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Preface to “Forest Pathology and Plant Health” 

Every year, a number of new  forest pathosystems are discovered as  the result of  introduction of 

alien pathogens, host shifts and  jumps, hybridization and recombination among pathogens, etc. Disease 

outbreaks may also be favored by climate change and forest management. The mechanisms driving the 

resurgence of native pathogens and the  invasion of alien ones need to be better understood  in order to 

draft sustainable control strategies. In this special issue, modeling, population biology, and experimental 

studies are featured with the aim of providing insights on the epidemiology and invasiveness of emergent 

forest pathogens by contrasting different scenarios dealing with varying pathogen and host population 

sizes, evolvable genetics, changing phenotypes and phenologies, landscape fragmentation, occurrence of 

disturbances, management practices, etc.      In summary,  this special  issue  focuses on how variability  in 

hosts, pathogens, or ecology may affect the emergence of new threats to plant species. The three elements: 

pathogen, host, and environment are the well‐known basic elements of the plant disease triangle (PDT). 

The PDT  is as old as  the  field of modern Plant Pathology, and postulates  that any plant disease  is  the 

outcome  of  the  interaction  between  Pathogen, Host,  and  the  Environment.    Recently,  the  need  has 

emerged to study not  just how the three elements of the PDT directly influence disease, but to focus on 

how  they  indirectly  affect  one  another,  consequently  modifying  the  final  outcome.  Of  course, 

anthropogenic effects need to be thrown into the mix as well. 

The  special  issue  includes  14  papers.  The  first  is  a  mini‐review  by  Garbelotto  and  Gonthier 

discussing the need for research focusing on complex interactions and on disturbances. This is followed 

by a much more exhaustive review on the subject by Cobb and Metz. The next four papers describe how 

anthropogenic effects (e.g. shorter rotation  times  in an article by Soularue et al., and stoking  levels  in a 

study by Munck et al.), climate change (in an article on the root pathogen Armillaria by Kubiak et al.), and 

environmental or  topographic  factors  (Lione et al.) affect  the virulence and  the persistence of emerging 

pathogens. A seventh paper by Panzavolta and colleagues provides an interesting framework to study the 

correlation between stressful environmental conditions with higher susceptibility of trees to both insects 

and pathogens. One of  the  interesting unexpected conclusions of  the study  is  the synergistic  (i.e. more 

than additive) effect of stress in increasing fungal spread by increasing vectoring of pathogens by insects.  

The  following  four papers  focus on host variability and disease. Prospero and Cleary provide a 

well‐structured review on  the subject  focusing on  the effects of host variability on  invasive pathogens.  

Ruiz Silva et al. discuss the importance of both genetic and phenological resistance against an important 

emergent pathogen, while Chieppa et al. experimentally uncover  intraspecific competition among pine 

genotypes cryptically driven by susceptibility to  infection by a vascular pathogen. Finally, the paper by 

De Urbina et al. describes how multiple diseases emerging on  the same host may preferentially attack 

different host populations. The paper also emphasizes through an experimental study how hard it may be 

to manage these emergent diseases. 

The  last  group  of  three  papers  provides  solid  evidence  about  the  human  role  in  the  global 

movement of pathogens (Mehl et al.), and about additional human roles in enhancing the establishment of 

invasive exotic pathogens (Danti and Della Rocca, Ploetz et al.).  The article by Ploetz et al. on Laurel Wilt 

also brings to the forefront the complex issue of a disease that affects both agricultural and natural forest 

settings. 
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In summary, as Garbelotto and Gonthier conclude in the first paper of the issue: ”This special issue 

contains 13  [additional] articles  that we hope will be  thought‐provoking  in more  than one way. They 

include widely different  approaches,  scales,  and  technical methodologies,  and  they well  represent  the 

cutting edge of contemporary Forest Pathology. The expectation of this special  issue was to represent a 

range of approaches currently employed  to  study variability  in  tree diseases. We hope  the  reader will 

agree that this expectation has been met, and we hope he/she will concur that in the process of compiling 

this issue, we may have put together an excellent textbook for an advanced class in Forest Pathology” 

Matteo Garbelotto and Paolo Gonthier 

Special Issue Editors 
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Abstract: The plant disease triangle (PDT) is as old as the field of modern plant pathology,
and it postulates that any plant disease is the outcome of the interaction between a pathogen, a host,
and the environment. Recently, the need has emerged to study not only how the three elements of the
PDT directly influence disease, but to focus on how they indirectly affect one another, consequently
modifying the final outcome. It is also essential to structure such analyses within three major
external frameworks provided by landscape level disturbances, climate change, and anthropogenic
effects. The studies included in this issue cover a wide range of topics using an equally varied list of
approaches, and they showcase the important role these indirect and often non-linear processes have
on the development of forest diseases.

Keywords: biological invasions; climate; disease triangle; epidemiology; forest; Geographic
Information System; modeling; variability

A SCOPUS (https://www.scopus.com/) search using the key words “forest pathogen”,
“invasive”, and “variability” reveals a recent reborn interest in the concepts of variability and
disturbances as major drivers of infectious forest diseases (Figure 1). Although it is still convenient
to partition such variability according to the three main elements of the plant disease triangle (PDT),
that is, pathogen, host, and environment [1], our interest is spiked not so much by the study of the
individual variables per se, but rather by their dynamic interaction. Advancements in computational
and statistical approaches provide a solid framework to focus on those effects that may have been
previously discarded or considered marginal because of being too difficult to measure using standard
passive analytical approaches [2,3]. These advancements allow us to compute the outcomes of multiple
interactions with greater confidence than in the past, and they have provided a considerable push
to cross-over across fields. Additionally, this renewed interest in the disease triangle is occurring in
a broader framework provided by the awareness of the importance of both anthropogenic and climate
change effects [4,5]. It should be noted that the disease triangle may be used to predict epidemiological
outcomes not only in plant health, but also in public health, both in local and global communities [6].
The main aim of this special issue was to focus on disturbances and variability as important factors
determining the final outcome of forest diseases.

