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ABSTRACT 
Purpose: Airborne fungal epidemics in fruit crops combine local infection processes with finite-distance inoculum movement; 
splash-dispersed diseases are considered only as candidate extensions. We developed a conservative nonlocal framework 
that distinguishes local infection intensity from spatial epidemic footprint and can accommodate polycyclic fruit–pathogen 
systems after pathogen-specific extension and calibration. Methods: Susceptible, latent, and sporulating host tissue were 
coupled to a nonlocal equation for free inoculum. We establish sufficient conditions for global well-posedness, positivity, and 
boundedness and derive a spatial next-generation threshold. A synthetic Botrytis cinerea case study used unclipped second-
order strong stability-preserving Runge–Kutta [SSPRK(2,2)] simulations to compare local diffusion and nonlocal kernels 
with moment-matched controls, numerical refinement, periodic and absorbing boundaries, and targeted sensitivity analyses. 
Results: Numerical undershoots remained at roundoff scale. On the 200-m grid, the 5-m Gaussian increased infected-tissue-
equivalent length from 30.74 to 33.70 m relative to local diffusion, whereas the original mixed kernel increased it to 88.63 
m. With mean and variance matched, changing tail shape increased equivalent length to 39.16 m; an 8-m directional shift
increased it to 61.56 m. On a 600-m absorbing domain, broad and directional kernels retained larger footprints than local 
baselines, although their ranking changed. Conclusions: Dispersal scale, tail shape, and directional displacement have distinct 
effects on epidemic footprint and influence spatial-extent metrics more strongly than peak local infection. The framework 
is a candidate structure for other fruit diseases, but each application requires pathogen-specific states, forcing, observation 
models, calibration, and validation.
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1. Introduction

Fungal epidemics in fruit crops are driven by interactions
among host susceptibility, infection progression, weather, 
canopy structure, and pathogen dispersal (Madden et al., 2007; 
Williamson et al., 2007; González-Domínguez et al., 2017; 
Larena et al., 2022). These processes operate across multiple 
spatial and temporal scales: local infection depends strongly on 
tissue condition and microclimate, particularly temperature 
and moisture, whereas airborne or splash-dispersed inoculum 
can generate secondary infection foci beyond the immediate 
neighborhood (Latorre et al., 2012; Ferrada et al., 2015, 
2017; Riquelme et al., 2021; Campillay-Llanos et al., 2025). 
Consequently, plant-disease epidemiology requires models 
that integrate disease progression with pathogen dispersal 
(Madden et al., 2007; Brown and Hovmøller, 2002).

A similar broad epidemiological structure occurs in 
several economically important fruit diseases. Botrytis cinerea 
is a generalist necrotroph that infects flowers, leaves, and fruit 
in numerous crops and may remain latent before symptoms 
become visible (Williamson et al., 2007; Elad et al., 2016; 
Chen et al., 2023). Apple and pear scab caused by Venturia 
species involves primary and secondary inoculum, latent 
periods, and environmentally regulated infection (González-
Domínguez et al., 2017). Brown rot of stone fruit caused 

by Monilinia species also combines inoculum production, 
dispersal, latent or quiescent infection, and host-stage effects 
(Holb, 2004; Larena et al., 2022). Anthracnose diseases caused 
by Colletotrichum species affect many temperate and tropical 
fruits, and conidia can be redistributed by rain splash and 
under humid conditions (Peres et al., 2020). These systems 
share epidemiological components that motivate a common 
candidate state-space structure based on susceptible tissue, 
latent infection, actively sporulating tissue, and a mobile 
inoculum pool, although pathogen-specific extensions 
remain necessary; related compartmental formulations for 
fruit-disease dynamics have been used previously (Bevacqua 
et al., 2018; Ortega-Farías et al., 2023).

