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and disease dynamics at small spatial scales

AYCO J. M. TACK,1,3 JANI HAKALA,2 TUUKKA PETÄJÄ,2 MARKKU KULMALA,2 AND ANNA-LIISA LAINE
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Abstract. Many devastating pathogens are passively dispersed, and their epidemics are
characterized by variation that is typically attributed to environmental factors. Here, by
combining laboratory inoculations with wind tunnel and field trials using the wind-dispersed
pathogen Podosphaera plantaginis, we demonstrated striking genetic variation affecting the
unexplored microscale (,2 m) of epidemics. Recipient and source host genotypes, as well as
pathogen strain, explained a large fraction of variation in the three key dispersal phases:
departure, movement, and settlement. Moreover, we found genotypic variation affecting
group size of the pathogen dispersal unit, ultimately resulting in increased disease development
on hosts close to the infection source. Together, our results show that genotypic variation may
generate considerable variation in the rate of disease spread through space and time with
disease hotspots emerging around initial foci. Furthermore, the extent of genetic variation
affecting the entire dispersal process confirms that these traits may be targeted by selection.
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INTRODUCTION

Dispersal is a critical life history trait for the

evolution, diversification, and persistence of species,

yet it remains as one of the most poorly understood

concepts in ecology and evolutionary biology (Kokko

and López-Sepulcre 2006, Edelaar and Bolnick 2012).

For pathogens, dispersal is crucial as it determines the

rate of spread of diseases (Brown and Hovmøller 2002,

Viboud et al. 2006) and their evolutionary potential

(Gandon et al. 1996, Morgan et al. 2005), with major

implications for human health, agriculture, and biodi-

versity (Daszak et al. 2000, Pennisi 2010, Fisher et al.

2012). Importantly, the emerging paradigm that dis-

persal may be nonrandom with respect to environmental

conditions (Ronce 2007, Clobert et al. 2009), and

genotype of the dispersing organism (Hanski 2011,

Shine et al. 2011, Edelaar and Bolnick 2012) may be

essential for a predictive understanding of disease

spread. However, we lack fundamental knowledge on

how genotype, spatial, and environmental context may

affect disease spread across the multiple stages of the

dispersal process, especially at the typically elusive stage

of disease onset at small spatial scales.

In its basic form, dispersal can be seen as a three-step

process, starting with the departure from the local

environment, movement across a more-or-less hostile

matrix, and settlement in a new habitat (Clobert et al.

2012). Each of these ‘‘steps’’ can be differentially

influenced by the abiotic and biotic environment and

the genotype and condition of the dispersing organism.

For airborne pathogens, the physical environment has

been considered crucial for determining the dispersal

process (e.g., Aylor 1990). However, few studies have

looked in a systematic fashion at the impact of multiple

factors, and their interactions, across the key dispersal

phases in the same system (Bonte et al. 2012, Matthysen

2012). Such lack of integration across different dispersal

stages makes it hard to predict the spatial spread of

organisms, or identify individuals that contribute

particularly much to the spatial spread of a species.

In host–pathogen (and host–parasite) systems, the

host constitutes a major part of the biotic environment

of the pathogen. Indeed, this notion has resulted in the

concepts of ‘‘super-shedders’’ and ‘‘superspreaders,’’

where a large (or disproportionate) fraction of the

transmission stages shed and actual disease transmis-

sion, respectively, can be traced back to specific host

individuals (Lloyd-Smith et al. 2005, Chase-Topping et

al. 2008, Vale et al. 2013). Given the prominence of

genetic interactions among hosts and pathogens

(Thompson and Burdon 1992, Luijckx et al. 2011), the

presence of super-shedders and superspreaders will

likely depend on the specific match between host and

pathogen genotype. Importantly, the impact of host and

pathogen genotype may differ among the multiple stages

of the dispersal process (Fig. 1). Regarding the

departure phase, several studies have shown how the

quantity of spores (i.e., the number of dispersing units)
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will depend on host–pathogen genotypic interactions

(arrows 1A and 1B in Fig. 1; Tack et al. 2012).

Moreover, the successful departure may depend on

genotypic interactions, as is the case for the binding-

specific interaction between dengue isolates and vector-

ing mosquito genotypes (Lambrechts et al. 2013). After

departure, the dispersal distance and direction of

passively dispersing units (which many pathogens are)

will depend on group size, phenotypic and environmen-

tal conditions, or on the behavior, genotype, and

condition of its vector (arrows 2A and 2B in Fig. 1).

While pathogen spores are known to form clumps

(Ferrandino and Aylor 1987), we know little about

which factors may affect this grouping process. After

departure, the movement process itself is often described

by the ‘‘basic’’ dispersal kernel, which is based on the

distribution of dispersed units. Notably, this basic

dispersal kernel frequently deviates from the disease

spread observed in the field due to spatial variation in

settlement success (i.e., the ‘‘effective’’ dispersal kernel,

which is based on the distribution of successfully

dispersed units; Nathan et al. 2012). Indeed, during

settlement the infection and fecundity of a parasite on a

new host individual is likely to depend on both the spore

viability and on the genetic match between the

dispersing parasite and the receiving host (arrows 3A

and 3B in Fig. 1).

