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ABSTRACT 

Studies of the microclimate within a wheat field 

were made 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 maximum temperature 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.. 

Disease gradients of puccinia graminis and p.glumarum 

were recorded across large plots of wheat. 	-results were 

related to periods of suitable surface wetness and the 

uredospore load of the atmosphere. Intensification of 

both rusts was hyperbolic, there being no difference in 

the rate of intensification between the rusts. 	Different 

regions of the wheat plant consistently showed different 

degrees of infection. 

Aerobiological studies were made over and near 

rusted wheat plots. The effects of wind direction and 

speed on the numbers of P. graminis uredospores trapped is 

discussed. Maximum uredospore collections were obtained 

when there was no surface wetness, the temperatures and 

radiation were at their highest and the relative humidities 
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were between 30 and 39%. P.graminis 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 trapping methods were compared. 

The construction and results from a large constant 

environmental chamber is described. 

P.graminis uredospore liberation within a miniature 

wind tunnel was investigated and found to increase with 

increasing temperatures and 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 constant; on average, 

two attached uredospores were liberated with every three 

unattached uredospores. 

Some aspects of the physiology of uredospore germination 

were examined. 
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I SOME MICAOCLIMATOLOGICAL OBSENATIOAS 
WITHIN WHEAT FIELDS 

Introduction 

De Condolle in 1815, when considering rusts in 

general, recognised the importance of "les lieux et les 

ann6es humides" in the initiation of epidemics. Farmers 

before and after this date have referred to "muggy" 

weather as rust weather, meaning humid and warm meteorol-

ogical conditions favourable for rust development. Dey 

(1947) warned against over irrigation in parts of India, 

which could markedly increase the severity of rust outbreaks. 

Similarly Mehta et al (1951) observed the severity of 

rust associated with wheat grown near rivers and darns in 

Madya Bharat. Numerous other workers have also concluded 

that warm, moist conditions are favourable for rust out-

breaks. General observations although useful are not 

precise enough for accurate studies of rust weather and 

more data were desirable concerning the microclimate of the 

wheat field itself. 

Geiger (1950) showed how a stand of winter rye can 

modify the radiation effects near the ground, resulting in 

the position of mid-day maximum within the crop rising 

above ground level and the position of the night minimum 

again rising towards the top of the crop. The type of 
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temperature gradient set up within a crop is also 

dependent on the density of planting and the foliar shape 

and arrangement, the closer the planting the more extreme 

the microclimatic gradients. 

2aton (1948) investigated the temperature and air 

flow patterns within a wheat field and found that in the 

stand of wheat under observation the highest temperature 

by day and the lowest temperature 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 and under more windy conditions 

several thermal centres developed across the field. 	Such 

thermal air flows could account for spo2e movements within 

the crop when near stationary wind conditions prevailed 

outside the crop. 

Broadbent (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 dumidity gradients can exist within a crop with 

diurnal variations and fluctuations; these differences 

depending on the interaction of air tenperature, solar 

radiation, wind and rain. 

_Penman and Long (1959) present data obtained from 

continuous tempErature recorders within wheat stands of 
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various densities. Plant density affects the daily 

cycle of temperature and humidity in the crop, a thin 

crop having a lower average relative humidity and a 

shorter period of saturation on a dew night. A dew 

night is characterised by a humidity lapse between 

ground and canopy and a humidity inversion above the 

canopy. Inside the canopy mixing processes are always 

relatively slow, a conclusion su,)1)orted by the persistence 

of hot spots and damp spots. 

The results of these and other workers show how 

important it is to consider the structure of the partic—

ular microclimate when examining host parasite relation— 

ships with respect to epidemiology. 	Temperatures and 

humidities obtained from Stevenson screen records may 

have no application when meteorological conditions at 

the leaf surface are really needed. 

Materials and Methods. 

Temperatures and humidities were measured within 

wheat fields at ,Alwood Park using aspirated and non 

aspirated thermocouple junctions. A comparison was made 

of both instrument types to determine which would give the 

most reliable results. 
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Aspirated thermocouple apparatus. 

The thermocouple junctions were made up by spot 

soldering 26 S.W.G. copper and constantin wire together. 
The thermocouples were then coated several times with a 

surface coating resin adhesive (Ciba Products surface 

coating resin 820 R and f). 	This ensured that a good 

insulation was maintained along the wires as well as 

protecting the wires from the oxidative effects of the 

weatner. The resin proved very effective, providing 

the desired protection as well as being flexible and not 

cracking under the bending strains imposed. 	One thermo- 

couple junction was then enclosed in a tight fitting 

cotton wick, the free end of which was led into a small 

glass tube containing distilled water; this provided 

the wet junction. Both this and a dry junction were 

inserted in a piece of rigid polythene tube :Ain. in 

diameter and 6in. long. 	The wick connection from glass 

container to inside the polythene tube was sleeved by a 

small 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 aic temperature near 

the dry junction. 	air to be sampled was drawn through 

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

:experiments were carried out to determine the rate 

of air flow over the wet junction sufficient to bring 

about a constant depression of temperature. It was 

found that aspiration rates above 4 litres/minute gave 

almost constant depressions of temperature, this value 

being reached in about 20 seconds. In the field an 

aspiration rate of 5 litres/minute was used for each wet 

junction, and readingswere taken after 20 seconds. 

Three of these thermocouple units were mounted on 

a flexion post and used within the crop (Fig. 1). 	Long 

thermocouple wire twin flex extensions were used on the 

apparatus to enable readin 	to be taken at a distance 

without disturbing the crop. 

Olen practical tests were made in the field, it 

was necessary to protect the tube bearing the thermocouples 

from the direct sun, as this raised the temperature of 

the air several degrees above the correct value. The 

most effective solar screen tried was a large wire mesh 

U shaped frame covered in thin aluminium foil. This 

frame bolted over the thermocouple tube providing about 

lin. clearance all round from the tnermocouple tube. 

This provided a shield of low thermal capacity and high 

reflective power. 

',hen readings we 'r taken in the field a tnree way 



Fig. 1. Three aspirated thermocouple units 
mounted on a daxion post in the 
field. 

Fig. 2. Three non—aspirated taermocouple 
units mounted on a dexion post 
in the field. 
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air switch permitted the alternate aspiration of each 

thermocouple tube in turn. A flow meter in the air 

circuit was used to assess the correct flow rate of 5 

litres/minute.' 

Bon aspirated thermocouple apparatus. 

Theoretically, if a thermocou2le junction is made 

small , enough, the amount of heat received as direct solar r 

radiation is negligabie when measuring ambient air temper—

ature. If this was practically possible it would remove 

the necessity for screening thermocouples in the field. 

Very small thermocouples were constructed using 

40 S.W.G. copper and constantin wire which when tested in 

full sunlight showed no detectable rise in temperature 

due to direct solar radiation. 	These were then mounted 

on a wire frame on an octal valve base. 	white cotton, 

which had been boiled to remove any processing chemicals, 

was wound round one junction for "Ain. either side and 

then led into a glass tube containing distilled water. 

This provided an effective wet junction without greatly 

increasing the size of the junction. 	The thermocouple 

leads were soldered to the pins of the valve base. 

In the field a dexion cost was placed erect with 

three arms arranged at differ'nt heights, bearing octal 

valv base holders (Fig. 2). 	Iktension thermocouple 
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wires were then soldered on to the valve base holders and 

led out of the field to the main control switch. When in 

use, the thermocouples on the valve bases were just inserted 

in the valve base holders. This meant the main wiring 

could remain in the field indefinitely whilst the delicate 

thermocouples could be removed when not in use. All 

exposed wire joints were coated with the surface coating 

resin adhesive for protection against oxidation. 

All the thermocouple lead wires from both types of 

appaAtus were led to a 20 point contact heavy duty switch, 

housed in a large box at the edge of the field. 	This 

box also contained the standard thermocouple junction 

in melting ice and the Doran thermocouple potentiometer. 

The millivolt potentials resulting from each junction 

could thus be measured in turn at this box. 

Calibration curves were constructed for the 26 S.W.G. 

and 40 S..G. thermocouples by immersing the junctions 

in a water bath containing a standard thermometer 

measuring in 1/100°C. and taking readings of thermocouple 

potentials and temperatures at 2°C. intervals over the 

range utilised. The relationship was almost linear 

over the range 32 — 90°F.. 	The slopes of the 26 and 

40 S.W.G. graphs were not identical because of the differ— 

ences in the purity of the copper and constantin wires used. 
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The following wheat fields were used during 1958 

and 1959 to investigate microclimatological gradients 

within the crops. 

PLOT C. 1958. 

Plot C was 12 an acre of Eclipse wheat sown in an 

approximate square; the sowing was thick with the drills 

6in. apart and the plants were about 13in. high when the 

experiment was carried out. By November the leaf canopy 

had closed between the cows although the crop was only 

in the 4th. leaf stage and relatively low. 	Only the 

26 S.Vi.G. aspirated thermocouples were used and these were 

placed with a wet and dry junction at 2in., 13in., and 

30in. above soil level within the crop. ieadings were 

taken every 2 hours over a 24 hour period at each height. 

PLOT D. 1959. 

Plot D was one acre of Eclipse wheat sawn in an 

approximate square. The sowing was thinner than plot C 

but the drills were again about 6in. apart; the crop was 

rather thin in places due to the exceptionally dry spring 

and surdmer and the experiLent was carried out where the 

crop was thickest, i.e. about lOyd. inside the boundary. 

The crop was just in ear, these bring about 40in. above 

soil level; the leaf canopy was not complete and sun 

could easily 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, 

readings being taken every 2 hours over two seperate 24 

hour periods at each height. 

With both types of apparatus, readings were taken 

from the lowest to the highest and then repeated twice 

to give three results for each thermocouple. The 

average value for each thermocouple was then used to 

assessthe dew point and relativ humidity (R.11.) at each 

level. 

Dew formation was recorded at ear level during the 

experimental periods using a Hirst dew balance and the 

results expressed as percentages of the maximum depression 

measured by the inst2ument. 

aesults and Discussion. 

likneriment in Plot 0.1958. 

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 

constructed temperature profiles for this period (Fig.5). 

Altriugh no rain fell during the experimental period, 

9.2mm. fell between 1000 hr. on the 2nd. — 0300hr. on 
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the 3rd., the ground remaining wet during the experimental 

period. 

These graphs and temperature profiles show that 

the lowest temperature by night and the highest temperature 

by day were at the surface of the crop 13in. above ground 

level, a condition normally applying just above ground 

level where there is no plant cover (Geiger 1950). 

Temperature inversion within the crop occurred between 

1030 and 1230hr. and also between 1430 and 1630hr.. 

Above the crop, temperature inversion occurred earlier 

in the morning i.e. between 0630 and 0830hr. but in the 

afternoon again between 1430 and 1600hr. The clear skies 

present during the 1715 and 1900hr. measurements resulted 

in a large vertical temperature gradient and rapid drop in 

all measured teLpeatures; at 2030hr. the sky was overcast 

giving a measure of insulation visible as a marked decline 

in the vertical tem)erature gradient. From 2230 until 

o430hr. there was broken cloud and at 0630hr. a clear sky 

which provided another increase in the vertical temperature 

gradient resulting in another drop in all temperatures. 

Thus clouds at night have a marked effect on the out—going 

radiation rates and subsenuent crop temperatures and 

humidities. During the experimental period the R.H. 

within the crop were very high and it was not unti17100hr. 

that the 1.H. at crop level fell below 95%. These high 
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humidities within the crop were due in part to the 

heavy rain on the previous day creating a wet soil 

surface beneath the closed leaf canopy. 

loweriments in Plot D 17-18 June 1959. 

This experiment was carried out using aspirated 

thermocouples over the period 2000hr. 17 June — 2000hr. 

18 June and the results obtained are shown graphically 

(Fig. 6 and. 7) with constructed temperature profiles 

(Fig. 5). No rain had fallen since 10 June so the 

ground beneath the crop was very dry. The crop was 

in ear but the majority of the head stems had not fully 

elongated; the upper leaves of the crop were still 

green although the lower leaves had shrivelled due to 

the very hot dry weather. 	The results show that the 

daytime maximum temperature occurred nearest the ground 

and differed from the temperature at the top of the crop 

by more than 10°F. and from the Stevenson screen 

temperature by more than 15°F., The temperature maximum 

occurred around noon at which time the sun is at its 

highest giving the maximum vertical penetration to the 

soil between the upright tillers of wheat. During the 

night the outgoing radiation 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 towards the middle of 
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the crop. This result can be clearly seen from the 

temperature profiles (Fig. 5) between 2000 and 0500hr.. 

The density of the crop thins out considerably towards 

the heads and it is the thick mass of herbage occupying 

the first 12in. above ground level that insulates the 

ground level from excessive radiation and slows down the 

settling effect of the cool air produced at head level. 

The nigat Stevenson screen values are higher than the crop 

values, inversion occurring at daybreak at about 0400hr.; 

during the day the Stevenson scrren values are considerably 

lower than the crop values inversion occurring at about 

1800hr.. 

The A.11. during the day and night tended to be 

greatest at the top and middle of the crop, the Rai. at 

the bottom of the crop never rose above 92 even when 

copious dew aad formed at the 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 rapid morning 

drop in value when it corresponded to the values measured 

nearest to the soil. 

Dew formation began at 0200hr. at the time of the 

temperature inversion above the crop, and ceased at 0500hr. 

when the temperatures began to rise rapidly, and disap—

peared entirely from the polystyrene block of the balance 

by 0800hr.. At this time most of the dew had disappeared 
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from the crop except for a few large drops oa the leaf 

tips. It was observed that no dew formation occurred on 

the leaves and portions of the stems below 12in. above 

soil level. This is in agreement with the higher temper-

atures and lower relative humidities at this level. 

The results obtained from the non-aspirated thermo-

couples were similar to the aspirated results. A direct 

comparison of aspirated and non-aspirated results as 

averages from the three vertical levels (Fig. 8) shows 
that the non-aspirated values wc:.e always lower than the 

aspirated values although the graphs are similar in shape. 

Also the difference between these values is largest during 

the day, this probably being due to inadequate shielding 

of the 26 S.W.G. thermocouples from the sun. The reason 

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 - 1000hr. 4 July and the results obtained 
with the aspirated thermocouples are shown graphically 

(Fig. 9 and 10) with constructed temperature profiles 
(Fig. 5). The ground was very dry, in spite of 6.6mm.of 

rain which had fallen a few days previously, and the crop 

had dried out considerably and matured since the last 
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experiment on 17 June. The results :ire similar in type 

to those obtained on 17 June with the bottom of the crop 

having the highest temperature 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 again higher than those at the top of 

the crop, the inversion time also being about 0400hr.; 

during the day the Stevenson screen temperatures fell 

considerably below crop values, inversion occurring again 

at about 1800hr.. 

