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Abstract

Understanding how disease foci arise from single source lesions has not been well studied. Here, 

single wheat leaves were inoculated with Puccinia striiformis f. sp. tritici urediniospores, and all 

wheat leaves within two intersecting 0.3 × 3.0 m transects were sampled in eight replicates over 

three years. The lesions observed on each of the top three leaves on plants within 1.5 m from the 

source lesion were three-dimensionally mapped. The total number of lesions within a 1.5 m radius 

was estimated by dividing the number of lesions observed within each 0.025 m-wide annulus by 

the fraction of the annulus sampled. The estimated total number of lesions produced within 1.5 m 

of a single source lesion ranged from 27 to 776, with a mean of 288 lesions. Eighty percent of the 

lesions were recorded within 0.69 m of the source infection. The proportion of total lesions 

observed at a given distance from the source was fitted well by the Lomax and Weibull 

distributions, reflecting the large proportion of lesions arising close to the source, and when fitted 

to an inverse-power distribution had a slope (b) of 2.5. There were more lesions produced on 

leaves higher in the canopy than on lower leaves, with more lesions being detected above than 

below the point of inoculation. Simultaneous measurement of lesion gradients and spore dispersal 

in the final year of the study suggests that this pattern is due to greater susceptibility of upper 

leaves, rather than increased dispersal to upper leaves.
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Introduction

Aerially dispersed plant pathogens include causal agents of some of the most devastating 

and economically important diseases, such as rusts and mildews (Brown & Hovmøller, 

2002). The spread of lesions reflects a synthesis of the physical dispersal of propagules with 

the biological interaction of successful infection, growth, and reproduction by a pathogen on 
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a susceptible host. Understanding the spread of aerially dispersed pathogens in space and 

time can aid in efforts to control epidemics (Fitt et al., 2006). An initial disease outbreak can 

be referred to as a focus, and can be initially formed by an isolated lesion resulting from a 

single infection (Zadoks & Van den Bosch, 1994). Pathogens aerially dispersed by relatively 

small propagules, such as powdery mildews or rusts, have been shown to closely follow 

inverse power distributions within relatively uniform landscapes such as agricultural fields of 

annual crops. Inverse power distributions have very steep dispersal gradients, but with ‘fat 

tails’, in which a small but consequential number of propagules are dispersed at great 

distances from the source (Kot et al., 1996). The degree to which inoculum is dispersed short 

versus long distances has implications for several important epidemiological evolutionary 

processes due to the number of founder events, including overcoming host resistance and 

maintaining pathogen genetic polymorphisms in gene-for-gene systems (Lannou et al., 2008; 

Mundt, 2009; Wingen et al., 2013), as well as selecting for reduced pathogen latent periods 

(van den Berg et al., 2012).

Several studies examining rust dispersal in crop canopies have been undertaken. However, 

sources of inoculum for these studies have most often contained enough propagules to form 

several, in some cases several thousand, initial infections on individual plants (Willocquet et 
al., 2008), on several plants within a focal area (Asea et al., 2002; Sackett & Mundt, 2005), 

or on entire fields (Gitaitis et al., 1998). More recently, it was demonstrated that the highly 

local dissemination of wheat leaf rust requires the study of individual lesions if the full 

epidemiological impacts of dispersal gradients are to be understood (Lannou et al., 2008). 

Collecting such data presents a number of challenges. To accurately describe dispersal from 

such a single source requires lesion counts in areas of high lesion density. It also relies on 

the presence of isolated initial lesions, requiring both successful germination of the source 

spores, and absence of background infections from outside sources of inoculum (Lannou et 
al., 2008; Mundt, 2009). Assessing the dispersal gradient from a single lesion can help 

address how aerially dispersed pathogens spread at the disease front, as well as how diseases 

progress throughout a growing season (Mundt et al., 2009b). Lesion counts per leaf, the 

sampling unit used in this study, can be used to determine if propagules are randomly 

distributed or over-dispersed (Waggoner & Rich, 1981). This information can be useful in 

predicting when and where disease is likely to occur, and can give insights into the 

effectiveness of methods field managers may employ to slow the spread of disease (Severns 

et al., 2014).