Most operational disease-warning systems focus on 
identifying periods when weather and host stage favor 
infection. Such models are indispensable, but they do not 
always characterize where inoculum arrives. Conversely, 
nonlocal dispersal equations represent finite-distance 
movement through kernels that can accommodate short-
range, long-range, or directional transport (Andreu-Vaillo 
et al., 2010; El Jarroudi et al., 2020). A general framework 
should connect these two components without counting 
the same infection twice. In particular, a compartment for 
latent infection should not be superimposed on an unrelated 
distributed-delay source unless the relation between the two 
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descriptions is derived explicitly.
This study develops a conservative nonlocal susceptible–

latent–sporulating–inoculum framework for polycyclic 
fungal diseases of fruit crops. Here, “conservative” refers 
specifically to the nonlocal transport operator when no 
boundary loss is imposed; the absorbing-domain variant is 
sub-conservative because inoculum can leave the modeled 
domain. Botrytis cinerea is used as a case study because 
its biology provides a clear example of latent infection, 
active sporulation, broad host range, and airborne conidial 
movement. The model is formulated as a candidate general 
framework whose coefficients, environmental response 
functions, state definitions, and observation equations can 
be adapted to other pathosystems; transferability beyond 
the synthetic case study is not claimed to be validated. We 
hypothesize that dispersal scale, tail shape, and directional 
displacement have distinct effects on epidemic footprint and 
that these effects are greater for spatial-extent metrics than 
for peak local infection. The objectives are to (i) formulate 
the generic model and its pathogen-specific interpretation, 
(ii) establish mathematical consistency and a spatial invasion 
threshold, (iii) evaluate numerical robustness, and (iv) isolate 
the effects of kernel scale, tail structure, directionality, and 
boundary assumptions.

2. Materials and Methods

2.1 Generic epidemiological structure

Let Ω ⊂ ℝ2 denote the spatial domain occupied by the crop, 
such as an orchard, vineyard, greenhouse, or storage facility. A 
point x = (x1, x2) ∈ Ω represents a specific location within this 
domain, whereas t ≥ 0 denotes time. At each position x and 
time t, the host is divided into three epidemiological states: 
susceptible tissue S(x, t), latently infected tissue E(x, t), and 
sporulating or infectious tissue I(x, t). These variables may 
represent flowers, leaves, fruits, or other epidemiologically 
relevant plant tissues. In addition, u(x, t) denotes the local 
density of free inoculum, such as airborne conidia. From an 
experimental perspective, u(x, t) can be related to spore-trap 
measurements collected at different locations within the crop.

The resulting spatial epidemiological model is

Infection is mediated by free inoculum: λSu transfers 
susceptible tissue to the latent class at the same spatial 
location at which inoculum is present. Latently infected tissue 
progresses to the sporulating class at rate ρ, and sporulating 
tissue leaves the actively tracked sporulating class at rate δ. 
The latter transition is an implicit sink representing loss of 

active sporulation; a separate recovered or nonsporulating 
compartment is not modeled. Sporulating tissue produces 
new inoculum through κr(x, t)I, whereas m(x, t)u represents 
free-inoculum losses due to processes such as mortality, 
deposition, or wash-off. The term q(x, t) accounts for 
external or primary inoculum, and ηLJ(t)u describes spatial 
redistribution of inoculum, with η the jump frequency. Thus, 
the epidemiological cycle represented by system (1) is free 
inoculum u → E → I → u. No direct S → E transmission from 
sporulating host tissue is included; all new infections are 
mediated through the free-inoculum compartment.

When u ≡ 0 and q ≡ 0, no new infections occur and the 
host subsystem reduces to progression of any initially infected 
tissue,

This host-progression subsystem is shown only to clarify 
the compartmental transitions used in the spatial model; the 
numerical experiments below solve the full system (1).

Figure 1.
Schematic representation of the host-progression component 
of the model. Free inoculum causes susceptible tissue (S) 
to enter the latent class (E) at rate λSu. Latently infected 
tissue progresses to the sporulating class (I) at rate ρE, and 
sporulating tissue leaves the actively tracked class at rate δI. 
The free-inoculum compartment is omitted here for visual 
simplicity and is shown in Fig. 2.

The nonlocal dispersal operator depends on the boundary 
treatment. For a conservative kernel on Ω, define

Here J(x, y, t) describes inoculum movement from 
y to x, and direct integration shows that ∫ΩL

c
J udx = 0. 

For a translation-invariant, normalized periodic kernel  
J(x, y) = K(x − y), this becomes Lper

K   u = K*per u − u.
For the absorbing-domain experiment, the model uses 

zero extension outside Ω. If K ≥ 0 is normalized on the full 
space, the corresponding operator is

In this case ∫ΩL
abs
K  udx ≤ 0, with strict loss whenever 

dispersal carries mass outside the domain. Equations (3) 
and (4) therefore distinguish conservative periodic transport 
from absorbing boundary loss without changing the within-
domain infection dynamics (Du et al., 2012; D’Elia et al., 
2020). In (1), LJ denotes the operator appropriate to the stated 
boundary condition.

