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ABSTRACT

Studies of the microclimate within a wheat field
were nade using aspirated and non aspirated thermocouples,
the results showing how temperatures and humidities vary
within the crop and differ from stevenson screen values.
The daily muximum temperuture occurred at soil level and
the night minimum at , or slightly above crop level.
Although copious dew formed at crop level during two of
the experiments no dew was recorded in the bottom 12 in..

Diseuase gradients of Puccinia graminis and p.glumarum

were recorded across lurge plots of wheut.  lesults were
reluted to periods of suitable surfuace wetness and the
uredospore louad of the atmospherc. Intensification of
both rusts wus hyperbolic, there being no difference in
the rate of intensification between the rusts. Different
regions of the wheat pluant consistently showed differcnt
degréés of infection.

Aerobiological studies were made over and neur
rusted wheut plots. The effects of wind direction and
speed on the numbers of P.gruminig uredospores trapped is
discussed. Muximum uredospore collections were obtained
when there was no surfuce wetness, the temperatures and

radiution were ut their highest und the relative humidities
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were between 30 and 39%. Pe.gruaminis uredospore gradients

were followed from a point source and found to be hyperbolic
and to closely follow the expected theoretical line for
normal conditions of turbulence. The uredospore deposition
gradient was also parallel to the disease intensification
gradient. Two spore truapping methods were compared.

The construction and results from a large constunt
environmentul chumber is described.

Pogruminis uredospore liberation within a miniature
wind tunnel was investiguted and found to increuse with
increusing temperatures uand relative humidities and with
the presence of light. These results explain the diurnal
periodic curves obtained for uredospore collections under
field conditions. The grouping of uredospores liberated
by winds of 14 knots was found to be constunt; on uveruge,
two uattuched uredospores were liberated with every three
unattached uredospores.

Some aspects of the physiology of uredospore germination

were exumined,
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I SOME EICROCLIMATOLOGICAL OBSEIVATIONS
WITHIN WHEAT FIELDS

Introduction

De Condolle in 1815, when considering rusts in
general, recognised the importunce of "les lieux et les
annfes humides" in the initiation of epidemics. Farmers
before und after this date have referred to '"muggy"
weather as rust weather, meaning humid and wurm meteorol-
ogicul conditions favourable for rust development. Dey
(1947) wurned against over irrigation in parts of India,
which could markedly incrcuase the severity of rust outbreaks.
Similurly Mehta et al (1951) observed the severity of
rust associuted with wheat grown near rivers and dams in
Madya Bharat. Numerous other workers have also concluded
that warm, moist conditions ure favourauble for rust out-
breuaks. Generual observations although useful are not
precise enough for accurate studies of rust weather aund
more data were desirable concerning the microclimute of the
wheat field itself.

Geiger (1950) showed how a stund of winter rye can
modify the radiution effects neur the ground, resultiang in
the position of mid-day maximum within the crop rising
above ground level and the position of the night minimum

agaln rising towuards the top of the crop. The type of
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teuwperature gradient set up within a crop is ulso
dependent on the density of planting and the foliar shape
and arrangement, the closer the planting the more extreme
the microciimatic gradients.

Paton (1948) investiguted the temperature and air
flow patterns within a wheat field and found that in the
stund of wheut under observabtion the highest temperature
by day and the lowest teuperutuce by night were consistently
at a height of 18in. within the wheat. Also, even on
a calm day, small horizontal air flow patterns developed
within the wheat, feeding a thermal rising somewhere in
the centre of the field und under more windy conditions
several thermul centres developed across the field. such
thernal air flows could uaccount for svore movements within
the crop when neur stationary wind conditions prevailed
outside the crop.

Broudbent (1950) and later Hirst, Long and Penman
(1953) made intensive studies of the microclimate within
a potato crop. These workers showed how large temperature
and uumidity gradients cun exist within a crop with
diurnal variations and fluctuations; these differeances
depending on the interaction of air tanperature, solar
radiation, wind and rsin. |

enman uand Long (1959) present datua obtained from

continuous temveruture recorders within wheuat stunds of
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various densities. Plunt density affects the dally
cycle of temperuture and pumidity in the crop, & thin
crop having a4 lower average relative humidity and a
shorter period of saturation on a dew night. A dew
night is charucterised by a humidity luapse between
ground and canopy and a humidity ianversion above the
. c4nNopPye. Ingide the canopy wixing processes are alwuys
relutively slow, a conclusion suypported by tie persistence
of hot spots and duamp spots.

The results of these and other workers show how
important it is to consider thne structure of the partic-
ular microclimate when examining tost purasite relation-
ghips with respect to epidewiology. Tempecatures and
humidities obtuined from sStevenson screen records may
have no application when meteorologicul conditions at

the leuf surfuce are really needed.

Materials and MNethods.

Teanperatures and nunidities were wmeusured within
wheat fields at oilwood rFark using aspirated und non
aspirated thermocouple junctions. A compurison was made
of both instrument types to determine which would give the

most reliuble results.
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Agpiruted thermocggple apparutus.

The thermocouple junctions were made up by spot
soldering 26 8.W.G. copper und constantin wire together.
The thermocouples were tuen couted sevefal times with a
surfuce couting resin adhesive (Ciba Products surface
coabing resin 820 R and H). ''his ensured that a good
insulation was waintained along the wires as well as
protecting the wires from the oxidutive effects of fbe
weutner, The resin proved very effective, providiug
the desired protection as well us being f£lexible and not
~ crucking under the bending straias iwposed. One thermo-
couple junction wuas then enclosed in a tight fitting
cotton Wick, the free end of which was led into 4 small
glass tube containing distilled water; this provided
the wet Jjunction. Both this and a dry junction were
inserted in a piece of rigid polythene tube 3in. in
diuameter and 6in. long. lhe wick connection from gluss
contulner to inside the polythene tube wus sleeved by a
smuall bore polythene tube to cut down unwanted evaporation.
Inside the larger polythene tube the wet junction was
placed behind the dry junction in relation to the incom-
ing air flow. This prevented the cooling effects of the
wet Junction from altering. the true air temperature neur
the dry Junction. alr to be sumpled was drawn turough

the thermocouple tube by connecting the wet junction eng
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of the tube to an Edwards vacuum pump.

kxperiments were carried out to deteriine the rate
of uair flow over the wet junction sufficient to bring
about u constunt depression of temperuture. It was
found that aspirution ruates above 4 litres/minute guve
almost constunt depressions of temperature, this value
beiag reuached in gabout 20 seconds. In the field an
uspication rute of 5 iitres/minute wus used for each wet
junction, und reuadingswere tuken after 20 seconds.

Three of these tuermocouple units were wounted on
a dexion post and used within the crop (Fig. 1). Long
thermocouple wire twin flex extensions were used on the
agparatus to enable reudiujs to be buken at a distunce
witi:out disturbing the crope.

vhen practical tests were mude in the field, it
wus necessary to protect tue tube beuring the theruocouples
from the direct sun, as this raised the temperauature of
the uir severul degrees above the correct value. The
nost effective solur screen tried was a lucge wire mesh
U shuaped frume covered in thin aluminium foil. This
frume bolted over the thermocouple tube providing about
lin. cleuarance uall round from the tuermocouple tube.
This provided a shield of low thermul cupacity and high
reflective power.

vhen reudings we~r tuken in the field a tnree way
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alic switch permitted tine alternute aspiration of each
thermocouple tube in turn. A flow meter in the air
circuit was used to ussess the correct flow rate of 5

litres/minute.’

Non usgpnirated therwmocouple uappauratus.

Theoreticully, if 4 theruwocou.le junction is made
smull enough, the amount of heut received as direct solar r
radiution is negligubie when meusuring ambient alr teumper-
ature. If this waz practically possible it would remove
the necessity for screening therwocouples in the field.

Very small therwocouples were constructed using
40 S .G. copper and constantin wire which when tested in
full sunlight showed no detectuble rise in tempécature
due to direct solar radiuation. ‘1hese were then mounted
on a wire frume on an actal valve buse. ¥hite cotton,
whicia had oeen boiled to rewove any processing chemiculs,
was wound round one junction for ¥in. elther side and
then led into a glass tube containing disztilled water.
This provided un effective wet Jjunction without greatly
increuasing the size of the junction. The therwocouple
leuds were soldered to the pins of the vulve buse.

In the field a dexion _.ost wuas placed erect with
three arwus acrunged at differ:nt neights, beacing octal

vulve buse holders (Fig. 2). Ixtension thermocouple
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wires were then soldered on to the vulve base holders and
led out of the field to the muin control switch. When in
use, the thermocouples on the vulve bases were just inserted
in the valve base holders. This meunt the mauin wiring
could remain in the field indefinitely whilst the delicate
thermocouples could be removed when not in use. - All
exposed wire joints were couted with the surface coating

resin adhesive for protecticn aguinst oxidation.

41l the therwocouple leud wires from both types of
appunus were led to a 20 point contuct heavy duty switch,
housed in a lurge box at the edge of the field. This
box also contained the standard thermocouple Junction
in melting ice uand the Doran thermocouple potentiometer.
The millivolt potentiuls resulting from each juncfion
could thus be meusured in turn at this box.

Calibration curves were constructed for the 26 3.W.G.
and 40 S5.%.G. thermocouples by inwersing the junctions
in a water bath containing a stundurd thermometer
measuring in 1/100°C. and taking readings of thermocouple
potentiuls and temperutures ut 2°%. intervuls over the
range utilised. The relationship was almost linear
over the range 32 - 90°F.. The slopes of the 26 und

40 B.W.Ges graphs were not identicul becuause of the differ-

ences in the purity of the copper and constuntin wires used.
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The following wheat fields were used during 1958
and 1959 to investigute microclimatologicul gradients

within the crops.

PLOT C. 1958.

Plot C was % an acre.of Eclipse wheat sown in an
approximate square; the sowing was thick with the drills
6in. apart and the plants were zbout 13in. high when the
experiment was carried out. By November the leaf cunopy
had closed between the rows although the crop was only
in the 4th. leaf stuge and relutively low. Only the
26 S.W .G. agpirated thermocouples were used and these were
placed with a wet and dry junction at 2in., 13in., and
%0in. above soil level within the crop. Reuadings were
tuken every 2 hours over a 24 hour period at each height.

PLOL D. 1959,

Plot D was one ucre of beclipse wheut sown in an
upproximate squure. The sowing was thinner than plot C
but the drills were aguin ubout 6in. apart; the crop was
rather thin in places due to the exceptionally dry spring
and suumer and the experiuent was curried out where the
crop was thickest, i.e. about 10yd. inside the boundary.
The crop was Jjust in ear, these being about 40in. above
soil level; the leuaf canopy was not complete and sun

could casily penetrate to the soil level at mid-day.
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Both 26 and 40 S.W.G. thermocouples were used at
3in., 20in. and 40in. above soil level within the crop,
resdings being tuken every 2 hours over two seperate 24

tour periods at each height.

With both types of uppuratus, readings were tuken
from the lowest to the highest uand then repeated twice
to give three results for euch theruocouple. The
average vulue for euch thermocouple wus then used to
assessthe dew point and relative humidity (R.H.) at each

level.

vew formation was recorded at eur level during the
experimental periods using a Hirst dew baluance and the
results expressed uas percentages of the maximum depression

measuced by the instcument.

Results and Discussione.

kxperiment in Plot C, 1958.

This experiment was carried out over the period
1700hr. 3 November - 1700hr. 4 November and the results
obtained are shown graphically (Fig. 3 and 4) with
congtructed temperature profiles for this period (Fig.5).
Alttough no rain fell during the experimentul period,
9.2mm. fell between 1000 hr. on the 2nd. - 0300hr. on
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the 3rd., the ground remaining wet duriang the experimental
period.

These graphs and teuwperature profiles show thut
the lowest teuperature by night and the highest temperuture
by day were at the surfuce of tne crop 13in. above ground
level, a4 condition normully applyling just above ground
level where there is no plant cover (Geiger 1950).
Temperature inversion within the crop occurred between
1030 and 1230hr. und ulso between 1430 énd 1630hr.,
Above the crop, temperature inversion occurred earlicr
in the morning i.e. between 0630 and 0830hr. but in the
ufternoon aguin between 1430 and 1600hr. The cleur skies
present during the 1715 and 1900hr. measurements resulted
in a lurge vertical temperature grudient and rapid drop in
all measured teuperatures; at 2030hr. the skylwas overcust
giving a measure of insulution visible us u marked decline
in the vertical tew.erature grudieat. From 2230 until
o430hr. tihere was broken cloud and at 0630hr. ua clear sky
which provided uanother increase in the vertical temperature
gradient resulting in another drop in all tewperatures.
Thus clouds at night have a murked effect on the out-going
radiation rates and subsequent crop temperatures and '
humidities. During the experimental period the R.H.
within the crop were very bhigh and it wuas not until 11QOhr.

that the RH. at crop level fell below 95%. These high



<15~
hunidities within the crop were due in puart to the
heuvy rain on the previous day creuating a wet soil

surfuce beneath the closed leuf cunopy.

txperiments in Plot D 17-18 June 1959.

This experiment was carried out using aspirated
thermocouples over the period 2000hr. 17 Jﬁne - 2000hr.
18 June uand the results obtuined uare shown graphically
(Fige 6 und 7) with constructed teuwperuture profiles
(Fige 5)« No rain had fullen since 10 June so the
ground beneuath ﬁhe Crop wus very doye. The crop was
in ear but the majority of tiie neud stems had not fully
elonguted; <the upper leuves of the crop were still
green although the 1oWer leaves had shrivelled due to
the very hot dry weuather. lhe results show that the
daytime maximum teumperature occurred nearest the ground
and differed from the temperature at the top of the crop
by wmore than 10°F. and from the Stevenson screen
temp erature by more than 15°F., The temperature muximum
occurred around noon at which time the sun is at its
nighest giving the maximum vertical penetruation to the
s0il between the upright tillers of wheuat. During the
night the outgoing radiution was greatest from the top
of the crop and not from the ground, which resulted in

cold air forming at head level and settling within the

crop to produce the night minimum towurds the middle of
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the crop. This result caun be cleurly seen from the
teuperature profiles (Fig. 5) between 2000 and 0500hr.,
The density of the crop thins out considerably towards
the heads and it is the thick muss of herbuge occupying
the first 12in. ubove ground level that insulates the
ground level from excessive radiation and slows down the
settling effeét of the cool air produced at heuad level.
The nigiht Stevenson screen values are higher than the crop
values, inversion occurring uat daybreak at about O40Chr.s
during the day the Stevenson scrcen values are considerably
lower than the crop values inversion occurring at about

1800hr.

‘The R.He during the day and night tended to be

greutest at the top and middle of the crop, the R.H. at
the bottom of the crop never rose above 92, even when
copious dew nhud formed at tue top and middle of the crop.
The R.H. recorded in the Stevenson screen tended to remain
lower than the crop R.H. except during the rupid morning
drop in value when it corresponded to the vulues meusured
neuarest to the soil,

Dew formation began at 0200hr. at the time of the
temperature inversion above the crop, and ceused at 0500hr,
when the temperatures begun to rise rapidly, und disup-
peared entirely from the polystyrene block of the balance

by 0800Ohr.. At this time most of the dew hud disappeared
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from the crop except for u few lurge drops on the leaf
tips. It was observed that no dew formution occurred on
the leuves und portions of the stems below 1l2in. above
soil level. This is in agreement with the higher temper-
atures and lower relative humidities ut this level.