Wheat stripe rust (WSR) is a plant disease capable of causing significant crop losses and 

reductions in grain quality (Wellings, 2011). Many pathogens disperse via multiple 

mechanisms. Puccinia striiformis f. sp. tritici, the causal agent of WSR, spreads by direct 

contact of a lesion and healthy uninfected wheat leaf tissue, by water dispersal, and through 

the air (Van der Plank, 1963; Geagea et al., 1997, 1999). Of these methods, aerial dispersal 

appears to play the largest role, especially in long-distance dispersal, although humidity 

appears to have a significant role in urediniospore dissemination, especially in regards to 

urediniospores being dispersed individually or in clusters (Rapilly, 1979). Urediniospores of 

P. striiformis have been shown to travel over 500 km (Brown & Hovmøller, 2002), and to be 

able to cause disease upon deposition. This long-distance dispersal of urediniospores can 

cause entry of isolated lesions to a field or region (Hovmøller et al., 2002).
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Although dispersal gradients of plant pathogens have been studied empirically using field 

experiments, as well as simulated using computer models (Mundt & Leonard, 1985), there 

have been few attempts to describe the dispersal emanating from single isolated lesions. To 

accurately describe dispersal from such a single source requires lesion counts rather than an 

estimate of disease severity, which is an average over a unit area. This study examined the 

local pattern of P. striiformis in wheat that originated from artificially inoculated, isolated 

lesions over the course of single generations of dispersal. These data were used to describe 

the horizontal and vertical distribution of progeny lesions within the wheat canopy and to 

estimate the reproductive potential of individual lesions. As P. striiformis urediniospores are 

able to disperse over several hundred kilometres, capturing the entirety of the dispersal 

gradient was not feasible. However, this study should help elucidate the creation of foci and 

dispersal within a field, particularly at the disease front.

Materials and methods

Measuring disease gradients

The study site was chosen to minimize contamination from naturally occurring inoculum of 

WSR and other wheat pathogens. Field experiments were conducted in commercial wheat 

fields within a 6 km radius of Culver, OR, USA. This is an irrigated agricultural region of 

approximately 25 000 ha in the high desert of central Oregon and geographically isolated 

from major regions of wheat production in the state. Its climate is not conducive to WSR 

overwintering due to low winter temperatures.

All plots were 6 m radius circles located within fields used to study effects of conditions at 

disease outbreak sites on subsequent disease spread (Severns et al., 2014). The fields were 

13.7 × 73.2 m in 2012 and 7.6 × 42.7 m in 2013 and 2014, with the long dimensions 

oriented east–west. Predominant winds in the region are from the west-northwest (Van de 

Water et al., 2007). All eight plots containing a single source lesion were comprised of 

monoculture plots of the soft white winter wheat cv. Jacmar, a cultivar no longer 

commercially planted (Table 1). An additional plot contained three source lesions, and was 

therefore excluded from the two-dimensional dispersal study, but was used to examine the 

vertical distribution of lesions and urediniospores (see ‘Spore trapping’). Jacmar is 

susceptible to the races of P. striiformis used in this study, but resistant to the races that 

predominated in Oregon during the course of the study. The plots were surrounded by at 

least an 18.3 m buffer of soft white winter wheat cv. Stephens, which is resistant to races of 

P. striiformis used here. The field was subject to standard agronomic practices for wheat 

production in the area, including overhead irrigation approximately every 7–10 days 

beginning in March (Mundt & Sackett, 2012), which provided soil moisture to encourage 

dew formation and successful infection events within the plant canopy.