(1)

(2)

(3)

(4)
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Figure 2.
Schematic representation of the full spatial epidemiological 
model. Free inoculum u(x, t) generates latent infections at 
rate λSu. Latent tissue progresses to sporulation at rate ρE, 
sporulating tissue produces inoculum at rate κr(x, t)I, and free 
inoculum is lost at rate m(x, t)u. External inoculum enters 
through q(x, t), while ηLJ (t)u represents spatial redistribution 
under the selected boundary treatment. In practice,  
u(x, t) can be informed by or calibrated against spore-trap 
or airborne-propagule measurements collected at different 
locations and times, including molecular and automated real-
time monitoring technologies developed for airborne plant 
pathogens (Muthukumar et al., 2025; Malvessi Cattani et al., 
2026).

2.2 Velocity-jump interpretation

A dispersal kernel can be derived from a transport–
turning–deposition process (Othmer et al., 1988; El Jarroudi 

et al., 2020). Let p(z, v, t | v0) denote the subprobability density 
of a spore that remains airborne at displacement z and velocity 
v, conditional on initial velocity v0. With turning rate γ, post-
turning velocity distribution qV, and deposition hazard μ,

The deposition displacement density is

Because p already includes survival against deposition, no 
additional survival factor is required. If eventual deposition 
occurs with probability one, then ∫K(z)dz = 1.

2.3 Potential pathosystem transfer

The model is not intended to imply identical biology 
across fruit pathogens. The case study represents an 
airborne, B. cinerea-like system; splash-dispersed diseases 
are considered only as candidate extensions. The framework 
provides a state-space structure whose states, coefficients, 
forcing functions, and observation models must be revised 
for each disease. Tables I and II summarize biologically 
compatible interpretations and required extensions; they 
neither demonstrate transferability nor provide validated 
parameterizations.

2.4 Well-posedness, positivity, and boundedness

We use the following sufficient assumptions: (A1) Ω is 
compact; (A2) J(·, ·, t) and all coefficients are bounded and 
nonnegative, with ρ and δ interpreted as transition rates; (A3) 

(5)

(6)

Table 1
Compatible state interpretations for selected fungal diseases of fruit crops. These correspondences are conceptual and are not 
validated pathogen-specific models.

Pathosystem S E I u
B. cinerea gray mold (Williamson et al., 
2007; Chen et al., 2023)

flowers, leaves, or 
fruit

l a t e n t / q u i e s c e n t 
infection sporulating lesions airborne conidia

Venturia spp. scab (González-Domínguez 
et al., 2017) leaves and fruit latent lesions conidial lesions ascospores/conidia

Monilinia spp. brown rot (Holb, 2004; 
Larena et al., 2022) blossoms or fruit latent infection sporulating rot l e s i o n / m u m m y 

conidia
Colletotrichum spp. anthracnose (Peres et 
al., 2020) fruit or tissue quiescent infection a c e r v u l i - b e a r i n g 

tissue
s p l a s h - d i s p e r s e d 
conidia

Table II
Pathogen-specific extensions required before applying the candidate framework.

Pathosystem Source structure Forcing Observations/additional states

B. cinerea external and lesion-derived conidia wetness, temperature, organ, 
phenology

spore traps, latent assays, organ 
classes

Venturia spp. primary ascospores and secondary 
conidia

leaf emergence, ascospore maturity, 
temperature, wetness

separate inoculum classes; lesion 
maturation

Monilinia spp. blossom, fruit, and mummified-fruit 
sources host stage, wounding, harvest, storage blossom/fruit classes; postharvest 

transitions

Colletotrichum spp. rain-splash conidia wetness, rain, fruit maturity, species 
complex

quiescent infection; postharvest 
activation
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t ↦ ηLJ is strongly measurable and locally bounded on (Ω) 
and generates a positive contraction evolution family for the 
selected periodic or absorbing boundary treatment; and (A4) 
the reaction terms are locally Lipschitz on X = C(Ω)4.

Proposition 1 (Global well-posedness) Under 
assumptions A1–A4, nonnegative initial data generate a unique 
global nonnegative mild solution. If, in addition, m ≥ m* > 0, 
κr ≤ b*, and q ≤ q*, then the solution is uniformly bounded for 
all t ≥ 0.

