Eur J Plant Pathol
DOI 10.1007/s10658-013-0353-x

Spatial eco-evolutionary feedback in plant-pathogen
interactions
Ayco J. M. Tack & Anna-Liisa Laine

Accepted: 28 November 2013
# KNPV 2013

Abstract In recent years the potential for evolutionary
change to drive ecological dynamics, and vice versa, has
been widely recognized. However, the convincing examples of eco-evolutionary dynamics mainly stem from
highly artificial experimental systems, with conspicuously few examples contributed by field systems. While
rarely considered in the eco-evolutionary literature, the
gene-for-gene hypothesis inherently recognizes the tight
link between evolutionary and ecological dynamics.
The boom-and-bust dynamics of some agricultural pathogens are an extreme demonstration of this. In this
perspective, we place plant-pathogen systems in a spatial eco-evolutionary framework, which recognizes that
ecology and evolution are tightly linked, take place at
the same time scale and are strongly influenced by
spatial structure. Specifically, we: i) exemplify how the
ecological process of dispersal modifies rapid local
coevolutionary dynamics and thereby shapes spatial variation in resistance, infectivity, and local
adaptation; and ii) illustrate how the outcome of
coevolution (spatial distribution in resistance, infectivity
and local adaptation) drives ecological metapopulation
processes. Overall, we conclude that both agricultural
and wild pathosystems provide a unique illustration of
the high relevance of spatial eco-evolutionary feedback
in understanding species interactions.
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Eco-evolutionary dynamics
The potential for eco-evolutionary feedback loops in
determining the dynamics of populations has been increasingly recognized in recent years (Pelletier et al.
2009; Post and Palkovacs 2009; Schoener 2011; Ellner
2013; Reznick 2013). This feedback is comprised of two
pathways: the ecology-to-evolution pathway, where ecological change generates genetic and phenotypic responses (natural selection); and the evolution-to-ecology
pathway, where genetic and phenotypic change affects
ecological quantities, often measured as the population
growth rate. However, while the potential of species to
adapt to ecological conditions has long been realized, the
effect of rapid evolutionary change on ecological dynamics is still poorly understood. In part, this is due to the fact
that traditionally evolution has been viewed as a slow
process operating at a timescale that is very different from
ecological time (Slobodkin 1961; Hutchinson 1965).
From such a perspective, ecological dynamics would
play out as if evolution was not occurring, as evolutionary
change would be non-significant on the ecological timescale. Likewise, short-term fluctuations in ecological variables would average out over evolutionary time-scales,
and only the long-term average would affect evolution
(Hairston et al. 2005). However, it is becoming increasingly clear that evolutionary change can be extremely
rapid, and there are compelling examples of this in a
diversity of traits ranging from life-histories to behaviour
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and physiology (as reviewed in Thompson 2013). Moreover, a rapidly increasing number of studies suggest that
eco-evolutionary dynamics and feedbacks have the potential to play a prominent role in the dynamical behaviour of populations and species interactions (Schoener
2011; Farkas et al. 2013).
To date, the majority of eco-evolutionary studies have
been conducted in highly artificial micro- or mesocosms
(Pimentel 1968; Yoshida et al. 2003; Schoener 2011), or
have applied treatments that may enforce much stronger
selection pressures than may be encountered in natural
systems (Agrawal et al. 2012; Strauss 2013). As another
shortcoming, they have usually focused on a single facet
of the eco-evolutionary feedback, addressing either the
impact of ecology on rapid evolution (as reviewed in
Thompson 2013) or evolution on ecology (Whitham
et al. 2006; Bailey et al. 2009; Barbour et al. 2009;
Harmon et al. 2009; Bassar et al. 2010; Busby et al.
2013). Many of the latter demonstrations are also ‘retrospective’ (Losos 1994), where researchers investigate the
outcome of historical events on present day ecological
processes. As such, these studies do not inform us on the
temporal scale of ecological and evolutionary changes
and their potential feedback. Hence, two recent reviews
concluded that while mesocosm experiments and associated theory tell us that eco-evolutionary interactions
may have potential importance, it remains unresolved
whether such processes are important in nature or whether they are an artefact of highly simplified laboratory
ecosystems (Schoener 2011; Reznick 2013).
While eco-evolutionary dynamics and feedback
loops only recently emerged as a hotly debated and
active field of research (Fussmann et al. 2007; Pelletier
et al. 2009; Schoener 2011; Reznick 2013), plant pathologists have long realized that ecology and evolution
are tightly interlinked, play out at the same time scale,
and are ecologically relevant (Flor 1956; Antonovics
1992). Such early recognition of eco-evolutionary dynamics in host-pathogen interactions may have been
fuelled by the early discovery of gene-for-gene interactions (Flor 1942), where evolutionary change even at a
single locus (in either resistance or avirulence loci) can
enable or prevent pathogen infection (Thompson and
Burdon 1992). Nonetheless, insights gained from agricultural and wild plant pathosystems are not alluded to
in recent reviews (e.g. Fussmann et al. 2007; Schoener
2011) or in special features on eco-evolutionary dynamics (Proceedings of the Royal Society B volume 366,
2009; American Naturalist volume 181, 2013). Here,

