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Abstract 

Spatio-temporal progress of an epidemic of faba bean rust was monitored over a discontinuous field. Trap plots 
were sown at increasing distances from a source plot, in the centre of which plants were inoculated. Disease spread 
in the source plot followed a focal pattern, with a radial velocity of expansion slightly lower than 0.1 m pet day. 
At the end of the experiment, all trap plots had been infected, and two of the most distant ones showed unexpected 
high disease severity. Using a three-dimension model of disease progress, we showed that the epidemics on the 
scales of the source plot and of the trap plots could not be combined into a single epidemic on the whole-field scale. 
The epidemics had equivalent infection rates on both scales, but changing the scale dramatically affected their 
distance parameter. The epidemic in the source plot could have been caused by a short-distance, high-frequency, 
deterministic mechanism of spore dispersal, whereas infection of the trap plots could have been caused by a long- 
distance, low-frequency stochastic mechanism of spore dispersal. Although our results agreed with the predictions 
of a simulation model postulating these two mechanisms, alternative hypotheses which could also explain the 
observed disease pattern remained to be tested. 

Introduction 

Empirical evidence is available for various scales 
of spatio-temporal development of plant disease 
epidemics, but the relationships between epidemics 
occurring on different scales have not been established 
quantitatively. Most theoretical work dealt with focus 
expansion within a single field [e.g. Zadoks and Kamp- 
meijer, 1977; Minogue and Fry, 1983a; Van den Bosch 
et al., 1988b], and the proposed models were validated 
by field experiments [Minogue and Fry, 1983b; Van 
den Bosch et al., 1988a, 1990]. 

Considering spore escape from a disease focus, 
G~umann [1946] opposed the large quantity of spores 
reaching 'the receiver in short-range infection' to the 
'sparse and long-range infections [which] are impor- 
tant because they extend the infection chain by leaps 
and bounds'. Vanderplank [1967] developed the idea 
in terms of gradients, the short-range infection being 

associated with a steep gradient and focus enlargement, 
and the long-range infections being associated with 
a shallow gradient and initiation of new loci. Based 
on a physical approach of these concepts, a math- 
ematical model postulated two mechanisms leading 
to short-distance, high-frequency, and long-distance, 
low-frequency dispersal. The two postulated mecha- 
nisms differed by their range of spore dispersal, related 
to the spore diffusion coefficient and deposition rate 
[Zawolek and Zadoks, 1992; Zawolek, 1993]. Associ- 
ation of both mechanisms might explain disease spread 
over discontinuous cultivated areas, such as a mosaic 
of fields scattered over a large geographic area, and 
continental expansion of epidemics. 

Assuming that equivalent mechanisms would occur 
on a smaller, attainable to field experiment, spatial 
scale, we report here the results of a pilot, non- 
replicated field study designed to monitor disease 
spread from an inoculated focus over a discontinuous 
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field. The pathosystem used, faba bean (Vicia faba) 
- rust (Uromyces viciae-fabae), has adequate features 
in Wageningen for that purpose, i.e., temperature and 
dew duration favourable to infection during the host 
growing season, focal spread of epidemics, no natural 
sources of inoculum, and no risk of economic losses 
due to accidental spread of the disease to cultivated 
fields. The objective of the study was to monitor the 
spread of disease across the inoculated source plot 
(primary focus) and to distant, non-inoculated trap 
plots (secondary foci). Using simple temporal [Van- 
derplank, 1963], spatial [Gregory, 1968; Kiyosawa 
and Shiyomi, 1972] and spatio-temporal [Jeger, 1983] 
models, disease spread was characterized by rate and 
distance parameters on the scales of the source plot, 
the trap plots, and the whole field (source and trap 
plots). The relationships between the disease spread 
on these scales and the two postulated mechanisms of 
spore dispersal were then discussed. 

Materials and methods 

Field layout. In a maize (Zea mays) field (75 x 50 m) 
located in Wageningen, plots of faba bean cv 'Alfred' 
(Cebeco Zaden BV, Rotterdam), highly susceptible to 
rust, were sown by hand on 16 March 1993. The 
'source plot' consisted of 13x 13 units, planted at a 
centre-to-centre distance of 0.3 m. Each 'unit' con- 
sisted of 3 seeds producing 2-7 stems. Thirty-three 
'trap plots' were established following a regular pat- 
tern (Fig. 1). Five rows of 3, 5, 7, 6, and 9 trap plots 
were established downwind from the source plot at 10 
m, 20 m, 30 m, 35 m, and 40 m, respectively. Three trap 
plots were established 10 m upwind from the source 
plot. Rows ran NW to SE, perpendicular to the prevail- 
ing SW wind. Distance between plots within rows was 
10 m. Each trap plot consisted of 3x3 units, planted 
at a centre-to-centre distance of 0.3 m. All plots were 
sprayed with cyfluthrin (15 g a. i..ha -1) to control pea 
weevil (Sitona lineatus) 51 days after planting (DAP) 
and weeded by hand 69 DAP. 