Dew formation began at 2100hr. at the time of the 

temperature inversion above the crop and increased unifor-

mly until 0600hr. when it ceased and began evaporating 

rapidly with the morning rise of temperature until at 

0800hr. it had disappeared from the meter and from most of 

the wheat plants. Again throughout the dew period no dew 

was visible on the plant parts situated within 12in. of 

the soil surface. 

Conclusions. 

These three experiments show how low plant cover 

affects and modifies the climate near the ground, reducing 

the extremes of heat and cold experienced on open ground 

and producing temJerature and humidity profiles within 
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the plant cover charactised in part by the type of plant. 

Wheat with its numerous upright tillers produces a close 

cover thinning out towards the ears. This upright arrange-

ment facilitates penetration of sunlight to the ground 

giving the day maximum temperature at ground level and also 

hindecing air movement at night insulating the ground 

and resulting is the night minimum being at, or slightly 

below, crop level. These temperature profiles have their 

effects on the dew points within the crop and in these 

experiments no dew was recorded in the bottom 12in..,  

This observation is of obvious importance when considering 

the epidemiology of fungal diseases dependent on dew for 

spore germination and 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 

than the temperatures within the wheat field. 

The aspirated 26 S.W.G. thermocouples were easiest 

to use in the field since they gave fairly stable readings. 

The 40 S.W.G. non-aspirated thermocouples were too sen—

sitive for visual potentiometric readings to be accurate, 

and this apparatus would be better used in conjunction 

with an electronic recorder taking readings over very short 

intervals when an accurate mean value could be obtained. 
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II THE SPREAD OF PUCCINIA GRAMINIS.AND P. GLULARUM 

FROM SMALL FOCI OF INFECTION. 

ntroduction. 

Since the near extermination of pwberis vulgaris  

in most European countries the uredo stage of P.graminis  

has become the chief means of initiating an epidemic of 

this fungus. Rust uredospores are capable of dispersal 

over large distances and thus create new infection centres 

at great distances from their source. This has been 

known for many years and has received considerable atten-

tion in N.America and Canada where epidemics of g.graminis 

spread northwards from the overwintering centres in the 

Mississippi valley region (Cragie 1945). It has thus 

become important to understand the local progress of the 

disease from a point source, since this initially must 

provide the reservoir of spores needed for the rapid dev-

elopment of the epidemic. 

Disease gradients in rust fungi have been observed 

for over a century and a half and the work of Stakman et al 

(1923), Buchanan and Kimney (1938), Cragie (1945) helped 

to promote interest in this direction. decently, Cammack 

(1958) investigated the effect of time of planting of 

Zea Ilya on the type of disease gradient obtained with 

P.polysora and found the disease gradients considerably 
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altered by several factors, principally contamination 

by inoculum from outside sources, the method of 

assessment and the time at which the assessments were 

made. 	6chmitt, Kingsolver and Underwood (1959) 

studied the development of P.graminis in a field of 

Thorne wheat from infection foci of varying initial 

intensities. Increase in the disease was most rapid 

where numerous foci were distributed over a large area 

and least where the foci were concentrated in a small 

area. More information concerning the disease gradients 

would have been provided had spore trapping been carried 

out in conjunction with this work. Underwood, 

Kingsolver, Peet and Bromfield (1959) measured the rate 

of increase and spread of P.graminis in quarter acre 

plots of Knox wheat surrounding a central focus of 

infection. They found the intensification of the rust 

to be exponential within the plots and showed how spread 

from plot to plot was influenced by wind direction and 

dew periods. In conjunction with this work Bromfield, 

Underwood, Peet and Grissinger tested the efficacy of 

adhesive coated rods (1.6mm. in diameter) in trapping 

uredospores in the vicinity of a plot of rusted wheat. 

The number of spores collected on such rods was closely 

correlated with the number of resulting pustules on 

wheat leaves used to trap uredspores. Pady and 
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Johnston (1959) attempted to relate the initiation 

and progression of rust epidemics in Kansas to prevailing 

meteorological conditions but had little more success 

than Peltier (1933) and Oragie (1945). This was 

probably due to the lack of information concerning dew 

periods, which under field conditions constitutes the 

main source of moisture for uredospore germination and 

penetration of the host. 

During 1958 and 1959 field trials were made using 

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

and Cappelle Desprez wheat to investigate the type of 

disease gradients obtained and the relationship, if any, 

between such gradients and the prevailing meteorological 

conditions. 

Field experiments. 

The field trials were carried out at 6ilwood 

Park field station, 6unninghill, Berkshire during 1958 

and 1959. 

Plot A. 

This measured 20yd. by lOyd. and was sown with 

Eclipse wheat in November, 1957. The plot was situated 
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on one side of a 4 acre field and at the bottom of a 

slight hill and hence showed a tendency to become 

waterlogged in the wet winter of 1957-1958, resulting 

in the crop being sparse in places. In the centre of 

the crop at about 3in. above soil level, the temperature 

and humidity were continously recorded using wet and 

dry distant reading mercury in steel thermographs. 

These instruments were chosen because of their 

robustness and general reliability under field 

conditions. The sensitive elements were protected by 

white painted plywood screens of similar design to those 

used by Hirst (1955). 

Inoculation of plants With P.graminis and 

P.glumarum was carried out by enclosing about 12 tillers 

in a large polythene covered frame and dusting the 

upper leaves with a mixture of uredospores and talc 

(Cherewick 1946). 	dater was then sprayed into the 

frame to saturate the air and provide surface wetness 

for spore germination. 

Assessment of the disease gradient was made by 

regularly staking outthe limits of spread of the 

infection and the distance of spread from the focus 

could then be measured. 	In assessing P.graminis, 

only pustules on the stems were considered and leaf 

pustules were ignored. This was necessary because of 
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heavy natural infection of P.triticina during the 

experimental period giving many leaf pustules which 

were superficially similar to P.graminis. Observations 

were made when the wheat was in ear and the spread of 

P.graminis appeared mostly as pustules on the stems 

and sheaths and the errors involved in ignoring leaf 

pustules were negligible. 

Plot B. 

This was similar in size and shape to plot A but 

Cappelle Desprez wheat was used instead of Eclipse; 

the planting date being the same. The readings 

obtained from the thermographs in plot A were considered 

relevant to plot B since the crop was similar in density 

and was only seperated from plot A by a 10yd. gap. 

Inoculations with P.graminis and 2.glumarum were 

carried out as in plot A, as was the assessment of the 
progress of the disease. 

Plot C. 

This was Yz acre of Eclipse sown in the shape of 

a square in August 1958 in the middle of a 4 acre field. 

The crop grew rapidly and was 14in. high by November and 

formed a closed canopy in most places. 	'vet and dry 

bulb distant reading mercury in steel thermographs were 



used, as in plot A, to measure temperature and 

humidity. Also some aspects of the microclimate 
within the wheat field were observed using aspirated 

thermocouples (see section on Microclimate). 

Plot D. 
This was 1 acre of Eclipse sown in August 1958 

in the shape of a square (Fig.l1). It was situated 
about mile from the previous plots A, B and C, and 

separated from them by rising ground, this helping to 

prevent natural spread of P.glumarum from plot C to 

this clot. By March 1959 this crop was well 

developed but thin in places. 

The temperature and humidity were recorded 

continuously at a height of 6in. above ground level 

within the crop (Fig.11,C) using a Cassella 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 apparatus required 
constant re—calibration when used under field 

conditions, the charts being changed weekly. Spot 
readings of temperature and humidity were also taken 

using both aspirated and non aspirated thermocouples. 
A dew balance (Hirst 1957) was used within the 
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Fig. 11. Plan of the experiment in plot D, showing the four 
assessment arcs and the vEr-SW diagonal, the focus of 
infection (F)and the positions of the wind direction 
recorder (A), the surface wetness recorder (B), the thermo-
hygrograph (C), the Hirst spore trap (T1,T2 and T3) and 
the vertical slide holders (V1,V2,V3 and'V4). 

(N=north, W=west, 8v-south and B:east) 



Fig. 12. 4hite ;)lywood screen covering the thermohyc6rographs in the field. 
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crop (Figal,B) to provide a contiaous record of the 

periods of surface wetness over the year. The 

polystyrene block acting as the wetness receiver was 

always kept level with the top of the crop by raising 

the recorder up on bricks. The charts from this 

instrument were changed daily and the instrument 

proved very robust and worked very reliably over the 

year in all weathers. 

since it was desirable to have a continuous 

record of wind direction within the crop a wind direction 

recorder was constructed (Fig.13). Many good charts 

were produced by this apparatus (Fig.14) but no 

reliable pen was found to suit it and as indicated 

later London Airport records were used in later work. 

:ihen in use the apparatus was placed above crop level 

at the corner of the plot (Fig.11,A), care being taken 

that no obstruction caused deflection of the true wind 

direction. 

A Hirst spore trap (Hirst 1952) was used within 

the crop at various dositions,(Fig.11,T1,T2 and T3), 

to measure the uredospore content of the air just above 

the crop. The trap was raised as the crop developed 

so as to sample the air about 12in. above the crop. 

Another Hirst spore trap was also maintained lOyd. 

outside the eastern edge of the crop within a plot of 



Fig. 13. The wind direction recorder at 
	

Fi6. 15. A vertical slide holder carrying 
the edge of field D. 	 4 slides, in position in field D. 



Fig. 14. Three daily charts obtained from the wind direction recordeE; 
the longitudinal edges of each chart representing 0 and 360 . 
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oats, both traps using the same Edwards vacuum pump. 

The slides for both these traps were changed daily 

at 0900hr. G.L.T. 

1Vhilst carrying out experiments in plots A and 

B the need for aerobiological sampling at various 

points and in various directions across the infected 

plots was realised. For this reason special vertical 

slide holders were constructed (Piga') to carry the 

same type of vaseline wax slide as used in the Hirst 

spore trap. Four slides could be mounted in each 

holder each facing outwards and at right angles to 

one another. A thin metal screen lft. square was 

mounted above the slides to reduce the mount 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 SW—NE 

diagonal across the field (Fig.11,VI,V2,V3 and V4) and 

the slides were changed weekly. 	The level of the 

slides was maintained throughout the growing season 

about 15in. above crop level. 

A focus of P.graminis was created in the extreme 

southwest corner of the field by injecting a 

suspension of ucedospores into 12 tillers (Lehner and 



-37- 

Humphrey 1929), thus providing a compact zone of 

infected tillers without the need for humid chambers. 

Also using this method instead of the spore dusting 

and humid chamber method used in field A, there is 

less risk of accidental infection due to stray spores. 

Disease assessment was curried out around four 

arcs, 5,10,20 and 36yd. from the initial disease 

focus, and also along the SW-NE diagonal across the 

field (Fig.11). 	5o that individual plants could be 

studied continuously throughout the epidemic,tillers 

were labelled at 12in. intervals around the four arcs 

and at 18in. intervals along the diagonal. The number 

and date of appearance of P.graminis pustules was 

recorded on the three upper stem regions 6,51 and 52 

and also on the upper two leaves (Fig.16) 

Plot E.  

This was 1 acre of Jufy wheat sown on 23 March, 

1959 in a plot 100x20yd.. The plot was sown where 

the plots A and B had been the previous year and again 

an irregular stand was produced due to unsuitable 

soil conditions. 	Disease assessment was made on 

labelled tillers 18in. apart around six arcs, 5,10,20, 

40,60 and Boyd. from the infection focus (Fig.17). 
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(1 ear 

 

head stem 

flag leaf 

S1 

   

final node 

penultimate leaf 

) penultimate node 

Fig. 16. Diagram showing the three stem regions and two 
leaves assessed for rust. 

S=exposed head stem. 
Sl=flag leaf sheath. 
S2=penultimate leaf sheath plus any exposed 

internOde between the final and penultimate 
node. 
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arc 2 

arc 3 	 20 

arc 4 40 

arc 5 60 

arc 6 80 

Fig. 17. Plan of the experiment in plot E, showing the six 
assessment arcs and the focus of infection (F). 
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Results and piscussion.  

klot A.  

Plants were inoculated with P.graminis and P.glumarum 

on 21 May and examination after two weeks showed only one 

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

focus of natural P.glumarum infection was found in this 

field and the subsequent spread of the disease from this 

focus was measured (Fig 18). 

Figure 18 represents tne spread of P.glumarum in 

this plot and Figure 19 the rate of spread plotted on a 

double logarithmic scale. The rate of spread is hyper-

bolic indicating a rapid spread near the focus, decreas- 

ing rapidly to a low rate further from the focus. .The 

terLination of the rate of spread was .)ropably due to the 

weather conditions becoming inimical to spore germination 

and penetration of the host. The more sparse distribution 

of the wheat plants at the south-east end of the field 

may also 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 available for uredospore 

germination and penetration of the host. This effect of 

the plant density on infection could also be seen down 
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scale 
5ft. 

Reading dates  (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 P.slui.arum from a natural focus 
of infection in a plot of Eclipse wheat (plot A). 
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Fig. 19. Intensification of P.glumarum from a point source 
in Eclipse wheat, plot A. 
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Fig. 21. Intensification of P.Rrawinis from point sources 
in Cappelle Desprez wheat, plot B. 



the north-east edge of the crop where infection of the 

outer two crop rows was retarded until 26 June whilst the 

disease rapidly moved north-west and south-east. Again 

it would seem probable that this was 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 

than across the rows, this factor also contributing to 

the more rapid spread of the disease north-west and south-

east in the direction of the rows. 

Plot B. 

Plants were inoculated with P.graminis  at two foci 
X and y on 10 June, stem pustules appearing at these foci 

on 26 June and subsequently increasing in size and number, 

being denser at the focus Y than the focus X. The inten-

sification of the disease from both of these foci was 

measured and the results shown as scale plots (Fig. 20), 

and the rate of spread plotted on a double log. scale 

(Fig 21). Results show the rapid spread of the disease 

north—west and south—east as did P.glumarum in plot A., 

whilst the spread north-east and south-west was slower. 

Again the density of the crop and the direction of the 

rows partly contributed to this pattern of spread. 

Figure 21 shows the similar rates of intensification 
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scale 
7ft. 

Aeading dates.  
1= 17 July 
2= 24 July 
3= 3o July 
4= 1 August 

X and Y = infection 
foci. 