Diseases are frequently aggregated across multiple

spatial scales (Soper 1929, Burdon 1987). Nevertheless,

while a large body of literature has explored large-scale

geographical patterns (Rambaut et al. 2008, Meente-

meyer et al. 2012), and several recent papers have

studied disease dynamics in a metapopulation frame-

work (Keeling and Gilligan 2000, Laine and Hanski

2006, Arino et al. 2012), few empirical studies have

focused on the patterns and mechanisms behind disease

clusters at small spatial scales (‘‘disease foci’’), especially

in wild host–pathogen systems. While wind-dispersed

species in particular are well known for their long-

distance dispersal, it is crucial to realize that the vast

majority of passively dispersing spores remain airborne

only a short while and land within a few meters from

their source (Ovaskainen and Laine 2006, Lannou et al.

2008). Empirical observations suggest that the spatial

spread of disease foci is highly variable (e.g., Ovaskainen

and Laine 2006), whereby some disease foci remain

small and distinct throughout the growing season, while

others rapidly expand to cover large areas. Importantly,

the interaction among host genotype, pathogen geno-

type, and spatial configuration may jointly explain the

expansion rate of disease foci, and may simultaneously

shed light on the long-standing conundrum of why

diseases so rarely reach epidemic densities in natural

communities, especially in comparison to diseases in

agricultural systems.

In this paper, we investigated how host genotype,

pathogen genotype, and distance-dependent dispersal

may jointly shape the spatial and temporal dynamics of

disease foci at small spatial scales. For this, we focused

on the wind-dispersed powdery mildew Podosphaera

plantaginis on its host plant Plantago lanceolata. More

specifically, (1) we conducted a wind tunnel experiment

to assess the role of pathogen genotype and host

genotype on spore quantity, spore group size, and the

basic and effective dispersal kernel; (2) we used an

inoculation experiment to pinpoint the impact of spore

group size on infection dynamics; and (3) we conducted

a field experiment to assess the role of host genotype,

parasite genotype, and spatial host configuration on the

spread of disease foci in a seminatural setting.

MATERIALS AND METHODS

Study system

The powdery mildew Podosphaera plantaginis (Cas-

tagne; U. Braun and Takamatsu) is a fungal plant

pathogen specific to Plantago lanceolata L. Like all

members of the powdery mildews (Erysiphaceae), it is an

FIG. 1. The impact of host and parasite genotype on the three phases of parasite dispersal: (1) departure, (2) movement, and
(3) settlement. Host and parasite genotype may differentially affect each of these dispersal stages. At the departure phase, host and
pathogen genotype may affect the quantity of dispersing units. Dispersal distance may be affected by group size, spore size, or the
genotype of the vectoring organism. Finally, the settlement stage may depend on spore viability and the match between parasite
and host genotype. Shown are R2 values based on ANOVA models from total number of spores and average spore distance in the
wind tunnel (arrows 1 and 2, respectively) and the total number of conidial chains in the inoculation density experiment (arrow 3).
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obligate pathogen requiring living host tissue through-

out its life cycle. During the growing season, P.

plantaginis grows on the surface of the plant, with only

its feeding structures (haustoria) penetrating the epider-

mis. Wind-dispersed spores (conidia; 25–383 15–20 lm)

are produced on chains growing vertically on the leaf

surface (Braun 1987). During the absence of living host

tissue in winter, P. plantaginis can survive with the help

of specialized resting structures (i.e., chasmothecia,

formerly cleistothecia). Notably, overwintering usually

succeeds on only a few plants within the host population

(Ovaskainen and Laine 2006).

The host plant P. lanceolata (ribwort plantain) is a

monoecious, rosette-forming perennial herb (Sagar and

Harper 1964). The pollen is wind dispersed, and P.

lanceolata is an obligate outcrosser (Ross 1973). Seeds

frequently drop close to the mother plant (Bos 1992),

and clonal reproduction takes place via the production

of side-rosettes from the axillary meristems (Sagar and

Harper 1964). Due to clonal reproduction and a seed

bank, host populations rarely go extinct, and hence, the

spatial configuration of the host populations is relatively

constant.

Pathogen and host material

We collected pathogen strains from two different

island systems. Three pathogen samples were collected

from the Åland archipelago in southwestern Finland

(pathogens A, B, and C), where the pathogen persists in

small host patches as a highly dynamic metapopulation

characterized by frequent population extinctions and

recolonizations (Laine and Hanski 2006). In this system,

recent single-nucleotide polymorphism (SNP) analysis

demonstrated that the majority of pathogen populations

are characterized by the local spread of a single or few

pathogen strains (Tollenaere et al. 2012), thereby

emphasizing the importance of pathogen dispersal at

small spatial scales. Two additional pathogens were

collected from large continuous host patches on the

island Saaremaa (western Estonia; pathogens D and E),

where the pathogen inhabits larger host populations and

likely experiences less frequent population turnover

(Tack et al. 2013). We sampled from these two areas

to probe the existence of geographical variation in

dispersal ability of the pathogen, possibly driven by

habitat fragmentation. Pathogen strains were purified

and maintained in the laboratory using methods

described in Laine (2006). Host plants were grown from

seed collected across the Åland islands.