The results obtuined from the non-aspirated thermo=-
couples were similur to the aspirated results. A direct
compurison of aspirated and non-uspirated results as
averages from the three vertical levels (Fig. 8) shows
that the non-uspirated values wcre always lowel than the
aspiruted values although the gruaphs ure similar in shupe.
Also the difference between these values is largest during
the day, this probubly being due to inadequate shielding
of the 26 S.W.G, thermocouples from the sun. The reuson
for the higher temperatures obtained with aspiration is

obscure,

Experiment in Plot D 3-4 July 1959.

This experiment was carried out over the period
1000hr 3 July = 1000br. 4 July and the results obtuained
with the aspirated thermocouples are shown graphically
(Fige 9 und 10) with constructed temperature profiles
(Fig. 5)¢ The ground wus very dry, in spite of 6.6mm.of
rain which hud fullen a few days previously, and the crop

had dried out considerably and matured since the lust
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experiment on 17 June. The results‘are similar in type
To those obtuined on 17 June with the bottom of the crop
huving the highest temperuature throughout most of the day
but the lowest night temperature occurred at the top and
not the middle of the crop. The night Stevenson screen
temperatures were agﬁin higher thanlthose at the top of
the croy, the inversion time also being about C4Q0hr.;
during the day the stevenson screen temperatures fell
considerubly below crop values, inversion occurring aguin
at about 1800hr..

Dew formation began at 2100hr. uat the time of the
temperature inversion above the crop and increased unifor-
nly until 0600hr. when it ceuased und begun evaporating
rapidly with the morning rise of temperature until at
08oohr. it huad disuppeared from the meter und from most of
the wheut plants. Aguin throughout the dew period no dew .
was visible on the plant parts situated within 12in. of

the soil surfauce.

Conclusions.
These three experiments show how low plant cover
uffects und modifies the climute neur the ground, reducing
the extremes of heut und cold experienced on open ground

and producing temperuture und numidity profiles within
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the plunt cover charactised in part by the type of plunt.
itheat with its numerous upright tillers produces ua close
cover thinning out towards the eurs. This upright arrange-
ment fucilitutes penetration of sumnlight to the ground
giving the day maximum temperature at ground level and also
hindering air movement ut night imsulating the ground
and resulting ia the night minimum being at, or slightly
below, crop level. These temperature profiles have their
effects on the dew points within the crop uand in these
experiments no dew wus recorded in the bottom 1l2in,, .
This observation is of obvious importunce when considering
the epidemiology of fungul diseuses dependent on dew for
spore germination und penetration of the host. Comparison
with Stevenson screen temperature and humidity values
indicates how these differ widely from conditions at the
surface and inside the crop. The Stevenson screen tem-
peratures tended to be lower by day and higher by night
thun the temperatures within the wheat field.

The agpirated 26 S.W.G. thermocouples were eusiest
to use in the field since they guve fuirly stuble reudings.
The 40 S.W.G. non-aspirated thermocouples were too sen-—
sitive for visuual potentiometric readings to be uccurate,
and this upparatus would be better used in conjunction

with an electronic recorder tuking reudings over very short

intervals when an accurate mean value could be obtuined.
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II THE SPREAD OF PUCCINIA GRAMINIS AND P, GLUMARUM
FROM SMALL FOCI OF INFECTION.

Introduction.

Since the near extermination of Berberis vulguris

in most Buropeun countries the uredo stuge of P.graminis
hus become the chief meuns of initiating an epidemic of
this fungus. Rust uredospores uare cupable of dispersal
over lurge distunces and thus create new infection centres
at great distunces from their source. This huas been
known for many yeurs and hus received considerable atten-
tion in N.America and Cunadu where epidemics of P.gruminis
spreud northwards from the overwintering centres in the
Mississippil valley region (Crugie 1945). It has thus
become importuant to understund the local progress of the
dlseuse from a point source, since this initiully must
provide the reservoir of spores needed for the rapid dev-
elopment of the epidemic.

Diseuse gradients in rust fungi have been observed
for over a century and a half and the work of Stakmun et ul
(1923), Buchanan and Kimney (1938), Cruagie (1945) helped
to promote interest in this direction. Recently, Cammuck
(1958) investiguted the effect of time of planting of
Zeua muys on the type of diseuse gradient obtained with
P.polysora and foupd the diseuse gradients considerubly
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altered by severul factors, principally contuamination -
by inoculum from outside sources, the method of
assessment and the time at which the assessments were
pude. Schmitt, Kingsolver and Underwood (1959)

studied the development of P.graminis in a field of

Thorne wheat from infection foci of varying initial
intensities. Increuase in the diseuse wus most rapid
where numerous focl were distributed over a large areu
and leust where the foci were concentrated in a4 small
ared. More inforwation concerning the disease gruadients
would have been provided huad spore trapping been carried
out in coanjunction with this work. Underwood,
Kingsolver, reet and Bromfield (1959) measured the rute
of increuse and spreud of P.grauinis in quarter acre
plots of Konox wheut surrounding a centrual focus of
infection. They found the intensificuation of the rust
to be exponential within the plots and showed how spreud
from plot to plot was influenced by wind direction and
dew periods. In conjunction with this work Bromfield,
Underwood, Peet uand Grissinger tested the efficacy of
adhesive couted rods (l.6mm. in diameter) in traupping
uredospores in the vicinity of a plot of rusted wheut.
The number of spores collected on such rods wus closely
correluted with the number of resulting pustules on

wheat leaves used to trap uredspores. Pady and
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Johnston (1959) attempted to relute the initliation
and progression of rust epidemics in Kansus to prevuiling
meteorological conditions but had little more success
than Peltier (1933) and Cragie (1945). This was
probably due to the;lack of information concerning dew
periods, which under field conditions constitutes the
maln source of moisture for uredospore germination aund
penetration of the host.

During 1958 and 1959 field triuals were mude using

infection focli of P.graminis and P.glumarum in Eclipse

and Cappelle Désprez wheat to investigate the type of
diseuse graudients obtuained and the relationship, if any,
between such gradients and the prevuailing wneteorological

conditions.

Field experiunentse.

The field trials were curried out at Silwood
Purk field station, Sunninghill, Berkshire during 1958
and 1959,

Plot A.
This meusured 20yd. by 10yd. and was sown with
Eclipse wheut in Novewmber, 1957. The plot wus situated
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on one side of a 4 ucre field und at the bottom of a
slight hill and hence showed a tendency to become
wuabterlogged in the wet winter of 1957-1958, resulting
in the crop being spuarse in places. In the centre of
the crop at about 3in. ubove so0il level, the temperature
and humidity were continously recorded using wet and
dry distant reading mercury in steel thermographse.
These instruments were chosen because of their
robustness and generual reliuability under field
conditions. The sengitive elements were protected by
white painted plywood screens of similuar design to those
used by Hirst (1955).

Inoculation of plants witi P.grauninis and

Pe.glumarum was carried out by enclosing about 12 tillers

in 4 lurge polythene covered frame and dusting the
upper leaves with a mixture of uredospores and taulc
(Cherewick 1946). Water was then sprayed into the
frume to saturute the air and provide surface wetness
for gpore germination.

Assegsment of the disease grudient was made by
regularly stukinog out the limits of spread of the
infection und the distunce of spreud from the focus

could then be measured. In ussessing P.grawinis,

only pustules on the stems were considered and leuf

pustules were ignored. This was necessary because of



heavy natural infection of P.triticinu during the

experimental period giving muny leaf pustules which

were superficiually similar to P.graminis. Observutions

were mude when the wheut was in ear and the spread of

P.graninis appeared mostly us pustules on the stems

and sheuths and the errors involved in ignoring leaf

pustules were negligable.

Plot B,
This was similur in size and shuape to plot A but
Cauppelle Desprez wheat was used instead of bLeclipses
the planting date being the sume. The readings
obtuined from the thermographs in plot A were considered
relevant to plot B since the crop was similar in density
und was only seperated from plot A by a 10yd. gape.
Inoculations with Pe.grawinis and pP.glumarum were

carried out us in plot 4, as wus the ussessment of the

progress of the diseuse.

21017 G 'Y

This was % acre of Eclipse sown in the shupe of
a squuare in August 1958 in the middle of a 4 acre field,
The crop grew rapidly and was l4in. high by Novewber and
formed a clogsed canopy in most pluces. et and dry

bulb distant reading mercury in steel thermogruaphs were
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used, as in plot A, to meusure temperature and
humidity. Also some uspects of the microclimate
within the wheut field were observed using aspirated

thermocouples (see section on Microclimate).

Plot U,

This was 1 acre of kclipse sown in August 1958
in the shupe of u squure (Fig.ll). It was situated
about % mile from the previous plots A, B and C, and
sepurated fram them by rising ground, this helping to

prevent natural spread of Pe.glumarum from plot C to

this ulot. By Murch 1959 this crop was well
developed but thin in places.

The temperature and humidity were recorded
continuousgsly at a height of 6in. uabove ground level
within the crop (Fig.l1l1,C) using a Cassells thermo-
hygrograph. This was shielded using a screen
similar to that used for the mercury in steel thermo=-
graphs in plot A (Fig.12). This upparatus required
constunt re-calibration when used under field
conditions, the churts being chuanged weekly. Spot
readings of temperature and humidity were also tdk en
using both aspiruted and non aspirated thermocouples.

A dew bulunce (Hirst 1957) was used within the
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Fig. 11. Plan of the experiment in plot D, showing the four
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recorder (A), the surface wetness recorder (B), the thermo-
hygrograph ic), the Hirst spore trap (T1,T2 and T3) and
the vertical slide holders (V1,V2,V3 and'V4).

-(N=north, W=west, S=south and E=eust)






-3%=
crop (Fig,11,B) to provide a continbus record of the
periods of surfuace wetness over the yeur. The
polystyrene block acting us the wetness receiver wus
always kept level with the top of the crop by raising
the recorder up on bricks. The charts from this
instrument were chunged daily and the instrument
proved very robust uand worked very reliuably over the
year in all weathers.

Since it was desiruble to have a continuous
record of wind direction within the crop a wind direction
recorder was constructed (Fig.l3). Many good charts
were produced by this appuratus (Fig.l4) but no
reliuable pen wus found to suit it and as indicuted
later London Airport records were used in later work.
ihen in use the upparuatus was placed above crop level
at the corner of the plot (Fig.ll,A), cuare being taken
that no obgruetion cuused deflecticn of the true wind
direction.

A Hirst spore trup (Hirst 1952) wus used within
the crop at various positions,(Fig.11,T1,T2 and T3),
to meusure the uredospore content of the air just above
the crope. The trup was raised as the crop developed
80 us to sumple the air about 12in. above the crop.
Another Hirst spore trap was also mai ntuined 1loyd.

outside the eustern edge of the crop within a plot of
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Fige. 14,
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outs, both trups using the sume Edwards vacuum pump.
The slides for both these trups were cianged duily

at 0900br. G.L.T.

whilst carrying out experiments in plots A and
B the need for uaerobiologicul sampling at various
points and in various directions across the infected
plots was reualised. For this reason speciual vertical
glide holders were constructed (Fig.l5) to carry the
same type of vaseline wax slide as used in the Hirst
gpore trap. Four slides could be mounted in each
holder euch facing outwards and at right angles to
one another. A thin metal screen 1ft. square was
mounted above the slides to reduce tihe auount of sunshine
and rain reaching the slides. This screen had little
effect on the horizontal air flow around the slides.
Four such holders were erected along the S¥H-NE
diagonal scross the field (Fig.1l1,VI,V2,V3 and V4) und
the slides were chunged weekly. The level of the
slides was maintained throughout the growing seuson

about 15in. above crop level.

A focus of P.graminis was created in the extreme

south-west corner of the field by injecting a

suspension of ucedospores into 12 tillers (Zehner and
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Humphrey 1929), thus providing a compuct zone of
infected tillers without the need for humid chambers.
Also using this method insteud of the spore dusting
and humid chumber method used in field A, there is

less rigk of uaccidentul infection due to stray spores.

Diseuase assessment was curried out around four
arcs, 9,10,20 and 36yd. from the initial disease
focus, and also along the SW=-NE diagonual across the
field (Fig.ll)., o that individual plants could be
satudied continuously througnout tue epidemic,tillers
were labelled at 12in. intervals around the four arcs
and at 18in. intervuals along the diagonal. The number

and duate of uppeurance of P.graminis pustules was

recorded on the three upper stem regions 5,51 and 52

und 4lso on the upper two leaves (Fig.l6)

Plot E.

This wus 1 acre of Jufy wheat sown on 23 March,
1959 in a plot 100x20yd., The plot was sown where
the plots A and B hud been the previous yeur and aguin
an irreguluar stand was produced due to uasuitable
soil conditions. Diseuse ussesgment was made on
labelled tillers l8in. apart around six arcs, 5,10,20,
40,60 and 80yd. from the infection focus (Fig.17).
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Fig. 16, Diagram showing the three stem regions und two
leuves usscssed for rust.
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Pig. 17. Plun of the experiment in plot E, showing the six
agsessment arcs :nd the focus of infection (F).
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iesults und Discussion.

Elot A.

Plants wece inoculated with P.gramionis and P,glumarum

on 21 May und examination after two weeks showed only one

leuf with a few P.glumarum pustules. On 6 June a small

focus of natural P.glumarum infection was found in this
£ield and tﬁe subsequent spreud of the diseuse from this
focus-was meaéured (Fig 18).

Figure 18 représents tne spreud of Peglumarws in
this plot and Figure 19 the rute of spreud plotted on a
double logarithmic scule, The rate of spread is hyper-
bolic indicating « rapid spreud neur the focus, decreus-
ing ruapidly to u low rate further from the focus. .The
tersinution of the rate of spread was proouably due to the
weuther conditions becoming inimical to spore germination
and penetration of the host. The more sparse distribution
of the wheut plunts at the south-ecust end of the field
may u1lso have helped this decline since dew periods Within
the thin region of the crop would be shorter than within
the denser regions towards the centre of the plot, thus
shortening the effective time availuable for uredospore
germination and penetration of the host. This effect of

the plant density on infection could also be scen down



Reuding dutes (1958)
1= 6 June

2= 13 June
3= 17 June
4= 26 June
5= 1 July

F= infection focus.

Fig. 18. The rate of spread of g.ﬁlumarum from a natural focus
of infection in a plot of Fclipse wheat (plot A).
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the north-—eust edge of the crop where infection of the
outer two crop rows wus returded uatil 26 June whilst the
di seuse rupidly moved north-west and south-eust, Aguin
it would seem probuble thut this wus caused by the
shortening of the effective dew periods due to the thinner
foliar density and hence lower relative humidity. air
movements within the crop would be greater down the rows
thun uacross the rows, this factor also contributing to |
the more rupid spread of the diseuse north-west and south-

eust in the direction of the rowse.

Plot B.

| Plunts wece inOculuted with P.graminis at two foci
X and‘Y on 10 June, stem pustules uappearing at these foci
on 26 June und subsequently increasing in size und number,
being denser ut the focus Y thun the focus X. The inten-
sificution of the disease from both of these foci was
measured and the results shown as scule plots (Fig. 20),
and the rate of spreud plotted on a double log. scule
(Fig 21). Results show the rupid spread of the diseuse

north-west and south—eust as did P,glumarum in plot 4.,

whilst the spreud north-eust und south-west wus slower,
Again the density of the crop and the direction of the
rows partly contributed to this pattern of spread,

Figure 21 shows the siwilur rutes of intensification
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Fige 20« The rate of spread of P.graminis from foci
estublished in u plot of Cappelle Despresz
wheut (plot B).
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of the rust from both foci, a siwmilarity ualso shown by

the corcesponding graph for Peglumurum in plot A (fig. 19).