Proof sketch. Standard semigroup and evolution-equation 
theory in Banach spaces yields a unique local mild solution 
(Pazy, 1983). Quasipositivity of the reaction terms and 
positivity of the evolution family associated with ηLJ(t) 
imply forward invariance of X+. Because the dispersal 
evolution family is positive and contractive and m(x, t) ≥ m* 
> 0, the variation-of-constants formula permits comparison 
of the inoculum component with the scalar equation  
v’ = −m*v + b||N0||∞ + q* in the L∞ norm. Summing the 
first three equations of (1), the tracked host-tissue total  
N = S + E + I satisfies

so 0 ≤ S, E, I ≤ ||N(·, 0)||∞. Moreover,

Evaluating the integral gives

Thus the full state is uniformly bounded for all t ≥ 0, finite-
time blow-up is excluded, and the local solution extends 
globally.

2.5 Spatial invasion threshold

Following the next-generation-operator approach for 
heterogeneous epidemic systems (Diekmann et al., 1990; 
van den Driessche and Watmough, 2002), we define a 
spatial invasion threshold for the linearized infection cycle. 
For autonomous coefficients, assume q = 0, m(x) ≥ m* > 0, 
ρ(x) ≥ ρ* > 0, δ(x) ≥ δ* > 0, and continuous multiplication 
coefficients. Let A = Mm − ηLJ on C(Ω), where LJ is either 
the periodic conservative operator or the absorbing zero-
extension operator defined above, and assume that LJ is 
bounded and generates a positive contraction semigroup.

Proposition 2 (Spatial next-generation threshold). The 
operator -A generates a positive exponentially stable semigroup, 
A−1 exists and is positive, and the next-generation operator on 
C(Ω) is

For homogeneous coefficients and a normalized periodic 
kernel, R0 = λS0κr/(mδ).

Justification. Exponential stability gives

which is positive. The infection cycle is E → I → u → E. 

Because progression at rate ρ is the only exit from E, one unit of 
latent tissue reaches I with probability one. At a fixed location, 
a unit of sporulating tissue remains in I for mean time 1/δ 
and therefore produces κr/δ inoculum units in expectation. 
The positive resolvent A−1 accounts for inoculum residence 
and spatial redistribution before loss, and multiplication by 
λS0 converts free inoculum into new latent infections. We 
define the invasion threshold through the spectral radius of 
this positive operator. Existence of a principal eigenfunction 
requires additional compactness or irreducibility assumptions 
(Shen and Xie, 2015) and is not needed for the threshold 
definition used here. The rate ρ affects generation timing 
but not expected offspring under the stated assumption that 
progression is the sole exit from E.

2.6 Case study and numerical experiments

The numerical study represents a one-dimensional 
specialization of (1) for a generic orchard row under a B. 
cinerea-like parameter regime. The parameters are synthetic 
and are intended to isolate transport mechanisms rather than 
predict outcomes for a specific crop. In the simulations, S, 
E, and I are tissue fractions and u is a dimensionless scaled 
inoculum density; accordingly, the infection and inoculum-
production coefficients are interpreted on this scaled state 
space. The production experiment used a 200-m-long 
periodic transect with N = 256 points and Δt = 0.0025 day. 
Initial conditions were S(x, 0) = 1, E(x, 0) = I(x, 0) = 0, and

All numerical experiments set q ≡ 0, so the prescribed 
initial inoculum is the only external seeding of the simulated 
epidemic. The parameters were λ = 0.50, ρ = 1/3, δ = 0.20, 
κr = 3.0, m = 1.0, and η = 0.9 day−1. Nonlocal kernels were 
normalized on the discrete grid and convolved using the 
fast Fourier transform; the refinement study followed the 
principle that spatial and temporal discretization errors 
should be examined separately in nonlocal approximations 
(Tian and Du, 2013). The local baseline solved  
∂tu = Dloc∂xxu+κrI−mu, with Dloc = ησ2

K  /2 = 11.25m2day−1, 
where σK = 5 m is the standard deviation of the moment-
matched Gaussian kernel.