Wind tunnel experiment

We used a wind tunnel (5 cm wide 3 8 cm high 3 300

cm long) to study the impact of pathogen genotype and

source plant genotype (i.e., the plant genotype where the

fungus disperses from) on the number and group size of

spores landing at a specific distance. To obtain

standardized material, each of five pathogen strains

(A, B, C, D, and E) were grown for 14 d on individual

detached leaves of each of four plant genotypes (1, 2, 3,

and 4) in a controlled growth chamber (20 6 28C with a

16L/8D photoperiod) before the onset of the experi-

ment. Each plant–pathogen combination was replicated

three times. Inoculations were conducted using mildew

colonies of similar size and age to further increase

standardization as outlined in Laine (2006). In the

experiment, a single infected leaf was attached upside-

down to the top of the wind tunnel, and lightly tapped

three times using a spring-loaded mechanic device to

simulate and standardize disturbance and facilitate

spore dislodgement during the trial (cf. Donohue et al.

2005). To obtain consistent measures, the wind speed

was kept constant at 0.25 m/s. Microscope slides were

positioned horizontally and lengthwise on the bottom of

the wind tunnel at six distances: 0, 15, 30, 60, 120, and

240 cm. Slides were collected after 5 min in the wind

tunnel. Each combination of plant and pathogen

genotype was replicated three times. Axial transects

were counted across the microscope slides (563 20 mm)

at 1003 magnification using a stereomicroscope.

To compare the distribution of spores with the

resulting infection process, we positioned plant leaves

of two plant genotypes (1 and 2) at four distances (5, 20,

40, and 130 cm) for a subset of the wind tunnel trials

described above (for pathogen strains A, B, and C).

Plant–pathogen combinations were replicated two times.

Leaves were placed on wet filter paper in Petri dishes

and placed in a growth chamber (208 6 28C with a 16L/

8D photoperiod) after use in the experiment. From day

four onward, the leaves were checked daily under a

dissecting microscope for the appearance of mycelium

and conidia (i.e., asexual spores). At day 12, when new

infections are exceedingly rare, we assessed the width

and length of the largest colony (which was subsequently

converted to area presuming an oval shape) and ended

the experiment.

The impact of group size and genotype

on the infection process

We used a multifactorial experiment to disentangle

the effect of group size, pathogen genotype, and

receiving host genotype on the infection process. As

the source material, we used five pathogen genotypes

(pathogens A, B, and C). Each pathogen genotype was

grown for 12 d on detached leaves of two host plant

genotypes (plants 1 and 2). Inoculations were conducted

by tapping the leaf to release both single spores and

clumps of spores on the lid of a Petri dish. Single spores

and spore groups were immediately placed on individual

leaves using a single paintbrush hair attached to a

teasing needle under a dissecting microscope. As this

method is rather tedious, the number of spores varied

slightly within treatments (1.32 6 0.67 and 16.4 6 5.6,

respectively [mean 6 SE]; n ¼ 120 per treatment). We

inoculated leaves in a random order to prevent any bias.

Inoculated leaves were placed on wet filter paper in Petri

dishes and placed in a growth chamber (208 6 28C with a
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16L/8D photoperiod). Leaves were checked daily from

day 4 to 12 for signs of mycelium and conidia. On day

12, we scored the width and length of the mildew colony

(which was subsequently converted to area presuming

an oval shape) and counted the number of conidial

chains.

Spatial spread of disease foci in a field experiment

To untangle the effect of pathogen genotype,

recipient plant genotype, and spatial host configuration

on disease spread, and to see how processes measured

in wind tunnel trials operate under seminatural

conditions and at natural wind speeds, we initiated an

outdoor experiment at Kumpula Botanic Garden

(Helsinki, Finland). To obtain consistent source

material, we infected multiple replicates of a single

plant genotype (plant 1) by one of three plant

pathogens (pathogens A, B, and C). After 14 days,

we selected equally infected plant individuals (infected

by either pathogen A, B, or C; equal infection was

scored visually based on absolute amount of leaf area

covered with sporulating mycelium) and placed a single

infected plant at the center of a group of 16 plants (‘‘a

cluster’’; Fig. 4A). In total, we established 10 clusters.

Each cluster was separated from its neighbor by a

minimum distance of 1 m to prevent cross-contamina-

tion among the clusters. For each cluster, we used five

plant genotypes, three of which (plants 1, 2, and 7) had

previously been shown to be susceptible to all three

pathogens under laboratory conditions. Two untested

plant genotypes (plants 5 and 6) had previously shown

resistance against a large fraction of laboratory-

maintained pathogen genotypes.

To assess the impact of distance from source, four

plant genotypes (plants 1, 2, 5, and 6) were replicated at

two distances from the source (Fig. 4A). To probe the

impact of intermediary genotypes (which may act as

‘‘stepping stones’’) on the infection of more distant plant

genotypes, we placed plant genotype 7 in each of the

four corners of the experimental unit, where two of the

four replicate plants were separated from the infection

source by susceptible plant genotypes (plants 1 and 2)

and two by putative resistant plant genotypes (plants 5

and 6).

Plants were moved into the field on 14 July 2012. We

inspected each plant after 17 (31 July) and 27 days (10

August). On each date, we recorded the fraction of

leaves infected (number of infected leaves/total leaves)

for each plant individual.

Statistics

To analyze the data, we used the framework of

generalized linear mixed-effects models (Littell et al.