we argue that the combined experimental and observational evidence from long-term studies in agricultural
and wild pathosystems does not merely demonstrate the
potential for eco-evolutionary feedback, but also settles
the importance of eco-evolutionary feedbacks for our
understanding of species interactions.

A coevolutionary and spatial framework
Studies on wild plant pathosystems have pioneered and
excelled in exploring two research fields at the heart of
ecology and evolution: coevolutionary interactions and
ecological spatial dynamics. Both of these fields have
thus far been largely ignored in the heated debate surrounding the relevance of eco-evolutionary dynamics.
Therefore, it is here that plant pathology may provide
novel insights into the mechanisms underlying
eco-evolutionary feedback.
Few co-evolutionary studies have been published
under the header of eco-evolutionary dynamics (Jones
et al. 2009; Toju 2011). However, an overwhelming
number of studies illustrate that coevolutionary interactions among host and pathogens play a major role in
explaining temporal and spatial variation in resistance,
pathogenicity and local adaptation (Laine et al. 2011;
Tack et al. 2012). While we note that coevolution per se
does not imply a link between evolutionary and ecological timescales (as defined by e.g. Janzen (1980), coevolution refers to how two species evolve in response to
each other, without regard to the time scale of evolutionary dynamics or the impact of evolutionary changes on
ecological aspects like population dynamics); several
recent studies have shown that plant-pathogen coevolution and local adaptation can be rapid (Capelle and
Neema 2005; Laine 2005; Tack et al. 2012; Thrall et al.
2012) and may therefore impact on ecological processes.
While nothing (or little) makes sense in ecology and
evolution without a spatial perspective (Hanski and
Gaggiotti 2004), spatial complexity is rarely included
in experimental studies. As a result, eco-evolutionary
studies have focused on dynamics in single micro- and
mesocosms (Pimentel 1968; Bohannan and Lenski
2000; Yoshida et al. 2003; Fussmann et al. 2007; Becks
et al. 2010), small field plots (Agrawal et al. 2012) or
single natural populations (Hairston et al. 2005; Grant
and Grant 2006; Ezard et al. 2009). Hence, we lack
general insights on how spatial dynamics affect ecoevolutionary feedbacks (but see Hanski 2011). In
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thereby lead to a coupling of ecological and evolutionary dynamics (cf. Hanski et al. 2011).
In this perspective, we illustrate how plant-pathogen
interactions provide a unique opportunity for exploring
eco-evolutionary feedback within a spatial framework
(Fig. 1). We argue that accounting for the spatial context
is critical for understanding how the eco-evolutionary
feedback loops play out because of the natural patchy
distribution of plants and pathogens. More specifically,
we: i) review how dispersal within the metapopulation
affects local coevolutionary interactions, which ultimately
shape the spatial and temporal distribution of plant resistance, pathogen infectivity and aggressiveness and local
adaptation (arrow A in Fig. 1); and ii) quantify how spatial
patterns in resistance, infectivity, aggressiveness and local
adaptation may affect pathogen extinction-colonization
dynamics and spatial spread (arrow B in Fig. 1).