Inoculations were performed in early spring, after temperatures became conducive to P. 
striiformis germination, but as early as possible to minimize the chance of interference from 

other sources of inoculum. Inoculations were performed with WSR race PST 5 in 2012 and 

2013, but it began to exhibit reduced viability under field conditions after being grown over 

many generations in the controlled environment of the growth chamber, so race PST 29 was 

used in 2014. The two races have highly similar virulence patterns on known wheat 
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genotypes (Chen, 2005). The method of Lannou et al. (2008) was used to inoculate single 

leaves. Inoculated plants were selected for proximity to the centre of the plot from north to 

south and 6.1 m apart from east to west within plots, while ensuring approximately uniform 

coverage of wheat plants within 5 m of the plant to be inoculated. Leaves were inoculated 

with a mixture of 0.25 g urediniospores: 3.75 g talc. The inoculum was transferred from a 

vial via a pencil-top eraser to Scotch tape labels, which were placed on the adaxial surface of 

the leaf at least as wide as the eraser. The tape labels trapped transpiration water from the 

wheat leaves, ensuring optimal leaf moisture for germination of the urediniospores. The 

inoculated leaf was marked with a Sharpie felt pen above the inoculation point in years 2012 

and 2013. In 2014, the inoculated tiller was marked with a plastic zip-tie at its base, as it was 

easier to identify. About 30 mL water was poured into a white plastic bag, which was shaken 

and then placed over two wooden dowels taller than the inoculated wheat plant and staked 

down, acting as a moist chamber. Inoculations were performed close to sunset and on 

cloudier days, as it was found that prolonged exposure to radiant light greatly reduced the 

rate of successful germination in greenhouse tests. The plastic bag and the tape were 

removed the following morning.

The plots were searched for lesions after approximately 1.75–1.90 generations of disease 

spread (Table 1), as calculated by the Shrum (1975) degree-day model. This time period 

allowed for nearly all lesions of the second generation to be visibly sporulating, but without 

the possibility of third generation lesion expression. All tillers within two overlapping, 

perpendicular 3.0 × 0.30 m transects centred on the original lesion were inspected (Fig. 1a). 

The transect quadrant and distance from the source of the 0.025 m-wide distance interval 

(Fig. 1b) containing each tiller and the leaf position of each lesion were recorded, with the 

uppermost leaf, often referred to as the flag leaf, being considered leaf 1 and leaf number 

increasing sequentially going down the wheat stem. Due to senescence of lower leaves, 

leaves below leaf 3 were not considered in 2012 and 2013, and leaves below leaf 4 were not 

considered in 2014. When individual lesions were not distinct due to age and/or multiple 

overlapping lesions, a severity estimate was taken for the leaf and each 5% severity was 

considered to be one lesion. The rationale for this conversion was that the maximum number 

of lesions on a leaf was approximately 20.

Spore trapping

In 2014, spore traps were placed in a single plot, at three distances from an inoculated leaf 

along the four cardinal directions, in order to compare the dispersal of spores to the dispersal 

of lesions (Fig. 2). Each spore trap comprised a 0.91 m tall wooden dowel with three 

identical, artificial wheat leaves made of sections of laser-printer overhead projector slides, 

cut to the size of a scanned representative wheat leaf, and containing an approximately 0.01 

m long by 0.0025 m wide tab at the base to be taped on to the dowel with duct tape. Each 

artificial wheat leaf had a 1 mm grid pattern printed on it to aid in counting spores under a 

compound microscope. The artificial wheat leaves were placed grid-side down on a piece of 

varnished cardboard containing a small quantity of vacuum grease. The grease was spread 

thin by holding a razor on the top of the artificial leaves and pulling the leaves by the tab 

three times, or until the grease was spread evenly across the entire grid-side, excluding the 
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tab. The artificial leaves were taped grease-side down at 0.13, 0.38 and 0.64 m from the top 

of the dowels.

Three spore traps were placed in each cardinal direction, approximately 0.15, 0.6 and 1.5 m 

from a tiller inoculated as described above, at locations where they would come into direct 

contact with as few wheat leaves as possible, such as between tractor passes. Exact locations 

of spore traps were recorded, along with the locations of all lesions (Fig. 2). Because of the 

late date of inoculation for this plot, the environment was extremely conducive to infection 

by P. striiformis, resulting in three lesions within the width of the eraser used to transfer the 

inoculum to the tape, approximately 0.007 m on leaf 1, which was first observed 15 June 

2014, as well as a stray source lesion 0.47 m from the source to the southeast at azimuth 

319.4° on leaf 2, and a stray source lesion 1.82 m from the source to the southwest at 

azimuth 192.9° on leaf 1 (Fig. 2). Eleven days after initial placement, the spore traps were 

removed from the dowels and taped greased-side down on a blank laser printer overhead 

transparency in a three-ring binder, using one sheet per dowel, labelling each spore trap by 

leaf position.