It also indicates that the size of the initial focus gov-
erns the distunce of diseuse spread, the rute of sgpread
being almost uniform. |

_ During the winter of 1958 the P,graminis infection

disuppeared and did not overwinter and appear in the

spring as did the P.glumarum in plots A and C.

Plot C.

This plot wuas seen to be diffusely infected with
Poglumgrum on 2 September. This wus a naturuzl infection
and wus caused by a spore showecr and not a‘local focus of
infection. This rust infection prevented the further
use of this plot for yellow rust intensificution studies.
Attempts to inoculate the field with P.graminis on 10
and 11 October proved unsuccessful probably due to the
low temperatures.

During the winter of 1958, P,glumarum overwintered
in the uredo stuge in plots A and C. During the winter
these uredosori uppeared pinkish in colour and 25 isoluted
sori and not stripes, fresh stripes of uredosori appeuring

later from 24 February onwards through March.
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Plot D.

Twelve tillers in the south-west corner of this plot
were inoculated on 8 June with a water suspension of
fresh P,gruminig uredospores. Xany pustules hud broken
through the epidermis of the stems by 18 June und several
days afterwards entire regions of the stems were heavily
pustuluated, a1l 12 tillers being heuvily }nfected (the
first field observation of infection being the uppeurunce
of pustules).

Despite persistent westerly winds during 19,20 und
21 June and wany hours of southerly winds during 22 June,
it wus not until 23 June thuat uredospores were collected
in the spore trup which was situated only 9ft. away from
the focus along the SW=NE diagonal.

on 3 July one infected plant was found in arc 1
(Fig 22 and Table 1) and by 6 July nine infected plunts
were present in this arc, on this lutter dute two infected
plants belng present in arc 2. This distribution had not
sltered by 9 July but by 13 July all the plants in arc 1
were infected, with 50% in arc 2. Arcs 3 and 4 showed
two and three infected plunts respectively.

ourface wetness records showed that from 18 June no
adequute period for spore geruination und host penetration
occurred until 24 June when there were three consecutive

favouruble nights. This ussumes 8hr. surfuce wetness to be
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The observed .nd corcected infection percentages

in plot D at increusing distances frow the focus of P.gruminisg.

Assessment date Distunce from Number of

(totul days
since focus
inoculation)

26

29

32

39

45

source
(yd.)

10
20

36

10
20
36

10
20

36

10
20
36

10

W

10
20
36

* gpproximate values.

infected plunts

Infection %
corrected with

(% of urc totul) the Multiple

4.2

21.6
4.8
0
0

21.6
6.3
o

0
1000 0

5040
2.3
1.9

100.0

78.6

32,2
348

100.0

97.6

6647

28 o4

Infection
Transformzation.
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the uinimum requirement for host infection by uredospores
at tauperatures between 55 uand 60°F., 4 time confirmed
by greenhouse experiments. Night temperutures from
22 June until 14 July never fell below 50 F. and were
generully closer to 60°F.. ‘thus tauperatures during
the effective dew periods were ncur the optimum for
ucredospore gernination and never limited infection of the
host. agsuwing a 10 day incubution period for tnis rust,
a time substantiated by the initiul focal inoculution, it
would seem thuat pustules outside the focus would not be
appuacent until 3 July, these plants becowing infected 10
days previously on 24 June. Thig duate for the appearance
of fresh pustules wugs observed for a few plants around the
focus and one plant in arc 1. 'he rust tuen intensified
for 3 days corregponding to the three congecutive days of
favourable surface wetness on 24,25 and 26 June. ‘I'he
rust then showed no further intensification from 6=-9 July
corresponding to the three unfavourable days of surface
wetness 27=29 June. By 13 July the rust had ugain
intengified due to favouruble periods of su-fuce wetness
occurring on 30 June and 1 July. Further favourable
periods on 4 und S5 July and fcom 11-22 July cuused 4 rupid
intensificution of the eplphytotlc.

From the spore truap uredospore counts (Fig.22) it

Can be seen that from 235 June onwards uredospores were
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present in the air above the crop, increasing in number
us the rust intensified. Duily counts depend in part
on the prevailing winds, southerly winds giving
conditions favourable for spore trapping due to the
position of the trup relative to the focus of rust
infection. Since the wind direction records provided
by the wind recorder in the field were incomplete over
the experimental period, it was necessary to consgider
using wind direction records from London Airport, some
20 miles awuy. Table 2 shows u compurison of 14 days
recards and shows how gimilar uare the records from both
stutions. Over 50% of the records ure within 22%° of
one unother and 98% are within 45° of one another,
most of these 98% being closer to 500 than 450. This
similarity is even more surprising considering the
London Airport values are spot reudings whilst the field
values are agsgsegsments from a short continuous trace.
Since this similarity between records is so pronounced
all further references to wind direction have been
taken from London Airport, uny inaccuracies arising
beiong negliguble in such studies.,

Comparing the daily spore totals (Fig.22) with the
hourly wind direction records, the first spore cbllection
on 23 June corresponds to the onset of regular south =

southe=easterly winds, the wind between 0400 and 2000hr.
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being most importunt, in currying the majority of the
gpores produced (see section on uerobiology). The

spore collections fram 23 June onwurds gradually increuse
as the rust at the focus becomes more severe. The
lurge spare collections on 5,7 uand 8 July correspond to
the return of southerly winds ufter severdl previous
days of eusterly winds. There were ulso southerly
winds on 4 July, but a low spore collection, probably
due to the much lower wind speeds on this duy, being
only about 8 knots compared with about 13 knots on 5
July. On 8-July the spore truap was moved to a new
position 22 yd. along the NE-SW diagonal (Fig. 11,T2).
This fuct purtly accounted for the lower spore count
although much l.ower wind speeds umd muny hours of
eusterly winds would also reduce the number of spores
trupped. From 9-14 July wind directions were pre-
vdominantly eusterly and northerly and only a few spores
were trapped. From 15=18 July south = south=euasterly
winds of strengths around 10 knots returned, resulting
in 4 rapid rise in the number of trapped spores. The
rapid intensificution of the rust since 9 July would
also provide a much larger and diffuse reservbir of
gpores, this fuct also contributing to the rise in the
number of spores trappeds A chunge in the wind direction

and 4 greut drop in wind speed on 19 and 20 July resulted

in & fall off in the spore totuls for these days. On
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17 July the spore trap wus moved further along the NE-SW
diugonul to its final position 38yd. from the focus (Fige.
11,T3). |

The intensificuation of the rust within each sample
arc is shown in Tuble 1. The Multiple Infection Truns-
formution (Gregory 1948) was upplied to the number of
plants infected on the busis of the percentage of plants
infected per sumple urcce. In Figure 23 the log. of the
degree of infection (loglod) wus plotted aguinst the
log. of the distunce from the source in yards (logldx)
for the three luter ussessment dates. The three gruphs
ure neurly straight lines showing the hyperbolic nuature
of the diseuse intensificution, the slopes of the 39 and
45 duy ussessments becoming progressively flattened us
the diseuse uadvances across the field. These diseuse
gradients ure similar in form und development to those

obtuained by Cummack (1958) using P.polysora. Also the

averuge gradieant from the three uassessments shows good
agreement with the slope of the theoretical line from a
point source of infection under ordinary turbulence
conditions (see section on aerobiology) .

Figure 24 shows how different regions of the plant
show different degrees of rust infection. In almost
all sumples, the exposed heud stems (S) showed the high-
est percentuge of infection, the flug leaf sheath (S1)
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the next highest and the penultimuate leaf sheath plus
uny exposed internode (S2) the lowest percentuge of
infection. Also with the successive ussessments the
differences in percentuage infection between regions S,
S1 and 52 increuase, although the differences between
low and high percentuges in eadh arc may be exaggeruted
due to the small number of plants involved in the
initiul low percentuage sumples. Average values for all
four assessment arcs show 4 more regular pattern. 1t
gseems thuat with the spreud of the diseuse there is a
fairly constant rel ation between the infection levels
an different regions of the plant. In this experiment
the heéd stems hud elonguted by the beginning of July
and would be expected to receive the muximum spore load
carried over the surfACe of the crop. Wind speeds
decréase ruapidly within the crop (Geiger 1950), and so
the effective spore loud carried pust the lower inter-
nodes decreuases, thus decreuasing the possibility of
infection ut lower levels. Also u cereal crop with its
verticul alignment of stems and leaves would be mare
reliant upon horizontal air flow for impingement of
airborne spores than would a f£flat crop, where gravitut-
ional settling of spores would be sufficient. These
horizontal air movements must also be above a certuin

speed for impingement to occur, otherwise the spores
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would be swept past the vértical parts with the deflected
air stream.
Inherent differences in response to rust and ageing
effects of the plant regions may uffect these vertical
patterns but the effect of wind speed on the numbers of

gspores deposited is probubly more importunt.

Plot E.

On 22 June, 20 Jufy plants heavily infected with
P.gruminis were placed out near the west end of plot E,
this constituting the focus of infection (¥Fig.l7).

Cure wus tuken not to liberute spores until the plants
were in position at the focus.

Surfuce wetness rccords from plot D (Fig.25),
which were considered applicable to this plot, showed
that no adequate periods for spore germination and host
penetration occurred until 24,25 and 26 June, This is
again assuming 8hr. surface wetness to be the minimum
requirement for host infection at temperatures between
55 and 60°F., greenhouse éxPerimaJts showing Jufy to be
no different from Eclipse in this respect. On 3 July,
ten days after the first suitable period of surfuce
wetness, many pustulated plants were observed within
2yd. of the focus and also one plant in the 5yd. assess-

ment arc (Fig.25). On 7 July the zone of infection had
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extended out within 4yd. of the focus, corresponding
to the 3 days‘of suitable surfuce wetness occurring
some 10 days previously, and on 10 July this position
of spread remained mostly unaltered since no more
favouruble surfuce wetness peciods had occurred. By
17 July the rust had intensified und spread to the
10yd. arc, due to favourable periods of surface wet-
ness occurring on 30 June und 1,4 and 5 July. Very
little increase in spreud had occurred by 21 July,
only unother one infected plunt occurring in arc 2,
this corresponding to unsuitable surfuce wetnesgs
periods from 6-~10 July. The rapid development of the
epiphytotic from 24 July onwuards reflected the long
period of favourable surface wetness that occurred
from 11«22 Julye.

The Multiple Infection Transformation was again
used to correct infection percentages und the results
plotted on a double logarithmic scule (Fig.23). The
graphs aguin tend to be straight lines, showing the
byperboliec nature of the rust development, the slopes
of the luter ussessments becoming progressively flat-

tened. These diseage gradients resemble those
obtuined in plot D, being similar in form and develop-

ment to those obtuined by Cammack (1958) with P.polysora.

Figure 26 shows how different regions of the



100

cted

% plants infe

90-

80

70 -

604

"
2

&
o

\N
o
L

[1¢)
o
1

104

Timegs of assessment O= 43 days
® = 36 days
A= 33 duays
O= 30 days
@= 26 duys
X= 16 duys

/\ /\ (for regions S,S1 and S2

' gee Fig. 16.) '

ﬁ . ?
X géi ; ;

81 5 82 sl s s2 s S s2 81 8 s2 81 8§
gre 1 arc 2 arc 3 ‘ arc 4 arc 5

Fig. 26. Figures showing how different regions of the wheat plunts im plot E develop

different degrees of rust. Infection vulues are expressed us percentages of
the totul number of corresponding plant regions per ussessment arc,



-
plunt show different degrees of rust infection. The
same three regions for diéease assessment (5,51 and S52)
were used as in plot D, but the highest level of infect-
ion occurred in the flag sheuth (S1) insteud of the
heud stem (8). Neurly all the figures show a charuacter-
istic angular shape, differing markedly from the almost
straight lines obtained from plot D (Fig. 24).

Since the Jufy wheat (plot E) wus later in develop-
ment than the Eclipse (plot D), full stew elongution
occurred later in the Jufy. ‘'hus the flag leaves and
sheuaths constituted the top of the Jufy crop at the sume
time us the heud stems made up the top of the IEclipse
crop, therefare greater infection percentages would be
expected in the Sl region in the Jufy and the B region
in the Eclipse. The tendency for all the figures for
plot E to be puralliel also indicuate thut with the spread
of the diseuase there is a fairly constant relation
between the infection levels on different regions of the
plant, which is thought to be governed muinly by the

wind velocity pust each regione.

The results from plots A and B show how P.graminis

and P.glumarum disease gradients can be followed in the

field. The intensification of both rusts from small

foci of infection wus byperbolic, and there was no



difference 1in the rate of intensificuation bebween the

rusts. With two P.graminis foci in plot B, the size

of the focus seemed to govern the distuance of diseuse
spread, the rate of spread being almost unif orm. The
results from plots D and E show a more uccurate meuns
of following rust iantensification in the field, relat-
ing it to periods of suituble surfuce wetness and uredo-
spore loud of the atmosphere. The intensificution of
the rust was again hyperbolic and closely followed the
slope of the theoretical line from a point source of
infection under normal conditions of air turbulence
(see aerobiology section). The results from plots D
und E also show how different regions of the wheuat
plant éhow different degrees of rust infection, which is
probuably reluted to the vertical fall off in wind speed
within the crop and hence to the total uredospore load
carried puast the various regions of the wheat plant.

- During the sunuwer of 1959, natural infection of

wheut fields in Windsor Park by P.graminis was first

recorded on 20 July, when the crops were too far advunced .
for epidemics to develop. It seems that the initiution |
of epidemics in southern Eanglund is governed by the
arrival of uredospores and suitable periods of surfuce
wetness, teuperatuce effects being reluatively unimportant.

If uredospores arrived gufficiently early in the seuson
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and conditions of surfuce wetness were sultable far
penetration of the host to occur, epidemics in southern
Englund could develop in June uand become severe by July.

Since it now uppeurs thut P.grawinis epidemics in this

country are caused by uredospores coming from other

Buropean countries, the arrival of uredospores during

the summer will be governed by continental weather
conditions and the development of the rust on the continent,
Spore truapping in conjunction with surface wetness records
could provide a forecasting method for outbreuaks of rust
epidemics. This would, however, be of academic interest
only at the present time because a suitable economic meuns
of controlling the rusts other than by the use of resist-

ant varieties has yet to be found.
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III UREDOSPORE AEROBIOLOGY

Introduction

The aeriul transportation of rust uredospores
has been recognised since the early purt of the nine-
teenth century, but ward in 1882 (Arthur 1929) wus
first to trap uredospores from the air on sticky slides.
Occusionully the number of uredospores present in_the
atmosphere muy be large enough to crecute a red cloud,
thus in 1932 un immense red c¢loud of rust spores passed
over the Danublun plain during a thunderstorm, after
which the wheat harvest wuas completely destroyed (Dodoff
1933). Generally, uowever, the number of u:edospores‘
in the atmosphere is far too low to see us a cloud and
some type of trap has to be employed to deuonstrate
their presence.

Various wethods of spore trupping have been
employed by such people as Gassner, Spaulding, Stakman
and Cragie (Arthur 1929) and more recently Gregory (1951),
Hirst (1953), Hamilton (1957), Pudy and Johnston (1959)
and Bromfield, Underwood, Peet, Grissinger and Kingsolver
(1959), culminating in the emergence of the Hirst spore
trap as the most useful means of coantinuous uair sampling
for purticles of a wide size range. It is thus possible

to follow the uerial dissemination of uredospores and
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to exuamine how fur from a focus of infection the first
link in the infection chagin extends relative to the
aeriul movement of the sporese. The trup results ulso
provide informution on the diurnal periodicities of
various fungul spores and such spoce collections can
be related to the weather conditions at the time they
were trapped, to investigate the possible effect of
meteorologiéal:factors on the results.