Rust inoculation. The central unit of the source plot was 
fenced off with plastic sheets and inoculated 69 DAP 
late in the afternoon. A suspension of urediniospores 
(c. 106 urediniospores.ml -x) in mineral oil (Soltrol 
170, Phillips Chemical Co., Bartlesville, USA) was 
sprayed onto the leaves until run-off. The inoculated 
unit was covered with a plastic tent during the fol- 

lowing night to promote urediniospore germination, 
penetration, and infection. 

Disease assessment. Disease severity was assessed in 
regular rounds twice a week up to 38 days after inocu- 
lation, due to extremely rapid spread of the epidemic. 
Later on and up to 59 days after inoculation, disease 
severity was assessed only once a week to limit canopy 
disturbance and spore dispersal by the observer. In 
every round the observer worked progressively across 
the plots with least infection to those more heavily 
rusted, and scored the source plot at the end of the 
round. Sporulating lesions were counted on each leaf 
and forty sporulating lesions per leaf were consid- 
ered to equal 1% severity. Severity levels higher 
than 5% were scored using an unpublished pictorial 
key designed by M. W. Hoogkamer (Department of 
Phytopathology, Wageningen Agricultural University) 
since lesion counting was no more possible. Mean 
severity was evaluated for each unit by averaging 
severity values recorded for all leaves of the unit. 

Epidemic in the source plot. All calculation methods 
used in this section assume isodiametric focus expan- 
sion. Distances (d, 27 values, range 0-2.55 m) are 
centre-to-centre distances between the inoculated and 
the target units. Using disease severity (x) averaged per 
distance, the apparent infection rate (rs) was estimated 
at each distance by linear regression [Vanderplank, 
1963]: 

logit(z) = intercept + r~.t (1) 

Using severity averaged per distance, the slope (b) 
of the disease gradient was estimated at different dates 
(from 21 to 59 days after inoculation) after lineariza- 
tion of the exponential model [Kiyosawa and Shiyomi, 
1972]: 

In(x) = intercept-  b~.d (2) 

and after linearization of the power law model 
[Gregory, 1968]: 

ln(z) = intercept-  bp.ln(d) (3) 

The radial expansion velocity (c) was calculated 
for different isopaths (annuli with severity equal to a 
given level at a given date [Berger and Luke, 1979]) 
at levels ranging from 1% to 50% severity. The area 
within the isopath (A) was calculated from isopath scale 
maps, assuming a constant area of 0.09 m 2 per unit. 
Assuming a constant radial expansion velocity during 
focus expansion, c was estimated by linear regression 
[Van den Bosch et al., 1992]: 



(A/x/:r) = intercept + c.t (4) 

Epidemics in the trap plots. Each trap plot was repre- 
sented by severity averaged over its nine units. Appar- 
ent infection rate (rt) was estimated for each plot as 
described above. Mean severity per trap plot at differ- 
ent dates was plotted against the distance between the 
centre of the source and the centre of each trap plot 
(17 values, range 10-57 m) to determine the disease 
gradient of the epidemic over all trap plots. The slope 
(B) of the disease gradient was estimated as described 
above. Estimations of B were made with and with- 
out data from the two trap plots #20 and #22, which 
showed unexpected high severity (Fig. 1). 