2 

Fig. 20. The rate of spread of p.gramiais from foci 
established in a plot of Cappelle Desprez 
wheat (plot B). 
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of the rust from both foci, a similarity also shown by 

the corresponding graph for P.glumarum in plot A (fig. 19). 

It also indicates that the size of the initial focus gov- 

erns the distance of disease spread, the rate of spread 

being almost uniform. 

During the winter of 1958 the P,graminis infection 

disappeared and did not overwinter and appear in the 

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

Plot C.  

This plot was seen to be diffusely infected with 

P.glumarum on 2 September. This was a naturl infection 

and was c'tused by a spore shower and not a local focus of 

infection. This rust infection prevented the further 

use of this plot for yellow rust intensification 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 stage in plots A and C. During the winter 

these uredosori appeared pinkish in colour and as isolated 

sori and not stripes, fresh stripes of uredosori appearing 

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.graminis  uredospores. Yany pustules had broken 

through the epidermis of the stems by 18 June and several 

days afterwards entire regions of the stems were heavily 

pustulated, all 12 tillers being heavily infected (the 

first field observation of infection being the appearance 

of pustules). 

Despite persistent westerly winds during 19,20 and 

21 June and many hours of southerly winds during 22 June, 

it was not until 23 June that uredospores were collected 

in the spore trap which was situated only 9ft. away from 

the focus along the SW-NE diagonal. 

On 3 July one infected plant was found is arc 1 

(Fig 22 and Table 1) and by 6 July nine infected plants 

were present in this arc, on this latter date two infected 

plants being present in arc 2. This distribution had not 

altered 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 plants respectively. 

burface wetness records showed that from 18 June no 

adequate period for spore germination and host penetration 

occurred until 24 June when there were three consecutive 

favourable nights. This assumes 8hr. surface wetness to be 
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o= arc 1 
o= arc 2 
0= arc 3 
A= arc 4 

1.••••••• 

lifr- 20' 22' 14'26 28rOTT-4-T-6 1-6 	v itt 
June 	 July 

Fig. 22. The intensification of .p.graminis in plot D, with 
histograms showing periods of surface wetness and daily 
uredospore totals. 
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TABLE 1. The observed Jnd cor,'ected infection percentages  

in plot D at increasing distances from the focus of P.graminis. 

Assessment date Distance from vumber of 
(total days 	source 	infected plants 
since focus 	(yd.) 	(% of arc total) 
inoculation) 

Infection % 
corrected with 
the Multiple 
Infection 
Transformation. 

26 5 4.2 4.2 
10 0 0 
20 0 0 
36 0 0 

29 5 21.6 24.2 
10 4.8 4.8 
20 0 0 
36 0 0 

32 5 21.6 24.2 
10 6.3 6.5 
20 0 0 
36 0 0 

36  5 100.0 760.0' 
10 50.0 69.3 
20 2.3 2.3 
36 1.9 1.9 

39 5 100.0 760.0' 
10 78.6 154.0 
20 32.2 38.9 
36 3.8 3.8 

45 5 100.0 760.0* 
10 97.6 370.0 
20 66.7 109.9 
36 28.4 33.5 

* approximate values. 
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the ,inimum requirement for host infection by uredospores 

at temperatures between 55 and 60°F., a time confirmed 

by greenhouse experiments. Night temperatures from 

22 June until 14 July never fell below 50°F. and were 

geneoally closer to 60°F.. 	Thus temperatures during 

the effective dew periods were near the optimum for 

uredospore germination and never limited infection of the 

host. Assuming a 10 day incubation period for this rust, 

a time substantiated by the initial focal inoculation, it 

would seem that pustules outside the focus would not be 

apparent until 3 July, these plants becoming infected 10 

days previously on 24 June. 	This date for the appearance 

of fresh pustules was observed for a few plants around the 

focus and one plant in arc 1. 	The rust then intensified 

for 3 days corresponding to the three consecutive days at 

favourable surface wetness on 24,25 and 26 June. The 

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 again 

intensified due to favourable periods of surface wetness 

occurring on 30 June and 1 July. Further favourable 

periods on 4 and 5 July and from 11-22 July caused a rapid 

intensification of the epiphytotic. 

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

can be seen that from 23 June onwards uredospores were 
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present in the air above the crop, increasing in number 

as the rust intensified. Daily counts depend in part 

on the prevailing winds, southerly winds giving 

conditions favourable for spore trapping due to the 

position of the trap 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 consider 

using wind direction records from London Airport, some 

20 miles away. Table 2 shows a comparison of 14 days 

records and shows how similar are the records from both 

stations. Over 50% of the records are within 22e of 

one another and 98% are within 45°  of one another, 

most of these 98% being closer to 30°  than 45°. This 

similarity is even more surprising considering the 

London Airport values are spot readings whilst the field 

values are assessments 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, any inaccuracies arising 

being negligible in such studies. 

Comparing the daily spore totals (Fig.22) with the 

hourly wind direction records, the first spore collection 

on 23 June corresponds to the onset of regular south,  —

south—easterly winds, the wind between 0400 and 2000hr. 



TABLE 4.  Showing the similarity in wind direction records between liondon Airport 

and Plot D. 	 (L= London Airport, F= Plot D) 

June21 	22 	25 	26 	27 	28 July4 	6 7 	8 	9 	10 	16 	17 
LFLPLFLFLFLFLFLFLFLFLFLFLFL.F 

0045 NW NW W SE --------5 S E SEE -- NE -- SW S W--NWN   NWN SE — SE S 
0145 NW NW SW SE -- 	S S E SE — 	NE — S S NW -- NW N NW N SW -- S 
0245 NW NW — 	 S S SE SE -- -- NE -- SW S ---- NEN NW N SE — S S 
0345 NW NW SEE 	 S S E SE 	-- NE S S NW --- NW N NWN S -- SE S 
01445 NW NW E E 	 S S SE SE -- — NE -- S S NW -- N N NW N SE — S S 
0545 W NW E E-- -- SEESSE SE — — NE -- SW S NW N N N N 5 	S S 
0645 W NWE E MIME =RIM BESSE SE-- 	N 	S S SW 	N N N N S 	S S 
0745 W NW SEE 	EESSESESSN—SSS—NNNWNSE—SES 
0845 W NW E E W NW E E S S E SE S S N 	S S E 	NW N NW N SE -- SE S 
0945 NWNWEENNWEESS ESESSNENSSSE--NNNNSESSES 
1045 NW NW E E N NW SE E SE S E NE S S NE N S S NE -- N N NW NW S S SE S  
11.45 W NW SE E NW NW E E SE S E NE SSNNSS SE S NE N NW NW SE S SE S 
1245 NW NWEENNWEESESENESSNNSSESNNNNWSESSES 
1345 W NWE E NWNWNEE SES NENES S N N SWS S S N N W NV'S S S S 
1445 WWSEEWNWEESESNENESSNNSSSSNNWNWSSSS 
1545 WWSEEWNWEESESNENESSNENSSSSNNNWNWSESSS 
1645 SWWSEEWSWESESESENENESSENSWSSESNNNWNWSESSES 
1745 WNWEEWNWSESESESEENESSNENSWSSESNVNWNWSESSESE 
1845 W NW E E W W SE SE SE SE E NE S S NE N S S SE S N N NW NW SE S SE SE 
1945 W NWE E W NWE SESESENENES SNNSS ES NWNWW W SES SE--
2045 W NW E E NEN SESESESENENESWS N N SW S --S NWN W W S S S 
23.45 W NW E E NW NW SE SE SE SE E NE SW SWNSS 	— NW N W W SE S S 
2245 W SW SE E NW W SE S SE SE E NE SW S SW S W -- NE E N N W. W S S S 
2345 SWSEEEWWSESESENESWSSSNW—NWNIUNWWSES 
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being most important, in carrying the majority of the 
spores produced (see section on aerobiology). The 

spore collections from 23 June onwards gradually increase 

as the rust at the focus becomes more severe. The 

large spore collections on 5,7 and 8 July correspond to 

the return of southerly winds after several previous 

days of easterly winds. There were also southerly 

winds on 4 July, but a low spore collection, probably 

due to the much lower wind speeds on this day, being 

only about 8 knots compared with about 13 knots on 5 

July. On 8 July the spore trap was moved to a new 

position 22 yd. along the NE-SW diagonal (Fig. 11,T2). 

This fact partly accounted for the lower spore count 

although much lower wind speeds amd many hours of 

easterly winds would also reduce the number of spores 

trapped. From 9-14 July wind directions were pre-

dominantly easterly and northerly and only a few spores 

were trapped. From 15-18 July south-. south-easterly 

winds of strengths around 10 knots returned, resulting 

in a rapid rise in the number of trapped spores. The 

rapid intensification of the rust since 9 July would 

also provide a much larger and diffuse reservoir of 

spores, this fact also contributing to the rise in the 

number of spores trapped. A change in the wind direction 

and a great drop in wind speed on 19 and 20 July resulted 

in a fall off in the spore totals for these days. On 



-53- 
17 July the spore trap was moved further along the NE-SW 

diagonal to its final position 38yd. from the focus (Fig. 

11,T3). 

The intensification of the rust within each sample 

arc is shown in Table 1. The Multiple Infection Trans-

formation (Gregory 1948) was applied to the number of 

plants infected on the basis of the percentage of plants 

infected per sample arc. In Figure 23 the log. of the 

degree of infection (log10d) was plotted against the 

log. of the distance from the source in yards (log10X) 

for the three later assessment dates. The three graphs 

are nearly straight lines showing the hyperbolic nature 

of the disease intensification, the slopes of the 39 and 

45 day assessments becoming progressively flattened as 

the disease advances across the field. These disease 

gradients are similar in form and development to those 

obtained by Cammack (1958) using P.polysora.  Also the 

average gradient from the three assessments 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 

shay different degrees of rust infection. In almost 

all samples, the exposed head stems (S) showed the high-

est percentage of infection, the flag leaf sheath (81) 
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the next highest and the penultimate leaf sheath plus 

any exposed internode (S2) the lowest percentage of 

infection. Also with the successive assessments the 

differences in percentage infection between regions St  

SI and S2 increase, although the differences between 

low and high percentages in each arc may be exaggerated 

due to the small number of plants involved in the 

initial low percentage samples. Average values for all 

four assessment arcs show a more regular pattern. It 

seems that with the spread of the disease there is a 

fairly constant relation between the infection levels 

on different regions of the plant. In this experiment 

the head stems had elongated by the beginning of July 

and would be expected to receive the maximum spore load 

carried over the surface of the crop. Wind speeds 

decrease rapidly within the crop (Geiger 1950), and so 

the effective spore load carried past the lower inter-

nodes decreases, thus decreasing the possibility of 

infection at lower levels. Also a cereal crop with its 

vertical alignment of stems and leaves would be more 

reliant upon horizontal air flow for impingement of 

airborne spores than would a flat crop, where gravitat-

ional settling of spores would be sufficient. These 

horizontal air movements must also be above a certain 

speed for impingement to occur, otherwise the spores 
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would be swept past the vertical parts with the deflected 

air stream. 

Inherent differences in response to rust and ageing 

effects of the plant regions may affect these vertical 

patterns but the effect of wind speed on the numbers of 

spores deposited is probably more important. 

Plot E. 

on 22 June, 20 Jufy plants heavily infected with 

P.graminis  were placed out near the west end of plot 

this constituting the focus of infection (Fig.17). 

Care was taken not to liberate spores until the plants 

were in position at the focus. 

:surface wetness records 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 experiments showing Jufy to be 
no different from Eclipse in this respect. 	On 3 July, 

ten days after the first suitable period of surface 

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 surface wetness occurring 

some 10 days previously, and on 10 July this position 

of spread remained mostly unaltered since no more 

favourable surface wetness periods had occurred. By 

17 July the rust had intensified and spread to the 

lOyd. arc, due to favourable periods of surface wet-

ness occurring on 30 June and 1,4 and 5 July. Very 

little increase in spread had occurred by 21 July, 

only another one infected plant occurring in arc 2, 

this corresponding to unsuitable surface wetness 

periods from 6-10 July. The rapid development of the 

epiphytotic from 24 July onwards reflected the long 

period of favourable surface wetness that occurred 

from 11-22 July. 

The Multiple Infection Transformation was again 

used to correct infection percentages and the results 

plotted on a double logarithmic scale (Fig.23). The 

graphs again tend to be straight lines, showing the 

hyperbolic nature of the rust development, the slopes 

of the later assessments becoming progressively flat-

tened. These disease gradients resemble those 

obtained in plot D, being similar in form and develop-

ment to those obtained by Oammack (1958) with P.polysora.  

Figure 26 shows how different regions of the 
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plant show different degrees of rust infection. 	The 

same three regions for disease assessment (S,S1 and S2) 

were used as in plot D, but the highest level of infect-

ion occurred in the flag sheath (S1) instead of the 

head stem (S). Nearly all the figures show a character-

istic angular shape, differing markedly from the almost 

straight lines obtained from plot D (Fig. 24). 

since the Jufy wheat (plot E) was later in develop-

ment than the Eclipse (plot D), full stem elongation 

occurred later in the Jufy. Thus the flag leaves and 

sheaths constituted the top of the Jufy crop at the same 

time as the head stems made up the top of the Eclipse 

crop, therefore greater infection percentages aould be 

expected in the 61 region in the Jufy and the 8 region 

in the Eclipse. The tendency for all the figures for 

plot E to be parallel also indicate that with the spread 

of the disease there is a fairly constant relation 

between the infection levels on different regions of the 

plant, which is thought to be governed mainly by the 

wind velocity past each region. 

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

and Pt5lumarum disease gradients can be followed in the 

field. The intensification of both rusts from small 

foci of infection was hyperbolic, and there was no 
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difference in the rate of intensification between the 

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

of the focus seemed to govern the distance of disease 

spread, the rate of spread being almost uniform. The 

results from plots D and E show a more accurate means 

of following rust intensification in the field, relat—

ing it to periods of suitable surface wetness and uredo—

spore load of the atmosphere. The intensification 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 

and E also show how different regions of the wheat 

plant show different degrees of rust infection, which is 

probably related to the vertical fall off in wind speed 

within the crop and hence to the total uredospore load 

carried past the various regions of the wheat plant. 

During the summer of 1959, natural infection of 

wheat fields in Windsor Park by P.graminis was first 

recorded on 20 July, when the crops were too far advanced 

for epidemics to develop. It seems that the initiation 

of epidemics in southern England is governed by the 

arrival of uredospores and suitable periods of surface 

wetness, temperature effects being relatively unimportant. 