Puccinia striiformis urediniospores were identified visually by size and shape using a Leica 

DM750 microscope under × 100 magnification, a Leica DFC 295 camera, and the Leica 

APPLICATION SUITE to store and edit images.

Data analysis

All analyses were performed using R v. 2.14.0 (R Development Core Team, 2015). Three-

dimensional maps of lesion distributions were produced using the SCATTERPLOT3D package 

(Ligges & Mächler, 2003). The modified inverse power distribution (Mundt & Leonard, 

1985),

Eqn 1

in which y is the mean number of lesions present on all leaves per tiller per 0.025 m, and x is 

the distance from the inoculum source, was fitted to the dispersal gradient of progeny lesions 

from single source lesions. The modified inverse power regression was linearized by taking 

the log base 10 of both sides, giving

Eqn 2

where a is the intercept and b is the slope. The parameter c is an offset approximating the 

amount of space occupied by the initial inoculum. The incorporation of the c parameter also 

has the benefit of allowing Eqn 2 to be defined at x = 0. The value of c was estimated by 

iteratively fitting Eqn 2 with ordinary least-squares linear regression in increments of 0.001 

m, and choosing the value of c that returned the highest R2 value and lowest P-value.
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Because several distance intervals contained zero lesions in individual plots, data from all 

plots of 2012–2014 were aggregated to enable the log-log transformed inverse power 

distribution to be fitted to them. While two different races of inoculum were used, the 

physical properties of the urediniospores are uniform, therefore the dispersal gradient should 

not differ between them. This minimized the amount of binning necessary to ensure at least 

one lesion per distance interval, allowing for log-transformation. When zero lesions were 

recorded at a single distance interval, it was binned by taking the mean number of lesions 

between the zero-lesion distance interval and an adjacent lesion-containing distance interval, 

which occurred in nine instances, all of which were greater than 1.04 m from the source, 

resulting in a bin size of 0.051 m in those instances.

In addition to binned log-log transformed linear regression, the Weibull and modified Pareto 

(also known as the Lomax) probability density functions (PDFs) and associated cumulative 

density functions (CDFs) were used to examine the probability of a given proportion of the 

total number of progeny lesions at a given distance. This was accomplished by multiplying 

the observed number of lesions per 0.025 × 0.30 m distance interval by the fraction of the 

total 0.025 m-wide annulus sampled. As fitting these PDFs did not require log-

transformation, no binning of lesions across distance-intervals was necessary. The Weibull 

CDF,

Eqn 3

was fitted by maximum likelihood estimation (MLE) to the cumulative number of lesions as 

a proportion of total lesions observed as a function of the distance from the source lesion. 

The derivative was taken to obtain the PDF:

Eqn 4

The modified Pareto distribution, a modified form of the Pareto distribution with the CDF:

Eqn 5

was fitted in the same method as above, and the derivate was taken to get the PDF:

Eqn 6
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The distributions were fitted by the simulated annealing algorithm (SANN), an algorithm 

that is particularly robust in its ability to find the global minimum in the presence of local 

minima (Bélisle, 1992), as built into the ‘Optim’ function in R (R Development Core Team, 

2015). The initial parameters and temperature of the SANN algorithm were fitted iteratively 

by the lowest maximum log likelihood. These continuous distributions were made into 

discrete probability mass functions, as the data set was discretely organized by plant. These 

analyses were used to compare plots to each other by: leaf containing the mother infection, 

year of study, and replicate. This was accomplished by creating a flexible model with a 

varying number of parameters: in analysing the PDFs and CDFs of lesions as a function of 

distance plus a single blocking factor, a v parameter and a k parameter for each level of the 

given blocking factor was fitted as above. In fitting the PDFs and CDFs with two or more 

blocking factors, the first level of each blocking factor after the first was treated as the 

reference, with each successive level of the blocking factor adding an additional v- and k-

parameter. The fitted modified Pareto and Weibull distributions were compared to each other 

by Akaike information criteria (AIC). The R script used to analyse and plot the PMFs and 

CMFs as a function of distance and as a function of distance and source have been included 

(Fig. S1).