Relationships between epidemics in source and trap 
plots. Characteristics of the epidemics were used to 
select a priori three-dimensional models [Jeger, 1983]. 
Among the eight models available, only models for 
'classical polycyclic diseases' and 'the early stages of 
a polycyclic epidemic initiated by artificial inoculation 
at a plot centre', further referred as 'classical' and 
'focal' ,  respectively, were consistent with the observed 
epidemics. The linearized models were fitted to the 
mean severity by multiple linear regression: 

In(z) = intercept + bc.d + rc.t 
('classical model') (5) 

In(x) = intercept + by .In(d) + ry .~ 
('focal model') (6) 

Models were fitted to data from (i) the source plot 
(ii) the trap plots, including #20 and #22, (iii) the trap 
plots, excluding #20 and #22, and all plots, (iv) includ- 
ing #20 and #22 or (v) excluding #20 and #22. From 
the classical model (equation [5]), the relaxation dis- 
tance a ,  i.e., the distance from the centre or the source 
plot at which the predicted disease severity decreases 
by 1/e [Zadoks and Schein, 1979], was calculated: 

a = 1//b~ (7) 

ct was used as a distance parameter to compare the 
epidemics occurring on the different scales of the 
study. 

Results 

Epidemic in the source plot. Sporulation began on the 
inoculated unit on day 10 after inoculation and con- 
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tinued up to the death of the plants on day 59. Other 
units of the source plot did not show rust lesions before 
day 20. All units were infected on day 31. There was 
no obvious directional effect in focus enlargement. The 
assumption of isodiametric expansion of focus, thus, 
was confirmed and the data were averaged over direc- 
tions for each distance from the centre. 

Disease progress curves were plotted for various 
distances from the centre (Fig. 2A). A logistic pattern 
was found for most distances up to 1.2 m. For longer 
distances, host tissue was not saturated by disease on 
day 59, and the pattern of disease progress was expo- 
nential. Local apparent infection rates (rD were in the 
range 0.21 (at d = 2.55 m)-0.29 (at d = 0.67 m) d - a. 

Disease gradient became steeper with time up to 
day 35, and flattened from day 44 onwards (Fig. 2B). 
The primary disease gradient was established during 
the third latent period after inoculation [Savary, 1987], 
here on day 35. The best fit was obtained with the power 
law model during the build-up of the primary disease 
gradient and later with the exponential model. The 
dimensionless slope of the primary disease gradient 
calculated with the power law model was b = 2.11. 

The spatio-temporal spread followed a focal pat- 
tern. The three usual stages of focus expansion, i.e. 
focus build-up without focus enlargement (days 10 to 
23), focus expansion at constant radial velocity (days 
23 to 52), and breakdown of focus expansion due to 
plot saturation (days 52 to 59), are shown on Fig. 3. 
The radial expansion velocity c was estimated using 
equation (4) applied to the straight lines drawn in the 
expansion phase. The isopath level had little effect on 
c, which reached 0.08 m.d-a for isopath levels lower 
than 10%, 0.07 m.d - I  for 15-25% isopath levels, and 
0.09 m.d-  1 for higher isopath levels. 

Epidemics in the trap plots. Sporulating lesions were 
observed on day 28 in one unit in each of four plots 
(#1, #2, #6, #20). All units of all plots were infected on 
day 59. The trap plots #20 and #22, located at 38 m and 
57 m from the centre, respectively, exhibited a much 
higher disease severity than their neighbouring plots 
(Fig. 1). When all plots were considered, there was 
a significant correlation between the time of first rust 
observation and the distance from the source plot (r 
= 0.48, P = 0.005). Final disease severity (day 59) 
was not correlated with the distance from the source 
plot (P = 0.57). When the trap plots #20 and #22 
were excluded, the correlation between the time of first 
rust observation and the distance from the source plot 
increased (r = 0.60, P = 0.003). Final disease severity 
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Fig. 1. Layout of  the faba bean plots in a maize field. The vertical axis represents the direction of the prevailing wind (SW). Entries above 
plots are mean severity values per plot (%) at the end of the experiment (day 59), Entries below plots are times of first rust detection per plot. 
Source plot is labelled with bold S. Trap plots are labelled with bold numbers. 

was negatively correlated with the distance from the 
source plot (r -- -0 .60,  P = 0.003). In all cases, time 
of first rust observation and final disease severity were 
not correlated with the angle between plot location and 
prevailing wind direction (P = 0.09-0.50). 

Representative disease progress curves for trap 
plots are shown in Fig. 4. All curves had an expo- 
nential pattern, indicating that epidemics in the trap 
plots began too late to reach saturation. The range of 
apparent infection rates in trap plots was rt = 0.19- 
0.38 d -1. There was no correlation between the appar- 
ent infection rate of a trap plot and either its distance 
from the source plot (P = 0.23) or the angle between its 
location and prevailing wind direction (P = 0.49). 