Time integration used the unclipped second-order 
strong stability-preserving Runge–Kutta [SSPRK(2,2)] 
method (Gottlieb et al., 2001). Spatial refinement varied  
N = 128,256,512 at fixed Δt = 0.0025 day. Temporal refinement 
used Δt = 0.01, 0.005, 0.0025 day at fixed N = 256. The primary 
metrics were affected length, infected-tissue-equivalent length 
∫Ω(E + I)dx, peak local infection, spatial spread, centroid, and 
times to 50%, 75%, and 90% coverage. Periodic simulations 
used a circular centroid and circular spread; absorbing-
domain simulations used ordinary first and second spatial 
moments.

Three controlled blocks were used to separate the 
mechanisms: (A) centered Gaussian kernels with standard 
deviations 5, 10, and 20 m; (B) a 5-m Gaussian and a two-
component Gaussian mixture with the same mean and 

(7)

(8)

(9)

(10)

(11)

(12)
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variance but greater fourth central moment; and (C) 
5-m Gaussian kernels shifted by 0, 4, and 8 m. Boundary 
robustness was assessed on a 600-m domain with absorbing 
boundaries for both the nonlocal and local-diffusion models. 
Targeted one-factor sensitivity analyses varied λ, η, and the 
initial inoculum amplitude. These analyses were interpreted 
as structural robustness checks rather than calibrated 
response surfaces. The computational package contains the 
generation script, a fixed software environment, machine-
readable outputs, an immutable checksum manifest, and an 
independent validation script. 

3 Results

3.1 Numerical verification

The unclipped solver remained nonnegative within 
numerical precision. On the 200-m production runs, the 
largest undershoot was 1.7 × 10−19 and the accumulated 
negative magnitude was negligible relative to state values of 
order 10−1. Nonlocal scenarios changed by less than 0.001% 
between N = 256 and N = 512. The local-diffusion baseline 
changed from 30.7445 to 30.7229 m in infected-tissue-
equivalent length, a 0.070% difference. The separate temporal-
refinement analysis produced smaller changes than the 
spatial-refinement analysis at N = 256. These results support 
numerical robustness for the reported settings, although they 
do not constitute a general convergence theorem.

3.2 Primary comparison

Fig. 3 shows the normalized kernels. On the production 
grid, local diffusion affected 130.47 m and yielded an infected-
tissue-equivalent length of 30.74 m. The moment-matched 
5-m Gaussian affected 146.09 m and yielded an equivalent 
length of 33.70 m, increases of approximately 12% and 10%, 
respectively. The 20-m Gaussian, original mixture, and wind-
shifted kernel reached the full 200-m periodic transect. 
Their 90% coverage times were 10.25, 12.50, and 16.25 days, 
whereas the 5-m Gaussian and local diffusion did not reach 
90% coverage by day 30.

The original mixture produced an equivalent length 
approximately 188% greater than that produced by local 
diffusion, while its peak fraction was slightly lower. This 
comparison quantifies the combined effect of scale and tail 
structure; it does not isolate tail shape because the original 
kernels are not matched in all moments. Fig. 4 confirms that 
similar local peaks can coexist with markedly different spatial 
footprints.

3.3 Controlled mechanism comparisons

The controlled comparisons separated the effects of scale, 
tail shape, and directional displacement (Fig. 5). Increasing 
Gaussian scale from 5 to 20 m increased equivalent length 
from 33.70 to 85.13 m. At equal mean and variance, the 
heavier-tailed matched mixture increased equivalent length 
from 33.70 to 39.16 m and affected length from 146.09 to 
approximately 177 m, while slightly reducing peak infection. 
Shifting the same 5-m Gaussian by 8 m increased equivalent 

length to 61.56 m and displaced the epidemic centroid. Thus, 
scale, higher-order kernel shape, and mean displacement 
produced distinct responses.

3.4 Boundary robustness

The separation in epidemic footprint was not restricted 
to the periodic 200-m setting. On a 600-m-long absorbing 
domain, local diffusion and the 5-m Gaussian produced 
equivalent lengths of 30.44 and 33.07 m, respectively, whereas 
the original mixture, 20-m Gaussian, and wind-shifted kernel 
produced 69.34, 82.47, and 83.23 m. Inoculum leaving the 
domain was removed rather than wrapped to the opposite 
boundary. Absorbing boundaries therefore preserved the 
substantially larger footprints associated with broad and 
directional transport relative to the local and short-range 
baselines, but altered the ranking among the three broad or 
directional kernels (Fig. 6). The integrated nonlocal boundary-
loss diagnostic is provided in the machine-readable output.

