajasthan could be recognized from
daily weather data, some of which (the 1200 GMTI observations)
are 8lready received at the Anti-Locust Research Centre,

It is possible that the use of daily rainfall values could
improve further the prediction of breeding amongst a mature

pogulation in this area., For it seems probable that
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breeding seldom occurs, except where falls of the order of

20 mm, have been received within a short period.

It is apparent from the data concefning Horeccco that
the results of thie study would not be applicable to that
area nor probably to the rest of the winter and spring
breeding éreas. It is probable though that the relationship
of breeding and rainfall might be similar in other areas.
of summer breeding in Africa and south-western Asia (see
fig,16) where breeding similarly follows closely the onset
of the main rains, Similar studies in areas such ag the
Sudan would be needed before these results could be applied

to these other areas.
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Conversions of units used in the text

Degrees Degrees
Centigrade Fahrenheit
-5 23

32
41
10 50
15 - 59
20 _ _ 68
25 77
30 86
35 | 95
40 104
45 113
1 metre 5428 feet
1 kilometre per hour © 0462 miles per hour
1 millimetre : 0.04 inch
25+4 millimetres 1l inch

Indian rainfall data: these have been converted from
British to metric units except in the statistical
examination in chapter 3, and where diagrams have been

taken from other publications.



TABLE 10.

1950 INDIA: Rajasthan Desert. Cumulative rainfall before lst recorded laying in millimetres,

Number of days before lst rccorded laying date in tehsil
A 1 2 3 b 5ISL=6 7 8 9 YO 10

1) 1st laying date recorded

Shergarh July 11 80 L= | =

Bikaner July 1L, T b 81

Jaisalmer Aug., 1 e e BB

18t laying date calculated
from recorded hatching date

Sri Ganganagar July 25 102 116

Didwana Aug. 2 28% 117

Jodhpur Aug. 6 280 31 & = 56 156 175 176 192 204

- 19*

- - - - - -

Ramgarh Aug. 7

A laying date: = no rain: * single fall exceeding 19mm
beginning of monsoon rains in Rajasthan July 6/7.
1st recorded laying in Rajasthan July 11,




- 1954 INDIA:

TABLE ' 1

1le

Ra jasthan Desert.

Cumulative rainfall before lst recorded laying in millimetres,

1) 1st laying date recorded

Barmer
Jalor
Jodhpur
Nagaur
Bikaner
Sujangarh
Shergarh
Sardarshahr
Jaisalmer
Churu

Sri Ganganagar

July 9

July 10
July 12
July 12
July 13
July 13
July 13
July 18
July 18
July 19

Aug., 4

A 1

Number of days before lst recorded laying date in tehsil
2 3 L

5 6 7 8 9 10=SC1Y

99¢ 150 158
39 111 -

— - -

A laying date: -

- no rain: ¥ single fall exceeding 19mm

| beginning of monsoon rains in Rajasthan June 26/27.
1st recorded laying in Rajasthan June 19.




TABLE 12,

1951 INDIA: Rajasthan Desert. Cumulative rainfall before 1lst recorded laying in millimetres, -

~ Number of days before lst recorded laying in tehsil
A VR Y NS SS S AS RO G R 6AT VT 8L T 9RL IO 105X 128 LS IR LEE15

1) 1st laying date recorded

Kagaur Ju:la" A
Barmer Auge

25 61 = 8, =
- 20 - I38 =

Aug. .
Didwana Aug. ¥ <o pot available -

Phalodi Aug,

- Anupgarh Aug,
Sujangarh Aug. 28
Miajlar Aug. 29

1st laying date ocaloulated
from date of hatching,

Shergarh Aug,
Ramgarh Aug.
Sardarshahr Aug.
Bikaner Aug.

Aug,

*A laying date: = no rains * single fall exoceeding 19 my .
| beginning of monsoon rains in Rajasthan July. 20.
lat recorded laying in Rajasthan 3lst July.
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INDIA: Rajasthan Desert.

TABLE 13.

A oomparison of the cumulative rainfall received in different years before the first recorded laying.

- Number of days before the
A1 LS Ioe S e RIS L

1st recorded laying date in the tehsil
6 7 8 9730 | X 2l il

185
2

8l |
%

17
59

36

09 =
9N -

L8
11, 122

168 - -

<—= not available

-+ 56 156 175
99

176 192 204

. A laying dates

= no rain recorded: I beginning of the monsoon rains in Ra,‘jaathp.n