The individual epidemics from all trap plots were 
combined into a single trap-plots epidemic by averag- 
ing severity values per plot over distance to the source 
plot. The primary disease gradient of the trap-plots 
epidemic was induced by the spores emitted by the 
source plot during its infectious period and causing 
infections in the trap plots. The infectious period of 

the source plot extended as long as sporulating lesions 
were present in the source plot, i.e., from days 10 to 
59, so the primary gradient was established at the end 
of the experiment, on day 59. Either the power law (R 2 
= 0.26, P = 0.04, slope B = 1.70) or the exponential (R 2 
= 0.38, P = 0.006, slope B = 0.07 m - t )  models poorly 
described the disease gradient. When the two trap plots 
#20 and #22 were excluded, the disease gradient was 
much better described by both the power law (R 2 = 
0.64, P < 0.001, slope B = 2.11) and the exponential 
(R 2 = 0.65, P < 0.001, slope B = 0.08 m-1) models. 

Relationsh~'ps between source-plot and trap-plots epi- 
demics. The focal and classical models had similar 
coefficients of determination for the trap plots, but the 
focal model had a higher coefficient of determination 
for the source and for all plots combined (Table 1). 

Goodness-of-fit of the focal model was further 
evaluated by plotting back-transformed estimates of 
severity values against observed severity values. The 
focal model correctly fitted the source plot (Fig. 5A) 



55 

100 

A 8O 

o~ 

._~ 

e- 

A 

A, 

6 0  " "- 

4O 

2 0  

0 

Cent re  

0.3 m 

0.6 m 

1.2 m , , , t  

1.8 m P" 
/ , 

2.6 m d 
I 

I 
I 

/ 
I 

I 

/ 
d i 
/ / 

i I I 
I 

! 

.z I / /  

I 

% 

\ 
o~ 

"o 

B 

- - - - - a - - -  21 

- - o . -  - 28 

*. 35  

- - t~  - - 4 4  

5 2  

- -  o . - -  5 9  

10 20 30 40 50 0 1 .2 3 4 

Days after inoculation Distance from the centre (m) 
Fig. 2. Source plot. A. Disease progress curves for six selected distances from the centre. B. Disease gradients at six selected times (in days 
after inoculation). 

Table 1, Parameter values obtained by multiple regression fitting logit (x) = ac - bc.d + rc.t (classical model) and logit (x) = af  - bf .ln 
(d) + r f  .t (focal model) to the mean disease severities (x) at various distances (d) from the inoculated unit and at various times (t) during 
the course of faba bean rust epidemics 

Scale Classical model Focal model 

R 2 bc ( m - b  rc (d -1) SE a c~ b (m) R 2 by  r I (d - l )  SE 

Source plots 0.92 1.95 4- 0.09 c 0.24 4- 0.01 0.84 0.5 0.95 2.00 4- 0.08 0.25 4- 0.01 0.67 

Trap plots 

All 0.58 0.04 4- 0.02 0.27 4- 0.02 2.22 25.0 0.58 1.10 4- 0.51 0.27 4- 0.02 2.20 

All but #20 and #22 0.87 0.11 4- 0,01 0.32 4- 0.01 1.16 9.1 0.86 2.78 4- 0.30 0.32 4- 0.01 1.21 

Source and trap plots 

All 0.72 0.20 4- 0.01 0,23 4- 0.01 2.05 5,0 0.89 2.28 4- 0.06 0.25 4- 0,01 1.29 

All but #20 and #22 0 . 8 1  0.24 + 0.01 0.24 i 0.01 1.71 4,2 0.95 2.54 4- 0.04 0.26 4- 0.01 0.92 

a Standard error of estimate. 
b Relaxation distance for disease severity, calculated as c~ = 1~be [Zadoks & Schein, 1979]. 
c Parameter estimate 4- standard error. 

and the trap plots, excluding the two plots #20 and #22 
(Fig. 5B, closed circles). When the two plots #20 and 
#22 were included, the trap plots were poorly described 

by the focal model (Fig. 5B, open circles). When a sin- 
gle epidemic was assumed to occur over source and 
trap plots, the low disease severity observed in most 
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Fig. 3. Soure plot. Development of the square root of the area within an isopath with increasing time after inoculation for three isopath values. 
Regression lines were used to estimate the radial velocity of expansion. 