Results

The three uppermost T. aestivum leaves were healthy enough to visually count WSR lesions 

in all plots (Fig. 3). Additionally, leaf 4 was readable in 2014 (Fig. 4c,d). There was an 

overall mean of 0.27 lesions observed per T. aestivum tiller. The distribution of lesions 

across leaves varied significantly, with 0.12 lesions on leaf 1, 0.097 lesions on leaf 2, and 

0.037 lesions on leaf 3. The number of lesions observed on a given leaf layer, as well as the 

relative proportions of lesions on each leaf layer, varied according to the leaf layer 

containing the source lesion (Fig. 4).

The mean number of lesions observed within the 3 × 0.3 m transects of all plots was 144.9. 

Extrapolated based on the fraction of each concentric 0.025 m-wide annulus covered by the 

sampling transects, there was a mean of 275.77 lesions within a 1.52 m radius of the source. 

The sum of all lesions at a given distance across all plots two-dimensionally extrapolated is 

presented in Figure 5. Of two-dimensional extrapolated lesions, 50% occurred within 0.23 m 

and 80% occurred within a mean of 0.69 m of the source lesion.

The mean number of lesions observed within 0.025 m of the source, approximately the 

radius of an average T. aestivum ‘Jacmar’ plant, was 7.058. This represents an autoinfection 

rate per plant of 2.56% of the two-dimensional extrapolated lesions within 1.52 m of the 

source lesion.

By aggregating lesion observations from all uncontaminated dispersal study replicates, a 

nonzero lesion count was observed in 53 out of 60 0.025 m-width intervals, with no interval 

greater than 0.051 m-width lacking one or more lesions. Binning only zero-count distance 

intervals with lesion counts from adjacent distance intervals minimized the total number of 

bins and minimized their effect on the regression. In aggregate, the dispersal gradient of 

lesions from a single source lesion within 1.5 m was described by the equation fitted by 
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least-squares of the log-log transformed data (Fig. 6). The dispersal gradient, when the 

amount of disease at distance = 0 m was normalized to 1 by dividing the observed lesion 

count within each 0.025 m-width interval by the number of lesions observed within the 

distance interval of 0 to 0.025 m from the source lesion, resulted in the equation fitted by 

least-squares of the log-log transformed data (Fig. S2). In examining the aggregated data 

from all plots from 2012 to 2014, variance in mean observed lesions per 0.025 m-wide 

increased with distance from the source (Fig. 6).

Non-linear PDFs and CDFs were converted to discrete probability mass functions (PMFs) 

and cumulative mass functions (CMFs) using each 0.025 m as a distance interval, and fit to 

the proportion of total lesions observed within each 0.025 × 0.30 m bin, as distance from the 

source increased (Figs 7 & 8, respectively). The PMFs and CMFs separated by individual 

source leaf were also plotted (Figs S3 & S4, respectively). Of the non-linear distributions, 

the modified Pareto distribution better fitted the data than the Weibull, and each additional 

blocking factor, source leaf, year, and replicate, lowered the AIC as well (Table 2). However, 

when the data was two-dimensionally extrapolated to estimate the number of lesions in the 

entirety of each annulus, the Weibull fitted better than the modified Pareto (data not shown).

Upon resampling the plot containing the spore traps after approximately 1.8 generations, 

there was no significant difference between the number of urediniospores observed on the 

basal and the apical half of the spore traps (Fig. 9). Due to the presence of additional source 

lesions, there was no significant correlation between horizontal distance from the inoculated 

lesion and number of spores observed after a generation of dispersal. However, lesion counts 

significantly decreased as leaf position increased going down the stem (P < 2e−16), while 

mean urediniospores per mm2 significantly increased as spore trap position increased going 

down the dowel (P = 0.013; Fig. 10).