If uredospores arrived sufficiently early in the season 
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and conditions of surface wetness were suitable for 

penetration of the host to occur, epidemics in southern 

England could develop in June and become severe by July. 

Since it now appears that p.graulinis epidemics in this 

country are caused by uredospores coming from other 

European 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 trapping in conjunction with surface wetness records 

could provide a forecasting method for outbreaks of rust 

epidemics. This would, however, be of academic interest 

only at the present time because a suitable economic means 

of controlling the rusts other than by the use of resist-

ant varieties has yet to be found. 
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III UREDOSPOah AEa0BIOLOGY 

Introduction 

The aerial transportation of rust uredospores 

has been recognised since the early part of the nine—

teenth century, but Ward in 1882 (Arthur 1929) was 

first to trap uredospores from the air on sticky slides. 

Occasionally the number of uredospores present in the 

atmosphere may be large enough to create a red cloud, 

thus in 1932 an immense red cloud of rust spores passed 

over the Danubian plain during a thunderstorm, after 

which the wheat harvest was completely destroyed (Dodoff 

1933). 	Generally, nowever, the number of uredospores 

in the atmosphere is far too low to see as a cloud and 

some type of trap has to be employed to de.onstrate 

their presence. 

Various methods of spore trapping have been 

employed by such people as Gassner, Spaulding, Stakman 

and Cragie (Arthur 1929) and more recently Gregory (1951), 

Hirst (1953), Hamilton (1957), Pady 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 continuous air sampling 

for particles of a wide size range. It is thus possible 

to follow the aerial dissemination of uredospores and 
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to examine how far from a focus of infection the first 

link in the infection chain extends relative to the 

aerial movement of the spores. The trap results also 

provide information on the diurnal periodicities of 
various fungal spores and such spore collections can 
be related to the weather conditions at the time they 

were trapped, to investigate the possible effect of 

meteorological f actors on the results. 
Gregory (1952), Hamilton (1957) and Bromfield et 

al (1959) noticed that the majority of uredospores are 

trapped during daylight hours and the various reasons 

suggested for the low number trapped at night have in-

cluded the low wind speeds during this period, dew 
precipitation, high humidities and low temperatures, 

working together or independently. The entire question 

of uredospore dissemination relative to weather conditions 

has up to now remained rather poorly studied and obscure. 
The following aerobiology section is an attempt 

to clarify the effects of various meteorological factors 

on uredospore dissemination and also to provide inform-

ation on uredospore deposition gradients from foci of 
infection, to link up with the disease gradients observed 
in the field. 
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Materials and Methods  

Hirst automatic volumetric spore traps and exposed 

vertical slides were used for trapping uredospores in 

the air. The Hirst traps provided a continuous record 

of the air spores from which numbers of uredospores 

present at any time of the day or night could be calcul-

ated. The vertical slides, although not as efficient 

in sampling total uredospores as tile hirst trap, provided 

an inexpensive means of following uredospore gradients 

with increasing distance from the source. 

Hirst automatic volumetric spore trap (Hirst 1952). 

This trap was designed to improve upon the previous 

methods of air sampling and give a continuous record of 

the particles present in the air over 24hr. periods. 

Air is drawn through an orifice 14 x 2mm. and 

impinges on the moving sticky surface of a microscope 

slide. The suction of air is provided by an electric 

pump, a bleed valve giving the required flow rate of 

10 litres/mia. through the orifice. The sticky slide is 

drawn past the orifice at the constant rate of 2mm./hr. 

by a clockwork motor. The orifice faces horizontally 

and a wind vane mounted on the trapping unit maintains 

the orifice facing into the air stream. 
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In all the experiments the orifice was kept as 

close as possible to the top of the crop by raising or 

lowering the trap. 	iihere necessary, some of the plants 

surrounding the trap were removed to give clearance for 

the trap to swing with the wind. 

The sticky slides were prepared by first coating 

a 60mm. length of the slides with a 10% solution of 

SoIvar, which was allowed to dry, and then coating the 

surface with a thin layer of molten vaseline and paraffin 

wax (90/10%). A 3mm. strip was then removed around the 

slide edge to allow for placing in the trap slide carrier. 

The slides, after exposure, were prepared for scann—

ing by mounting in a glycerine jelly plus 1% phenol 

mixture using a 23 x %i' n. cover slip. This medium gave 

good preservation of shape, colour and size of uredospores 

even after two years storage. 

The slides were scanned for spores using a binocular 

microscope containing a squared graticule in one ocular. 

This graticule allowed counts to be made within the central 

region of the microscope field, neglecting any spores 

occurring at either edge of the field and thus reducing 

edge errors involved in scanning. The slides were scanned 

transversely and at 2mm. intervals, thus 25 scans were 

made for each slide. A magnification of xI60 was used 

giving a scan width of 0.4mm., this including all spores 
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between and underneath the two lateral graticule lines. 

Therefore since scans were made at 2mm. intervals, 20% 

of each slide surface was scanned. The high power 

objective was used where necessary to confirm the ident-

ification of spores. 

If the slide moved at exactly 2mm./hr. any trans-

verse line would be exposed for exactly one hour, but 

increasing the width of field scanned increases the time 

period to which this field can be related. Thus with a 

width of 0.4mm. a scan at 1100hr. on the slide could 

include spores produced from 1024 - 1136hr. In these 

experiments when attempting to relate spore load to pre-

vailing weather conditions, scans at the hour, of 0.4mm., 

were considered to represent spores present in the air 

from 30 minutes before to 30 minutes after the hour, this 

assessment being considered sufficiently accurate. 

Where possible all daily slides for the traps were 

changed at 0900hr. G.M.T. and all further references to 

time are given as units G.M.T. 

The location of the spore traps in relation to the 

experimental plots A,B and D is described in the section 

on rust intensification from infection foci. 

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

1958 at a position l5yd. 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 was covered by a low weed layer. 

The spore trap "E" was operated from April until 

October 1959 at the positions previously indicated in 

plot D. 

The spore trap "R" was operated from March until 

October 1959 at a podtion loyd. outside the east boundary 

of plot D within a small plot of oats. 

The vertical slides. 

These have been described previously (see section 

on the intensification of rust from infection foci) in 

connection with plot D. Four holders were operated (V1, 

V2,V3 and V4) each containing a slide facing north, west, 

south and east 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 plot. 

The slides were mounted using the same mountant 

as with the space trap slides and using a 2A x An. cover 

slip. 

The slides were scanned longitudinally using a 

magnification of x80. Six scans were made on each slide 

with a 3mm. gap between each scan; thus since the micro-

scope field was lmm. in diameter and the length scanned 
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50mm. (no graticule was used), approximately 3 sq.cm. 

of slide surface were scanned for spores. A total of 

128 slides were scanned in this manner covering the period 

14 June — 8 August, 1959. 

Meteorological observations 

Temperature and Relative Humidity 

Records were obtained from continuous thermo—

graph and hygrograph records in a 4ft. Stevenson screen 

in front of Silwood Park House. 

Radiation 

Values were obtained from a Robitzsch recorder 

on the Observatory Ridge site, 330yd. north of Silwood 

Park House. 

Wind direction and speed  

The values used in this section were provided 

by London Airport and as previously indicated the wind 

direction values shaved reasonable similarity to those 

obtained in the field (see the section on rust intensif—

ication from infection foci). The wind speed values 

occurring in the field would become modified by the local 

topography and thus the London Airport values would only 

represent trends occurring in the field. Such inaccur—

acies as may arise in individual values would be reason—

ably constant over a period and thus less important when 



-71- 
comparisons between days and weeks were made. Also 

when considering the effect of wind speed on spore 

liberation, it must be realised that a mean assessment 

at various positions within and above the crop would be 

necessary before an accurate effective value could be 

provided for wind speed. 

Surface wetness  

This was measured using a Hirst dew balance 

within the crop (see the section on rust intensification 

from infection foci). 

Results and Discussion 

Spore traps E,F and R 

P.graminis uredosp ores 

The results from all three traps follow a 

similar pattern and Figure 27 shows the results obtained 

from trap E during the summer of 1959. The first spores 

were trapped late in June and the number increased to a 

maximum between 12 and 26 July and then decreased to 

zero in September. The weekly spore totals were much 

smaller from trap F than from trap E, since the area of 

infected plants adjacent to trap F was much smaller than 

for trap E. Also the trap F was many yards from the 
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plot of infected plants whereas trap E was within the 

infected crop. The spore totals from trap a were also 

low compared with trap E, due to the trap being some 

distance from the focus. 

In all three traps, surges of uredospores occurred 

when the crop was harvested (Fig.27 week 16-22 August), 

this undoubtedly releasing vast numbers of spores into 

the air at once. 

P.triticina uredospores 

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 rapidly to 

a low level which decreased to zero early in September 

(Fig.27). Compared with the P.graminis results, there 

were fewer spores trapped and also the numbers trapped 

decreased to a low level much earlier in the season. 

P.glumarum uredospores 

At low magnifications these uredospores are 

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

a difficulty also experienced by Pady and Johnson (1959). 

Where the separation was doubtful the spores were counted 

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

With all three traps, the number of P.glumarum uredospores 

recorded was very low and most were caught in June and 

July, only a few isolated spores being trapped in early 

August, this supporting the fact that P.glumarum appears 

to be limited by the higher summer temperatures and occurs 

predominantly in spring and autumn in southern England. 

The diurnal periodic curves obtained from the spore 

totals of each trap were similar in shape, those from trap 

g differing only in the rapid morning rise in numbers 

occurring 2 hours later than with traps E and R. This 

morning rise of spores was governed in part by the rate at 

which the morning dew dried off the leaves. The summer 

of 1958 was much wetter than that of 1959 and this would 

generally have resulted in the early morning dew remaining 

longer on the leaves in 1958 and thus the morning rise in 

spore numbers would occur later in the day in 1958 than in 

1959. 

Figure 28 shows the diurnal periodic changes in 

total uredospore numbers trapped during 1958 and 1959 and 

represents the total number of identified uredospores 

counted in 7,225 transverse scans of 289 slides. 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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83% of P.glumarum being collected from 0700 - 1800hr. 

The closeness of these percentages indicates that all 

three rusts are affected similarly by whatever factors 

cause the diurnal periodicity in trapping, indicating 

that the response is mainly caused by external physical 

changes in the environment rather than by changes within 

the host. Of course, the diurnal periodicity may be 

caused in part by diurnal changes in the host and parasite, 

but if this is so, the three species were behaving remark-

ably similarly. 

The effect of prevailing weather conditions on the numbers  

of P.graminis uredospores trapped. 

Figures 29,30,31,32 and 33 show the numbers of uredo-

spores trapped at known times during July 1959 in plot D 

and the weather conditions throughout the periods of 

trapping. The figures are examples selected from many 

similar results produced throughout July and August, 1959. 

In discussing each day with respect to the weather 

conditions, emphasis has been laid.on wind speed and 

direction and surface wetness, these three measurements 

greatly affecting the numbers of spores trapped. The 

possible effects of temperature, humidity and radiation 

are less obvious and are analysed later. 
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and 7 July (Fig.29) 
The spore trap E was situated 3yd. north—east 

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 load of the other 2 days. 	The decrease 

in wind speed from 10 knots to 5+ knots on 7 July did not 

result in a reduced spore load on the latter day, but the 

focus of infection would have intensified over this period 

and with the spore trap being so close, this would counter 

any possible decrease in spore load due to the decreased 

wind speed. 

Spore trapping on all 3 days began about one hour 

before the surface wetness ?ecorder showed no water deposit, 

indicating that all the dew had evaporated. Although 

there was no dew on 6 July until 0400hr. winds were northerly 

and therefore no spore collection would be expected. Also 

although no dew formed on 7 July until 0100hr. winds before 

this time were adverse to spore collecting, being northerly 

and westerly. 

Spore trapping also began when temperatures and rad—

iation were increasing and humidities were decreasing. 
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14,15 and 16 July (Fig.30) 

The spore trap was situated 22yd. north—east 

of the infection focus during this period. 

During the period 14-16 July there was a gradual 

increase in the spore load trapped, resulting from the 

winds strengthening and becoming more regularly southerly. 

Very few spores were trapped when there was surface 

wetness and spore trapping began about one hour before the 

surface wetness recorder showed zero wetness. 	On the 15 

and 16 July large spore collections were obtained after 

periods of surface wetness, a result which was generally 

observed. 	This would be anticipated if uredospores were 

still produced during the night and the surface wetness 

caused them to clump and remain in the uredosori. The 

drying out of the sori with the morning winds would then 

result in an initial surge of airborne spores. 

17618 and 19 July (Fig.31) 

The spore trap was situated 38yd. north—east 

of the infection focus during this period. 

There was a gradual decrease in the spore load 

trapped during the period 17-19 July, resulting from a 

change in the wind direction from southerly on 17 July to 

easterly on 18 July and north—easterly on 19 July; this 

was also accompanied by a drop in wind speed on 19 July. 
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Again most spores were trapped when there was no 

suffice 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 17 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, causing unusual turbulence within the 

crop. 

25.26 and 27 July (Fig. 32)  
The spore trap was situated 38yd. north—east 

of the infection focus during this period. 

A greater number of spores were trapped during 

26 July than during the other 2 days, due largely to the 

more consistent southerly winds on this day. 	The wind 

speeds increased during the 27 July but llhours of easterly 

winds during this period kept the spore load trapped 

lower than the previous day. 

Most of the spores we-e trapped during periods when 

there was no surface wetness, the first spore collection 

on 26 July being large. 

The sudden large spore collection at 1700hr. on 

25 July was probably due to the veering of the wind from 

east to south accompanied by an increasein wind speed from 

2-13 knots during this hour. 
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As in previous days, the morning rise in spore load 

trapped began when temperatures and radiation were rising 

and humidities were falling. 

2900 and 31 July (Fig. 33.)  

The spore trap was maintained 38yd. north-east 

of the infection focus during this period. 

The number of spores trapped on these 3 days was 

much lower than on the previous 3 days, due to the combined 

effects of northerly winds and persistent surface wetness. 

On 29 July there were only one or two hours when there was 

no surface wetness, this contributing to the low spore 

count on this day. The 31 July showed a break in the 

wet conditions with many hours showing no surface wetness. 