contrast, theoretical and empirical studies focusing on
wild pathosystems have emphasized the ephemeral nature of local pathogen populations (Burdon 1987, 1993;
Antonovics et al. 1994; Thrall and Burdon 1999;
Burdon and Thrall 2013). To explain what happens in
local populations, pathologists have expanded their
scope and explored processes at the metapopulation
scale like gene flow and extinction-colonization dynamics (Jarosz and Burdon 1991; Carlsson and Elmqvist
1992; Antonovics et al. 1994; Burdon et al. 1995;
Ericson et al. 1999; Thrall et al. 2001; Petrželová and
Lebeda 2004; Laine and Hanski 2006). In such spatially
structured environments, we may expect local adaptation to emerge as a result of plant-pathogen coevolution
(Kaltz and Shykoff 1998). Hence, we have a potential
feedback loop, whereby: i) spatial patterns of resistance,
infectivity and local adaptation may be affected by the
spatial scale and magnitude of pathogen and host dispersal; and ii) spatial patterns of resistance, infectivity
and local adaptation will affect the magnitude of gene
flow and local demography (Gandon et al. 1996; Thrall
and Burdon 1997, 1999, 2002; Gandon 2002; Gandon
and Michalakis 2002; Lenormand 2002; Thrall et al.
2002; Tack et al. 2013b). In an adapted landscape,
spores colonizing new host populations will frequently
be maladapted to the local host genotypes and environmental conditions in the new habitat patch, with major
consequences for the settlement probability and ensuing
local demography (Lenormand 2002). Hence, coevolutionary dynamics and ecological extinction-colonization
dynamics may commonly influence each other and

From ecology to evolution: spatial dynamics fuel
coevolutionary dynamics
There is large variation in the rate and scale of dispersal
among crop pathogens, where some airborne rusts may
exhibit intercontinental dispersal (Brown and Hovmøller
2002), whereas genetic neighbourhoods of other species,
like soil-borne pathogens, may only encompass a section
of a single field (Agrios 2005). Given such large differences in dispersal ability among species, we may use
cross-species analyses to explore the consequences of
gene flow for pathogen evolutionary potential. In a

A
Spatial
Ecology
Dispersal
Colonization
Extinction

Fig. 1 Schematic overview of the spatial eco-evolutionary feedback loop. Arrow A illustrates the impact of spatial ecology on
local (co)evolution, where gene flow affects the level of plant
resistance, pathogen infectivity and aggressiveness and local

Plant resistance
Pathogen infectivity
and aggressiveness
Local adaptation

(Co)evolution

B
adaptation. In turn, the evolution of plant resistance, pathogen
infectivity, pathogen aggressiveness and local adaptation may
have a strong impact on the likelihood of colonizations, extinctions, and local demography
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quantitative synthesis of 34 pathosystems, McDonald
and Linde (2002) constructed a risk model including
several key evolutionary forces (mutation rate, effective
population size, gene flow and reproduction/mating system) to estimate the time to break down of newly deployed major resistance genes in crop plants. These analyses suggest that mutation rate and gene flow are the
dominant forces driving pathogen evolution. The effect
of gene flow may result from a larger effective population
size and associated higher genetic diversity (McDonald
and Linde 2002). Moreover, new mutations in pathogens
with high gene flow, like rust and powdery mildew fungi,
may rapidly spread across the landscape; whereas mutations in less dispersive pathogens, like the asexual phase
of the wheat pathogens Mycosphaerella graminicola and
Phaeosphaeria nodorum, may not spread beyond several
tens of metres within the growing season (McDonald and
Linde 2002). Additionally, new mutations in pathogens
with limited dispersal have a higher likelihood to disappear due to environmental stochasticity.
In natural systems, theoretical host-pathogen models
have demonstrated how critical gene flow among populations is for host-pathogen dynamics, local persistence
and the maintenance of variation in host resistance and
pathogenicity (Thrall and Antonovics 1995; Thrall and
Burdon 1997, 1999, 2002; Brown and Tellier 2011;
Tellier and Brown 2011). These predictions are backed
up by the striking ephemerality of local pathogen populations, where the pathogen can only persist at the regional scale (Burdon and Thrall 2013). As many pathogens
exhibit metapopulation dynamics, the encounter intensity
among host and pathogen is spatially variable, ranging
from strong pathogen-mediated selection in some plant
populations (‘hotspots’) to the absence of pathogens and
pathogen-mediated selection pressures in other populations (‘coldspots’), thereby creating geographic mosaic
patterns of coevolution (Thompson 2005; Smith et al.
2011). The distribution of hotspots and coldspots within
the metapopulation may not be random, but may depend
on the spatial structure of the host populations: in general,
pathogens may be most likely to colonize and persist in
large populations (Carlsson and Elmqvist 1992; Burdon
et al. 1995; Thrall and Antonovics 1995; Ericson et al.
1999; Carlsson-Granér and Thrall 2002; Laine and
Hanski 2006; Smith et al. 2011). Asynchrony among
populations in coevolutionary interactions, as based on
limited dispersal, may further cause differentiation in the
level of resistance and pathogenicity in local populations
at a particular point in time (Kaltz and Shykoff 1998).