2006). All models were fitted with procedure GLIM-

MIX in SAS 9.3 (SAS Institute 2011). For continuous

data, we assumed a normal distribution with an identity

link. If necessary, data were log-transformed prior to

analysis to achieve homoscedasticity and normality of

residuals. For count data, we assumed a Poisson

distribution with a log link, and for binomial data, we
assumed a binomial distribution with a logit link. We

used the principle of backward stepwise model simpli-
fication to arrive at a minimum adequate model, where

variables and interactions were retained when P , 0.1
(Crawley 2007). All model structures, their responses,
and link functions are summarized in Table 1.

RESULTS

Wind tunnel experiment

We first quantified the dispersal of spores in the wind
tunnel. The number of spores landing on microscope

slides rapidly declined with distance, with only a fraction
of spores (0.4%) being caught at a distance of 240 cm

(F1,1373 ¼ 2249.09, P , 0.001; black line in Fig. 2A).
Interestingly, spores dispersed in different group sizes,

which strongly influenced their distance travelled (F3,1373

¼ 5.40, P ¼ 0.001). For example, while the number of
spores in large groups made up a major fraction of the

spore load at short distances, no spore clumps of size
three and above were detected at distances larger than 60

cm (green and yellow line in Fig. 2A). In contrast, single
spores were still regularly found at the maximum

distance of 240 cm (on 15 of 60 slides). The interaction
between source plant genotype and pathogen genotype

affected both the total number of spores (F12,40¼ 2.68, P
¼0.01; Fig. 2B) and the average distance travelled (F12,30

¼ 5.13, P , 0.001; Fig. 2C). The average group size was
only affected by plant genotype (F3,46¼ 6.99, P , 0.001;

Fig. 2D).
To understand how the dispersal of spores is related

to actual patterns of infection, we used the complemen-
tary approach of trapping spores on leaves at multiple

distances in the wind tunnel. These results show that the
probability of infection and the area of the mildew

colony decreased, and the generation time (i.e., the time
to sporulation) increased, with increasing distance from

the source (Fig. 3A–D; see Appendix A: Table A1 for a
statistical table). Moreover, the interaction between
pathogen genotype and receiving plant genotype strong-

ly affected the probability of infection and time to first
appearance of mycelium (Fig. 3E, F), whereas the first

appearance of conidia was independently affected by the
genotype of the receiving host plant and pathogen (Fig.

3G, H). The genotype of the source leaf affected the
infection likelihood, likely due to the total number or

viability of spores. The time difference between the
appearance of mycelium and conidia was strongly

affected by the interaction between receiving host
genotype and pathogen genotype (Appendix A: Table

A1).
Overall, these results suggest that host and pathogen

genotype interact to affect the quantity (arrows 1A and
1B in Fig. 1; see also Fig. 2B) and mean dispersal

distance (arrows 2A and 2B in Fig. 1; see also Fig. 2C)
of dispersing units. Moreover, spores dispersed in

different group sizes, which subsequently had an impact
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on the dispersal distance (Fig. 2A). The patterns in spore

dispersal were partly reflected in the settlement process:

Leaves near the pathogen source exhibited a higher

probability of infection, sustained shorter pathogen

generation time, and sustained increased colony sizes

(Fig. 3A–D). Finally, pathogen genotype, receiving host

genotype, and their interaction played a key role in the

settlement success (arrows 3A and 3B in Fig. 1; see also

Fig. 3E–H).

The impact of group size and genotype

on the infection process

We next conducted a laboratory experiment to

pinpoint the exact role of short-range dispersal of large

spore groups on the infection process. Our results show

that group dispersal increased the infection probability

(single spore vs. spore group: 0.18 6 0.04 vs. 0.32 6

0.04), number of conidial chains (22.7 6 4.8 vs. 44.7 6

4.6) and colony size (0.86 6 0.07 mm2 vs. 1.76 6 0.20

TABLE 1. A summary of the experimental materials used in this study and of the models fitted for analyses.

Experiment and response
examined Fixed effects Random effects Link

Experiment 1A: Wind tunnel experiment with microscope slides

Number of spores of specific
group size

group size� þ log(distance from
source þ 1)�

leaf replicate log

Total number of spores plant genotype þ pathogen genotype� log
Average dispersal distance

(cm)
plant genotype þ pathogen genotype� identity

Average group size (no.
spores)

plant genotype þ pathogen genotype� identity

Experiment 1B: Wind tunnel experiment with leaves

Infection source plant genotype þ pathogen
genotype þ distance from source þ
receiving plant genotype§

replicate (plant genotype 3 pathogen
genotype)

logit

Time to mycelium (d) source plant genotype þ pathogen
genotype þ distance from source þ
receiving plant genotype§

replicate (plant genotype 3 pathogen
genotype)

identity

Time to conidia (d) source plant genotype þ pathogen
genotype þ distance from source þ
receiving plant genotype§

replicate (plant genotype 3 pathogen
genotype)

identity

Lag time between
appearance mycelium and
conidia (d)

source plant genotype þ pathogen
genotype þ distance from source þ
receiving plant genotype§

replicate (plant genotype 3 pathogen
genotype)