Gregory (1952), Hamilton (1957) and Bromfield et
al (1959) noticed tuut the majority of uredospores ure
trapped during daylight hours and the various reasons
suggested for the low number trapped at night have in-
cluded the low wind speeds during tuis period, dew
precipitation, high humidities und low temperatures,
working together or independently. The entire question
of uredospore disseminution relative to weather conditions
has up to now remuined rather poorly studied and obscure. .

The following aerobiology section is an attempt
to clarify the effects of various meteorological fauctors
on uredospore dissemination and also to provide inform-
ation on uredospore deposition gradients from foci of
infection, to link up with the diseuse gradients observed

in the field.
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Muterials and Kethods

Hirst automatic volumetcic spore traps uand exposed
verticul slides were used for truapping uredospores in
the ailr. The nirst traps prdvided a continuous record
of the air spora frou which numbers of uredospores
present at any time of the duy or night could be calcule-
ateds The vertical slides, although not as efficient
in sumpling totul uredospores uas tee hiirst trap, provided
an inexpensive means of following uredospore gradients

with increusing distunce from the source.

Hirst automatic volumetric spore trup (Hirst 1952).

This trup was designed to improve upon the previous
methods of air samplihg and give a continuous record of
the puarticles present in the air over 24hr. periods.

Air is drawn through an orifice 14 x 2mnm, and
impinges on the moving sticky surfuce of a microscope
slide. The suction of air is provided by uan electric
punp, a bleed valve giving the required flow rute of
10 litres/min. through the orifice. The sticky slide is
drawn past the arifice at the constant rate of 2mm./hr.
by a clockwark motor. The orifice faces horizontully
and 4 wind vuane mounted on the trapping unit maintains

the orifice fucing into the air stream.
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In all the experiments the orifice wus kept as
clogse us posgsible to the top of the crop by ruising or
lowering the trup. Where necessury, some of the plants
surrounding the trap were removed to give cleuarunce for
the trap to swing with the wind.

The sticky slides were prepured by first couating
a 60mm. length of the slides with a 10% solution of
Solvar, which wus allowed to dry, and then coating the
surfuce with a4 thin layer of molten vaseline uand paraffin
wax (90/10%). A ?mm. strip wus then removed around the
slidé edge to ullow for plucing in the trup slide caurrier.

The slides, ufter exposure, were prepared for scunn=-
ing by mounting in u glycerine jelly plus 1% phenol
mixture using a 24 x %in. cover slip. This medium guve
good preservution of shape, colour and size 6f uredospores
even after two yeurs storage.

The slides were scunned for spores using a binocular
microscope contuining a squared graticule in one ocular.
This graticule allowed counts to be made within the central
region of the microscope field, neglecting uny spores
occurring at €ither edge of the field und thus reducing
edge errors involved in scunning. The glides were scanned
trunsversely and at 2um., intervals, thus 25 scans were
muade for euch sglide. A magnificution of X160 wus used

giving a4 scun width of Q.4mm., this including all spores



=58
between and underneuth the two lateral graticule lines.
Therefore since scuans were made at 2mm. intervals, 20%
of each slide surfuce was scanned. The high power
objective wus used where necessury to confirm the ident-
ification of spores.

If the slide moved uat exactly 2mm./hr. any trang-
verse line would be exposed for exactly one hour, but
increuasing the width of field scanned increuses the time
periad to which this field can be related. Thus with a
width of O.4mm. a scun at 1100br. on the slide could
include spores produced from 1024 - 1l136hr. In these
experiments when attempting to relate spore loud to pre-~
vailing weather conditions, scans ut the hour, of O.4mm.,
were considered to represent spores present in the air
from 30 minutes before to 30 minutes ufter the hour, this
ussessment being considered sufficiently accurate.

Where possible all duily slides for the trups were
changed at 0900hr. G.M.T. and all further references to

time are given uas units G.M.T.

The location of the spore truaps in relution to the
experimentul plots A,B und D is described in the section
on rust intensgificution from infection foci.

The spore trap "F" was operated from June - Qctooer

1958 ut a position 15yd. south-west of the middle of the
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south-west side of plot A. The ground between the trap
and plot A wuas covered by a low weed luyer.

The spore trup "E" was operated from April until
October 1959 at the positions previously indicated in
plot D.

The spore tryp "R'" wuas operated from March until
October 1959 at a posktion 10yd. outside the eust boundary
of ploﬁ D within & small plot of oatse.

The vertical glides.

These have been described previously (see section
on the intensificution of rust from infection foci) in
connection with plot D. Four holders were operuted (V1,
V2,V3 and V4) euch comtdning a slide facing north, west,
south and eust which were changed weekly. Holders V1,
V2,V3 and V4 were placed 10,20,36 and 52yd. respectively
along the NE-SW diagonal away from the focus of P.graminis

infection in the south-west corner of the plote.

The slides were mounted using the suame mountunt
as with the spare trup slides and using a 2} x %in. cover
slip.

The slides were scanned loangitudinally using a
magnificution of x80. Six scuns were mude on euach slide
wifh u mm. guap between each scany thus since the micro-

scope field wus lmm. in diumeter and the length scanned.
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50mm. (no graticule was used), approximately 3 sq.cm.
- of glide surfuace were scanned for sporese. A total of
128 slides were scanned in this manner covering the period

14 June - 8 August, 1959,

Meteorologicul observations
Temperature and Relative Humidity

Recards were obtained from continuous thermo-
gruph and hygrograph records in a 4ft. Stevenson screen
in front of Silwood Park House.
Rudiation
Vualues were obtuined from a Robitzsch recorder
on the Observatory Ridge site, 330yd. north of Silwood
Park House.

Viind direction and speed

The vulues used in this section were provided
by London Airport and as previously indicuted the wind
direction values showed reuasonudble similarity to.those
obtained in the field (see the section on rust intensif-
ication from ihfection foci)s. The wind speed values
occurring in the field would become modified by the local
topography and thus the London Airport values would On;y
represent trends occurring in the field. Such inaccur—
acies us may arise in individual values would be reugon-

uably constunt over a period and thus less important when
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comparisons between days and weeks were mude. Also
when considering the effect of wind speed on spore
liberation, it must be reualised that a mean agsessment
ut various positions within and above the crop would be
necessury before an accurute effective value could be
provided for wind speed.

Surface wetnesgs

This was measured using a Hirst dew balance
within the crop (see the section on rust intensification

from infection foci).

Regults und Discussion

Spore trups E,F and R

Pegraminis uredospores

The results from ull three trups fpllow a
similar puttern and Figure 27 shows the results obtained
from trup E during the summer of 1959. The first spores
were trupped late in June and the number increused to a
maximum between 12 and 26 July und then decreased to
zero in September. The weekly spore totuls were much
smaller from trup F thun from trup E, since the area of
infected plunts adjacent to trup F was much smuller than

for trap E. Also the trup F was many yurds from the
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plot of infected plunts whereas trap E was within the
infected crop. The spore totuls from trup R were also
low compuared with trap E, due to the trap being some
distunce from the focus.

In 41l three traps, surges of uredospores occurred
| when the crop was harvested (Fig.27 week 16-22 august),
this undoubtedly releusing vast numbers of spares iato

the air at once.

X.triticina uredogpores

| The results from all three traps were again
similar. The maximum collecting period occurred during
12 to 26 July, and the number trapped then fell rupidly to
a low level which decreused to zero early in September

(Fig.27). Compaured with the P.gruminis results, there

were fewer spores trapped and also the numbers trapped

decreused to a low level much earlier in the seusone.

Pe.glumurum uredospores

At low magnifications these uredospores are

bard to distinguish with certainty from those of P.triticina,

8 Jifficulty also experienced by Pady and Johnson (1959).
Where the separation was doubtful the spores were counted

‘us unknown uredospores, this in part accounting for the
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low number of P.glumarum uredospores recorded (Fig. 27).

With 4ll three trups, the number of P.glumarum uredospores

recorded was very low and most were caught in June und
July, only a few igolated spores being trapped in eurly
August, this supporting the fact that P.glﬁmarum appears
to be limited by the higher summer temperatures and occurs

predouinantly in spring and autumn in southern Englaund.

The diurnal periodic curves obtained from the spore
totuls of euch trup were similar in shape, those from trup
F differing only in the rupid wmorning rise in numbers
occurring 2 hours later thun with trups E and R. This
morning rise of spores wus governed in part by the rate at
which the morning dew dried off the leaves. The summer
of 1958 wus much wetter than that of 1959 and this would
generally have resulted in the early morning dew remaining
longer on the leaves inm 1958 and thus the morning rise in
gpore numbers would occur later in the day in 1958 thun in
1959. |

Figure 28 shows the diurnal periodic changes in
totual uredospore numbers truapped during 1958 und 1959 und
represents the total number of identified urédospores
counted in 7,225 trunsverse scans of 289 siides. The -
majority of the uredospores were collected during the day-

light hours, 81% of P.graminis, 79% of P.triticina and
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8%% of P.glumarum being collected from 0700 - 1800hr.

The closeness of these percentuges indicautes that'all
three rusts are affected similurly by whatever fuctors
cause the diurnal periodicity in truapping, indicating

that the response is mainly cuused by externul physical
changes in the environment rather than by chuanges within
the hoste. Of course, the diurnual periodicity may be
caused in part by diurnual chunges in the host and parasite,
but if this is so, the three species were behaving remurk-

ably sinmilarly.

The effect of prevailing weather conditions on the numbers

of P.graninis uredospores trapped.

Figures 29,30,31,32 and 33 show the numbers of uredo=
spores trupped at known times during July 1959 in plot D
and the weather conditions throughout the periods of
trupping. The figureg are exumples selected from many
similar cesults produced throughout July and August, 1959.

In discussing euach day with respect to the weather
conditions, emphaéis hus been luaid -on wind speed and
direction and surface wetness, these three measurements
greatly uffecting the numbers of spores trupyed. The
possible effects of temperuture, humidity and radiation

are less obvious and ure analysed later.
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5,6 and 7 July (Fig.29)

The spore trap E was situated 3yd. northeeast

of the infection focus during this period and pustules

had just developed on plants around the focus. Southerly
winds on 5 and 7 July resulted in a lot of spores being
trapped, whilst the north and east winds on 6 July produced
only half the spore loud of the other 2 duys. The decrease
in wind speed frow 10 knots to 5+ knots on 7 July 4id not
result in a reduced spore load on the latter day, but the
focus of infection would have intensified over this period
and with tue spore trap being so close, this would counter
any possible decreuse in spore loud due to the decreased
wind speed.

Spore trupping on ull 3 days begun about one hour
before the surfuce wetness r~ecocder showed no water deposit,
indicating that all the dew huad evaporated. Although
there was no dew on 6 July until 0400hr. winds were northerly
and therefore no spore collection would be expected. 4lso
although no dew formed on 7 July until 0lOOhr. winds before
this time were uadverse to spore collecting, being northerly
and westerly.

Spore trupping also begun when temperutures and rad-

iation were increuasing and huwmidities were decreusing.
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14,15 and 16 July (Fig.30)
The spore trup was situated 22yd. north-eust

of the infection focus during this period.

During the period 14-16 July there was a grugdual
increuse in tite spore loud traupped, resulting from the
winds strengthening and becoming more regularly southerly.

Very few spores were trapped when there was surfuce
wetness und spore trup ing begun about one hour before the
surface wetness recorder showed zero wetness, On the 15
aund 16 July lurge spore collecticns were obtained uafter
periods of surfuace wetness, a result which was generally
observed. This would be unticipated if uredospores were
still produced during the night uand tne surface wetness
caused thew to clump and remain in'the uredosori. The
drying out of the sori with the worning winds would then

result in an initiual surge of airborne spores.

17418 and 19 July (Fig.31)
The sporé trap was situated 38yd. north-east

of the infection focus during this period.

There was a graduul decreuse in the spore loud
trapped during the period 17-19 July, resuiting fcow 4
change in the wind direction from southerly on 17 July to
eusterly on 18 July and north-easterly on 19 July; +this

was 4l1so accompanied by & drop in wind speed on 19 July.
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Aguin most spores were trapped when there was no
sufice wetness, the initial counts on 17 and 18 July
being large. There were a number of spores trapped during
the surface wetness period 2030hr. on‘l7 July to 0830hr.
on 18 July which was not expected but was probably due to
the wind shifting from south to north to west to south
durin:; this period, cuausing unusual turbulence within the

CLOpPe

25,26 and 27 July (Fig. 32)

Lhe spore Grup was situated 38yd. north-east
of the infection focus during this period.

A greuater nuwber of spores were trupped during
26 July than during the other 2 days, due lurgely to the
more consistent soutierly winds on this daye. I'he wind
speeds increused during the 27 July but llbours of eusterly
winds during this period kept the spore load trapped
lower thun the previous duye.

Most of ﬁhe spores wece trupped during periods when
there was no surface wetness, the first spore collection
on 26 July being lurge.

The sudden large spore collection at 1700ur. on
25 July was.probably due to the veering of the wind from
east to south uccompanied by un increasein wind speed from

2~13 knots during this hour.
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As in previous days, the moraning rise in spore load
trupped begun when temperatures and radiuation were rising

and humidities were falling.

2 and 31 Jul ig. .
The gpore trap wus muintuined 38yd. northe-eust

of the infection focus during this period. |

The number of spores trapped on these 3 days was
much lower thun on the previous 3 duays, due to the combined
effects of northerly winds and persisteat surfuce wetness.
On 29 July there were only one or two.hours when there wus
no surfuace wetness, this contributing to the low spore
count on thig day. The 31 July showed u break in the
wet conditions with many hours showing no 8urface wetness.
However persistent northerly und eusterly winds kept the
spore loud down to a very low number, Wind speeds during
this period were not limiting the spore collections since

they were well up in the 10 knot range.

Wind direction.
The effect of wind direction on the number of
P.pruminis uredogpores trupped by the trup E is purely an
artificial effect created by the directional relationship
between the focus of infection and the trup. Although
the trup was moved further from the focus on 8 and 17 July,
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it wus always moved ulong the NB-SW diugonul from the focus
and thus did not ualter any directional relationships to
to gpore loud.

From the previous discussions of Figures 29=33,
southerly winds uappear to Be most favourable for spore
trupping. This is also borne out by un hourly analysis
of wind directions und gpore loud froml July-l2 August
(Tubles 3 und 4)., Spores were troapped in 545 of the total
duration of southerly winds during this period. Eusterly
winds resulted in a lower percentuge und northerly and
westerly winds were leust effective with percentuges of
17 and 19 respectively. Table 4 gives the total numbers
of Peypgraninis uredospores trupped relutive to the vind
direction at the time of trupping. The number of spores
trupped per hour of each total wind direction then gives
8 measure of the efficucy of euch wind direction in carrying |
spores to trup Ee Southerly winds carry over 9 spores
per hour to the trup, this being almost three times us|muny as

custerly and efght tiies as mdtiy 45 westerly and northerly winds
Since trap E was situuated north-eust of the infection
focus, initially before much spreuad occurred, westerly
winds should be us efficient in carcying spores to the trup
ag southerly winds. However with the higher totul of

southerly winds over the weeks more spores were carried

in this direction than westerly, resulting in a greater
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TABLE 3., Hourly wind direction totals from 1 July-12 Aqgggt
1959, excluding hours when there wus heuvy®surface wetness
and giviog the totul number of hours whem spores were

trapped in euch di:ection.

wind direction North West South Eust
Total hours 151 131 157 257
Hours during which 26 25 84 81
spores were trapped

% hours of total 17 19 54 . 32

for euch direction

(* beuvy surfuce wetness wus the period 2hr. after
surface wetness began until 2hr. before it ceased
to be recorded)

TABLE 4. The totul number of P.pgraminis uredospores trapped

fr - i whe
wind wug in euch direction.