Most importantly, the spatial variation in pathogenmediated selection may result in the evolution of resistance genes in some populations, whereas costly resistance are lost in other populations due to trade-offs between plant resistance and other plant fitness components
(Bergelson and Purrington 1996; Biere and Antonovics
1996; Tian et al. 2003; Giles et al. 2006). As a result,
spatial variation in plant resistance may occur, which
forms a blueprint for pathogen adaptation and plantpathogen coevolution.
Dispersal plays a major role in driving plant-pathogen
coevolution and patterns of local adaptation. Theoretical
models have shown that the balance between pathogen
and host dispersal influences whether the plant or pathogen may gain the upper hand in the coevolutionary race
(Gandon et al. 1996; Gandon 2002; Gandon and
Michalakis 2002). In many of the well-studied
pathosystems, pathogens are wind-dispersed and may
gain an evolutionary advantage as compared to the plant.
Indeed, the majority of studies find that pathogens are
ahead in the coevolutionary race, likely due to a larger
dispersal ability and reduced generation time (Kaltz and
Shykoff 1998; Tack et al. 2012). However, counterexamples exist: the pollinator-dispersed anther-smut fungus Microbotryum violaceum is locally maladapted to its
host plant Silene latifolia (Kaltz et al. 1999). Dispersal
can also swamp local adaptation: Laine (2005) demonstrated the presence of local adaptation of the powdery
mildew Podosphaera plantaginis, which frequently disperses up to 1 km, to its host plant Plantago lanceolata at
the scale of tens of kilometres, whereas no consistent
pattern of local adaptation was detected at spatial scales
ranging from a few hundred metres to several kilometres.
A follow-up study showed that the spatial configuration
of plant populations affected host-pathogen coevolution
and patterns of local adaptation (Tack et al. 2013b). These
studies illustrate that the spatial dynamics of plant and
pathogen will affect the strength and sign of local adaptation. Overall, both agricultural and wild plant
pathosystems provide evidence for a strong link between
dispersal, local (co)evolutionary dynamics and patterns of
local adaptation.

From evolution to ecology: coevolution shapes
spatial dynamics
The previous section exemplified how gene flow affects the level of host resistance, infectivity and local
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adaptation. Such variation in host resistance can be
dramatic, with some plants being totally resistant
whereas others are seemingly entirely susceptible
(Burdon 1987). Given such spatial heterogeneity in
host resistance and pathogen infectivity, strong genetic
interaction between host and pathogen, and the
resulting patterns of local adaptation, we may then
expect that pathogen establishment is not randomly
distributed in space. At the microscale, variation in
resistance of individual plants within a single population may explain spore establishment; at the metapopulation scale, variation among populations in resistance may affect colonization rates and the magnitude
of gene flow; and at the regional or continental scale
patterns of resistance may affect invasion by new pathogen species or specific pathogen genotypes.
The agricultural literature provides a wealth of examples of how pathogen evolution, epidemiology and spatial spread are linked. In fact, the whole concept of
resistance breeding is based on the underlying assumption of a direct evolution-to-ecology pathway, so that
resistance will have a direct impact on pathogen epidemiology (Deadman 2006). Boom-and-bust cycles in
pathogens arguably provide the most convincing and
large body of evidence for natural selection in action,
rapid evolution and its impact on spatial population
dynamics. During the ‘boom’ phase, a resistant cultivar
with a single major resistance gene is introduced into an
agricultural system to reduce disease levels. When disease is significantly reduced and farmers are convinced
of the agronomic value of the variety, the cultivar may
soon be planted across a large area. However, the ‘boom’
phase is frequently followed by a ‘bust’ phase when an
evolutionary change in the pathogen, like the loss of the
elicitor recognized by the resistance gene, breaks down
the resistance (McDonald and Linde 2002; Deadman
2006). Consequently, the virulent pathotypes rapidly
spread and infect all fields with the ‘resistant’ cultivar.
Half a century ago, the development of resistant wheat
varieties fuelled the Green Revolution, and scientists,
breeders and farmers alike believed they had beaten the
previously devastating stem rust Puccinia graminis for
good. Hence, researchers and breeders were caught offguard when the new strain Ug99, which can defeat the
resistance of most of the world’s wheat varieties, appeared in Uganda in 1999 (Pretorius et al. 2000; Stokstad
2007). In 2005, one of the Green Revolution pioneers
Norman Borlaug sounded the alarm and urged for action
(CIMMYT 2005), which resulted in a global research