However persistent northerly and easterly winds kept the 

spore load 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.graminis uredospores trapped by the trap E is purely an 

artificial effect created by the directional relationship 

between the focus of infection and the trap. Although 

the trap was moved further from the focus on 8 and 17 July, 
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it was always moved along the NB-SW diagonal from the focus 

and thus did not alter may directional relationships to 

to spore load. 

From the previous discussions of Figures 29-33, 
southerly winds appear to be most favourable for spore 

trapping. This is also borne out by an hourly analysis 

of wind directions and spore load from 1 July-12 August 

(Tables 3 and 4). Spores were trapped in 54% of the total 

duration of southerly winds during this period. Easterly 

winds resulted in a lower percentage and northerly and 

westerly winds were least effective with percentages of 

17 and 19 respectively. Table 4 gives the total numbers 

of P.graminis uredospores trapped relative to the wind 

direction at the time of trapping. The number of q? ores 

trapped per hour of each total wind direction then gives 

a measure of the efficacy of each wind direction in carrying 

spores to trap E. Southerly winds carry over 9 spores 
per hour to the trap, this being almost three times aspmanY 'as 

easterly and eight times as many as westerly and northerly winds 

Since trap E was situated north—east of the infection 

focus, initially before much spread occurred, westerly 

winds should be as efficient in carrying spores to the trap 

as southerly winds. However with the higher total 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 August 
1959, excluding hours when there was heavesurface wetness ,  

and &..iving the total number of hours when spores were  
trapped in each direction. 

Wind direction North West South East 

Total hours 151 131 157 257 

Hours during which 
spores were trapped 

26 25 84 81 

% hours of total 
for each direction 

17 19 54 32 

(* heavy surface wetness was the period 2hr. after 
surface wetness began until 2hr. before it ceased 

to be recorded) 

TABLE 4. The total number of P.graminis uredospores trapped 
from 1 JulY-12 August 1959. during thc;Period when the  
wind was in each direction.  

Wind direction 	North 	West 	South 	East 

Number of 	225 	245 	1460 	895 
uredospores trapped 

Total hr. wind 	151 	131 	157 	257 

Number spores per hr. 0.89 	1.12 	9.30 	3.48 
of total wind 
direction. 
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intensification of the disease in the southerly direction 

as observed in the field during this period. The heavier 

development of the rust southe2ly would then result in the 

southerly winds carrying more spores per hour than the 

westerly winds. 

The local topography may also have had some influence 

on these results. Plot D was situated in a shallow valley 

running north—south so that the wind direction as measured 

at London Airport may have become modified in the locality 

of plot D in a 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 appeared that increasing 
wind speed increased spore collections, although this 

effect was hard to separate from the effect of wind direction. 

Table 5 separates wind speed into 5 knot groups and shows 

the results obtained from 1 July-12 August 1959 in plot D. 

The percentage of spore bearing winds increased up to 45% 

at wind speeds of 11-15 knots, after which it fell to 33% 

at speeds 16-20 and 20+ knots. 

Table 6 dhows the number of uredospores trapped 

at each wind speed group expressed per hour of total wind 

speed group. The number of spores per hour increased with 
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TABLE 5. Wind speed totals from 1 July-12 August 1959  
excluding hours when there was heavy surface wetness, and 
the total number of hours for each speed group during  
which spores were trapped.  

Wind speed 
(knots). 

0-5 6-10 11-15 16-20 20+ 

Total hours 185 330 121 54 6 

Hours during which 
spores were trapped 

47 95 54 18 2 

% spore collecting 
winds of total 
for each speed. 

25 29 45 33 33 

TABLE 6. Total number of P.graminis uredospores trapped  
from 1 July-12 August at various wind speeds.  

Wind speed 
(knots) 

0-5 6-10 11-15 16-20 20+ 

Number of uredo- 
spores trapped. 

565 1345 750 160 10 

Total hours 
wind speed 

185 330 121 54 6 

No. spores per 
hour of total 
wind speed group. 

3.06 4.08 6.20 2.95 1.45 
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increasing wind speed up to 11-15 knots and then decreased 

with wind speeds above this value. These results however, 

are intimately dependent upon wind direction and Figure 34 

dhows an analysis of the wind direction patterns within 

each wind speid group. Of the four wind directions, the 

southerly wind group percentage shows exactly the same 

pattern of rise up to 11-15 knots and then fall/  as does 

the number of spores per hour. None of the other three 

wind directions follow this pattern. Since southerly winds 

have been shown to carry a much greater spore load than 

winds of the other three directions it is evident that 

the effect shown here with increasing wind speed may be 

one of wind direction rather than speed. To what extent 

wind direction is modifying the speed results is hard to 

determine, and the detailed effect of wind speed upon spore 

load is thus uncertain. Also for detailed studies of the 

effect of wind speed on store load it would be necessary 

to know the wind speeds at various positions within the 

crop as well as above the crop, since the dense zone of 

uredosori is generally some distance within the crop. 

,Surface wetness  
Figures 29 - 33 show the effect of surface 

wetness on spore collection, there being only a few spores 
trapped during periods when surface wetness was recorded. 
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From 1 July - 12 August, 1959, 88% of the total hours 

during which spores were trapped occurred when there was 

no surface wetness. 	(This value is based on a wetness 

value beginning lhr. after the first recorded deposit up 

to lhr. before all the deposit had evaporated). During 

the period described, almost all the surface wetness was 

caused by dew during the nights. The uredosori would be-

come saturated with moisture and the spores held down in 

a water film. Germination could occur under such condit-

ions unless the spores within the vicinity of the sorus 

were inhibited from germination in some way. spore 

collections often included spores showing germ tubes and 

others which had germinated and the tube broken off, 

indicating germination took place before release from the 

sorus. 

Temperature  

Figure 35 shows the regular increase in trapped 

uredospores per hour of relevant temperature, with increas-

ing temperature; the relationship almost being a straight 

line. It would appear that high temperatures even between 

85 and 90°F , favour the more rapid induction 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 temperature affects the 
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production rate of the uredospores by the sorus, this 

reaction being reflected by the volume of the spore load 

trapped. 

Temperature must also affect the rate at which surface 

wetness evaporates and taus indirectly affect the availab—

ility of the spores for liberation. However since 88;., of 

the spore trapping hours occurred when there was no surface 

wetness this effect of temperature would be small. 

Humidity 

Figure 36 shows the relationship between humidity 
and spore load trapped in plot D from 1 July — 12 August, 

1959, the humidity values being grouped at 10% intervals. 

The number of trapped uredospores increased from 18.4 to 

24.2 spores per hour with increasing R.H. from 20-29 to 30o-

39%; after this the number trapped gradually declined with 

increasing R.H. until between 90-99% the lowest value of 
2.9 spores per hour was recorded. These results are 

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

an increased spore load with increased humidity. It would 

seem, however, that different effects were measured, 

Hamilton measuring the effect of humidity on the spores 

when they were airborne over long distances, whereas with 

these results from plot D the spores were probably only 

airborne for a few minutes before they were trapped and 
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effect of humidity was more likely to be on the uredospore 

production and liberation processes. 

Since the relative humidity of the air is dependent 

in part on the temperature of the air, and the daily rise 

in temperature is generally accompanied by a corresponding 

fall in 	(Figs.29-33), this effect of a.h. upon the 

spore load may be just a reflection of the effect of 

temperature on the spore load, and not a direct one on 

spore production and liberation. 	It is true, however, 

that larger numbers of spores were trapped at periods of 

lower d.h . than at periods of higher d.11., this effect 

following a regular pattern with increasing 3.h.  

Radiation 

figure 37 shows the relationship between the 

daily uredospore load trapped during July in plot D and 

the daily radiation total measured in arbitrary units. 

With radiation totals up to 350 units, only low numbers of 

uredospores were trapped and from 350 to 600 units the 

numbe2s trapped greatly increased. Also daily uredospore 

totals above 100 only occurred when the daily radiation 

totals were above 350 units. It is difficult to isolate 

temperature effects from radiation effects under such field 

experimentation and since temperature is in part dependent 

upon such radiation totals, the results described may be 
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due to the effect of temperature and not radiation. This 

does not invalidate the observed results but merely indicates 

that the radiation effect may not be direct on one of the 

processes of spore production or liberation but a secondary 

factor accompanying change of temperature. 

The previous detailed discussion of the effects of 

meteorological conditions on the spore load trapped shows 

haw some of the conditions are closely related and almost 

inseparable from one another in their effect upon the uredo— 

spore load of the air. 	Stith the type of experiment set out 

in plot D, using a sdore trap at some distance from a focus 

of infection, wind direction was of prime importance in 

determining the number of uredospores reaching the trap, and 

southerly winds were found to be the main spore bearing 

winds, easterly winds being next in importance. 	dive speed 

apart from being essential for moving uredospores in the air, 

showed no direct relationship to the uredospore load trapped, 

the apparent increase in spores with increasing wind speed 

was shown to be due to the distribution of southerly winds. 

Laximum uredospore collections were obtained under the 

following conditions:— there was no surface wetness, the 

temperatures were at their highest, the relative humidities 

were between 30 and 39% and the radiation was greater than 
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350 units. These conditions accompanying increase in 

uredospores in the air explain the diurnal periodicity 

shown in Figure 28, but whether all these conditions 

directly affect spore production and liberation, or whether 

some are secondary effects, cannot be deduced. 

Vertical slides in plot D 

Directional spore totals  

Table 7 shows the number af P.graminis uredo— 
spores trapped from each direction during the spread of 

the disease in plot D, 1959.. 	Each direction total was 

obtained by adding the four corresponding direction values 

from the positions V1,V2,V3 and V4. The number of spores 

trapped from the south was 3,522, tnis greatly exceeding 

the numbers from the other directions, which were west 

2,626, north 1,893 and east 730. In all directions the 

peak week for spore trapping was 20-27 July, a time when 

the disease was intensifying rapidly in the field. After 

this peak was reached, the numbers trapped from the south, 

east and west dropped off gradually to zero after 10 August. 

The northerly collection however showed a fairly stable 

trapping number of about 600 each week from 20 July — 10 

August. This was caused by the appearance after 20 July 
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TABLE 7. P.graminis uredospore totals collected in each  

direction on the vertical slides in plot D during 1959.  

Direction North est South East 
Date 

22-29 June 0 0 14 0 

29 June-6 July 0 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-3 August 598 609 65o 223 

3-10 August 567 114 56 22 

of severely infected plants towards the northern boundary 

of the field which gave larger spore loads in the later 

weeks coming from the north. 

The results from these slides agree with those from 

the spore trap E in that the southerly winds carried the 

greatest spore load, but differ when comparing the totals 

from the east and west. 	hiith the more rapid southerly 

spread of the rust across the field it would be expected 
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that the westerly totals would be greater than the easterly 

totals and the low number of spores trapped relative to the 

westerly winds (Table 4) would appear incorrect. However 

two quite different methods of spore sampling have been 

used; the Hirst trap results are related to winds from each 

quarter, thus the westerly totals correspond to all winds 

between 45 and 135°. The vertical slide results are less 

precise and a slide facing due west could conceivably collect 

spores from winds blowing anywhere between 5 and 175°, so 

that this method of collecting spores relative to wind direct- 

ion would be less exact. 	Also, as mentioned previclusly, 

plot D was in a north - south valley with the westerly bound-

ary facing uphill, which may have resulted in the modific-

ation of the westerly wind directions as measured at London 

Airport in more south-west and north-west directions and 

could have contributed to the low spore counts from the 

westerly direction. 

Uredospore gradients across Plot D 

Figure 38 snows the P.graminis uredospore 

gradients obtained from north, south, east and west across 

plot D using vertical slide totals. All four directions 

show the characteristic type of curve associated with spore 

dispersal gradients, the gradients being steeper southerly 

and westerly due to the higher spore load obtained from these 
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directions. They show the characteristic flattening a 

the curves parallel to the distance axis at very low spore 

levels, since a few spores will be carried to great distances 

from the focus. 
	 • 

Figure 39 shows the P.graminis uredospore gradient 

obtained from plot D assessed from the southerly slides only. 

The gradients from the other three directions are very 

similar and the avefage gradient of all four directions is 

close to the southerly gradient but slightly steeper. 

However, since the normal and low tu2buience graphs are 

relative to the dispersal of spores from a point source, the 

southerly directions totals give tne best representation of 

tae type of dispersal in this experiment. 	The spores coll—

ected at the 20,36 and 52yd. positions are expressed as 

percentages of the totals at the lOyd. position, and so the 

gradients from each direction are comparable. 

The gradient of the southerly graph is almost parallel 

to the expected theoretical graph for normal conditions of 

turbulence (Gregory 1945) and thus helps substantiate the 

deposition formulae put forward by Gregory for spore gradients 

obtained from a point source. In these formulae the dilut— 

ion of the 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 relegated to condit—

ions of secondary importance. The graphs also show that the 
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deposition gradient is closer to the normal 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 obtained 

by this experiment also follow the hyperbolic disease 

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

ification from infection foci). 	Thus the P.graiNinis  
disease gradient averaged from the 26,29 and 35 day observ—
ations in plot D and shown in Fig. 39 is parallel to the 

spore deposition gradient obtained from this plot, this 

emphasising the obvious dependence of disease gradient upon 

spore gradient. 

A comparison of Hirst spore trap and vertical slide spore 
totals. 

A comparison of weekly P.gpaminis uredospore totals 

from spore trap and vertical slides is shown in Table 8 and 

Fig. 40. The vertical slide totals are taken from the 

holder nearest to the spo_.e trap for each week. 	From 21 
June — 11 July the spore trap totals increase more rapidly 
than the vertical slide totals due to the spore trap being 

3yd. and the vertical slides lOyd. from the focus. During 

12-18 July the vertical slide assessment is higher than the 

spore trap assessment, the vertical slides being nearer to 
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TABLE 8. -first trap and vertical slide uredosoore totals  
from 21 June-8 August 1959.  

Date Hirst tot. Vert. tot. Distance from source(yd) 
( x3) Hirst 	Vert. 

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 36 

26 July — 690 624 38 36 
1 •august 

2-8 August 170 153 38 36 

the focus than the spore trap. From 19 July — 8 August 

the spore totals obtained by both methods are very close, 

the distances of assessment from the focus being very similar. 
The spore collections obtained by both methods are 

thus similar except for differences due to the different 

distances from the focus. However, the two trapping methods 

are quite different, the Hirst trap undoubtedly being more 
efficient per volume of air sampled, being virtually indep— 

endent of the wind spced for its results. 	The vertical 
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slides are shown to be a useful inexpensive means of 

trapping spores of uredospore size but the results are not 

independent of wind speed, high wind speed being more effic—
ient in depositing spores than low wind speeds. 
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IV A CONTROLLED TEMPERATURE AND HUMIDITY APPARATUS 

Introduction 

In the past, numerous controlled temperature and 

humidity chambers have been constructed by workers interested 

in studying the effects of these two variables upon plant 

growth and the infection of plants by fungi or viruses. 