identity

Area of largest colony
(mm2) at day 12�

source plant genotype þ pathogen
genotype þ distance from source þ
receiving plant genotype§

replicate (plant genotype 3 pathogen
genotype)

identity

Experiment 2: Inoculation density experiment

Infection group size þ pathogen genotype þ
plant genotype�

logit

Time to mycelium (d) group size þ pathogen genotype þ
plant genotype�

identity

Time to conidia (d) group size þ pathogen genotype þ
plant genotype�

identity

Lag time between
appearance mycelium and
conidia (d)

group size þ pathogen genotype þ
plant genotype�

identity

Colony area (mm2) at day
12

group size þ pathogen genotype þ
plant genotype�

identity

Number of conidial chains
at day 12}

group size þ pathogen genotype þ
plant genotype�

identity

Experiment 3: Field dispersal experiment

Proportion of leaves infected distance from source þ plant genotype
þ pathogen genotype#

cluster (pathogen genotype) logit

Notes: For each model, we specify the response examined, the fixed and random effects included, and the link function applied.
For continuous data, we assumed a normal distribution with an identity link. If necessary, data were log-transformed prior to
analysis to achieve homoscedasticity and normality of residuals. For count data, we assumed a Poisson distribution with a log link,
and for binomial data, we assumed a binomial distribution with a logit link. Independent continuous variables are identified in
italics.

� Group size is defined using four categories: 1 spore, 2 spores, 3–5 spores, and .5 spores.
� All interactions included.
§ Interaction between source plant genotype and pathogen genotype included; interaction between pathogen genotype and

receiving plant genotype included.
} Log10-transformed.
# Two-way interaction between plant and pathogen genotype included.
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mm2), and decreased the time to the first appearance of

mycelium and conidia with roughly two days (6.23 6

0.33 vs. 8.41 6 0.48 and 8.34 6 0.27 vs. 10.55 6 0.34,

respectively; see Appendix B: Table B2 for statistical

table). The only response variable not affected by group

size was the time lag between the appearance of the first

mycelium and conidia, which was under strong control

of plant genotype (Appendix B: Table B2). In addition

to an effect of group size, several response variables were

affected by plant and pathogen genotype: The total

number of conidial chains and the first appearance of

mycelium were controlled by plant genotype, whereas

the time to sporulation was affected by an interaction

between host and pathogen genotype (Appendix B:

Table B2).

These results demonstrate that spore group size not

only increases the likelihood of infection, but also speeds

up the infection process. Furthermore, the impact of

group size is independent of the role of pathogen and

host genotype in the infection process (Appendix B:

Table B2).

Spatial spread of disease foci in a field experiment

We conducted a field experiment to investigate the

role of host genotype, pathogen genotype, and spatial

host configuration in shaping the spread of a pathogen

in a realistic outdoor setting. During the first survey (day

17) the infection intensity was strongly affected by the

distance from the source (F4, 145¼ 19.85, P , 0.001; Fig.

4B), recipient plant genotype (F4, 145 ¼ 9.15, P , 0.001;

Fig. 4D) and pathogen genotype (F2,7¼10.15, P¼0.009;

Fig. 4E). Despite the strong increase in disease intensity

between the survey dates (cf. Fig. 4B, C), and the small

scale of the experiment (stretching ,1 m in any

direction), distance from source was still a major factor

in explaining disease intensity during the second survey

on day 27 (F1, 137 ¼ 47.78, P , 0.001; Fig. 4B).

Moreover, at this point in time, the interaction between

FIG. 2. The impact of distance and genotype on the number of spores and spore group size caught on microscope slides in a
wind tunnel experiment. Panel (A) visualizes the average number of spores detected on a microscope slide as a decreasing function
of distance, where the black line shows the total number of spores and the colored lines show the contribution of different spore
group sizes. Panel (B) shows the impact of plant–pathogen interactions on the total number of spores counted on the microscope
slides across all distances. Panel (C) illustrates the impact of plant–pathogen interactions on the average dispersal distance of
spores. Panel (D) shows the impact of plant genotype on average spore group size. All panels show means 6 SE.
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host and pathogen genotype explained part of the

variation in disease intensity (F8, 137 ¼ 2.54, P ¼ 0.01;

Fig. 4F). Notably, the impact of host genotype was

strong enough to prevent any infection of plant

genotype 6 during the time course of the experiment,

despite its placement at only 22 cm from the primary

pathogen source.

A single plant genotype was replicated in the four

corner points of each experimental unit, with either

susceptible or (partly) resistant plant genotypes in

FIG. 3. The impact of distance from source, pathogen genotype, and receiving plant genotype on the infection process. Panels
(A–D) illustrate how infection probability and colony size decrease, and time to first appearance of mycelium and conidia increase,
as a function of distance from the source. Panels (E, F) show the impact of the interaction between receiving plant genotype and
pathogen genotype on the infection probability and time to first appearance of mycelium. Panels (G, H) show the independent role
of receiving plant genotype and pathogen genotype on time to first appearance of conidia. All panels show means 6 SE.
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between the corner points and the primary pathogen

source. While the intermediary plants had no impact on

disease intensity on the focal plants on the first survey

date (F1,38 ¼ 1.38, P ¼ 0.25; Fig. 4A), on the second

survey date the disease intensity was lower when the

focal plant and the primary infection source were

separated by resistant than by susceptible plant geno-

types (F1,38 ¼ 8.40, P ¼ 0.006; Fig. 4B), possibly due to

the functioning of the susceptible intermediary plants as

stepping stones for the pathogen. The lack of an effect of

intermediary plant genotypes during the first survey may

be explained by the fact that too little time had passed

for any secondary infections to have developed (cf.