Wind direction North West South Bast

Number of 225 245 1460 895

uredospores trapped

Total br. wind 151 151 157 257

Number spores per hr. 0.89 l.12 9.30 %.48

of total wind
dir ectiono
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intensification of the diseuse in the southerly direction
us observed in the field during this period. The heavier
development of the rust southecly would then result in the
goutherly winds currying more spores per hour than the
westerly winds.

The local topography may also have had some influence
on these results. Plot D wus situuated in a shallow valley
running north-south so that the wind direction us meusured
at London Airport may have become modified in the locuality
of plot D in 4 northerly and southerly direction, this
accounting for the very low number of spores per hour

caught when the wind was in a westerly direction.

wind speed
From Figures 29=33 it uppeuared thut increusing

wind speed increased spore collections,'although this
effect wus hurd to sepuarate from the effect of wind direction.
Tuble 5 sepurates wind speed into 5 knot groups and shows
the results obtained from 1 July-1l2 August 1959 in plot D.
The percentuge of spore beuring winds increused up to 45%
at wind speeds of 11-15 knots, after which it fell to 33%
at speeds 16-20 und 20+ knotse.
Table 6 shows the number of uredospores trapped
at each wind speed group expressed per hqur of total wind

speed group. The number of sporeg per hour increused with
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TABLE 5. iind speed totuls from 1 July-12 August 1959
excluding bours when there wus heuavy surface wetness, and
the totual number of hours for each speed group during
which spores were trapped.

Wind gpeed 0=-5 6-10 1ll-15 16=-20 20+
(knots),

Total bours 185 350 121 54 6

Hours during which 47 a5 54 18 2

spores were trapped

% spore collecting 25 29 45 "33 33

winds of totul
for each speed.

TABLE 6, Total number of P.gruwinig uredospores trapped

from 1 July-12 Aupust at various wind speeds.

Wind speed 0=5 = 6«10 1ll=15 1l6=20 20+
(knots)

Number of uredo=- 565 1345 750 160 10

gpores trupped.

Totul hours 185 330 121 54 6

wind speed.

Ho. gspores per 5.% 4.08 6620 2.95 1.45

hour of total
wind speed group.
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increusing wind speed up to 11-15 knots uand then decreused
with wind speeds ubove this value. Thesé results however,
are intimutely dependent upon wind direction and Figure 34
shows un unualysis of the wind direction patterns within
euch wind specd group. Of the four wind directions, the
southerly wind group percentage shows exuctly the sume
pattern of rise up to 1ll=15 knots and then fall, us does
the number of spores per hour. None of the other three
wind directions follow this puttern. Since southerly winds
have becn shown to carry a much greater spore load thun
winds of the other three directions it is evident that
the effect shown here with increuasing wind specd may be
one of wind direction rather than speed. To whuat extent
wind direction is modifying the speed results is hard to
determine, and the detuiled effect of wind speed upon spore
loud is thus uncertain. Also for detuiled studies of the
effect of wind speed on spore loud it would be necessury
to know the wind gpeeds ut various positions within the
crop as well us above the crop, since the dense zone of

uredogori is generally some distunce within the crope.

gurfuce wetness
Figures 29 - 33 show the effect of surfuce

wetness on spore collection, there being only a few spores

trapped during periods when surfuce wetness wus recorded.
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From 1 July - 12 August, 1959, 88% of the total hours
during which spores were trupped occurred when there wus
no surface wetness, (This value is bused on a wetness
value beginning lhr., after the first recorded deposit up
to lhr. before all the deposit huad evuporuted). During
the period described, ulmost uall the surfuace wetness was
cuused by dew during the nights. The uredosori would be=
core saturated with moisture und the spores held down in

a water film. Germination could occur under such condit-
ions unless the gpores within the vicinity of the sorus
were inuibited from germinution in some way. Spore
collections often included spores showing germ tubes and
others which had gerzinated and the tube broken off,
indicating germination took place before release from the

sS0I'uS.,.

Tenperature

Figure 35 shows the regular increuase in trupped
uredospores per hour of relevunt temperature, with increus-
ing tewperature; the relationship almost being a straight
line. It would uppear thut high temperatures even between

85 and_90°F y favour the more rupid ppduction of P.graminis

uredospores. It seems extremely unlikely that such results
are directly related to and caused by variations in wind

direction. It is more likely that teaperaﬁure'affects the



507

¢

Uredospores per hour

f.//
o 0

/

Fig. 35.

i /
{
!

o e 1

T T T - T T T b
50=-54 55=59 60=-64 65-69 70=-74 75=79 80-84 85=90
Temperature (OF)
The effect of temperature on the number of P.graminis uredospores trapped

per hour; results taken from records of continuous sampling from
1 July=1l2 August 1959 in plot D.

-6



-0l
production rate of the uredospores by the sorus, this
reuction being reflected by the volume of the spore load
trupped. |

Temperuture must also affect the rate at which surfuce
wetnesgs evuporates and thus indirectly affect the availuab-
ility of the spores for liberution. However sinde 887, of
the gpore trapping hours occurred when there was no surfuce

wetness this effect of temperature would be smull.

Humidity
Figure 36 shows the relationship between humidity

and spore loud truapped in plot D from 1 July - 12 August,
1959, the humidity values being grouped ub 10% intervals.

The number of trupoed uredospores increuased from 18.4 to

24,2 gpores per hour with increuasing R.H. from 20-29 to 30=
39%3 uafter this the number trupped gradually declined with
increuasing R.H. until betweecn 90-99% the lowest value of

2.9 spores per hour wus recorded. These results are

opposite to those put forward by Hamilton (1957) who showed

an increused spore load with increased humidity. It would

seem, however, that different effects were meusured,
Hamilton measuring the effect of humidity on the spores
when they were uirborne over long dist.nces, whereus with
these results from plot D the spores were probably only

airborne for ua few minutes before they were trupped and
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effect of humidity was more likely to be on the uredospore
production and liberuation processes.

Since the relative humidity of the air is dep endent
in purt on the temperature of the uir, and the dally rise
in temperature is generally accompanied by a corresponding
f£all in .H. (Figs.29-33), tiis effect of i.H. upon the
spore load may be Jjust a reflection of the effect of
tempecrature on the spore louad, and not a direct one on
spore production and liberation. It is true, however,
that lurger numbers of spores were trapped at periods of
lover R.H. than uat periods of higher rR.h., this effect

followving a regular pattern with increusing ..

Radiuation
Figure 37 shows tue relationshiip between the

duaily uredospore loud trapped during July in plot D und
the duily radiation tot 4l measured in arbitrary units.
With radiation totuls up to 350 units, only low numbers of
uredospores were traupped And from 350 to 600 units the
nusbers trapped greatly increused. Also daily uredospore
totuls above 100 only occurred when the daily radiation
totuls were above 350 units. It is difficult to isolate
tanperuture effects from radiation effects under such field
experimentation and since temperature is in part dependent

upon such radiation totuls, the results described may be
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due to the effect of teuwperuature and not radiation. This
does not invalidute the observed results but merely indicutes
that the radiution effect may not be direct on one of the
processes of sgocé vroduction or liberation but @ secondary

factor uaccompunying change of temperature.

The previous detuiled discussion of the effects of
meteorological conditions on the spore loud trupped shows
how some of the conditions are closely reluted and almost
inseparuble from one another in their effect upon the uredo-
spore load of the air. With the type of experiment set out
in plot D, using a soore trup at sowe distunce from a focus
of infection, wind direction was of prime importance in
determining the number of uredogpores reuaching the trap, and
soutinerly winds were found to be the main spore beuaring
winds, eusterly winds being next in iwportance. #ind speed
apart from being egsential for moving uredospores in the air,
ghowed no direct relationship to the uredospore load trapped,
the apparent increase in spores with increusing wind speed
was shown %o be due to the distribution of southerly winds.

Maximum uredospore collections were obtained under the
following conditions:-  there was no surface wetness, the
tewperatures were at their highest, the relative humidities

were between 30 and 39% and the radiation wus greater thun
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350 units. These conditions accompunying increase in
uredospores in the air explain the diurnal periodicity
shown in Figure 28, but wnether all these couditions
directly uffect spore production und liberuation, or whether

gomne ure gsecondury effects, cannot be deduced.

Vertical glides in Plot D

Directionyal spore totuls

Tuble 7 shows the number of P.graminis uredo-

spores trupped from each direction duriang the spread of
the disease in plot D, 1959.  kuch direction total wus
obtained by adding the four corresponding direction values
from the positions V1,V2,V3 und V4. The number of spores
trapped from tne south was 3,522, this greatly exceeding
the oumbers from the other directions, which were west
2,626, north 1,893 and eust 730. In all directions the
peak week for spare trapping was 20~27 July, a time when
the diseuse wus intensifying rapidly in the field. After
this peuk was reached, the numbers trupped from the south,
eust und west dropped off graduuslly to zero after 10 August.
The northerly collection however showed a fairly stuble
trapping number of ubout 600 euach week from 20 July - 10
August. This wuas caused by the appearance after 20 July
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TABLE 7. P.graminis uredospore totuls collected in euch
direction on the verticul slides in plot D during 1959.

Direction North  Yest  South  Bust
Date
22=29 June o] o] 14 0
29 June=6 July o 4 16 0
6-13 July 23 31 48 14
13«20 July - 88 720 475 35
20-27 July 616 1148 2263 436
27 July-=> August 598 609 650 223
3-10 August 567 114 56 22

of geverely infected plunts towards the northern boundary
of the field which gave lucrger spare loads in the later

weeks coming from the north,

he results from these slides agree with those from
the spore trup E in that the southerly winds curried the
grecatest spore loud, but differ when cowmparing the totauls
from the eust and west. with the more rapid southerly

spread of the rust across the field it would be expected
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fhat the westerly totals would be greuater thun the easterly
totals and the low number of spores trapped relative to the
westerly winds (Table 4) would uppeur incorrect. However
two quite different methods of spore sumpling have been
used; the Hirst truap results are reluted to winds from each
quarter, thus the westerly totals correspond to all winds
between 45 and 1350. ''he vertical slide results are less
precise and a4 slide fuacing due west could conceivably coliect
spores from winds blowing anywhere between 5 und 1750, S0
that this method of collecting spores relative to wind direct-
ion would be less exacte. Also, as wmentioned previously,
pPlot D wuas in a north - south vualley with the westerly bound=—
ary facing uphill, which may have resulted in tine wodific-
ation of the westerly wind directions us meusured at London
. Alrport in more south-west and north-west directions und
could have contributed to the low spore counts from the

westerly directione.

Uredospore gradients acrossgs Plot D

Figure 38 shows the P.graminis uredospore

gradients obtuined from north, south, eust and west across
" plot D using verticul slide totals. all four directions
show the charuacteristic type of cﬁrve associated with spore
dispersal gradients, the gradients being steeper southerly .

und westerly due to the higher spore load obtained from these
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directions. They show tihe characteristic flattening of
the curves paruallel to the distunce uxis at very low spore
levels, since u few spores will be cuarried to greuat distunces
]

from the focus.

Figure 39 shows the P.graminis uredospore grudient

obtuined from plot D uassessed from the southerly slides only.
The grudients from the other three directions are very |
similar and tne ave-uge gradieat of all four directions is
close to the southerly gradient but slightly steeper.
However, since the normul and low tucbulence gruphs are
rclative to the dispersul of spores from a point source, the
southerly directions totals give tne best representation of
the type of dispersal in this experiment. The gspores coll=-
ected at the 20,36 und 52yd. positions are expressed as
percentages of the totals at the 1l0yd. position, and so the
gradients from euach direction are comparuble.

The grudient of the svutherly graph is almost parallel
to the expected theoreticul graph for normal conditions of
turbul ecnce (Gregory 1945) und thus helps substantiate the
deposition formulae put forward by Gregory for spore gradients
obtuined from a point source. In these formulae the dilut-
ion of thé spore cloud by eddies is considered of prime
importance in controlling the spore deposition, wind speed
and the speed of fall of the spores being rclegated to condit-

ions of secondary iwportance. The gruphs also show that the
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deposition grudient iz closer to the normul turbulence
than the low turbulence line, this being expected since
maximum spore liberation occurs around noon when conditions
of high turbulence prevail above the crop.
The hyperbolic spore deposition gradients obtuined
by this experiment also follow the hyperbolic disease

gradients observed in the field (see section on rust intens-

ificuation from infection foci).  Thus the p.grauinig
diseuse gradient averuged from the 26,29 and 35 déy observe
ations in plot D and shown in Fig. 39 is purallel to the
spore deposition gradient obtulned from this plot, this
enphasiging the obvious dependence of diseuse gradient upon

spore gradient.

A comparison of Hirst spore trup and verticul slide spore

totuls.

4 compurison of weekly P.gruaninis ucredospore totuls

from spore trap and vertical slides is shown in Table 8 und
Fig. 40. The verticul slide totuals are tuken from the
holder ncuarest to the spo-e trup for euch week. From 21
June = 11 July the spore trup totals lncreuse nore rapidly
thun the verticul slide totuls due to the spore trup being
3yd. and the vertical slides 10yd. fcom the focus. During
12-18 July the vertical slide assessment is higher thun the

spore trup aggegsment, the vertical slides being nearer to
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IABLE 8. Hirst trap and vertical slide uredospore totals

from 21 June-8 August 1999,

Date Hirst tot. Vert. to¥. Distunce from sgsource(yd)

(@E3)) Hirsv verte.

21=27 June 75 42 '3 10
28 June - 285 57 3 10
4 July

5-11 July 535 219 3 10
12-17 July 590 1008 22 20
19-25 July 485 525 38 %6
26 July - 690 624 38 36
1 august

2-8 August 170 153 38 36

the focus thun the spore trup. From 19 July --8 August

the spore totuals obtuined by both methods are very close,

the distunces of ussessment from the focus being very similar.
The spore collections obtuined by both methods are

thus similar except for differences due to the different

distances from the focus. Eowever, the two trapping methods

are quite different, the Hirgt trup undoubtedly being more

efficient per volume of air sanpled, being virtuully indep-

endent of the wind spced for its results. The verticul
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gslides uare saown to be a4 useful inexpensive means of
trapbing gpores of uredogpore size but the results are not
independent of wind speed, high wind speed being more effic-

ient in depositing spores thun low wind speeds. .
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1v A CONTROLLED THMPERATURL AND KUMIDITY APPARATUS

Introduction

In the past, numerous controlled temperature und
humidity chumbers huve been constructed by workers interested
-in studying the effects of these two variables upon plunt
growth and the infection of pluants by fungi or viruses.

Hottes (1921) described the construction of & small
constunt humidity cuse with a volume of about 5 cu.ft.,
Johnson (1928) described an apouaratus within which the tem-
perature and humidity of 64 cu.ft. of air could be maintained
reasonably constant. The tewperature could be varied from
10 - 45°C. and the huwidity varied at high temperatures, bubt
ét lox temperatures only high huwidities were possible.
Stoughton (1930) constructed an upparutus with which he
controlled soil teumperuature as well as air tempecature and
bunidity. The uir chumber had a voluue of about 16 cu.ft,
and was virtuually a closed system; the only new air entering
the chumber wus the suturated air used in muintaining the
relative humidity constaunt. #“ilson (1937) described a
modified Rothamsted Controlled Environmental Chamber
(otoughton 1930), which was elaborute and expensive and like
Johnson's was virtuually a closed system with air circulation
within the upparatus, All these early chumbers uachieved

moderate success in temperature and humidity control although
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better lagsing und the installation of the chambers in
constunt temperature roows would have iuproved their
performance.