Hottes (1921) described the construction of a small 

constant humidity case with a volume of about 5 cu.ft. 

Johnson (1928) described an apuaratus within which the tem-

perature and humidity of 64 cu.ft. of air could be maintained 

reasonably constant. The temperature could be varied from 

10 - 45°0. and the humidity varied at high temperatures, but 

at low temperatures only high humidities were possible. 

Stoughton (193o) constructed an apparatus with which he 

controlled soil temperature as well as air temperature and 

humidity. The air chamber had a volu.ue of about 16 cu.ft. 

and was virtually a closed system; the only new air entering 

the chamber was the saturated air used in maintaining the 

relative humidity constant. 	Alson (1937) described a 

modified Rothamsted Controlled Environmental Chamber 

(5toughton 1930), which was elaborate and expensive and like 

Johnson's was virtually a closed system with air circulation 
within the apparatus. All these early chambers achieved 

moderate success in temperature and humidity control although 
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better lagging and the installation of the chambers in 

constant temperature rooms would have improved their 

performance. 

Longree (1939) described an apparatus for the critical 

control of temperature and humidity. This apparatus was 

an open flowing system; air after saturation at one 

temperature was heated up to the desired temperature, the 

temperature differential providing the desired drop in 

relative humidity. This apparatus was very successful in 

maintaining humidities near 100% without any condensation. 

However the chamber used was only a small glass bottle 

and no whole plants were used. 

Longree realised that the fundamental essential to 

all humidity and temperature control was accurate control 

of the temperature. This, although not essential bio-

logically, facilitates the ultimate control of relative 

humidity. This fact had been commented upon by Stoughton 

(1930) but Longree's temperature control was much finer than 

that achieved by Stoughton. The ease with which temper-

atures may be accurately maintained depends upon the required 

volume; with the large volumes involved in most growth 

chambers, accurate te.,perature control becomes difficult and 

can only be achieved at considerable financial cost. 

Increasing the humidity of the chamber air above 

ambient is a simple procedure, but producing air at lower 
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humidities than ambient requires an air drier. lioisture 

can either be frozen out of the atmosphere or removed 

chemically, but both methods are costly when large volumes 

are involved. Another method, that used by Longree and 

the writer, consists simply of heating up air having a 

fixed water content; this resulting in a decline in the 

relative humidity as the temperature rises. 

The control of light intensity in growth chambers 

brings with it ;Jroblems of tae heating effect of the light—

ing. This has been alleviated (Wilson 1937), by using an 

open water screen flowing over the roof. 	Johnson (1928) 

used no additional illumination but relied upon sunlight 

but this resulted in the apparatus having a limited season 

of use. 

All the growth chambers previously described, with 

the exception of Longreets, relied upon injection of satur—

ated air as a means of raising the chamber humidity above 

ambient and maintaining it ata constant level. 	This and 

similar methods can be called "closed circuit" types of 

units. The method used by Longree and similar methods 

using air flowing through saturated salt solutions can be 

called "open circuit" types of units. In this latter type, 

the chamber is continually being charged with new "controll—

ed" air. The advantage of the open circuit type is that 

no gaseous gradients are set up in the chamber when living 
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plants are present. Also a continual stream 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 upon spore 

liberation. This latter factor suggested the choice of 

an open circuit unit, the machine then being more versat— 

ile in its application. 	The drawback to such a unit 

compared with a closed circuit unit is that it is much 

less economical to construct and more expensive to operate. 

The size of the chamber was determined not only by 

individual requirements but also because large fully grown 

plants in soil were to be kept in the chamber for indef—

inite periods. However, the larger the chamber the greater 

the inherent problems of insulation, a factor which must be 

carefully assessed before growth chamber size is decided 

upon. 

The Apparatus 

The growth chamber was an open type, relying upon 

the continual production of air at a fixed temeerature and 

humidity. 	It consisted of two heat excharL. ccs, a humid—
ifier, and the growth chamber proper. The entire apparatus 

was mounted in a moveable dexion ftalueo:'k (Fig.41) 
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Fig. 41. The controlled temperature and humidity apparatus. 
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The construction of the chamber 

The growth chamber was approximately 3ft. 4in. long 

by 3ft. wide by 3ft. high (at the apex) and contained 

about 25 cu.ft. of air (Fig.42). The chamber itself was 

made of glass in a metal frame and was lagged on all sides 

with 2in. of cork chips and then 2in. of "Stramit" insul-

ating material, making a total of 4in. of wall lagging. 

The base of the chamber was an. block board lined inside 

with aluminium and with lin. of lagging outside. The 

roof was peaked in the centre and was tri)le glazed with 

two lin. air gaps between the glass. The peaking enabled 

a greater number of strip lights to be placed above the 

chamber than would a flat roof. Also, any condensation 

within would not then drop on the plants. The triple 

glazing helped to prevent conducted heat loss through the 

otherwise unlagged roof. The door consisted of three 

layers of glass in a wooden frame and was pushed and clipped 

into the chamber frame. A cushion of rubber acted as an 

air seal to prevent too much air movement around the edges 

of the door. Lining three inside walls of the chamber 

were 60ft. of Ian. copper tubing around which was pumped 

water from either tank 11 or C (Fig. 43). 	This provided 

additional control over the chamber air temperature. The 

chamber also contained a water trap (Fig. 42,C) which 

removed any water sprayed over from the humidifier. It 
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Fig. 42. Diagram of the upper half of the controlled temperature and humidity apparatus 

showing the lagged plant growth chamber. 

B- copper heat exchanger coils in the chamber, C- water trap, D- drain tap, 
B- neon light and reflector, F- position of door, G- 3 sets of wet and dry 
thermocouple junctions. 
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Fig. 43. Diagram showing the lower half of the controlled temperature and humidity apparatus. 

B and C- lagged heat exchanger tanks containing 3oft. of Ian. copper tube, 
D- humidifier, Fr ball-cock return water valve, F. heater thermostat, G- 100N heater, 
H- siphon into humidifier, J- Stuart water pumps, K- refrigerator, L- control hole 
in humidifier,containing thermocouple, M- siphon control tap. All the connecting 
air and water pipes shown were heavily lagged to prevent heat loss. 
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was provided with a drain tap (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 leads to the thermoc_uples were 

fed in through a hole in the base of the chamber and out to 

a central switch controlling all thermocouples, which was 

mounted in front of tank B. A thermohygrograph was also 

placed in the chamber. 

Temperature control  

The heat exchanger in tank B could either be cooled 

or heated. The heat exchanger in tank C could only be 

heated. The refrigerator unit used (Fig. 43,K) was cony 

trolled by a "Sanfossu thermostat and relay. This enabled 

the tank water temperature to be controlled to ± 0.250F. 

Both tanks B and C could be heated using 100 watt tubular 

beaters thermostatically controlled by Sunvic thermostats 

and relays, enabling temperatures of 0.250F. to be 

maintained. Tank C also contained a 3 LW. heater to rapidly 

raise the temperature when needed. Since both tanks were 

heavily lagged with cork chips, 100W. heaters were adequate 

to provide all required heating giving good temperature 

control with only small lag heating effects when switched 

off. 

Water circulation within the tanks was maintained 
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by the return flow from the Stuart water pump controlling 

the water level in the humidifier and also the Stuart pump 

circulating water around the copper coils within the chamber. 

The water levels in tanks B and C were observed 

externally using simple If shaped water guages in continuity 

with the water in the tanks. 

A central wiring panel contained lamps in the heater 

and refrigerator circuits to indicate when each was oper-

ating. 

Air from an Edwards compressor was first passed 

through the heat exchanger in tank 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 

passed up the humidifying column, which was maintained at 

the same temperature as tank B by siphoning the water 

from tank B and returning it using a return pump. The 

rate of the water return was controlled by a ball-cock 

water valve in tank B (Fig. 43,E). The air after saturation 

was then either passed directly into the growth chamber or 

heated up by the passage through the heat exchanger in 

tank C and then passed into the chamber. The maintenance 

of a constant chamber temperature was assisted by pumping 

water either from tank B or tank C around the 6Oft. of 

tube lining the chamber. It was 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 chamber was initially 

thought sufficient to prevent the stratification of tem—

perature and humidity air layers. This seemed reasonable 

considering 2 cu.ft. per minute of air was being blown 

into the chamber. Practically a tem2erature gradient up 

to OF. occurred within the chamber when a temperature of 
50°F. was used. This gradient decreased to 3°F. when 
temperatures around 70°F. were used inside the chamber. , 

These temperature gradients resulted in concomitant humidity 

gradients. These gradients were produced mainly by the 

radiant heat from the artificial 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 was feasible. 

Humidity control 

Air from the heat Exchanger in tank B was first 

saturated by passing up the humidifier which consisted of 

an old fire extinguisher, filled with granite chips and 

efficiently lagged (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 

passed directly into the growth chamber. If lower 



-120- 

humidities were required, the saturated air was heated 
by the EMI o unt necessary to provide the lowering of the 

relative humidity. The correct balance between the temp-

erature in tank B and tank C could provide air of reauired 

humidity and temperature, providing the temperature was 
above ambient. Theoretically, at temperatures below 

ambient, only saturated air could be produced. This could 

be rectified by the refrigeration of tank C which in this 

apparatus was not possible. Air of loner relative humidity 

was produced by pumping the humidifier dry, having stopped 

the siphon. This naturally resulted in the loss of humid-
ity control, but practically gave a quick means of provid-

ing a ra)idly fluctuating humidity by periodicAly flooding 

and pumping dry the humidifier 

During operation the level of water in the humidiffer 
was maintained just below the control hole and the temper-

ature of the air passing through the humidifier measured 

by means of a thermocouple pressed into the control hole 
and sealing it. 	The siphon tap (Fig.43,14) enabled a 
balance to be made between siphoning over and pumping back, 

the balance then being maintained by the water ball-cock 

and valve in tank B. Daily replenishment of the water in 

tank B was necessary, the excess being blown oub of the 
control hole in the humidifier until the normal balance 
was obtained when the hole was again sealed. 
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The siphon pipe from tank B was placed only lin. 

below the mean water level in this tank. This acted as 

a safety measure in case the return pump failed and the 

apparatus began to flood. 

Yost of the water and air piping used was an. 

heavy plastic tubing, this having a much loner heat conduc— 

tivity coefficient than metal tubing. Also all the air 

and water tubes were heavily lagged with about 2ia. of 

resin bonded glass insulating material. This was essential 

to prevent temperature losses before the air entered the 

chamb er. 

The lighting apparatus  

Bight 3ft. 40 W. neon tubes were placed, four each 

side of the roof apex and controlled by individual switches 

on a base panel. The chokes were also placed on this base 

panel. A time switch (Time Switch and Instrument Ltd.) 

was also incorporated into the light circuit, enabling 

different light periods to be employed. The lighting in 

the chamber was improved by placing polished aluminium 

reflectors above the lights and providing internally a 

polished aluminium base to the chamber. It could be even 

further improved by providing reflectors down the sides of 

the chamber. 

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

Ectra tungsten lighting was tried but was found to 

heat up the chamber too much. However, extra space is 

available on the chamber roof for the doubling of the 

present neon lighting capacity. It would appear necess-

ary to have an open water screen flowing over the roof 
before extra lighting would be feasible; this certainly 

applies to the use of tungsten lights. 

Recording apparatus  

The temperatures and humidities were continuously 

recorded within the chamber using a Casella thermagygrograph. 

This apparatus although not completely accurate showed up 

fluctuations in temperature and humidity. Accurate readings 

were made using wet and dry thermocouple junctions. 

Temperatures were also measured in tanks B and C 

using immersed thermocouples. These consisted of spot 

soldered 26 S.W.G. copper and constantin wires, which were 

insulated and made water-proof by coating with a resin 
adhesive. 

All the thermocouple wires were run to a central 

control switch on a panel in front of tank B. This was a 

heavy duty 20 point switch ensuring that good contacts were 

made at each measuring position. Daily readings were taken 

using a Doran thermocouple potentiometer and the usual ice 
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junction in a thermos flask. 

Results and Discussion 

This apparatus was used continuously for over 7 

months without requiring any major repairs, but some adjust—

ments were frequently required to maintain the apparatus 

operative over this period. 

Provided the air temperature outside the chamber did 

not fluctuate too much, temperatures between 50 and 90°F. 

±0.5°F. could be maintained within the chamber. The 

stability of the relative humidity within the chamber was 

governed by the temperature stability. Relative humidities 

above 90% were not controllable and could not be achieved 

without some condensation occurring inside the chamber. 

Lower relative humidities were easily obtained by adjusting 

the temperature differential between the two heat exchanger 

tanks. It was impossible to keep the R.I.1 at a fixed value 

and drop the temperature through too wide a range, but lower—

ing the temperature of the chamber by 20°F. only resulted 

in a 7% drop in 

ilhen there was a great diurnal change in temperature 

of the room in which the apparatus was installed, as in the 

winter months, fluctuations of 1-2°F. occurred inside the 
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chamber. 

The accuracy of the apparatus was limited by the 

large volume of the experimental chamber and further 

lagging of the chamber, air and water flow pipes would 

be necessary before better temperature and A.H. control 

could be obtained. The use of an increased air flow 

through the apparatus would also increase the control 

over temperature and R.h., but also increase the cost of 

the apparatus. 
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V UAEDOSPORE LIBLAATION IN A WIND TUNNEL 

Introduction 

Many workers have observed that rust uredospores 

show a diurnal periodicity when trapped from the air. 

The reasons for this are not clear (see section on uredo—

spore aerobiology), but temperature, relative humidity, 

radiation and wind speed all probably exert some influence. 

There are three possible means by which environmatal factors 

could alter the uredospore load trapped 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 from the sorus, or the rate at which they are 

trapped by the spore trap. These three spheres of influence 

are hard to separate under field conditions and this section 

of work is an attempt to isolate and examine the effects of 

the environment on uredospoce liberation under laboratory 

conditions. 