development time in Fig. 3C), and hence, the stepping-

stone plants had not yet acted as an intermediary

pathogen source. Notably, stepping-stone plants may

act to increase both infection incidence (note that several

distant plants were still uninfected on the first survey

date) and disease severity as pathogen generation time

decreases due to increased group size. Moreover, if allo-

infection is large relative to auto-infection, there may be

a continual impact of stepping stones on disease

intensity on the neighboring plants.

DISCUSSION

The combination of laboratory inoculations, wind

tunnel trials, and field experiments convincingly dem-

onstrates that pathogen genotype, host genotype, and

spatial structure jointly shape the rate of disease spread

even at the often overlooked microscale (,2 m). A wind

tunnel experiment showed that pathogen and host

genotype (and their interaction) played a major role in

the quantity (arrows 1A and 1B in Fig. 1), mean

dispersal distance (arrows 2A and 2B), and settlement

(arrows 3A and 3B) of the spores, whereas host plant

genotype affected the group size of the dispersing spores

(arrow 2A). The inoculation experiment showed how

variation in group size may not only increase the

probability of infection, but also shorten pathogen

generation time, with a major impact on disease

progression. The outdoor experiment unequivocally

demonstrated that factors driving patterns in the wind

tunnel trials and laboratory were highly relevant under

realistic outdoor conditions. Finally, the demonstration

that susceptible host genotypes near the primary

pathogen source may act as stepping stones and thereby

speed up the infection of leaves on more distant plants

emphasizes the relevance of the spatial configuration of

host plant genotypes.

The quantity of dispersing spores in the wind tunnel

experiment was strongly affected by the match between

host and pathogen genotypes (arrows 1A and 1B in Fig.

1), even though we only used compatible host–pathogen

combinations that allowed for the production of spores

in this experiment. Overall, such pattern may not be

surprising given the large number of studies demon-

strating variation in pathogen aggressiveness and the

frequent modulation of pathogen aggressiveness by host

genotype (Tack et al. 2012). More surprisingly, the mean

dispersal distance differed among pathogen and host

genotypes (arrows 2A and 2B in Fig. 1), although

distance had a much stronger impact on total spore

numbers. Such variation among plant–pathogen com-

binations may be explained by differences in group size,

group shape, spore size, spore shape, or the water

content of the spores. For example, a recent study on the

poplar rust fungusMelampsora larici-populina has found

spatial variation in spore size (M. Pernaci et al.

unpublished manuscript). Nonetheless, our results suggest

that, despite the existence of phenotypic variation and

the potential for strong differential selection pressures,

there is no (large) difference in dispersal ability among

pathogens from the fragmented (Åland) and the

continuous (Saaremaa) landscape (cf. pathogens A–C

vs. D–E in Fig. 2). (Note, however, that the low number

of replicate pathogens from each landscape precludes a

rigorous statistical comparison.) In striking contrast, the

metabolic rate (a proxy for dispersal ability) of the

Glanville fritillary butterfly (Melitaea cinxia) differs

between these same two landscapes, where the butterflies

from the fragmented landscape (Åland) have a higher

peak CO2 and endurance than the butterflies from the

continuous landscape (Saaremaa; Duplouy et al. 2013,

see also Wang et al. 2011). While the pathogen may (in

contrast to the butterfly) disperse among the two

landscapes (Brown and Hovmøller 2002), it seems

unlikely that infrequent gene flow among these land-

scapes would limit strong differential selection: A

previous study has detected genetic differentiation

among pathogen strains from Åland and Saaremaa

(Tack et al. 2013). Moreover, our results are in line with

a large multi-scale cross-inoculation experiment where

we found a striking lack of differentiation among

pathogen strains from the continuous and fragmented

landscape in terms of pathogen infectivity and aggres-

siveness (Tack et al. 2013). The settlement of the

pathogen (expressed in terms of the infection process)

was affected by pathogen and host genotype (arrows 3A

and 3B in Fig. 1), just like the production of spores in

the primary pathogen source. While we focused on host–

parasite interactions, we note that the broader ecological

and evolutionary literature has shown a rapid increase in

studies that demonstrate how each step in the dispersal

process may depend on both the genotype of the

dispersing individual and the environmental context

(e.g., Ronce 2007, Clobert et al. 2009). For instance, the

decision for the spider Erigone atra to disperse depends

on both spider genotype and environmental conditions

during development (Bonte and Lens 2007, Bonte et al.

2008). As another example, the mobility of the Glanville

fritillary butterfly (Melitaea cinxia) was strongly affected

by the interaction between butterfly genotype and

ambient temperature (Niitepõld et al. 2009), and

colonization of plant patches by the butterfly depends

on both genotypically based plant preference and the

fraction of preferred host plants in the habitat patch
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(Hanski 2011). In our study system, and probably in the

majority of host–parasite systems, the environmental

conditions depend for a large part on the genotype of

the host. For example, two recent microcosm experi-

ments demonstrated that the genetic identity of the

freshwater ciliate host (Paramecium caudatum) may

affect both the probability that a parasite-infected

individual leaves a population (Fellous et al. 2011) and

the initial spread of the bacterial parasite (Holospora

undulate) in an uninfected host population (Fellous et al.