3.5 Epidemiological sensitivity

Sensitivity analyses showed that the broad-kernel footprint 
remained distinct across the tested infection efficiencies, 
jump frequencies, and initial inoculum amplitudes (Fig. 7). 
The responses were not uniformly monotonic. Diagnostic 
state integrals and peak times indicate that parameter 
changes can advance epidemic timing and alter susceptible-
tissue depletion and spatial redistribution; these mechanisms 
may reduce the day-30 integral even when early spread is 
more rapid. The sensitivity results are therefore structural 
robustness checks rather than calibrated response surfaces or 
simple causal laws.

Table VI documents the nonmonotone response to 
infection efficiency. At λ = 0.65, infection peaked earlier 
and susceptible tissue was almost exhausted by day 30, so 
the day-30 equivalent length was lower than at the nominal 
value despite faster early spread. These diagnostics support 
the proposed timing-and-depletion interpretation without 
implying a general causal law.

4. Discussion

The principal finding is that local epidemic severity 
and spatial epidemic footprint are not interchangeable 
observables. Kernels that produce similar local peaks can 
generate very different affected lengths, spatial spreads, and 
coverage times. This distinction is important for disease 
monitoring: calibration based only on disease severity at a 
small number of sites may identify infection efficiency but 
fail to resolve dispersal scale, tail structure, or directionality. 
Spatially distributed spore traps and disease assessments are 
therefore needed when transport parameters are of interest.

The state-space structure is potentially transferable 
beyond B. cinerea, but transfer has not yet been demonstrated 
through pathogen-specific calibration or validation. For 
Venturia spp., the framework could separate ascospore or 
conidial arrival from local infection and lesion maturation, 
but primary and secondary inoculum should be modeled 
separately. For Monilinia spp., blossom blight, fruit infection, 
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Table III
Synthetic baseline parameters and numerical settings for the B. cinerea-like case study. Values are mechanism-isolating inputs 
rather than estimates for a specific crop or site.

Quantity Interpretation Baseline value Sensitivity values
λ scaled infection coefficient 0.50 day−1 0.35, 0.50, 0.65 day−1

ρ latent-to-sporulating rate 1/3 day−1 not varied
δ loss of sporulation 0.20 day−1 not varied
κr scaled inoculum production 3.0 day−1 not varied
m free-inoculum loss 1.0 day−1 not varied
η jump frequency 0.9 day−1 0.6, 0.9, 1.2
A0 scaled initial inoculum amplitude 0.08 0.04, 0.08, 0.12
L,N,Δt production domain, grid, step 200 m, 256, 0.0025 day refinement described in text

Table IV
Summary of numerical refinement and positivity diagnostics. Spatial error compares N = 256 and N = 512 at Δt = 0.0025 day; 
temporal error compares Δt = 0.005 and 0.0025 day at N = 256.

Model Spatial change (%) Temporal change (%) Minimum state
Gaussian 5 m < 0.001 < 0.001 −6.7 × 10−19

Gaussian 20 m < 0.001 < 0.001 0
Original mixture < 0.001 < 0.001 0
Wind-shifted < 0.001 < 0.001 −3.8 × 10−24

Local diffusion 0.070 < 0.001 0

Table V
Primary day-30 metrics on the 200-m production grid. Equivalent length is ∫︁(E + I)dx. A dash indicates that the stated coverage 
level was not reached by day 30.

Transport
Affected Equivalent Peak t50 t75 t90

(m) length (m) fraction (d) (d) (d)
Local diffusion 130.47 30.74 0.557 22.75 – –
Gaussian 5 m 146.09 33.70 0.553 20.00 – –
Gaussian 20 m 200.00 85.13 0.564 6.00 8.75 10.25
Original mixture 200.00 88.63 0.552 7.25 11.00 12.50
Wind-shifted 200.00 79.57 0.586 8.75 13.50 16.25

Table VI
Diagnostics for the one-factor sensitivity analysis in infection efficiency λ. State integrals are evaluated at day 30 on the 200-m 
periodic domain.