Materials and Yethods 

A miniature wind tunnel was constructed (Fig.44) to 

go inside the controlled temperature and humidity chamber 

previously described. This was made out of an. diameter 
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Air input 
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Fig. 44. Diagram showing the wind tunnel construction. 
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glass tubing, at one end of which was a large bulb contain-

ing glass wool to help smooth down the air flow before it 

entered the region containing the pustulated leaf. The 

pustulated leaf was inserted into a piece of tin. diameter 

rigid polythene tube having a longitudinal slit padded with 

rubber, which held the leaf blade in position without 

bruising; the rest of the leaf blade and plant was kept 

growing in a pot in the growth chamber. 	One end of the 

polythene tube was sleeved to the glass tubing from the 

smoothing bulb and the other end to another straight glass 

tube leading to the Hirst s)ore trap. The orifice of the 

Hirst spore trap was maintained about lin. from the output 

of the glass wind tunnel. 

This glass wind tunnel was then lagged with cotton 

wool sleeved with polythene and connected to the air outlet 

from the water trap in the constant environmental chamber 

using a heavily lagged tube. The trapping mechanism of 

a Hirst spore trap was placed below the outlet of the wind 

tunnel and the entire apparatus operated inside the controll-

ed temperature and humidity chamber. 

The temperature and dal'. of the air passing out of 

the wind tunnel was measured using miniature wet and dry 

thermocouples (see section on microclimate) which were 

placed below the end of the wind tunnel above the orifice 

of the spore trap. 
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Vihen leaves bearing pustules were placed in position, 
the width of the leaf blade was parallel to the air flow 
and thus offered least resistance to the air flow. Also 

only single pustules or groups of close pustules were used 

and these were inserted into the plastic tube so that they 
were in the central region of the tunnel and not close to 
the edges.'Phis was necessary since the speed of air would 

not be uniform across the tube, the walls of the tube exert— 
ing a dragging influence on the air flow. 	In the central 
region there would be a fairly uniform wind speed. 

12he rate of air flow through the wind tunnel was 
measured using a gas meter placed between the Edwards com—

pressor supplying the constant environmental chamber and 

the first heat exchanger coil. From this measurement the 

mean wind speed down the tunnel could be deduced, the wind 

speed past the pustules being close to this value. 

Using this apparatus, the temperature of the air 
pasting over tiae pustules in the wind tunnel could be altered 

while the relative humidity was almo&t constant. Also the 

R.H. could be varied while the temperature was kept constant. 
A time switch in the lighting circuit also enabled experim—

ents to be performed using different light periods. When 
light period experiments were performed the experimental 
chamber was blacked out except for the fluorescent roof 

liguts, to prevent any light entering from outside the 
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chamber. 

The normal slides were used in the riirst spore trap 

and they were mounted in the usual manner. 

The slides were scanned transversely pith a magnif- 

ication of x80, using a snuared graticule in one ocular 

of the binocular microscope. All sees were counted ben- 

eath and between the two lateral graticule lines and trans- 

verse scans were made at lmm. intervals. 	Thus 30-;=.; of each 

slide surface was scanned. 	The total number of uredos.pores 

was counted and also the total number considering those 

occurring in groups as one spore i.e. unless the uredospore 

was further than its own length away f2om the next spore it 

was considered as grouped with the next spore. 

The total number of uredosoores counted represents a 

fraction of the total number liberated in the tunnel and 

provided the conditions do not alter in the tunnel and a 

constant suction is maintained in the spore trap, this 

fraction should remain constant. Thus the number of spores 

trapped is directly related to the number liberated. 

The effect ar light periods on P.graminis uredospore  

production 

/xperiments 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 maintained near constant throughout each 

experiment at. about 70°F. and 85%. The light periods 

examined were an 8hr. and 12hr. dark period in a nammal 

24hr. day. These were repeated with the same pustule 

until the audDer of uredospores liberated became too low 

and sporadic for accurate measurements to be made. 	Once 

the pustule was in position in the wind tunnel it was not 

moved until after the experiment was finished. 

TABLE 9  The number of P.graminis uredospores trapped, 

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

4hr. period is an average of eight scans and the entire 

table is an average of 21 experiments. 

Time 	Previous 1st 4hr. 2nd 4hr. 1st 4hr. 2nd 4hr. 
period 	4hr. 	dark 	dark 	light 	light 

light 

Average 
no. or 
spores 
per hr. 

51.9 42.4 	25.6 33.3 	46.3 

Table 9 averages the results obtained from twenty 
one light and dark period experiments, conducted with 

several different pustules and under slightly differing 

conditions of temperature and R.H. Average of eight 
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scans representing periods of 4hr. were taken so as to 

overcome oscillations in the numbers of uredospores liber—

ated over small time periods. Also in seven of the exper—

iments 12hr. dark periods were used instead of 8hr. and 

only the spores trapped in the first and last 4hr. of the 

dark periods were included in this table. 

The number of spores trapped decreased markedly during 

the first 4hr. of darkness and during the 4-8hr. of dark—

ness was only 50% of the original total in the light. 

During the first 4hr. of resumed light the spore total in—

creased and continued increasing during the 4-8hr. period 

of light but did not regain the total obtained before the 

dark period. 

Figure 45 shows the results from part of an experiment 

with a single large pustule of p.graminis maintained in the 

wind tunnel under maximum wind speed with the temperature 

69.8 ± 0.5°F. and R.H. 84 ± 3%. It clearly shows the 

decreased sore collections caused by the dark periods. 

Also for 48hr. previous to the first dark period, continuous 

light was used and this resulted in very high spare totals 

wtich declined immediately dark periods were inserted in 

every 24hr. period. 

Since the wind speeds used were constant and of such 

a high value, most of the freely detachable uredospores 

would have been swept out of the pustule during the experiment 
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and thus the periodic nature of the spore collections 

with respect to light and dark periods must have resulted 

from the effect of light and dark on the actual production 

of the uredospores by the sorus. Probably the production 

of uredospores is closely linked with the rate of photo-

synthesis of the host plant, although the periodic effects 

of light and dark could be divorced from this process. 

Control experiments, in which pustules were kept 

under constant conditions for many days, showed that na 

endogenous rhythms with respect of uredospore liberation 

occurred whilst environmental conditions were constant. 

Once the fluctuations in the environment were stopped so 

did the fluctuations in the rate of spore production. 

Difficulty was experienced with some experiments 

where sudden surges of spores occurred, confusing the spore 

liberation pattern. This happened when pustules burst 

through the epidermis during the course of the experiment 

and rapidly increased the total 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 experiments had to be abandoned because the light 

appeared to be insufficient for normal behaviour. The use 

of higher light intensities was not posiible due to the 

design and position of the constant environmental growth 

chamber. 
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The effect of temperature on P.graminis uredospore  

production 

The infected plant was kept in the growth chamber 

under 24hr. light conditions, the humidity within the wind 

tunnel being 75 = 6% during the period of temperature 

variation. Pustules were placed in the wind tunnel in 

the normal manner and then the temperature was altered daily 

to ascertain its effect on wore production. 

TABLE 10. The effect of temperature on P.graminis uredo-

spore production. The spore totals are each from 12 scans  

over 6hr. periods. 

Date Time Temp. chantse °F Uredospore totals. 

Feb. (hr) 
Initial 	Final 
temp. 	temp. 

6hr. prior 
to change 
of temp. 

6hr. during 
change of 
temp. 

5 2100 70 74 228 576 

6 1300 74 65 127 25 

8 1100 65 56 160 16 

10 0900 56 65 142 533 

12 0900 71 66 322 241 

13 1100 66 58 306 166 
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Table 10 shows the results from a single pustule 

placed in the wind tunnel on 4 February at 1000hr. The 

6 hourly uredospore total prior to the temperature change 

was from 12 scans during the stable temperature conditions 

indicated, whilst the 6 hourly uredospore total during the 

temperature change was from 12 scans during the period of 

change to the final temperature. 

A rise of temperature from 70°-74°F. more than doubled 

the spore production and from 56°-65°F. spore production 

increased fourfold. A drop in temperature resulted in a 

rapid reduction in spore production, the total reduction 

being related to the extent of the temperature fall. The 

continuous spore totals obtained from this experiment also 

showed that although a drop in temperature resulted in an 

initial rapid decline in the rate of spore production, the 

rate slowly increased again over the 24hr. period following 

the temperature change. 

Table 11 shows the results from a similar experiment 

with another group of three pustules. Again fall of temper—

ature resulted in a decline in the number of uredosp ores 

produced and rise in temperature an increase in the number 

produced. 

From these and other results, it appears that the 

rate of uredospore production by P.graminis is related to the 

temperature, the higher the temperature the higher the rate 
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TABU 11. The effect of temperature on P.graminis uredo—

spore production. The daily uredospore totals are each 

from 48 scans. 

Date 	22E2 rature 	Uredospore total 

2-3 71 426 

3-4 59 51 

4-5 53 35 

5-6 78 344 

6-7 78 370 

of production, within the range tested. 

Temperatures greater than 80°F. were not practicable 

over several days, since the plants rapidly died, presumably 

because light intensity became limiting at such temperatures. 

The effect of relative humidity on P.graminia uredospore 
producti on. 

The temperature within the wind tunnel was maintained 

constant and the humidity varied, keeping the plant in the 

chamber under 24hr. light conditions. 
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TABLE 12 The effect of relative humidity on P.graminis  

uredospore production with a constant temperature of  

68 ± 1°F.. The daily uredospore totals are each from 

48 scans. 

jo aelative humidity Uredospore totals Date 
March 

25 58 750 

26 89 1850 

27 60 1040 

30 53 1125 

31 79 1800 

Table 12 shows the effect of varying the R.H. on the 

production of uredospores by a single P.graminis pustule, 

the higher R.H. favouring a higher spore production and 

the lower R.H. a lower spore production. The continuous 

spore totals obtained during this period also showed that 

the increase in rate of spore production with increasing 

d.H. occurred within 2 hours of the change in R.H. and 

similarly the drop in spore production with fall in R.H. 

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

In these experiments, the wind speed past the leaf 

bearing pustules in the wind tunnel was gradually increased 

until the maximum velocity of about 14 knots was obtained. 

The velocity was increased every hour so that the total 

number of spores could be related to each seperate increase 

in the wind velocity. The slide in the spore trap was 

marked with talc at the beginning and end of the experiment 

to provide a time scale on the slid e. A transverse scan 

was made at every position where the wind velocity was inc-

reased thus measuring the initial surge of spores taking. 

place with increased wind velocity. The spore totals obtain-

ed with increasing wind speed were then considered as accum-

ulative and each wind speed total was then expressed as a 

percentage of the final total at maximum wind speed. The 

results from different pustules and leaves could then be 

compared directly. 

4rperimeat 1  

One large P.graminis 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 

increased hourly from 3.7 - 14.2 knots. The temperature 

and 	measured at the end of the wind tunnel were 68.60F. 

and 86% 
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The increase in spore liberation with increasing 

wind velocity was seen to be linear (Fig .46). 	wind 

speeds up to 5 knots 20% of the spores were liberated, and 

with velocities up to 10 knots 65% of the spores were liber-

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

Ilzperiment 2 

Two large p.graminis pustules on a seedling of 

Eclipse wheat were used, the pustules bearing a mass of 

loose spores. The wind velocity was then increased from 

3-13.6 knots. The temperature measured at the end of the 

wind tunnel was 68.4°F. and the R.H. 76%. 

The increase in spore liberation with increased wind 

velocity is again seen to be nearly linear (Fig.46) and the 

results very similar to those from Experiment 1. The 

difference in R.H. from 1,cperiment 1 does not appear to 

have influenced the relative rate of spore production with 

increased wind velocity. 

11xperiment 3 

One large P.Kraminis pustule on a seedling of 

Eclipse wheat was placed in the wind tunnel and left in 

position for 24hr. with no air flow but continuous 

The wind velocity was then started at 8.0 knots for lhr. to 

remove many of the loose spores from the pustule, after this 
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the wind velocity was dropped to 3.9 knots and gradually 

increased to 13.3 knots. The temperature and A.R. measured 

at the end of the tunnel were 67.1°F. and 77%. 
The increase in spore liberation with increasing wind 

speed 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 spores 

liberated. The number of spores liberated with the initial 

sweep of 8 knots were excluded from the above resulus. 

It may be concluded from these results that the increase 

in uredospore liberation rate with increasing wind speed is 

linear or almost linear. 	This result is expected since 

the release of uredospores from the sorus is entirely passive 

and governed by the physical influence of the environment 

and the rate of production of the spores low in the sorus 

forcing out those above and exposing them to the wind. 

Very few spores were liberated at wind speeds below 3 knots 

and up to 5 knots only 20% of the total spores liberated 

at 14 knots were released. 	‘;dith wind speeds up to 10 knots 

about 65% of the total spores were liberated. 	when some of 

the spores were first removed from the pustule by using a 

medium wind speed, the effect was to produce a hollow curve, 

due to low spore totals resulting f•:.om the low to medium 
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wind speeds. 

There is no reason why this effect of wind speed on 

spore liberation should not operate in the field and the 

failure to confirm it under field conditions (see section 

on aerobiology) was due to the masking of the wind speed 

effect by the wind direction effect. To confirm this 

effect under field conditions the spore trap would have to 

be mounted in the centre of a circular plot of uniformly 

infected wheat, thus obviating the effect of wind direction 

on the spore collection totals. 

Table 13 summarises the results obtained in this 

section and compares them with the results obtained in the 

field. In the wind tunnel increased 	resulted in 

increased spore liberation but in the field the opposite 

result was obtained. This may have been caused by the 

temperature effect overcoming the effect of A.H. under 

field conditions and since under these conditions, increased 

temperatures are nearly always accompanied by decreased R.H., 

the increased uredospore load would appear to be related 

to a fall in R.H. 

Increased uredospore liberation was directly related 

to increased wind speed in wind tunnel experiments but under 

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

tunnel experiments with P.graminis to show the factors  

related to increased uredospore liberation and collection. 

Conditions resulting in increased spore load 

FIELD 	WIND TUNNEL 

Increased temperature Increased temperature 

Increased radiation 

Decreased R.H. 

Absence of surface 
wetness 

. Wind direction 
(depends on the 
design of the expt.) 

=radiation 

Increased d.H. 

Increased wind speed 

1111.1. 	1111111.11111 

OM IMO WM =1.. 



direction. The wind tunnel results also indicate that 
wind velocities up to 3 knots would liberate very few 
spores and even light breeze conditions (4-6 knots) would 
Jibe gate only a limited number. 

Under field conditions leaf surface wetness caused 

damping of pustules and thus hindered uredospore liberation. 

Also due to the design of the field experiments, southerly 

winds were related to increased uredospore counts. 