Longrée (1939) described un upparatus for the critical
control of temperature and humidity. This appuratus was
an open flowlng system; air after saturation at one
temper uture wus heuted up to the desired temperature,>the
temperature differentiul providing the desired drop in
relative humidity. Thls apparatus wus very successful in
maintaining humidities neur 100% ﬁithout any condensation.
However the chamber used wus only a smull glass bottle
and no whole plunts were used.

Longrée realised thut the fundumentul essential to
all humidity and temperature control wus accurate control
of the temperature. This, although not essential bio-
logicully, fucilitates the ultimate control of relative
humidity. This fuct hud been commented upon by Stoughton
(1930) but Longree's teauperature control was much finer than
that uachleved by Stoughton. The ease with which temper-
atures muy be accurately maintained depends upon the required
volume; with the large volumes involved in most growth
chambers, accurate te.perature control becomes difficult and
cun only be achieved at considerable finuncial cost.

Increasing the humidity of the chamber air ubove

amblent is a simple procedure, but producing air at lower
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hunidities than ambient requires an air drier. lLoigture
can either be frozen out of the atwmosphere or removed
chemically, but both methods are costly when 1arge‘volumes
are involved. Another method, thut used by Longree und
the writer, consists gimply of heating up air having a
fixed wuater contenty; +this resulting in a4 decline in the
relative hunidity as the temperubure rises.

The countrol of light intensity in growth chambers
brings with it problems of thie heating effect of the light-
ing. This has been alleviated (Wilson 1937), by using an
open wuter screen flowing over the roof. Johnson (1928)
used no additional illupginabion bub relied upon sunlight
but tiuls resulted in the apparatus having a4 limited season’
of use.

all the growti chambers previously described, with
tue exception of Longrée's, relied upon injection of sutur~
ated air us a means of raising the chamber humidity above
ambient and waintuining it ata constant level. ihig and
Asimilar methods cun be called *"closed circuit" types of
units. The method used by Longree and similar methods
using air flowing turough saturated sualt solutions cun be
culled "open circuit" types of units. In this latter type,
the chamber is continuully being charged with new "controlle
ed" air., The udvuntuge of the open circult type is that

no gaseous gradients uare set up in the chumber when living
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plants are present. Also a continuul streum of air at
fixed temperature and humidity is produced, which could

be used for other experimental purposes i.e. in a wind
tunnel to study the effect of the environment uponm spore
liberation. This latter fuctor suggested the choice of

an open circuit unit, the machine then being more versat-
ile in its applicution. The druwback to such a unit
compured with a closed circuit unit is thuat it is much

less economical to construct and wmore expensive to operate.

The size of the chumber wus determined not oanly by

individuul requirewents but ualso because large fully grown
plunts in soil were to be kept in the chumber for indef-
inite periods. However, the larger the chumber the greuter
e inherent provlems of insulation, a factor which must be
curefully assessed before growth chumber size is decided

upon.

'he Appuratus

ihe growth chamber wus an open type, relying upon
the coutinual production of air at 4 fixed taemperuature and
hunmidity. It consisted of two neut exchanpcrs, a humid-
ifier, und the growth chumber proper. The entire apparatus

was mounted in u moveuble dexion frumework (Fig.4l)
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The construction of the chumber

The growth chamber wus upproximately 3ft. 4in. long
by 3£t. wide by 3ft. high (at the upex) and contuined
about 25 cu.ft. of uir (Fig.42). The chumber itself was
mude of gluss in a metul frume and was lagged on all sides
with 2in. of cork chips and then 2in. of "Strunmit" insul-
ating materiul, making a totul of 4in. of wall lagging.
The buse of the chuamber was %in. block bourd lined ingide
with aluminium and with lin. of lugging outside. The
roof wus peaked in the centre and was trivle gluzed with
two lin. air gaps between the glass. The peuking enabled
4 greater number of strip lignts to be placed uabove the
chamber than would a flut roof. Also, any condensation
within would not then drop on the plants. The triple
glaziong helped to prevent conducted heat loss through the
otherwise unlugged roof. The door consisted of three
layers of gluss in a wooden frame and wus pushed and clipped
into the chamber fruame, A cushion of rubber acted as an
air geal to prevent too much air movement around the edges
of the door. Lining three inside walls of the chamber
were 60ft. of ¥in. copper tubing around which was puuped
water from either tunk Bor C (Fig. 43). This provided
additionsl control over the chuamber air temperature, The
chumber dlso conbtuined a water trap (Fig. 42,C) which

racoved any water sprayed over from the humidifier. It
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Fig, 42, Diugruam of the upper half of the controlled temperature and humidity appuratus
showing the lagged pluant growth chamber.

B~ copper heat exchanger coils in the chamber, C~ water trap, D~ drain tap,
E~- neon light and reflector, F- position of door, G- 3 sets of wet and dry
thermocouple junctions.
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Fig. 43.

Diugruam showing the lower half of the controlled temperuature and humidity apparatus.

B and C= lugged heat exchanger tanks containing 30ft. of %in. copper tube

D—- humidifier, E~ bull=cock return wuter vulve, P~ heater thermostat, G- iOOW heater,
H- siphon into humidifier, J- Stuurt water pumps, K= refrigerator, I~ control hole
in humidifier,containing thermocouple, M= siphon control tup. All the connecting
alr and wuater pipes shown were heavily lagged to prevent heat losse.
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was provided with a drain tup (Fig. 42,D). The temperature
and humidity within the chamber were measured by three sets
of wet and dry thermocouples mounted inside the chamber
(Fig.42,G). The electrical leuads to the theruoc :uples were
fed in through a hole in the buase of the chamber and out to
a centrul switch controlling all thermocouples, which was
mnounted in front ot tuank B. A thermohygrograph was also
placed in the chuamber.

Temperuture control
The heut exchunger in tank B could either be cooled

or heated. The heut exchunger in tank C could only be
heuted. The refrigerator unit used (Fig. 43,K) wus cone
trolled by a "Sunfogs" thermostuat and relay. This enubled
the tunk water temperature to be controlled to + 0.25°F.
Both bunks B and C could be heuted using 100 watt tubular
heuters thermostatically controlled by Sunvic thermostats
and relays, enubling temperatures of ¥ 0.25°P. to be
maintained. Tank C also contained a 3 KW. heuter to rapidly
ruise the temperature when needed. Since both tanks were

' heavily luagged with cork chips, lOOW. heuters were adequate
to provide all required heating giving good temperuture
control with only small lag heuting effects when switched
off.

Water circulation within the tanks wuas maintained
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"~ by the return flow from the Stuurt water pump controlling
the wuter level in the humidifier and also the Stuurt pump
circuluting water around the copper coils within the chamber.

The water levels in tanks B and C were observed
externally using simple U shuped water guuges in continuity
with the water in the tanks.

A centrul wiring punel contuined luamps in the heuter
@rd refrigerator circuits to indicate when euch was oper-
ating.

Ailr from un BEdwards compressor was first pussed
through the heut exchunger in tunk B at the rate of 2 cu.ft.
per minute. This ensured that no subsequent super-saturation
of the air occurred in the humidifier. The air was then
paséed up the humidifying column, which was maintained at
the sum® temperature as tank B by siphoning the water
from tunk B und returning it using a return pump. The
rate of the wuter return was controlled by a ball=cock
water valve in tank B (Fige #3,E)e The air after suturation
wus then either paussed directly into the growth chumber or
heated up by the pussage through the heut exchanger in
tunk C and then pussed into the chamber. The maintenance
of u constunt chumber temperature wus assisted by pumping
water either from tank B or tank C around the 60ft. of
tube lining the chamber. It wus found in practice that
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when lower than ambient temperatures were used, some con-
densation occurred on these pipes.

Air circulation within the chumber was initiully
thought sufficient to prevent the strutification of tem-
perature und bhumidity air luayers. This seemed reuasonuable
considering 2 cu.ft. per minute of air was being blown
into the chamber. Practicually a temverature gradient up
to 6°F. occurred within the chamber when a temperature of
50°F. wus used. This gradient decreused to 3°F. when
temperuatures around 70°F- were used inside the chumber.
These temperuture grudients resulted in concomitant humidity
grudients. These gradients were produced mainly by the
radiuant heat from the artificiual lighting but could be
reduced or removed by the use of a flowing water screen
over the roof. Because of the position of this apparatus

no such screen wus feugible.

Humidity control
Air from the heuat exchunger in tunk B wuas first

saturated by pussing up the humidifier which consisted of
an o0ld fire extinguisher, filled with granite chips and
efficiently lugged (Fig.34,D). Water was continually
siphoning down this column from tank B. If high humidit-
ies were required, the air from the humidifier was then

pussed directly into the growth chamber, If lower
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humidities were required, the saturated uair was heated
by the wmount necessary to provide the lowering of the
relative humidity. The correct balunce between the temp-
erature in tank B and tank C could provide air of reaquired
humidity and temperature, providing the teuperature was
above ambient. Theoreticully, at temperatures below
'ambient, only saturated air could be produced. This could
be rectified by the refrigeration of tunk C which in this
appuratus was not possible. Air of lower relative humidity
wus produced by puuping the humidifier dry, having stopped
the siphon. This nuturally resulted in the loss of humid-
ity control, but practicully guve a quick meuns of provid-
ing 4 rapidly fluctuating humidity by periodicully flooding
and pumping dry the humidifier

~ During operution the level of wuter in the humidifier
wus muintained just below the control hole and the temper-
ature of the air pussing through the humidifier measured
by meuns of a thermocouple pressed into the control hole
and sealing it. The siphon tap (Fig.43,M) enabled a
balance to be mude between siphoning over and pumping back,
the bualance then being maintuined by the water bull-cock
and valve in tank B. Duily replenishment of the wuter in
tank B wus necessury, the excess being blown ow of the
control hole in the humidifier until the normul balunce

was obtuined when the hole wus aguin seuled.
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The siphon pipe from tunk B was placed only lin.
below the meun water level in this tank. This acted as
a sufety measure in cugse the return pump failed and the
apparatus begun to flood.

Lost of the water and air piping used was %in.
heavy plastic tubing, this having a much lower heat conduc-
tivity coefficient thun metal tubinge Also a#ll the air
and water tubes were heuavily lagged with about 2in. of
resin bonded glass insulating muterial. This was essentiul
to prevent temperature losses before the air entered the

chumb er.

The lighting appuratus
Eight 3ft. 40 W. neon tubes were placed, four euch

gide of the roof apex and controlled by individuual switches
on a4 base punel. The chokes were also placed on this bause
puanel. A time switch (Time Switch #nd Instrument Ltd.)
was also incorporated into the light circuit, enubling
different 1light periods to be employed. The lighting in
the chumber wuas improved by placing polished aluminium
reflectors above the lights and providing internally a
polished aluminmium base to the‘cbambér. It could be even
further improved by providing reflectors down the sides of
the chaumber.

The radiant heat from these lights was found to cuuse
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a rise of up to 3°F. in the chamber.temperature.

Ixtru tungsten lighting wus tried but was found to
-heuat up the chamber too much. However, extfa spuce is
available on the chumber roof for the doubling of the
present neon lighting cupauacitye. It would uppeur necess—
ary to huave an open water screen flowing over the roof
beforc extra lighting would be feusible; this certainly

applies to the uge of tungsten lights.

Recording appurutus

The temperatures and humidities were continuously
recorded within the chumber using 4 Casella therwmohygrograph.
This gpparatus although not completely accurate showed up
fluctuations in temperature and humidity. aAccurate reuadings
were muade using wet uand dry thermocouple junctions.

Temperatures were also meuasured in tunks B and C
using immersed thermocouples. These consisted of spot
goldered 26 S.W .G. copper und constuntin wires, which were
insulated and made water-proof by coating with a resin
adhesive.

All the thermocouple wires were run to a ceantral
control switch on a punel in front of tunk E. This was a
bheuavy duty 20 point switch ensuring that good contuacts were
made ut each measuring position. Duily reudings were tuaken

using a Dorun thermocouple potentiometer and the usuul ice
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junction in a thermos flask.

Results and Discussion

This wpparatus was used continuously for over 7
months without requiring any major repuairs, but some adjust-
ments were frequently required to maintain the apparatus
operutive over this period.

rrovided the air temperature outside the chamber did
not fluctuute too much, temperatures between 50 and 90°F.
10.S°F. could be maintained within the chumber. The
stability of the relative bumidity within the chamber was
governed by the temperuture stability. Relative humidities
above 90% were not controllable and could not be uachieved
without some condensation occurring ingide the chumber.
Lower relative humidities were eusily obtuined by adjusting
the temperature differential between the two heat exchanger
- tunks. It was impossible to keep the R.H. at a fixed value
and drop the tanperatu_re through too wide a runge, but lower-
ing the temperature of the chumber by ZOOF. only resulted
in a 7% drop in R.H.

When there wus a greut &iurnal chuange in temperature
of the room in which the appuruatus was installed, as in the

winter months, fluctuations of ¥5%. occurred ingide the
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chamber.

The uccuracy of the apparatus was limited by the
large volume of the experimental chumber and further
lagging of the chamber, air and water flow pipes would
be necessary before better teuperature and R.H. control
could be obtained. The use of un increased air flow
through the appuaratus would also increuse the control
over temperuture and R.H., but also increuase the cost of

the upparatuse.
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v UREDOSPORE LIBERATION IN A WIND TUNNEL

Introduction

Muny workers have observed that rust uredospores
show a diurnul periodicity when truapped from the air.
The reusons for this are not clear (see section on uredo-
spore uaerobiology), but temperature, relative humidity,
radiation and wind speed all probubly exert some influence.
There are three possible meuns by which environmetal fuctors
could ualter the uredospore loud trupped from the air.
The environment may alter the rate at which the spores are
produced within the sorus, or the rate at which they are
liberated frém the sorus, or the rate at which they are
trupped by the spore trup. These three spheres of influence
are hard to separate under field conditions and this section
of work is un attempt to isoluate und examine the effects of
the environment on uredospoce liberation under laboratory

conditions.

Naterials and Lethods

. A miniature wind tunnel was constructed (Fig.44) to
go inside the controlled témperature and hunidity chamber

previously described. This was mude out of %in. diameter



=126~

Alr input

glass wool

> Smoothing chamber containing

Pluastic sleeve

Rubber seal

Infected leaf uattached to
Plustic tube plunt
Plustic sgleeve

T b———————

outlet tube

Hirst spore trap showing
orifice and slide

Fige 44. Diugrum showing the wind tunnel coanstruction.
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glass tubing, at one cend oif which was a large bulb contuain=
ing glass wool to help smooth down the air flow before it
entered the region contuining the pustulated leuf. The
pustuluted leaf was inserted into a4 piece of %in. diuameter
rigid polytnene tube huaving a longitudinal slit padded with
rubber, which held the leaf blade in position without
bruising; +the rest of the leaf blade and pluant was kept
growing in 4 pot in the growth chumBer. One end of the
polythene tube wus sleeved to the gluss tubing from the
smoothing bulb and the other end to another struight gluss
tube leading to the Hirst soore trap. The orifice of the
Hirst spore trap was maintuined about lin. from the output
of the glass wind tunnel.