initiative to address the serious threat for world food
security. Ug99 has since spread into South Africa, Yemen and Iran and threatens wheat crops throughout the
Middle East and West Asia (Singh et al. 2011; http://
wheatrust.cornell.edu). In 2000, canola (Brassica napa)
cultivars with major resistance genes derived from
Brassica rapa ssp. sylvestris against blackleg disease
(Leptosphaeria maculans) were commercially released
and grown extensively in some areas of Australia.
Within 3 years from commercial release, resistance was
rendered ineffective due to a large increase in the
frequency of virulence alleles in the pathogen
populations, which resulted in up to 90 % yield losses
and 5–10 million AUD damage in the Lower Eyre
Peninsula, South Australia (Sprague et al. 2006; Van de
Wouw et al. 2010a, b). These boom-and-bust cycles
illustrate the ubiquitous nature of rapid evolution in crop
pathogens, and the profound consequences that such
evolutionary change can have on disease epidemiology
in agriculture (McDonald and Linde 2002).
Wild plant pathogens are patchily distributed across
the landscape, with variation in disease incidence between plants, between populations, and across larger
regions and continents (Burdon 1987, 1993). Such spatial distributions may be attributed to spatial variation in
plant resistance, which is present at each of these spatial
scales (Laine et al. 2011). At the within-population
scale, Tack et al. (2013a) recently demonstrated that
plant resistance and the spatial structure of plant genotypes have a major impact on disease spread in the
powdery mildew Podosphaera plantaginis on its plantain host. At a larger spatial scale, variation across the
plant metapopulation in the level of plant resistance may
strongly affect the likelihood of successful colonization
of non-infected plant populations (Thrall and
Antonovics 1995; Carlsson-Granér 1997; Laine 2004).
Using an elegant combination of computer simulations
and empirical studies, Thrall and Antonovics (1995)
showed that high population turnover, low resistance
costs and rapid loss of the pathogen with increasing host
resistance results in higher plant resistance in healthy
populations. Likewise, Laine (2004) showed that
healthy plant populations of Plantago lanceolata had a
two-fold higher resistance than pathogen-infected plant
populations against four powdery mildew strains, suggesting that high resistance levels may prevent colonization by the pathogen. At the (inter)continental scale,
long-distance pathogen dispersal and hosts jumps may
result in rapid disease spread on the non-coevolved plant
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populations or plant species (Desprez-Loustau et al.
2007). A classic example is the accidental introduction
in 1904 of the pathogen Cryphonectria parasitica from
Japan, which rapidly spread throughout the American
chestnut tree (Castanea dentata) populations resulting
in the destruction of the dominant canopy tree throughout the Appalachian forests (Anagnostakis 1987).
While relatively few studies have compared healthy
and diseased populations, a larger number of studies
have focused on variation in plant resistance and pathogen infectivity among diseased populations. Here, reciprocal replant-transplant experiments and reciprocal
inoculation studies have explored spatial variation in
resistance and pathogenicity, frequently with the ultimate aim to demonstrate local adaptation of the plant or
pathogen. Local adaptation turns out to be relatively
common (roughly half of the studies) and is detected
across spatial scales ranging from single plant individuals to metapopulations and continents (Kaltz and
Shykoff 1998; Tack et al. 2012). Moreover, variation
in plant resistance and infectivity is also common in
study systems where no local adaptation is detected
(Laine et al. 2011; Tack et al. 2012). Such spatial patterns of resistance, infectivity and local adaptation may
directly impact on the level of gene flow across the
landscape. First, when the average level of resistance
varies across the landscape, we may expect non-random
establishment success. For example, Springer (2007)
detected a latitudinal cline in resistance structure of the
California dwarf flax (Hesperolinon californicum),
which mirrored almost identically a cline in infection
prevalence detected in field surveys across the same
biogeographic range. Such clines may create not only
highly asymmetrical patterns of dispersal (from low
resistance populations to high resistance populations),
but variation in resistance would also affect parasite
establishment. Notably, asymmetry in dispersal would
itself have important consequences for further hostparasite coevolution (Vogwill et al. 2010; Gibert et al.
2013). While the example by Springer (2007) involved
a resistance cline, non-clinal spatial variation in plant
resistance will also create predictable variation in spore
establishment and colonization. Second, patterns of local adaptation, represented by a match between resistance and pathogenicity, have the potential to change
gene flow across the landscape. A recent synthesis by
Laine et al. (2011) may allow for a tentative quantification of how local adaptation affects spore establishment
or colonization success after spore dispersal. This cross-