From this summary (Table 13) it would appear that the 

observed diurnal periodicity in uredospore collections 

under field conditions was due to the combined effects of 
temperature, radiation, relative humidity, surface wetness 

and wind speed on the host—parasite relationship. It seems 
unlikely that any one of these factors is by itself the 
controlling one, althougil under certain conditions one 

factor maybe limiting to spore liberation. In this respect 

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

wind tunnel experiments. 

Uredospores collected on slides were considered as 

grouped when they were not more than a spore's length from 

each other. They would usually have been liberated from 

the pustule attached to one another and remained so until 

impacted on the sticky spore trap slide. 	:cith large 

groups of uredospores the force of impaction may spread 

some of the spores more than a spore's length from one 

another and thus result in a low count. 	also the suction 

through the trap orifice may result in spores being forcibly 

separated that would otherwise have remained attached. 

,5ometimes, however, individual spores arriving separately 

may be deposited on top- of one another and thus be counted 

as a group, these inaccuracies tending to cancel one another 

out. 

Figure 47 shows the results from a total of 22,821 

uredospores exaiuiaed, where from daily totals the grouped 

spore totals were plotted against the free spore totals. 

The results were selected at random from pustules maintained 

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 strong positive correlation between 

the grouped and free spores and averages of these values 

indicate that for every five spores trapped, three would be 
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free and two grouped. This value may be dependent on 

wind speed, since all these results were obtained under 

constant wind speeds. 

l'he reason for this constancy in grouping of uredo—

spores is difficult to appreciate and whether it is caused 

solely by the wind speed or perhaps determined by the fungus 

and the host is not clear from these results. Certainly 

under field conditions the larger groups on liberation 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 spores, if they all germinated, would 

grcaGly increase the chance of infection occurring and 

pustules developing on the infected leaves. 

Vihatever the reason for this grouping effect, it is 

a constant feature 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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'AIME FACTORS AFFECTING SPORE GERMINATION IN THE CEREAL RUSTS. 

Introduction 

Epidemics of cereal rust are brought about by the 

rapid multiplication and spread of uredospores. It is not 

surprising, therefore, that much effort has been concentrated 

on the multiplication of uredospores in an attempt to elucid-

ate the factors controlling uredospore germination, fungal 

penetration and multiplication of the uredospore stage. 

Published soore germination results are however conflicting 

and inconsistent. This inconsistency in results was noticed 

by Johnson (1912), who decided that the optimum temperature 

for P.graminis uredospore germination could not be determined 

by the percentage germination method, there being no uniform-

ity of variation in this respect between 9°and 25°C. The 

discovery of the production of a self inhibitor by germinat-

ing uredospores of P.graminis (Allen 1955) showed how some 

irregularities in spore germination tests could arise, when 

comparing different numbers of spores under similar conditions. 

Inadequate standardisation of growth conditions of the host,  

and variable storage conditions of the uredospores prior to 

the germination tests, would also cause fluctuations in 

germination results. The medium used for spore germination 

also greatly influences the resulting type of germination 

(Manners 1950 and .jharp 1954). 	The composition of water, 
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the universal medium for spore germination tests, varies 

considerably from area to area and even distilled water 

lacks uniformity when very small quantities of elements 

are important. 

Doran's observation on the Uredinales (1919) that 

the only conditions necessary for spore germination were 

a certain temperature and the presence of oxygen and the 

presence of water are now seen to be only touching on the 

complexity of factors influencing the germination of uredo-

spores and this section of work is an attempt to clarify 

certain aspects of spore germination in the cereal rusts. 

Materials and Methods  

Spore germination studies are usually carried out 

either by placing the spores on a liquid medium or on a 

jelly medium. The latter is generally more suitable since 

the spores can be streaked 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 base for spore ger-

mination cannot be used when investigations into the effect 

of ions on spare germination are carried out, since gelatine 

and agar etc. all contain many ionic impurities. 

For the above reason, in some of the following 
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experiments sintered glass discs were used as bases for 

spore germination studies. These discs, with a porosity 

of 5_19r, were scrupulously cleaned and then placed on U 

shaped pieces of glass rod, in petri dishes. A small 

volume of liquid was then added to the petri dish, passing 

up the capillaries of the sintered disc and coming into 

contact with the spores on its surface. Linuids containing 

various ions could then be examined for their effects on 

spore germination. After germination had occurred but 

before examining the discs under the microscope, they were 

placed on blotting paper to remove much of the liquid and 

then sprayed with a l% solution of aniline blue in lactic 

acid. This made the spores and germ tubes easily visible 

against the background of sintered glass, otherwise they 

remained very indistinct and impossible to count. 

Whether agar discs or sintered glass discs were used 

for spore germination studies, it was desirable to get a 

uniform deposit of spores over the surface and two methods 

were used to obtain such a deposit:— 

a) The filter funnel method. 

b) The settling column method. 

a) The filter funnel method. 

By means 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 spreading as a "shower" onto the agar 

surface in the petri dish. Providing the spores were 

reasonaitr dry (i.e. used directly from storage and not 

allowed to hydrate), very little clumping was observed on 

the agar surface. An unequal spore distribution was 

obtained over the plate, the spores being densest in the 

centre and decreasing towards the edges. However, by 

cutting up the agar across equidistant diameters, segments 

with equivalent spore densities can be obtained. 

b) The settling column method. 

A cardboard cylinder 60cm. long by locm. diameter 

was placed upright over a turntable which was separated 

from the open end of the cylinder by a 0.5cm. gap. 

Passing in the centre of the cylinder, at the closed top 

end, was a removable glass inlet tube ending in a fine jet. 

Suspended within the cylinder, and just below the inlet 

jet, was a small glass platform on which uredoppores could 

be placed. A blast of air through the inlet jet then 

dispersed the spores as a cloud in the upper region of the 

cylinder and they then fell under gravity and were deposited 

as a "shower" on the turntable at the lower end of the 

cylinder. Sintered discs were placed in a circle on the 

turntable, which was slowly revolved whilst the spores 

settled under gravity at about lcm./sec. (Ukkelberg 1933), 
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single spores would take about 50 sec. to drop down the 

column and thus a sheet of paper was placed over the turn—

table for the first 40 sec. of deposition and then removed 

for 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 discs. 

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 glass platform 

at the top of the column using a fine bore glass measure, 

so that approximately enual numbers of spores could be used 

for separate sets of sintered discs. 

vihen comparing spore germination results obtained by 

different methods this latter method for uniform spore 

deposition used in conjunction with sintered glass discs 

was far superior to any other method used. 

Results and Discussion. 

The effect of temperature on P.graminis uredospore 

germination. 

1. 	The inverted filter funnel method. 

This method was used to spread the spores on 1% 

agar, which was then divided into seven segments. Each 
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segment was placed on a slide in a petri dish and incub— 

ated at the required temperature for 24hr.. 

TABLE 14. The effect of temperature on the germination 

of P.graminis uredospores on agar segments. 

Temperature Number Total Germination 
(CC) germinated number 

2 263 429 61 

5 192 235 82 

10 266 296 90 

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 

sintered glaBs discs which were then placed in petri dishes 

containing a little tap water and incubated at the required 

temperature for 24hr. The spore collection used in this 

experiment was different from that in the previous experiment. 
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TABLE 15. The effect of temperature on the germination 

of P.graminis uredosRores on sintered glass discs soaked 

in tap water. 

Temperature Number Total Germination 
(°0) germinated 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 2 381 0.5 

30 0 394 0 

Methods 1 and 2 gave the optimum for germination 

around 10oC. and 15°C. respectively (Tables 14 and 15). 
Method 1 gave higher germination percentages at all temper-

atures and although this may have been caused by differences 

in spore viability of the two uredospore collections, sub-

sequent experiments showed that spore germination on agar 
always resulted in higher percentagest than germination in 
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water. 

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 reasons for these inconsistent results 

have already 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 

carried 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 McIlvaines 

and Sorensens buffer solutions (Vogel 1948) were used to 

examine the effect of pH on uredospore germination. The 

experiments were carried out in an identical manner using 
the settling column method on sintered glass discs and 
using the same uredospore collection. 

The optima in McIlvaines and 6orensecs buffers were 

found to be about pH 5 and 6 respectively (Tables 16 and 17). 

The results in both buffers show a fairly narrow ph range 
of about 2 units within which spore germination occurred, 
no germination occurring in any solution above ph 7. These 

results agreeing with the values suggested by Stock (1931) 
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TABLE 16. The effect of pH on P.gpaminis uredospore 

germination using Mcllvaines buffered solutions. 

oil Number Total Germination 
germinated number % 

4.6 199 320 62 

5.1 216 357 61 

6.0 4 301 1 

6.6 0 371 0 

7.4 0 349 0 

8.0 0 311 0 

TABLE 17. The effect of ph on P.graminis uredospore 

germination using 6orensens buffered solutions. 

Li Number Total Germination 
zerminated number % 

5.3 0 360 0 

5.9 208 361 58 

6.5 219 395 55 

6.8 60 243 25 

7.4 0 301 0 

8.o 0 25o 0 



-157- 

and Anderson (1934). Since the optima pH values for 

germination differ in both of the buffer' 4 the chemical 

constitution of the buffers is also affecting the germ-

ination and these effects are hard to separate from the 

pH effect. 

Germination on 1% agar was also carried out using 

the same spore collection and conditions, as with the 

buffer solutions. A count of 500 spores gave a germination 

of 73%, this being much higher than any result with buffer 

solutions. 

Using tap water of pH 8.0 a range of pH solutions 

was made up using formic, acetic, propionic, hydrochloric, 

and sulphuric acids. These were used to investigate the 

effects of unbuffered solution on P.graminis uredospore 

germination. With all five acid solutions the optimum 

pH for germination was found to occur on the alkaline side 

of neutrality, thus differing from the results obtained by 

Mellvaine and Sorensen buffered solutions. During the 

experimental period all the unbuffered pH values shifted 

towards alkalinity. 

The explanation of these results is not at present 

known, but such results, as well as many other morphological 

differences in germ tube response to pH, show that the effect 

of pi is complicated by the ionic make 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 purity on D.graminis uredospore  

germination. 

Using the settling column method of spore deposition 

on sintered glass discs, the effects of rain water, tap 

water, distilled water and dd.onised water on spore germ-

ination were examined. The deionised water was obtained 

by running distilled water through an LB3 multipurpose 

resin column. 

The results of several experiments shoved that normal 

germination only occurred in tap water and rain water, 

distilled water and deionised water all resulted in very 

low germination percentages, generally below 10V. 	This 

result was not caused by differences in pH between the 

solutions since the distilled water, tap water 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 normal germination and that certain ions are 

required by the spore in the water film. Under field 

conditions these ions are probably supplied by the wheat 

leaf. 	These results are in opposition to the suggestion 

by Doran (1919) that in the case of the Uredinales pure 

water is sufficient for germination. 
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These water experiments were repeated using coll—

ections of fresh p.triticina uredospores and again dis—

tilled water and deionised water, at all temperatures, 

gave germination percentages less than 10%, whereas tap 

water gave the normal optimum of over 90% germination 

at 15°C. 

The effect of the removal of unsaturated hydrocarbons in  

the air, on P.graminis uredospore germination. 

oince it had bcen suggested by ,:orsyth (1955) that 

an unsaturated ethylenic compound was active in inhibiting 

spore germination in P.graminis, the effect of removing 

all the unsaturated aliphatic gaseous compounds in the 

air, on the germination of P.graminis was examined. 

This was done by passing the air through several 

washes of silver sul2hate plus concentrated sulphuric acid. 

After this the air was washed to remove any sulphuric acid 

and passed into small experimental chambers containing the 

P.graminis  uredospores on agar segments. A tube of 

bromine in chloroform, connected to the air outlet, served 

to measure the efficiency of this method for removing 

unsaturated bonds f2om the air. 	The experimental chambers 

containing the spores on agar segments were swept through 

with treated air for Ohr., after which they were sealed 

up for a,,other 18hr. 	Cont 2o1 chambers were used which 
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were sealed up initially and not swept through with 

treated air. 

At all temperatures examined, the germination 
percentages were higher when the spores were surrounded 

by air from which unsaturated aliphatic bonds had been 

removed (Fig.48). This could mean that certain unsatur-

ated substances present in the laboratory air were inhib- 

iting the germination of P.graminis uredospores. 	It is 

also possible that Ohr. sweeping removed a self inhibitor 

being produced by the germinating spores, for lone enough 

to bring the germination oercentagr slightly higher than 

that in unsuept affil'. 	It seems hardly possible that the 

Ohr. of germination would have such a marked effect. 

Also it seems unlikely that a sufficiently large number of 

spores were present in the chamber for the effect of the 

emitted self inhibitor to be felt to such a great extent. 

It thus seems probable that unsaturated comaounds present 

in labo atory air are inhibiting P.graminis uredospore 

germination. 

2.glumarum Eermination results. 

.eresh collections of P.gluarum uredospores showed 

very poor germination percentages on agar, in the types of 

water previously used and on sintered glass discs in water. 

It was thought that this was due to some gaseous inhibitor 
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Fig. 48. The effect of the removal of unsatucated hydrocarbons 
in the air on  graminis uredospore germination over 
a range of tem;)eratures. 

present in the laboratory air, possibly a leakage of coal 

gas or one of its products of combustion. 	14)cperiments 

using air swept free of unsaturated aliphatic hydrocarbons 

failed to improve this low germination percentage. 

Artificial atmospheres were then made up using oxygen and 

nitrogen from cylinders and the uredospores showed some 

30 
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improvement in germination under such conditions, Vohen 

germination experiments were performed at the field station 

at Ascot, much higher germination percentages were obtained 

in the greenhouse and out in the open air than were ever 

achieved in London. However, germination was again inhib—

ited and fell almost to zero when attempted in the labor—
atories at Ascot. It appears that P.glumarum uredospores 

are very sensitive to atmospheric pollution and will only 

germinate satisfactorily when placed in the open air away 

from industrial smoke and laboratory gases. 

These preliminary experiments have shown how effective 

the settling column method is in producing a uniform spore 

deposit and how sintered glass discs can be used for spore 

germination studies, thus enabling differences in the 

liquid medium used for germination to be examined. The 

results of temperature and pH experiments are in agreement 

with some previous workers but it seems that pure water is 

not sufficient for uredospore germination in P.graminis  

and P.triticina and that germination percentages on agar 

are increased above those in tap water and buffer solutions. 

The germination process of P.glumarum was found to be 

extremely sensitive to laboratory gases and no successful 

germination could be carried out under laboratory conditions. 
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