Discussion

The dispersal gradient of P. striiformis lesions from a single point source aggregated across 

all plots was best fitted by the inverse-power model, as was the case in several previous 

field-wide studies (Mundt, 1989; Sackett & Mundt, 2005). The dispersal gradient had an 

exponent (b) well within the range found in previous studies on continental-scale dispersal 

(Mundt et al., 2009a). As in the study by Lannou et al. (2008) on P. triticina, autoinfection 

was measured by direct counts, while alloinfection could not be completely measured due to 

long-distance dispersal. The observed dispersal gradient within 1.5 m of the source was 

substantially steeper than observed in a previous study on P. triticana (Frezal et al., 2009). 

However, this leaf rust study was conducted using individual source leaves that were nearly 

saturated with infections, and contained spurious lesions within the plots in addition to the 

inoculated source lesions, which could result in much shallower infection gradients. The 

dispersal gradient was also over-dispersed, as in Lannou et al. (2008). While the count of 

progeny autoinfection lesions observed was considerably lower than in wheat leaf rust, this 

could be expected due to the much larger lesion size of WSR, and the more suitable 

environment for leaf rust infection in Lannou et al. (2008). The autoinfection rate per plant 

observed in the present study was more closely in agreement with previous studies on P. 
graminis f. sp. avenae (Leonard, 1969) and P. coronata (Mundt & Leonard, 1985, 1986). 
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When examining individual plots or plots aggregated by year or leaf position or source 

lesion, the dispersal gradient, often referred to as a dispersal kernel when describing the set 

of random draws from a given PDF (Holland, 2010), was well fitted by the Weibull 

distribution, which has previously been used to model the distribution of wind speed in the 

boundary layer (Kelly et al., 2014), as well as biological dispersal data (Brøseth et al., 2005).

A consequence of the dispersal gradient from a single source lesion being very steep near 

the source while also having a fat-tail in which the exponent is unbounded, is that polycyclic 

epidemics have a high probability of invading new hosts at very low disease severities, but in 

succeeding generations can very quickly increase severity locally to near-saturation, 

resulting in accelerating rather than travelling waves of disease (Kot et al., 1996). This can 

help explain why observed aerial dispersal in the field has been up to 20 times as fast as 

predicted by simple diffusion models (Andow et al., 1990). The steepness of the dispersal 

gradient correlates with a reduction of importance of the dilution effect (Schmidt & Ostfeld, 

2001), which has been postulated as a primary mechanism in slowing epidemics (Mundt, 

2002). This is due to a greater proportion of urediniospores being deposited on the 

susceptible host tissue of the plant containing the source lesion relative to a shallower 

dispersal gradient in which a greater proportion of the spores would be deposited on a 

surface other than the plant containing the source lesion. This is due to the fact that, given 

the fat-tail of the dispersal, it is likely that the pathogen could spread from one plant to 

others within fields at low frequency (Hastings et al., 2005) thereby creating new foci, but 

that a very large proportion of spores would be deposited on the same plant as the source 

lesion, causing reinfection, or autoinfection, rather than deposition on a surface in which the 

spores could not cause infection (Mundt et al., 2010).

The number of progeny lesions observed at or above the leaf containing the source lesion 

was greater than would be expected if urediniospore dispersal via sedimentation was the 

primary driver of vertical lesion distribution, and was greater than found in wheat leaf spread 

(Frezal et al., 2009). The number of urediniospores decreased as spore trap height increased, 

contrary to the observed distribution pattern of lesions, but in agreement with the 

expectation of a greater proportion of spores being present in the middle or lower portion of 

the canopy early in an epidemic (Aylor, 1999). This result indicates that the observed 

vertical distribution of lesions was due to forces other than urediniospore dispersal. One 

potential explanation for this discrepancy in location of urediniospores versus lesions is a 

vertical gradient in environmental conditions and host physiology necessary for 

urediniospores to germinate, successfully infect a host, survive latently, and form sporulating 

lesions. There are vertical environmental gradients within the canopy of a wheat field, as UV 

radiation, temperature, leaf moisture, wind speed and wind direction are all inter-related and 

affected by the position in the canopy. Each of these environmental factors can affect the 

fitness of a given urediniospore (Eversmeyer et al., 1988). Another potential factor driving 

the discrepancy between uredinial lesion spread and urediniospore spread is the decreasing 

age of wheat leaves with increasing leaf position. Younger leaves have fewer hairs, thinner 

cuticles, and have been shown in other systems to correlate with increased disease severity 

(MacHardy, 1996). Recent experiments with controlled inoculations (D. H. Farber and C. C. 