trap plots was overestimated by the model, whether 
the two trap plots #20 and #22 were included (Fig. 5C) 
or excluded (Fig. 5D). The values of the time param- 
eter (re and r f )  were only marginally influenced by 
the model and the scale of the epidemic (Table 1). For 
each model, the r value was smaller when the source 
plot was included than when it was excluded, and the 
highest r value was found in the trap plots, excluding 
the two plots #20 and #22. In the contrary, gradient 
parameters (be and by), which cannot be directly com- 
pared due to their different dimensions, considerably 
varied with the scale of study. The effect of the scale 
of study on the distance parameter was highlighted 
by considering the relaxation distance c~. Upscaling 
the epidemics from the source plot to the whole field 
caused a tenfold increase in c~. The effect of the two 
plots #20 and #22 on ct was important only when epi- 
demics occurring in the trap plot and over all the source 
plots were considered separately (Table 1). 

Discussion 

The source-plot epidemic. The epidemic occurring 
in the source plot followed a focal pattern, with no 
apparent directional effects. Turbulent diffusion of 
smoke puffs [Zadoks et al., 1969] and rust spores 
may overcome dominant wind direction, when the 
wind is not too strong. The 'focal '  model (equation 
[6]) fitted the epidemic in the source plot better than 
did the 'classical' (equation [5]) one (Table 1). The 
dominant mechanism, at least during the first weeks 
of epidemics, was a reinforcement of the primary 
gradient due to predominant autoinfection at the plant 
level. This autoinfection conserved the shape of the 
gradient (Fig. 2B) and increased the level of dis- 
ease in a parallel manner across the plot (Fig. 2A). 
The same pattern of disease progress was observed in 
bean rust (caused by Uromyces appendiculatus) epi- 
demics initiated by a linear inoculum source [Aylor 
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and Ferrandino, 1989]. Using the 'focal' model, these 
authors found rate parameters in the same range (rj 
= 0.19-0.31 m.d -1) as ours, but shallower gradient 
parameters (bj = 1.05-1.75). The difference may be 
explained by the geometry of the source [Gregory, 
1968] and the length of the plot (30 m), and by differ- 
ences in environmental conditions, varietal suscepti- 
bility, and canopy structure. The source-plot epidemic 
caused by the primary focus resulted in a travelling 
wave expanding with a constant radial velocity, as 
expected from theoretical considerations [Minogue 
and Fry, 1983a; Van den Bosch et al., 1988b] and 
observed for various fungal, bacterial and viral plant 
diseases, as well as for insect infestations [Zadoks and 
Van den Bosch, 1994]. 

The trap-plots epidemic. Disease increased exponen- 
tially in each trap plot, as observed in the peripheral 
units of the source plot (compare Figs. 2A and 4). Final 
disease severity (Fig. 1), except for the plots #20 and 

#22 and some plots near the source plot, was compa- 
rable to disease levels recorded on naturally infected 
fields [Lapwood et al., 1984]. In our discontinuous 
field, every trap plot, thus, can be considered as a 
secondary focus. However, great differences in final 
disease severity occurred between the trap plots and the 
unexpected high disease severity in the trap plots #20 
and #22 is intriguing. Cross contamination between 
trap plots is unlikely to explain the high disease severity 
in plots #20 and #22, since the observer always entered 
the field by the upper-right corner and, thus, did not 
enter any heavily infected plot before reaching plots 
#20 and #22 (Fig. 1). Moreover, disease in the plots 
#20 and #22 was certainly induced by spores escaping 
from the source plot, because the contamination of the 
two plots #20 and #22 did not occur after the detec- 
tion of sporulating lesions in the neighbouring trap 
plots (Fig. 1). The high severity in these two plots can 
be attributed to the landing of a heavy load of infec- 
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Fig. 5. Scatter plots of back-transformed estimated severity against actual severity. The model was logit(x) = a�9  + b l . ln  (d) + r f  .t, with x, 
mean severity, d, distance from the centre, and t, days after inoculation. Data were from A, source plot, B, trap plots including (open circles) or 
excluding (closed circles) the plots #20 and #22, C, source plot (open circles) and trap plots including the plots #20 and #22 (closed circles), D, 
source plot (open circles) and trap plots excluding the plots #20 and #22 (closed circles). Data were averaged over distances from target (unit 
for the source plot, plot for the trap plots) to inoculated centre. 

tious spores, as well as to local environment highly 
favourable to disease development. 