study comparison showed that pathogens are, on average, able to infect 68 % of the local plant genotypes (i.e.
present within the same population). However, the number of successful infections dramatically decreases with
distance, where pathogens infect 61 % of the plant
genotypes located at distances ranging from a few hundred metres to several kilometres, and only 53 % of
plant genotypes collected from several kilometres up to
several hundreds of kilometres. As a result, we may
conclude that patterns of adaptation alone can explain
7 to 15 % of the ecological variation in colonization
success between plants located at a range of distances
from the focal pathogen individual. Such patterns of
local adaptation would effectively reduce the success
of both intermediate and long-distance dispersal. Moreover, the decreased settlement success with increasing
dispersal distance will also modify the shape of the
effective dispersal kernel.
Pathogens may also adapt to plants growing in a
particular ecotype. For example, the wild flax
Melampsora lini shows strong local adaptation to plant
genotypes collected from the same ecotype (CarlssonGranér et al. 1999; Laine et al. in preparation). Reciprocal inoculation experiments demonstrate that ecotypic
adaptation is very strong even across small spatial scales
(several hundred metres); moreover, small-scale ecotypic adaptation is much stronger than adaptation among
spatially widely spread populations (tens of kilometres)
of the same ecotype (Laine et al. in preparation). In such
cases, pathogen colonization and the fraction of spores
that establish after immigration will be lower for plant
populations that are surrounded by plant populations
from a distinct ecotype. While the majority of local
adaptation studies have focused on the metapopulation
scale, similarly strong patterns of local adaptation within
populations may explain the spatial distribution of pathogens within populations. A study by Capelle and Neema
(2005) indicates strong adaptation of Colletotrichum
lindemuthianum to individual bean plants Phaseolus
vulgaris separated by only a few metres. At a slightly
larger spatial scale, Roslin et al. (2007) detected local
adaptation of oak mildew to individual oak trees distributed across a 5 km2 island. The latter study suggests that
gene flow and colonization within the oak stand is reduced by an average of 7 % due to patterns of pathogen
local adaptation to single tree individuals.
While here we have discussed the impact of evolution on patterns of spatial spread, we recognize that
extinction, which underlies metapopulation dynamics,
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may likewise be strongly affected by evolution. Indeed,
pathogen extinction may be affected by inbreeding or
the lack of evolutionary potential (themselves strongly
affected by gene flow). A combination of modelling and
empirical data on multi-year changes in the numbers of
healthy and anther-smut infected white campion (Silene
latifolia) individuals in experimental field plots suggested that the disease would eventually be purged from
resistant plant populations while host-pathogen coexistence was likely in susceptible plant populations (Thrall
and Jarosz 1994). Susi and Laine (2013) found that
newly established populations of Podosphaera
plantaginis were more likely to go extinct than older
pathogen populations, suggesting that adaptation plays a
role in pathogen extinction. Finally, one common mechanism may involve the smaller pathogen population size
in more resistant plant populations, which would significantly reduce the likelihood of pathogen survival during the highly stochastic overwintering season.

Closing the loop: eco-evolutionary feedback
Hairston et al. (2005) defined rapid evolution as a genetic
change occurring rapidly enough to have a measurable
impact on simultaneous ecological change. In such a
scenario, a feedback loop between ecology and evolution
may drive spatial dynamics. In agriculture, a humanmediated eco-evolutionary feedback loop, described
above as the boom-and-bust cycle, has been ongoing for
many crop-pathogen systems (McDonald and Linde
2002). Since the discovery of Mendelian inheritance of
major resistance genes by Biffen over a century ago
(1905), these cycles may have increased in spatial scale
and amplitude due to increased plant breeding techniques
and genetic modifications speeding up plant adaptation to
the contemporary pathogen population; at the same time,
increased gene flow and monocultures may increase the
rate of pathogen evolution and the breakdown of plant
resistance. Notably, major investments may be aimed at
breaking or slowing down the eco-evolutionary feedback
loop in agriculture. A classic example is the battle against
wheat stem rust in the northern USA. With one of the aims
to decrease the evolutionary potential of the pathogen, a
massive public campaign led to the eradication of over
500 million barberry bushes (which are the site of sexual
reproduction for the rust pathogen). As a result, the evolutionary potential of the wheat stem rust has decreased
(as reflected in the lower pathogen diversity and increased