Mundt, unpublished data) showed that a substantially higher proportion of urediniospores 

form sporulating lesions on younger leaves as compared to older leaves.
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Environmental heterogeneity can be a primary determinant of spatial and temporal patterns 

of dispersal (Wright, 2002; Heino, 2013). However, non-uniform patterns of dispersal can 

arise even in relatively homogenous environments, including conventional single-crop 

agricultural fields (Neubert et al., 1995). Conventionally, dispersal gradients have been fitted 

by exponential or inverse-power distribution (Sackett & Mundt, 2005). Alternatively, the 

Weibull PDF has been fitted to biological dispersal data (Brøseth et al., 2005; Quinn et al., 
2011). Use of PDFs has advantages over the inverse power law distribution, as they do not 

require taking the log, thereby enabling inclusion of zeroes, a large component of count data 

sets.

CDFs, the integrals of PDFs, are useful in examining the distances at which given 

proportions of the total number of new lesions arise from a single source lesion. It has been 

shown that there is a point at which the graph of the CDF rapidly flattens as it approaches its 

asymptote, often stated as approximately the distance at which 80% of cumulative lesions 

are observed, which is referred to here as the n80. This can be thought of as the division 

between two separate dispersal processes. Within the n80, the pathogen is locally dispersed, 

with urediniospores being deposited without being transported by the wind current, while 

the other 20% make it into the wind current, and therefore have a relatively high probability 

of long-distance dispersal. This 80/20 division of dispersal methods has been found to 

maximize overall disease spread (Zawolek & Zadoks, 1992). These findings could also 

support previous ecological work on ‘the 80/20 rule’, which states that 20% of individuals 

account for 80% of the disease spread (Woolhouse et al., 1997).

Another challenge of modelling dispersal lies in accurately assessing the quantity of disease. 

Many studies of polycyclic diseases in agricultural settings have utilized disease severity 

estimates, largely due to feasibility restrictions of counting the enormous number of lesions 

present when inoculating large focal areas with many propagules. Estimating disease 

severity can be imprecise, especially at low levels of disease, such as the case at the disease 

front. A relatively small inaccuracy in estimation of disease severity, for example, estimating 

0.2% severity when the actual severity is 0.1% in a 1 m2 area, could translate to an 

additional 372 lesions, assuming four healthy, susceptible leaves per tiller, three tillers per 

wheat plant, and 1550 wheat plants per 1 m2.

While this study was performed in a relatively uniform, conventionally managed agricultural 

field, there were still a number of variables that could not be held constant. One such factor 

was the leaf position of the source infection. Due to the low success rate of inoculation by P. 
striiformis, especially early in the season when overnight temperatures were often at or 

below freezing, many plots had to be inoculated after a generation had passed and no 

sporulation was observed on the inoculated leaf. This temporal shift in the start of the 

successful inoculation caused several corresponding environmental factors to change as 

well. Later in the season the wheat was at a later stage of development, so in order to 

maintain consistent methods of inoculating the highest position leaf that was at least as wide 

as the eraser used, a higher position leaf had to be inoculated. Additionally, the weather was 

generally warmer later in the season, and the wind patterns different. The generation time of 

the rust was also shorter later in the season.
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Because of the environmental heterogeneity present even in a conventionally managed 

agricultural system, more replicates of the local dispersal study would be ideal. However, 

given the time and space constraints present, and the relative consistency of the dispersal 

gradients, it is felt that this study should further the understanding of the spread of diseases 

caused by the aerial dispersal of small spores, by examining the local dispersal from a single 

source lesion over a representative set of environmental variables within a wheat field.