When individual epidemics occurring over each 
trap plot were combined into a 'trap-plots epidemic', 

the 'focal' and 'classical' models fitted equally well to 
the data (Table 1). High disease severity in the plots 
#20 and #22 strongly decreased goodness of fit of both 
models (Fig. 9B). When the two plots #20 and #22 
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were excluded, rate parameters (ry and re) were not 
affected, but distance parameters (by and be) dramat- 
ically increased (Table 1). The trap-plots epidemic 
can not be considered as a travelling wave expanding 
with a constant radial velocity, and give a qualitative 
confirmation of the 'leaps and bounds' mechanism 
[G~umann, 1946]. Secondary foci, considered as the 
result of a stochastic process [Zawolek, 1993] occur- 
ring at long distance and low frequency, might be 
explained by the dual dispersal mechanism postulated 
by Zawolek and Zadoks [1992]. 

The epidemic over the whole field. When the source- 
plot and trap-plots epidemics were combined into a sin- 
gle epidemic spreading over the whole discontinuous 
field, the model overpredicted disease severity at low 
disease levels in the trap plots, even when the two plots 
#20 and #22 were excluded (Fig. 5C-D). The combi- 
nation of the two epidemics into a single one cannot 
correctly describe the spread of the epidemic at long 
distance from the source. We should rather consider a 
stratified process with a short-distance, deterministic 
dispersal in the source plot and a long-distance, 
stochastic, plot-to-plot dispersal over the discontin- 
uous field. A similar stratification was described on 
larger scales for various examples of ~ a l  invasions 
by Hengeveld [1989], who stated that 'the establish- 
ments at large distances from the source location are 
often bridgeheads for further expansion far ahead of 
the wave front'. This statement qualitatively describes 
the appearance of disease in the trap plots, especially 
in the plots #20 and #22. Simulation models which 
combined neighbourhood diffusion and stochastic rare 
events of long-distance dispersal described, for exam- 
ple, the progress of foxes infected with rabies in central 
Europe [Hengeveld, 1989] and the invasion of flies 
in Australia [Mayer et al., 1993]. Information about 
comparable mechanisms in plant disease epidemics is 
sparse. Classical studies of dispersal of urediniospores 
and aecidiospores of black rust of wheat (caused by 
Puccinia graminis f.sp. tritici) from point sources 
showed a focal pattern near the source associated with 
distant infections occurring on a 1-15 km scale [John- 
son and Dickson, 1919; Stakman et al., 1927; Schmitt 
et al., 1959; Underwood et al., 1959; Kingsolver et 
al., 1984]. On a small scale, ergot disease of sorghum 
(caused by Claviceps africana) infected heads located 
at 15 m from the disease focus, well beyond the dis- 
persal distance allowed by head-to-head contact and 
rainsplash [Frederickson et al., 1993]. 

The dual-dispersal mechanism, thus, can be sug- 
gested to explain the observed pattern of disease 
progress in our experiment but was not definitively 
proved by our results. Firstly, we used a discontinuous 
field design for technical reasons. Fragmentation of 
plots and mixing with non-susceptible plants is known 
to reduce disease spread and intensification [e.g. Kiyo- 
sawa and Shiyomi, 1972; Zadoks and Kampmeijer, 
1977; Lannou et al., 1994]. It cannot be ascertained that 
the mixing effect was quantitative rather than qualita- 
tive, and that the experiment with a discontinuous field 
was representative of the same experiment made in a 
normal, continuous field. Secondly, it could be argued 
that distance parameter would increase with the spatial 
scale even if a single mechanism of spore dispersal is 
involved. Alternative models resulting in secondary 
focus formation with a single dispersal mechanism 
are available [Minogue, 1987; Shaw, 1994]. In these 
models, the epidemic spread is critically affected by 
the mathematical properties of the 'tail' of the func- 
tion describing the primary disease gradient. In plant 
disease epidemiology, an extended gradient tail is 
usually attributed to background contamination from 
other spore sources [Gregory, 1968]. Gradient tails, 
however, may be longer than previously stated, as 
emphasized by G~iumann [1946] and demonstrated for 
seed dispersal gradients in higher plants [Portnoy and 
Willson, 1993]. Underestimation of the influence of the 
tail of the dispersal function might have induced under- 
estimation of the radial velocity of expansion of various 
animal populations [Van den Bosch et al., 1992]. More 
realistic models of disease progress should be based 
on a physical description of the mechanisms of spore 
dispersal leading to gradient formation [Ferrandino, 
1993], but increasing model complexity will certainly 
decrease the attainable levels of abstraction and gener- 
ality of epidemic theory. 
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