2012). Overall, our study demonstrates that parasite

dispersal may be an unexplored but promising area for

studies on the impact of the environment on the ecology

and evolution of dispersal. A major challenge in disease

ecology will be to understand to what extent these

genotypic differences underlie both small and large-scale

epidemiological dynamics in wild and agricultural

pathosystems. Here, new molecular tools to identify

and keep track of pathogen strains and host genotypes

may rapidly increase our feasibility to answer these

questions (e.g., Remais et al. 2011, Baskarathevan et al.

2013).

Strikingly, pathogen spores dispersed in different

group sizes, where we observed that roughly half of

the spores dispersed in groups (Fig. 2A). Interestingly,

we found a strong impact of host genotype on the size of

the dispersing pathogen spore group. Group size

variation mediated by the host may be explained by

variation in colony morphology, including colony size,

chain density, and chain length, all of which are features

that may be affected by quantitative host resistance

traits. Moreover, in field conditions this observed effect

of host genotype on pathogen group size is likely to be

enhanced as host morphology impacts on humidity and

exposure to winds of the pathogen colonies (Jenkyn and

Bainbridge 1978), both of which may strongly impact on

the size of the dispersing units. While the exact ratio of

spores dispersing in groups in the field may strongly

depend on the weather conditions, our follow-up

experiment showed that spore group size did not only

increase the probability of infection, but also signifi-

cantly reduced the time to sporulation. The idea of

group dispersal has received relatively little attention,

yet it may apply to a wide group of aerially dispersed

pathogens and plants. Here, pioneering work on group

FIG. 4. Disease intensity (i.e., fraction of leaves infected) as a function of spatial location, pathogen genotype, and host
genotype in an experimental field setting. Panel (A) illustrates the experimental design of a single cluster, where the central plant
(star) denotes the source of infection. Panels (B, C) show the fraction of infected leaves on each plant as a function of distance from
source and plant genotype at 17 and 27 days after initiation of the field experiment, respectively. Data points for each plant are
jittered horizontally to prevent overlap, and regression lines connect means for plant genotypes that were positioned at multiple
distances. Note that plant genotype 7 is shown in two colors, depending on whether the plants between this plant and the pathogen
source are susceptible (‘‘plant 7 with step’’) or (partly) resistant (‘‘plant 7 without step’’). Panels (D, E) show the variation in disease
intensity on the first survey date as a function of plant genotype and pathogen genotype, respectively. Panel (F) shows the variation
in disease intensity as a function of plant and pathogen genotype on the second survey date.
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dispersal by Ferrandino and Aylor (1984, 1987) on the

rust fungus Uromyces appendiculatus (formerly Uromy-

ces phaseoli ) demonstrated that single-spore and group

dispersal may simultaneously occur within the same

pathosystem. Analogously, research on plant dispersal

shows that pollen frequently cluster in larger groups,

with a strong impact on the dispersal kernel and gene

flow (Tonsor 1985, Martin et al. 2009). We note that our

results are closely related to the recent discovery that

spore concentration of the grapevine powdery mildew

during inoculation (Erysiphe necator) has a major

impact on development time at low spore densities (1–

10 germinable spores per mm2; Gadoury et al. 2012)

comparable to the spore group sizes used in our

experiment. Indeed, both these mechanisms (group size

and spore density) may have affected the reduced time to

sporulation in the wind tunnel experiment, where

pathogen infections on leaves nearby the source showed

reduced time to sporulation. Overall, these results

suggest that the impact of spore density or group size

on development time may be a common but underap-

preciated phenomenon, with important consequences

for pathogen spread. However, while the majority of

spatial disease models take into account that infection

probability is inversely related to distance from source

(e.g., Ovaskainen and Laine 2006, Soubeyrand et al.

2011), few if any models have explored how variation in

group size, and the direct link between group size and

disease development may play a role in disease dynamics

in agricultural or wild pathosystems. Group size may be

a key factor underlying the patchy distribution of

pathogens within populations (Soubeyrand et al.

2011), and thereby create patterns of hotspots and

coldspots of host–parasite coevolution at the frequently

overlooked microscale of evolution (Ovaskainen and

Laine 2006). As a promising avenue, future experiments

may investigate the mechanisms underlying the link

between group size and disease development. Notably,

the lack of an effect of group size on the time period

between the first appearance of mycelium and conidia

suggests that studies may best focus on the early

infection phase.