This study represents one of the only studies to examine dispersal from a single source 

lesion, enabling a better understanding of disease spread at the disease front. Destructively 

sampling all wheat leaves within transects and counting lesions should provide a more 

accurate dispersal gradient than severity estimates. The parameters obtained from this study 

can be used to model disease spread over time at a finer scale, allowing for modelling of 

infection of individual plants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Plot design. (a) Example of crossing 3.0 × 0.30 m sampling transects used to measure the 

distribution of wheat stripe rust lesions around initially inoculated leaves (●). (b) All tillers 

within the crossing rectangles were destructively sampled, with the number of lesions on 

each leaf recorded. In the crossing region within 0.15 m of the source lesion across or along 

rows, the coordinates of the tillers were recorded to the nearest 0.025 m. Outside of the 

crossing region, the quadrant and distance from the source to the midpoint of the bin 

containing the tiller was recorded.
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Figure 2. 
Location of spore traps and source Puccinia striiformis lesions present one generation prior 

to sampling.
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Figure 3. 
All observed lesions on the uppermost three leaves of all tillers sampled in all plots 2012 

through 2014. Size and colours of points reflect the number of lesions at each leaf position 

within a sampling bin.
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Figure 4. 
Three-dimensional maps of lesions, aggregated by leaf position of source lesion. Size and 

colours of points reflect the number of lesions at each leaf position within a sampling bin. 

The source lesion was on (a) leaf 1 in plots 5 and 6; (b) leaf 2 in plot 4; (c) leaf 4 in plots 1, 

2, 3, 8; (d) leaf 5 in plot 7.
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Figure 5. 
Cumulative proportion of lesions across all plots by distance from source lesions, 

extrapolated two-dimensionally.
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Figure 6. 
Linear regression of log-transformed lesions as a function of log-transformed distance with 

best-fit c offset, aggregated from all plots 2012–2014 to maximize non-zero lesion count 

coverage of distance intervals, with 95% confidence interval (CI).
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Figure 7. 
Proportion of total progeny lesions observed as a function of distance from source lesion 

with best-fit modified Pareto (MP) and Weibull (W) probability mass functions.
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Figure 8. 
Cumulative proportion of total progeny lesions observed as a function of distance from 

source lesions with best-fit modified Pareto (MP) and Weibull (W) cumulative mass 

functions.
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Figure 9. 
Three-dimensional maps of (a) the mean number of urediniospores per mm2 per leaf trap, 

and (b) the total number of lesions in the plot containing the spore traps. Size and colours of 

points reflect the number of urediniospores or lesions, respectively, at each leaf position 

within a sampling bin.
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Figure 10. 
Vertical distribution of Puccinia striiformis in the plot containing spore traps. (a) The 

number of urediniospores as a function of spore trap position (1 = 0.75 m, 2 = 0.5 m, 3 = 

0.25 m aboveground). (b) The number of lesions as a function of leaf position, which 

decreases in height sequentially. Point size is equal to 1 + log10 (frequency of observation).

Farber et al. Page 23

Plant Pathol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Farber et al. Page 24

Table 1
Locations and timings of inoculations and disease assessments used to measure the spatial 
distribution of stripe rust lesions around initial single-lesion leaves

Plot Source leaf Inoculation date Sampling date Growing degree daysa

1 4 04/05/2012 19/06/2012 683

2 4 04/05/2012 18/06/2012 670

3 4 15/05/2012 18/06/2012 670

4 2 16/05/2013 26/06/2013 648

5 1 16/05/2013 24/06/2013 613

6 1 16/05/2013 24/06/2013 613

7 5 18/04/2014 07/06/2014 658

8 4 29/04/2014 15/06/2014 688

a
Growing degree days are cumulative above 2 °C between inoculation and sampling dates.
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Table 2
Akaike information criterion (AIC) and maximum likelihood estimate (MLE) for each 
model and distribution

Model Distribution Parameters MLE AIC

Lesions ∼ distance Modified Pareto 2 4975.73 9955.46

Lesions ∼ distance Weibull 2 4990.48 9984.96

Lesions ∼ distance + source Modified Pareto 8 4979.31 9974.62

Lesions ∼ distance + source Weibull 8 4960.00 9936.00

Lesions ∼ distance + source + year Modified Pareto 13 4932.17 9890.34

Lesions ∼ distance + source + year Weibull 13 4948.21 9922.42

Lesions ∼ distance + source + year + replicate Modified Pareto 26 4912.46 9876.92

Lesions ∼ distance + source + year + replicate Weibull 26 4931.77 9915.54
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