This glass wind tunnel wuas then lugged with cotton
wool sleeved with polythene and connected to the air outlet
from the water trup in the constunt environmeatal chamber
using a heavily lagged tube. The trupping mectuanism of
a Hirst spore trap was pluced below the outlet of the wind
tunnel and the entire upparutus operuted inside the qontroll-
ed temperature and humidity chamber.

i‘he tewmperature und R.H. of the air passing out of
the wind tunnel was measured using miniature wet and dry
thermocouples (see gsection on microclimate) which were
pluced bel ow the end of the wind tunnel above the orifice |

of the spore trup.
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Vihen leaves beuaring pustules were pluced in position,
the width of the leaf blade was parallel to the air flow
and thus offered lecust resistunce to the air flow. Also
only single pustules or éroups of close pustules were used
and these were ingerted into the plastic tube so that they
were in the centrul region of the tunnel and not close to

he edges. Lhis was necegsary since the speed of air would
not be uniforw across the tube, the walls of the tubé exert-
ing a dragging influence on the air flow. In the central
reglon there would be a fairly uniform wind speed.

1he ruate of air flow through the wind tunonel was
measured using a gus meter pluced between the Edwards cone
pressor supplying the constunt environmental chumber and
the first heat exchunger coil. From tuis measur:ment the
mean wind speed down the tunnel could be deduced, the wind
speed past the pugtules being close to this value.

Using this @ paratus, the tewpecature of the uir
passing over tioe pustules in the wind tunnel could be altered
while the relabtive humidity was almost comstunt. Also the
R.i. could be varied while the temperature was kept constant.
A time switch in the lighting circuit also cnabled experim-
ents to be performed using different light periods. When
light period experiaments were performed the experimental
chamber was blacked out except for the fluorescent roof

ligats, to prevent any light entering from oubtside the
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chamber.,

Ihe normal slides were used in the rirst spore trap
and they were mounted in the usual manner.

The slides were scanned transversely with a maghif-
icution of x80, using a snuared graticule in one ocular
of the binoculur microscoye. All spyes were counted ben-
eath and between the two lateral graticule lines and trans-
verse scuns were made at lmm. intervals. Thus 8075 of each
slide =zurface was scananed. The totul number of uredospores
wuas counted and also the total number considering those.
occurring in grbups a5 one spore i.e. unless the uredospore
waz further than its own lengtu away from the next spore it
wus considered as grouped with the next spore.

The total number of uredospores counted represents 4
fraction of the totul number liberuated in the tunnel and
provided the conditions do not alter in the tunnel and a
constant suction is muintained in the spore trup, this
fraction should ranain constunt. Thus the number of spores

trupped is directly related to the number liberated.

The effect af light periods on P.graminis uredospore

production

kxperiments were performed using single pustules and

also groups of pustules of P.graminis in the wind tunnel
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with the maximum wind speed (14 knots). The temperature
and R.H. were maintuained near coastant throughout each
experiment at about 70°F. and 85%. ‘'he light peciods
examined were an 8hr. and 12hr. dark period in & normal
24hr, daye. These were repeuted with the sume pustule
until the number of uredospores liberated becuame too low
and sporadic for uaccurate meusurements to be made. Once
the pustule was in position in the wind tunnel it was not

moved until after the experiment wus finisned.

TABLE 9 The number of P.gruminis uredospores trapped

per hr, before, during and after the dark period. bach

4hre. period is an averupge of eight scans and the entire

tuble is an average of 21 experiments.

Time Previous 1lst 4hr., 2nd 4hr. 1lst 4hr. 2nd 4uhr.

period 4hr, dark dark light light
light ,

Averauge

no. o 1 42 .4 25.6 46

spores  2%*9 . Se 33.3 o3

Per hr. .

Tuble 9 uveruges the results obtained from twenty
one light and durk period experiments, conducted with

geveral different pustules and under slightly differing

conditions of temperature and R.H. Averuge of eight
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gcuns representing periods of 4hr. were taken so us to
overcome oscillatiqns in the numbers of uredospores liber=
ated over swull time periods. Also in seven of the exper-
iments 12hr. durk periods were used insteud of 8hr. und
only the spores trapped in the first and last 4hr. of the
dark periods were included in this table.

The number of spores trapped decreused markedly during
the ficst 4br} 0f darkness and during the 4-8hr. of duarke-
ness wus only 50% of the original total in the light.

During the first 4hr. of resumed light the spore totul in-
creascd and continued increusing during the 4-8hr. period
of ligut but did not reguin the total obtuined before the
durk period.

Figure 45 shows the results from purt of an experiment
with a single luarge pustule of P.gruaninis maintuined in the
wind tunnel under maximum wind speed with the temperature
69.8 £ 0.5°F. und R.H. 84 £ 3%. It clearly shows the
decreused s.oore collections caused by the durk periodse.

Also far 48hr. previous to the first durk period, continuous
light wus used and this rcesulted in very high spore totals
waich declined immediately durk periods were inserted in
every 24hr. period. ‘

Since the wind speeds used were couastunt and of such
a high value, most of the freely detuchuble uredospores

would have been swept out of the pustule during the experiment
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and thus the periodic nuture of the spore collections
with respect to light und dark periods must have resulted
from the effect of light and dark on the actual production
of the uredospdres by the sorus. Probabhly the production
of uredosporés is closely linked with the rute of photo- |
synthesis of the bost pluant, although the periodic effects
of light and dark could be divorced from this process.

Control experiments, in which pustules were kept
under constunt conditions for many days, showed thuat na
endogenous rhythms with respect ot uredospore liberation
occurred whilst envirommental conditions were constant.
Once the fluctuutions in the environment were stopped so
did the fluctuutions in the rute of spore production.

Difficulty wuas experienced with some experiments
where sudden surges of spores occurred, confusing the spore
liberuation pattern. This happened when pustules burst
through the epidermis during the course of the experiment
und rapidly increused fhe totul pustule area and thus the
number of uredospores liberated.

Since the light intensity in the region of the plants
in these experiments was only about 250ft. candles, many
of the expefiments had to be abundoned becuuse the light
appeured to be insufficient for normal behaviour. The use
of higher light intensities was not posiible due to the
design and position of the constunt eanvironmental growth

chumber,



~134=

The effect of temperature on P.gruminis uredospore

produc tion
The infected plunt was kept in the growth chumber

und er 24hr, light conditions, the humidity within the wind
tunnel being 75 & 6% during the period of temperature
variation. “ustules were pluced in the wind tunnel in

the normal munner and then the temperature was altered daily

to ascertuain its effect on spore production.

| TABLE 190. The effect of tamperuture on P.gruminis uredo- |

gpore production. The gpore totuals uare euch from 12 scans

over 6hr, periods.

Dute Time Temp. change °F Uredogpore totulse.
IniEIaI 15'1.i nul 6hr, prior bhr, quring

Feb; (hr) temp. temp,. to change chunge of

of temp, temp.

5 . 2100 70 74 228 576

6 1300 74 65 127 25

8 1100 65 56 160 . 16

10 0900 56 65 12 533
12 090 71 66 322 241

13 1100 66 58 306 166
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Table 10 shows the results from a single pustule
plauced in the wind tunnel on 4 February at 1000hr. The
6 hourly uredospore totul prior to the temperature change
was frdm 12 scuns during the stuble tamperature conditions
indicated, whilst the 6 hourly uredospore totul during the
temperature change was from 12 scans during the period of
chuange to the final temperature.

A rige of temperuture from 70°—74°F. more than doubled
the spore production and from 56°—65°F. spor e production
increuged fourfold. A drop in temperature resulted in a
rupid reduction in spore production, the total reduction
being related to the extent of the temperature fall. The
continuous spore totuls obtuined from this experiment also
showed that although a drop in temperature resulted in an
initial rapid decline in the rate of spore production, the
ratevslowly increused aguin over the 24hr; period following
the temperature change.

Tuble 11 shows the results from a similar experiment
with unother group of three pustules. Again fuall of temper-—
ature resulted in a decline in the number of uredosgpores
produced und rise in temperature an increase in the number
produced.

From these und other results, it uppears thut the

. rute of uredospore production by P.gruminis is related to the

temperature, the higher the temperature the higher the rate
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TABLE 11. The effect of temperature on P.gruminis uredo—

gspore production, The dually uredospore totuls are euch

from 48 scans.

Dﬁzg , Tempg;ature Uredogspore totul
2=3 71 426

34 59 51

4-5 53 35

5-6 78 | 344

6-7 o | 370

of production, within the ruange tested.
Tenperatures greuter than 80°F. were not practicable
over severual duys, since the pluants rupidly died, presumably

becuuse light intensity became limiting at such temperatures.

The effect of relutive bumidity on P.grawinis uredospore

production.

The temperature within the wind tunpel wus maintuined

constant and the humidity vuried, keeping the plant in the
chuamber under 24hr, light conditionse.
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TABLE 12 The effect of relative humidity on P.gruminis

uredospore production with a constunt temperature of

68 * 1°F., The duily uredospore totuls are each from

48 scunse.
Date % Relutive humidity Uredospore totals
March
25 58 750
26 89 1850
27 60 1040
30 53 1125
31 - 79 1800

Tuble 12 shows the effect of varying the R.H. on the
production of uredospores by ua single P.graninig pustule,
the higher R.H. favouring a higher spore production and
the lower R.H. a lower gpore production. The continuous
spore totuls obtained during this period also showed that
the increuse in ruate of spore production with increusing
ReH. occurred within 2 hours of the change in R.H. and
similurly the drop in gpore production with fall in R.H.

occurred just as rapidly.
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The effect of wind speed on P;ggaminis uredospore liberation

In these experiments, the wind speed pust the leuf
bearing pustules in the wind tunnel wus gradually increased
until the maximum velocity of ubout 14 knots was obtained.
The velocity wuas increused every hour so that the total |
number of spores could be relgted to each seperuate increuse
in the wind velocity. The slide in the spore trup was
marked with talc at the beginning and end of the experiment
to provide 4 time scale on the slide. A trunsverse scun
was made ut every position where the wind velocity was inc-—
reused thus meusuring the initial surge of spores taking .
place with increased wind velocity. The spore totals obtain-
ed with increuasing wind speed were then considered as accum-
ulative and each wind speed totul was then expressed us 4
percea tuge of the finul totul abt maximum wind speed. The
results from different pustules and leaves could then be

compared directly.

Ixperiment 1
One large P.gruninig pustule on a seedling of
Eclipse wheat was placed in the wind tunnel, the pustule
bearing a mass of loose spores. The wind velocity was then
increuased hourly from 3,7 - 1l4.2 knots. The temperature
and R.H. measured at the end df the wind tunnel were 68.6°F.

and 86%
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The increuase in spore liberation with increusing
wind velocity was seen t o be lineuar (Fig.46). With wind
speeds up éo S knots 20% of the sgpores were liberated, and
with velocities up to 10 knots 65% of the spores were liber-

yted. Below 3 knots there would be very few spores liberated.

Ikperiment 2
Two lurge pP.gruminis pustules on A-seedling of

belipse wheut were used, the pustules beuring a muss of
loose gpores. The wind velocity wuas then increased from
3-13% .6 knots. The temperature meuasured ut the end of the
wind tunnel was 68.4°F. and the RJH. 76%.

The increuse in apore liberation with increuased wind
velocity is uaguin seen to be nearly linear (Fig.46) and the
results very similar to those from EXpériment l. The
difference in R.H. from Experiment 1 does not appeur to
have influenced the relative ruate of spore production with

increused wind velocity.

Elxgerimedt 2
One lurge P.gruninis pustule on a seedling of
fclipgse wheut was placed in the wind tunnel und left in
position for 24hr. with no air flow but coatinuous light.
The wind velocity wus then started at 8.0 knots for lhr. to

reanove many of the loose spores from the pustule, after this
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the wind velocity was dropped to 3.9 knots und gradually
increuaged to 13.3 knots. The temperature und R.H. measured
at the end of the tunnel were 67.1°F. and 77s.

i'he increuse in spore liberation with increasing wind
gpeed followed a hollow curve (Fig.46) and differed from-
the two previous results. With wind speeds up to 8 knots
only 10% of the spores were liberated and only at higher
wind speeds, above 11 knots, were the bulk of the sﬁores
liberated. The number of gpores liberated with the initial

sweep of 8 knots were excluded from the above resulis.:

It may be concluded from these results that the increase
in uredospore liberution rate with increusing wind speed is
lineur or aluost linear. ITnis result is expected since
the release of uredospores from the sorus is eantirely passive
and governed by the physicul influence of the environment
and the rate of production of the spores low in the sorus
forcing out thogse ubove und exposing them to the wind.

Very few spores were liberated at wind speeds below 3 knots
and up %o 5 knots only 20% of the totul spores liberated

at 14 konots were releused. With wind speeds up to 10 knots
about 65% of the totul spores were liberated. When some of
the spores were firét removed from the pustule by uSing A
mediun wind speed, the effect was to produce a hollow curve,

dus to low spore totals resuiting f£rom the low 5o medium
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wind speeds.

There is no reuason why this effect of wind speed on
gpore liberation should not operate in the field und the -
failure to confirm if under field conditions (see section
on uerobiology) was due to the masking of the wind speed
effect by the wind direction effect. To confirm this
effecf under field conditions the spore trup would have to
be mounted in the centre of a circulur plot of uniformly
infected wheat, thus obviuting the effect of wind direction

on the spore collection totuls.

Tuble 13 summurises the results obtained in this
section and compares them with the results obtuined in the
field. In the wind tunnel increuczed R.He resulted in
increused spore liberuation but in the field the opposite
result was obtauined. This may have been cuused by the
temperature effect overcoming the effect of R.H. under
field conditions und since under these cbnditions, increuased
tanperatures are neurly always accompanied by decreased R.H.,
the increused uredospore louad would uppear to be related
to a fall in R.H.

Increased uredogpore liberation was directly reluted
to increused wind speed in wind tunnel experiments but under

field conditions the effect was musked by the effect of wind
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TABLE 13. A summary of the results from field and wind

tunnel experiments with P.gruminis to show the factors

reluated to increased wredospore liberution und collection.

Conditions resulting in increused gpore load

FIKLD WIRD TUNNEL

Increused temperature Increused temperature

Increused radiation fadiation
Decreased R.H. Increased .H.
————— Increased wind speed
Absence of surface ————en
wetness
~Wind direction ——

(depends on the
design of the expt.)
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direction. The wihd tunnel results also indicate thut
wind velocities wp to 3 knots would liberate very few
spores and even light brecze conditions (4-6 knots) would
liberute only & limited nuuber.

Under field conditvions leuf surface wetness cuused
duamping of pustules und thus hindered uredospore liberation.
Also due to the design of the field experiments, southerly
winds were rel uted to increased uredospore counts.

From this summary (Tuble 13) it would appear that the
observed diurnul periodicity in uredospore collections
under field conditioans was due to the combined effects of
teauperature, radiation, relative humidity, surfuace wetness
and wind speed on the host-parasite relationship. It seems
unlikely that any one of these fuctors is by itself the
controlling one, wlthoug: under certain conditions one
factor may be limiting to spore liberation.  In this respect

wind speed is of obvious importaace.
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The frequency of grouping of uredospores collected from

wind tunnel experiments.

Uredosporeg collected on slides were considered us
grouped when they were not more thun a spores length from
each other. They would usually have been liberated from
the pustule attached to one another und remuined so until
impacted on the sticky spore trap slide. aith lurge
groups of uredospores the force of impuaction may spread
some of the spores more than A sporets length fcom one
another and tous result in a low count. Also the suction
through the trup orifice may result in spores being forcibly
gsepurated thut would otherwise huve remuained attached.
5oﬁetimes, however, individual spores arriving separatcly
muy be deposited on top of one unother and thus be count ed
a8 4 group, these inaccuracies tending to cuncel one another
out.