As pathogen spores frequently settle on the plant

individual on which they were produced (‘‘auto-infec-

tion’’), we may expect that some plant individuals will

sustain rapid pathogen multiplication and shedding and

consequently play a major role in the disease spread of

the pathogen. Indeed, this conceptual framework was

recently advanced under the terms ‘‘super-shedders’’ and

‘‘superspreaders’’ (Lloyd-Smith et al. 2005, Chase-

Topping et al. 2008). As we found little evidence that

a particular host genotype or pathogen genotype would

consistently allow for the highest spore production and

disease transmission (e.g., Figs. 2, 3, and 4), we argue

that the emergence of both super-shedders and super-

spreader is dependent on the exact match between the

infected host and pathogen genotype. Moreover, the

pronounced impact of receiving host genotype, and the

interaction between receiving host genotype and path-

ogen genotype, indicates that the link between super-

shedding and superspreading individuals is not constant

across environments: a super-shedding host may be a

superspreader when the pathogen infecting the host is

highly compatible with the surrounding host genotypes,

whereas the super-shedding host does not play an

important role in disease dynamics when the pathogen

infecting the host is largely incompatible with the locally

prevailing host genotypes. Hence, while in our study

system the identity of super-shedding plant individuals

may remain identical across multiple years, as pathogen

overwintering itself is positively affected by the infection

level at the end of the growing season (Tack and Laine,

2013), rapid coevolutionary changes in the local

composition of plant genotypes in the population may

weaken the link between super-shedding and super-

spreading through time.

The field experiment highlighted three important

patterns. First, the distance-dependent infection devel-

opment (as observed in the wind tunnel trials and

suggested by the inoculation experiment) strongly

affected the infection intensity on plants at different

distances from the primary source. Second, pathogen

strains varied in infection intensity and spatial spread

when faced with the same spatial configuration of host

plants. We argue that such pathogenic variation in

spatial spread may be common in pathosystems. For

example, influenza genotypes are well known to vary in

their rate of transmission and resulting expansion rate

(Viboud et al. 2006). Third, and maybe most fascinat-

ingly, the infection of a host individual will not only

depend on its own host genotype and its distance from

the pathogen source, but also on the presence of

interspersed susceptible host plants (i.e., plants between

the primary source and a more distant plant). In other

words, susceptible plants can function as stepping stones

for the pathogen. This strongly suggests that spatial

configuration and density of host plant genotypes will

have a major impact on disease spread at small spatial

scales, as no single pathogen will be able to spread

rapidly on all host genotypes. Overall, the widely

documented small-scale variation in host resistance

and intraspecific density in wild systems (Burdon 1987,

Laine et al. 2011) will then inevitably decrease the

likelihood of rapid disease spread (as all pathogens will

soon encounter non-matching plant genotypes which

represent pathogen genotype-specific dispersal gaps),

thereby explaining the rarity of disease outbreaks in

natural systems. From an agricultural perspective, these

results support the paradigm that genetically diverse

plots (either represented by species or cultivar mixtures)

are important in slowing disease spread (Zhu et al. 2000,

Mundt 2002, Mundt et al. 2011).

In summary, our results convincingly demonstrate

that pathogen genotype, host genotype, and the spatial

configuration of the host plant play an important role in

explaining disease spread in a natural host–pathogen

AYCO J. M. TACK ET AL.712 Ecology, Vol. 95, No. 3



system. Overall, it is fascinating that parasites with

airborne spores, which are well known to disperse across

continents (Brown and Hovmøller 2002), may show

distinct spatial patterns even at the largely overlooked

microscale spanning just several meters. From an

applied perspective, our study demonstrates that multi-

ple deterministic factors may interactively explain the

emergence and spatial spread of disease epidemics at

small spatial scales, an insight with major consequences

for disease prediction and intervention in applied

sciences like human health and agriculture.
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Appendix A

Statistical table on the impact of distance from source and genotype on infection dynamics in a wind tunnel experiment
(Ecological Archives E095-058-A1).
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Statistical table on the impact of spore group size and genotype on infection dynamics (Ecological Archives E095-058-A2).
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Appendix A (TABLE A1). The impact of distance from source, source plant genotype and pathogen 

genotype on the infection dynamics on leaves from two receiving plant genotypes placed at several 

distances (5, 20, 40, 130 cm) in a wind tunnel experiment at a constant wind speed of 0.25 m/s. 

Factor Infectivity 
Time to 

mycelium 
Time to 
conidia 

Time 
between 
mycelium 

and 
conidia 

Log10 
colony 

area 

Distance from source p<0.001 p<0.001 p<0.001 
 

p<0.001 

Source plant genotype p=0.002 
    

Pathogen genotype p=0.17 p=0.19 p=0.06 p=0.43 p=0.003 

Receiving plant genotype p<0.001 p=0.41 p=0.002 p=0.04 p=0.01 

Source plant genotype x Pathogen genotype 
     

Receiving plant genotype x Pathogen genotype p=0.001 p=0.001 
 

p=0.007 
 

 



Appendix B (TABLE B2). The impact of spore group size (single or group), host genotype and 

pathogen genotype on the infection dynamics. 

Factor Infectivity 
Time to 

mycelium 
Time to 
conidia 

Time 
between 
mycelium 

and conidia 

Number of 
conidial 
chains Colony area 

Group size (single or chain) p = 0.02 p = 0.001 p = 0.001 

 

p < 0.001 p=0.005 

Host genotype 
 

p = 0.005 p = 0.11 p < 0.001 p = 0.005 

 Pathogen genotype 
 

 p = 0.99 p = 0.64 

   Group size * Host genotype 
   

   Group size * Pathogen genotype 
  

   Host genotype * Pathogen genotype p = 0.07 p = 0.05 

   Group size * Host genotype * 
Pathogen genotype 
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