temporal stability of the dominant pathogen races) and the
eco-evolutionary feedback loop has significantly slowed
down (Roelfs 1982; Peterson et al. 2005). Other attempts
to slow down pathogen evolution, and therefore the need
to develop cultivars with new major resistance genes,
consist of the optimal deployment of multilines and cultivar mixtures (Wolfe 1985; Mundt 2002) and crop rotation.
While large-scale boom-and-bust cycles may be contingent on the widespread deployment of major resistance
genes in modern agriculture characterized by monoculture
and genetic uniformity (McDonald and Linde 2002), there
is emerging evidence of ongoing coevolution between
resistance and avirulence genes since the dawn of agriculture. For example, new resistance genes effective against
powdery mildew have been rapidly generated after wheat
domestication (Yahiaoui et al. 2006). These new resistance genes may explain the proliferation since domestication of large numbers of avirulence genes in parasite
genomes like the powdery mildew Blumeria graminis,
where subsequent mutation of these genes would allow
new isolates to escape recognition by these new resistance
genes (Sacristán et al. 2009).
For wild plant-pathogen systems, we reviewed a large
number of studies that demonstrate the ecology-toevolution and evolution-to-ecology pathways. The ubiquitous nature of local adaptation and ecological
extinction-colonization dynamics in plant pathogen interactions, and the reciprocity between local adaptation and
ecological extinction-colonization dynamics, provide a
strong argument that eco-evolutionary feedback loops
will be a common and relevant force in plant-pathogen
interactions. Notably, such eco-evolutionary dynamics do
not generally have to result in directional evolutionary
changes; however, interactions between spatial ecology
and coevolution within metapopulations may play a crucial role in maintaining genetic and phenotypic variation
due to fluctuating selection in space and time (cf. Hanski
2012). Given the presence of several long-term and detailed surveys on pathogen population dynamics in wild
plant populations, and the rapid advance of molecular
techniques to analyse genetic changes (e.g. Thrall et al.
2012), a promising approach to further investigate ecoevolutionary feedback loops may be to explore the interface between eco-evolutionary models and epidemiological data (cf. Luo and Koelle 2013). Fascinatingly, plant
pathosystems have a long history of such data-driven ecoevolutionary modelling. In the early nineties, an ecoevolutionary model incorporating variation in host resistance of the white campion Silene latifolia could explain
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the empirical data on local population trajectories (coexistence, extinction) in experimental plots of the plant and
its anther-smut pathogen (Thrall and Jarosz 1994). A
follow-up model instigated by the empirical observation
of frequent local population extinctions and colonizations
explored how among-patch movement could explain variation in resistance and infectivity at the metapopulation
scale (Thrall and Antonovics 1995). Similar simulations
at an even larger spatial scale in a related pathosystem (the
anther-smut Microbotryum violaceum on the host plant
Lychnis alpina) revealed that eco-evolutionary models
fitted well the empirical pattern of higher incidence but
lower prevalence of the pathogen in relatively continuous
plant metapopulations as compared to more fragmented
landscapes (Carlsson-Granér and Thrall 2002). In contrast, ecological models assuming that the plant is uniformly susceptible failed to explain the empirical pattern
(Carlsson-Granér and Thrall 2002). While the anthersmut fungus may lack genetic diversity in some regions,
the widespread variation in infectivity and aggressiveness
in the majority of plant pathogens (Tack et al. 2012) will
necessitate the incorporation of coevolutionary dynamics
within future spatially explicit eco-evolutionary models.
Overall, our perspective illustrates that plant-pathogen
systems provide unique insights into the role of coevolution and spatial dynamics in driving ecologically relevant
eco-evolutionary feedback loops. Given the detailed and
long-term studies available, pathologists are in an excellent position to further advance the study of ecoevolutionary feedbacks in wild systems. From an applied
perspective, an increased understanding of ecoevolutionary dynamics may, as envisioned by Pimentel
45 years ago (1968; see also Luo and Koelle 2013), be
crucial for improvement of integrated control strategies.
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