Figure 47 shows the results from a totul of 22,821
uredospores exawined, where from daily totals the grouped
spore totuls were plotted aguinst the free spore totuls.

The results were sel ected at random from pustules muintuained
under varying conditions of temperature, humidity and light
but all were kept in the tunnel with the maximum wind speed
of 14 knots. There is a gtrong positive correlation between
the grouped and free spores and uverages of these values

indicate that for every five spores trupped, three would be
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free and two grouped. This value may be decpeadent on
wind speed, since all these results were obtuined under
constunt wind speeds.

the reason for this comstancy in grouping of uredo-
spores is difficult to appreciute and whether it is caused
solely by the wind speed or perhups deteruined by the fungus
und the host is not clear from these results. Certainly
under field conditions the lurger groups on liberution from
the sorus would sink rapidly to the ground and thus not be
of much use in disseminating the disease. However, groups
of two and three sporesgs, if they all germinuted, would
greutly increuse the chance of infection occurring and
pustules developing on tue infected leuves.

lihatever the reuson for this grouping effect, it is
a4 constant feabture of uredospore liberation in the wind
tunnel and since groups of uredospores are trapped under
field conditions, there is no reason why it should not

similarly apply under these conditions.
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OME PACTORS AFFECTING SPORE GERNINATION IN THE CEREAL RUSTS.

Introduction

Epidemics of cereal rust are brought about by the
rapid multiplicuation and spreuad of uredospores. It is not
surprising, therefore, that much effort has been concentrated
ol the multiplication of uredosporcecs in an attempt to elucid-
ate the factors controlling uredospore germination, fungul
penetration and multiplicuation of the uredospore stuge.
Published spore gecwminaution results are however conflicting
and inconsistent. This incongistency in results was noticed
by Johnson (1912), who decided that the optimum temperature

for P.gruminig uredospore geémination could not be determined

by the percentage geruination method, there being no uniform-
ity of variation in this cespect between 9%and 25°C. The
discovery of the production of a self inhibitor by germinate

ing uredospores of 2.graminis (4llen 1955) showed how some

irregularities in gpore germination tests could urise, when
compuring different numbers of spores under similar conditions.
Inuadequute stundurdisation of growth conditions of the host, -
and vuariable storuage conditions of the uredospores prior to
the germinution tests, would also cause fluctuations in
germination results. ‘ihe medium used far spore germination
also greatly influences the resulting type of germination

(Manners 1950 and Sharp 1954). The composition of water,
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the universual medium for spare germination tests, varies
congiderably from urea to area uand even distilled water
lacks uniformity when very small quantities of elements
are important.

Doran's obgervation on the Uredinales (1919) that
the onLy conditions necessary for gpore germinuation were
a certuain temperature und the presence of oxygen and the
presence of wuter are now gseen to be only touching on the
complexity of factors influencing the germination of uredo=
gpores and this section of work is an attempt to clarify

certuin aspects of spore germination in the cereal rusts.

Maberials and Methods

Spore germination studies uare usuully cuarried out
either by pluacing the spores on a4 liquid medium or on a
Jjelly medium. The latter is generally more suitable since
the spores cun be streuked on with a brush or dusted on,
there being less tendency for the spores to clump as they
do in liquid media. However, a jelly buse for gpore ger-
minuation cannot.be used when investigations into the effect
of ions on gpore germination ure curried out, since gelatine
and agur etc. all contuin many ionic impurities.

For the above reason, in some of the following
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experiments sintered glass discs were used as buses for
spore geruination studies. These discs, with a porosity
of 5—1qr, were scrupulously cleuned and then placed on U
shuped pieces of glass rod, in petri dishes. A small
volume of liquid was then added éo the petri dish, passing
‘up the cupilluries of tlie sintered disc und coming into
contuct with the spores on its surface. Linuids containing
various ions could then be examined for their effects on
spore geruination. After germination had occurred but
before examining the discs under the microscope, they were
~placed on blotting puper to remove much of the liquid and
then spruayed with a 1% solution of aniline blue in luctic
acid. This mude the spores and germ tubes eusily visible
against the background of sintered glass, otherwise they
remained very indistinct and impossible to count.

Whether agur discs or sintered gluss discs were used
for spore germination studies, it was desiruble to get a
uniform deposit of spores over the surfuce uand two methods
were used to obtuin such a deposit:=
a) The'filter funnel method.

b) The settling column method.

a) The filter funnel method.

By meuns of a miniature glass puffer, a small quantity

of spores was blown down the stem of a filter funnel, the
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descending spores spreuading as a "shower" onto the agar
surfuace in the petri dish. Providing the spores were
reusonglly dry (i.e. used directly from storage and not
allowed to hydrate), very little clumping was observed on
the agur surfuace. An unequul spore distribution was
obtuined over the plate, the spores being densest in the
centre and decreusing towards the edges. However, by
cutting up the agur across equidistuant diumeters, segments

with equivalent spore densities cun be obtained.

b) The settling column method.

A curdboard cylinder 60cm. long by lOcm. diumeter
was pluaced upright over a turntuble which was separated
from the open end of the cylinder by a O.5cm. gup.

Pugsing in the centre of the cylinder, at the closed top
end, was a removable glass inlet tube ending in & fine jet.
suspended within the cylinder, and just below the inlet

Jet, wus a small glass platform on which uredospores could
be placeds A blust of air through the inlet jet then
dispersed the spores as a cloud in the upper region of the
cylinder uand they then fell under gravity and were deposited
as a "ghower'" on the turntuble at the lower end of the
cylinder. Sintered discs were placed in a circle on the
turntuble, which wus slavly revolved whilst the spores

settled under gravity at about lcm./sec. (Ukkelberg 1933),
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single spores would tuke about 50 gsec. to drop down the
column and thus a sheet of paper was placed over the tura-
tuble for the first 40 sec. of deposition and then removed
far the next 60 sec. to deposit the spores on the discs.
By this method any clumps of spores were removed on the
paper and only single spores were deposited on the discse.

Using this method a uniform deposit of spores could
be obtained on the sintered discs which could then be used
for spore germination studies.

The uredospores were introduced onto the gluss pluatform
at the top of the coluan using 4 fine bore glass meusure,
so that upproximut ely enuul numbers of spores could be used
for sepuruate gets of sintered discse.

vhen compuring spore germination results obtained by
different methods this latter method for uniform spore
deposition used in conjunction with sintered gluass discs

was far superior to uny other method used.

Results and Discussion.

The effect of temperature on P.graminis uredospore

gerningtion.

l. The inverted filter funnel method.
This method was used to spread the spores on 1%

agur, which was then divided into seven segments.  Each
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segment was placed on a glide in 4 petri dish and incub-

ated ut the required temperature fop 24hr.

TAPLE 14. The effect of temperature on the germinaution

of P.gruminis uredospores on agur segmentse.

Temperature Number Potul Germination

(qo) geruinated nunber c

2 263 429 61

2 192 | 235 82
10 266 296 9%
15 204 281 73
20 | 234 350 67
25 199 382 52
30 6 209 3

2. The settling column method.

This method was used to spread the spores on
gintered gluss discs which were then pluaced in petri dishes
contuining a little tup water uand incubated at the required

temperature for 24hr. The spore collection used in this

experiment wus different from thut in the orevious experinment.
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TABLE 15. The effect of temperature on the germinution

of P.gramicis uredospores on sintered glass discs soaked

in tup water.

Iemperature Jumber Lotul Germination

(%) gerninated number %

2 3 473 0.6
8 237 623 36.0
14 218 373 58.0
15 237 364 65.0
20 226 411 ' 55.0
26 5 381 0.5
30 o 394 0

Methods 1 und 2 guve the optimum for germination
around 10°C. and 15%. respectively (Tubles 14 and 15).
Method 1 guve higher germination percentuges at a1l temper-
atures and although this may have been caused by differences
in spore viability of the two uredospore collections, sub-
senuent experiments showed that spore germination on agur

always resulted in higher percentages,than germination in
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wuater.

These results agree with the optimum temperature of
between 10 and 15°C. found by Stock (1931), but differ
from the results of Straib (1940) who suggests an optimum
above 20°C. Some reusons for these inconsistent results

have alreudy been mentioned in the introduction.

The effect of pH on P.graminis uredospore germination.

The effect of pH on uredospore germination is com=-
licated by the fact that the experiments arc generally
curried out in buffered solutions and it is uncertain
whether the result is due to pH or the chemical components
of the buffer solutions. For this reason both McIlvuines
and.Sorensens.buffer solutions (Vogel 1948) were used to
exumine the effect of pH on uredospore germination. The
experiments were curried out in an identicul manner using
the settling column method on sintered gluss discs aund
using the same uredospore collection.

The optima in McIlvaines and Sorensens buffers were
found to be ubout pH 5 und 6 resgpectively (Luables 16 and 17).
The results in both buffers show a fairly nuarrow pH range
of ubout 2 units within which spore germination occurred,
no germinution occurring in any solution above pH 7. The se

results ugreeing with the values suggested by Stock (1931)



TABLE 16. The effect of pH on P.graminis uredospore

germination using McIlvaines buffered solutions.

oH Number Totul Germinution
germinated  number %

4.6 199 320 62

5.1 216 357 61

6.0 4 301 1

6.6 0 371 0

74 0 349 0

8.0 0 311 0

TABLE 17, The effect of pH on P.graminis uredospore

germination using Sorensens buffered solutions.

bH Number Total Germination
germingted  nuwber %

5¢3 0 360 0

5.9 208 361 58

6.5 219 395 . 55

6.8 60 243 25

74 0 301 0

8.0 0 250 0
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and Anderson (1934). Since the optima pH values for
germinution differ in both of the buffers the chemical
constitution of the buffers is algso affecting the germ-
inution und these effects are hard to separate from the
PH effect.

Germination on 1% agur was also cuarried out using
the suame spore collection and conditions, as with the
buffer solutions. 4 count of 500 spores guve a germination
of 73%, this being much higher than any result with buffer
solutions.

Using tap water of pH 8.0 & runge of pH solutions
wag mude up using formic, acetic, propionic, hydrochloric,
and sulphuric acids. These were used to investigate the

effects of unbuffered solution on P.gruminis uredospore

germination. With all five acid solutions the optimum
pPH for ggrmination wus found to occur on the alkaline gide
of neutrality, thus differing from the results obtained by
KcIlvuine and Sorensen buffered solutions. During the
experimental period all the unbuffered pH values shifted
towards alkalinity.

The éxplanatibn of these results is not at present
known, but such results, as well uas many other morphological
differences in germ tube response to pH, show thut the effect
of rH is complicuated by the ionic muke up of the pH solution

and conclusions about pH effects on germination cannot be
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drawn from experiments using only one buffer.

The effect of water;pufity on 2.graminis uredospore

germination.

Using the settling column method of spore deposition
on sintered glass discs, the effects of rain water, tup
water, distilled water and ddonised wuater on spore germ=-
ination were examined. The deionised wuter was obtained
by running distilled water through an NB3 multipurpose
resin column.

The results of several experiuents showved that normal
germination only occurred in tup water und rain water,
distilled water and deionised wuter all resulted in very
low germination percentages, generally below 105. This
result was not caused by differences in pH between the
golutions since the distilled water, tup wuater and deion=-
ised water pH values were all within half a pH unit of one
another. These results indicate that water is not suff-
icient for normul gecmination and that certuin ions are
required by the spore in the water film. Under field
conditions these ions ure probably supplied by the wheut
leaf. These results are in opposition to the suggestion
by Doran (1919) that in the cuase of the Uredinales pure

water is sufficient for germination.
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These wuater experiments were repeuated using coll-

ections of fresh p.triticina uredospores uand aguin dis-

tilled water und deionised water, at all temperatures,
gave germination_pércentages less than 10%, whereas tap
wuter guve the normal optimum of over 90% germinution

at 15%.

The effect of the removul of unsaturated hydrocarbons in

the air, on P.graminis uredospore gerwminution.

since it had bren suggested by rarsyth (1955) that
an unsaturated ethylenic compound was active in inhibiting

sporc germination in Pe.graminis, the effect of removing

all the unsaturated aliphuatic guseous compounds in the

air, on the germination of P.gruminis wus exawined.

This wus done by passiog the alir through several
wushies of silver sulunate plus concentrated sulphuric acid.
after this the air wus wuashed to remove any sulphuric acid
and pussed into smuall experimental chambers contalning the

Pepiraminis uredospores on agur segments. A tube of

bromine in chloroform, connected to the air outlet, served
to meusure the efficiency of this method for removing
unsaturated bonds from the aic. The experimentul chumbders
contuining the spores on ugur segmentcs were swept through
with treated air for 3%hr., after which they were seuled

up for auother 1l8hr. Cont-ol chumbers were used which
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were seuled up initicily and not gwept through with
trcuted uir.

At ull temperatures examined, the germination
percentages were higher when tne spores were surcounded
by air from which unsaturated aliphatic bonds hud been
removed (Fig.48)., This could meun that certain unsatur-
ated substunces present in the luboratory air were inhib-

iting the germination of P.grawinis uredospores. It is

also pogsible thut 3%hr. sweeping removed a4 self inhibitor
being produced by the germinating gpores, for long enough
to bring the germination percentage slightly higher than
tuat in unswept uirc. It seems hardly possible that the
3%hr. of germination would have such a marked effect.

#lso it geems unlikely that a sufficiently lurge number of
spores were present in the chuaber for the effect of the
emitted self inhibitor to be felt to such a4 great extent.
It thus seems probable that unsaturated compounds present

in labo ‘abory air ace innibiting P.gruaminis uredospore

germination.

Ce.glunurun germination results.

¥resu collections of P.gluwuruw uredospores showed
very poor germination percentuges on agur, in the types of
water previously used and on sinbtered gluss discs in water.

It was thought that this wus due to some guseous inhibitor
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Fige 48. The effect of the removal of unsaturated hydrocarbons
in the air on V.graminis uredospore germination over
a4 range of temperutures.

present in the laboratory air, possibly a leukuge of coul
gus or‘one of its products of combustion. xperiments
using uair swept free of unsaturated aliphuatic hydrocarbons
fuiled to improve this low germination percentage.
Artificiul utmospheres werc then muade up using oxygen and

nitrogen from cylinders und the uredospores showed some
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improvement in germination under such conditions. Vihen
germination experiments were performed at the field station
at Asgcot, ﬁuch higher gerﬁination percehtages were obtained
in the greenhouse and out in the open air than were ever
achieved in London. Howevecr, germination wuas aguin inhibe-
ited und fell almost to zero when attempted in the lubor-
atories at Ascot. It appears that P.glumarum uredospores
are very sensitive to atmospheric pollution and will only
germinate sutisfactorily when placed in the open air away

. from industrial swoke and luboratory gases.

These preliminary experiments huve shown how effective
the settling column method is in producing 4 uniform spore
deposit uand how sintered gluss discs can be used for spore
gernination studies, thus enuabling differences in the
linquid medium used for germination to be examined. The
results of temperature and pH experiments are in ugreement
.with some previous workers but it seems that pure water 1s
not sufficient for uredospore germination in P.gruminig

and P.tritlcina and thut germination percentages on ugar

are lncreused above those in tup water and buffer solutions.

The germination process of P.glumarum was found to be

extremely sensitive to laboruatory guses und no successful

gerninations could be curried out under luboratory conditions.
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