λ Equivalent length (m) Peak time (d) ∫S dx ∫ E dx ∫ I dx
0.35 51.96 30.0 117.80 25.59 26.37
0.50 88.63 29.0 23.99 34.60 54.03
0.65 65.47 24.5 1.29 15.76 49.70
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Figure 3.
Normalized periodic dispersal kernels used in the primary comparison. Line styles and markers permit interpretation without 
relying on color. Discrete mass, mean, variance, fourth central moment, and kurtosis are reported in the computational archive.
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Latent plus sporulating tissue at day 30 on the 200-m periodic orchard-row transect. The vertical line marks the initial inoculum 
center; affected length used the threshold E + I > 10−3.
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Figure 5.
Controlled comparisons that separate dispersal scale, tail shape at matched variance, and directional displacement. The upper row 
shows infected-tissue-equivalent length on common limits; the lower row shows peak local infection.
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Day-30 infected-tissue-equivalent length and peak infection on a 600-m absorbing domain.
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mummified-fruit sources, and postharvest transitions may 
require multiple tissue classes. For Colletotrichum spp., rain-
splash kernels and quiescent fruit infection are likely more 
important than a purely airborne kernel. These examples 
identify plausible extensions of the candidate structure rather 
than demonstrating transferability of the model equations or 
numerical parameters.

The present formulation deliberately excludes a separate 
direct S → E transmission term driven by sporulating tissue. 
This choice makes the free-inoculum compartment the unique 
infection pathway and avoids double counting transmission 
that is already represented through inoculum production and 
dispersal. If pathogen-specific evidence supports an additional 
contact- or proximity-mediated route, that mechanism could 
be reintroduced as an explicit extension and would require a 
corresponding re-derivation of the invasion threshold.

The mathematical threshold provides a spatial analogue of 
a reproduction number. It decomposes epidemic invasion into 
infection efficiency, lesion productivity, inoculum loss, and 
spatial residence. In heterogeneous orchards, R0 is the spectral 
radius of an operator rather than a single local product. This 
formulation shows that identical local biological parameters 
can yield different invasion potentials when transport and 
loss vary spatially.

The controlled comparisons clarify the role of kernel 
moments. Increasing the Gaussian scale produced the 
largest change in the present experiments. At fixed mean 
and variance, greater tail weight also increased the footprint, 
but its effect was smaller than that of the scale contrast. 
Directional displacement changed both total footprint and 
epidemic location. These distinctions would be obscured if 
only an unmatched broad mixture were compared with local 
diffusion.

The boundary analysis is relevant to orchard applications. 
Periodic domains are useful for controlled mechanism studies, 
but they recycle inoculum across boundaries. The absorbing-
domain experiment removed periodic recirculation and 
preserved the separation between broad or directional 

transport and the local or short-range baselines, although the 
internal ranking among broad kernels changed. Real orchards 
may require partially absorbing, reflective, advective, or 
landscape-coupled boundaries, depending on surrounding 
vegetation and wind.

The sensitivity diagnostics help explain the observed 
nonmonotonicity, but they are limited to one-factor 
analyses and do not quantify parameter interactions. The 
study has limitations. The parameters are synthetic and are 
not estimates for any specific crop or production system. 
Host tissue is aggregated into a single class, environmental 
forcing is held constant, and structural identifiability has not 
been established. The model does not represent fungicide 
decay, cultivar resistance, canopy architecture, rain events, 
or postharvest handling. The B. cinerea example is therefore 
mechanistic and hypothesis-generating. Application to fruit-
production systems requires pathogen-specific observation 
equations, parameter estimation from spore counts and 
disease assessments, uncertainty quantification, and 
independent validation across sites or seasons.

5. Conclusions

A conservative nonlocal susceptible–latent–sporulating–
inoculum model provides a candidate representation of fungal 
epidemics in fruit crops when infection occurs locally but 
inoculum moves over finite distances. The analysis establishes 
positivity, boundedness, and a spatial invasion threshold under 
explicit operator assumptions. In the synthetic B. cinerea case 
study, dispersal scale, tail shape, and directional displacement 
changed epidemic footprint more strongly than peak local 
infection. This conclusion was supported by moment-matched 
controls, separate spatial and temporal refinement analyses, 
and an absorbing-boundary test; however, the ranking among 
broad and directional kernels depended on the boundary 
treatment. The framework provides a candidate structure 
for scab, brown rot, anthracnose, and related diseases, but 
each application requires pathogen-specific extensions, 
observation models, calibration, uncertainty analysis, and 

Figure 7.
One-factor sensitivity of the original mixed-kernel scenario to infection efficiency λ, jump frequency η, and initial inoculum 
amplitude. Labels show day-30 infected-tissue-equivalent length.
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independent validation before it can support operational risk 
mapping or management recommendations.
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