Forests 2017, 8, 441 1 www.mdpi.com/journal/forests
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Figure 1. Number of articles retrieved on SCOPUS (https://www.scopus.com/) using the search terms
“forest pathogen”, “invasive” and “variability” (as of 27 July 2017) partitioned according to the three
main elements of the plant disease triangle.

“Landscape-scale disturbances such as wind, fire, or land use can (i) modify the impacts of
a disease, or (ii) can be influenced by disease in a manner which increases or decreases the ecological
impacts of these disturbances” [7]. The above quote clearly summarizes the two-way interconnectivity
between heterogeneity at the landscape level and diseases. However, it is not only the heterogeneity of
the landscape that drives the epidemiology and the final outcome of forest diseases. In fact, variability
in the environment, as well as in host and pathogen populations, can also have a profound impact
on the spread and impacts of forest diseases. This special issue attempts to summarize some of the
knowledge on this broad and novel aspect of forest pathology while providing some provoking case
studies investigating several different aspects of this variability.

We have long known that hosts and pathogens are in a constant arms race through which
resistance and virulence are in continuous evolution, and it has been repeatedly postulated that shorter
generation times will accelerate the process [8,9]. In this issue, Soularue et al. [10] through a convincing
model show that humans can also play a role in the co-evolutionary arms race, by shortening
the rotation time of plantations and thus accelerating the evolution of virulence in the pathogen.
This information is novel because it goes well beyond the known effects that humans can have on
disease severity by altering ecosystems. Such more widely studied effects are also described in this
special issue, for example, the dense monoculture of young trees and off-site plantings caused by
the use of exotic species, leading to an increased susceptibility to both exotic and native emergent
pathogens [11,12]. At the same time, emergent diseases are far from being in a stationary phase;
climate change is currently affecting several pathosystems, especially where pathogens and/or hosts
may be at the fringes of their natural or naturalized range [13]. For instance, Kubiak et al. [14] point out
that increasing temperatures will allow the root rot pathogens Armillaria spp. to grow all year round
and to decay wood more effectively, thus significantly enhancing their spread rate and pathogenicity.

Likewise, the changing climate may negatively affect the physiology of native trees, making them
more attractive to insects and more susceptible to diseases caused by endophytic fungi that have
turned into pathogens [15]. In addition, in such a predicament, contagion may be further compounded
by the fact that the rates of vectoring of such fungi by insects also increase, as a result of a greater
frequency of encounters between fungi and insects in weakened plants [15].

2



Forests 2017, 8, 441

This is a new world we are living in: a globalized world, a changing world, and a world that
requires new approaches to maximize the return of scientific investigation. The application of landscape
ecology approaches [7] is greatly enhancing our insights into non-linear processes [16]. Likewise,
the use of crowdsourced data provides an opportunity to generate datasets of an inconceivable
scale until recently. Lione et al. [17] used crowdsourced data to uncover the non-linear progression
of emergent diseases. In this paper, the authors identify precise environmental and topographic
conditions that result in a reversion of infection status (from positive to negative) for the invasive and
destructive forest disease Sudden Oak Death in California.

Often, even when the variability of the landscape, environment, and main ecological parameters
are all embedded in our research, it is arduous to include variability of the host response in our
studies. Most of the literature in this area in fact has focused on gene-for-gene resistance, but the
effects of other types of resistance have been less widely studied [18]. The paper on the Eucalyptus
rust Austropuccinia psidii [19] provides solid evidence of a phenological type of resistance present
in older leaves, while even more complex is the report by Chieppa et al. [20] suggesting that
genetically inherited susceptibility to a vascular fungus results in great susceptibility to changes in
water availability. While interspecific competition driven by pathogens is well known [21], the example
by Chieppa et al. [20] is a classic example of virtually unstudied intraspecific competition cryptically
driven by a pathogen.

Even if this special issue purposefully does not focus primarily on diseases caused by an exotic
organism, it would be impossible not to include this topic in an issue on the effect of variability on the
epidemiology and impacts of forest diseases. Variability certainly is the issue when studying most
exotic pathosystems; in fact, how can exotic pathogens be so successful in novel environments despite
their limited genetic variability? There is no a single answer to this question, and it is our belief that
simply invoking a lack of coevolution does a disservice to our learning of the complex mechanisms
driving the invasion by exotic pathogens. In this issue, several hints are provided regarding factors
other than the lack of coevolution to explain successful invasions by pathogens. In the case of cypress
canker, the use of the artificially created hybrid Leyland cypress has significantly increased the severity
of outbreaks, even where the causal agent is native (e.g., in California) [22]. In the case of laurel wilt,
the high susceptibility of cultivated avocados has accelerated the spread of the disease in natural
ecosystems [23]. On top of this, and unfortunately, the exotic laurel wilt pathogen, introduced in
conjunction with the introduction of an exotic ambrosia beetle, has been picked up by multiple
native beetles, thus immediately broadening its host range. Finally, exotic diseases can often emerge
because humans have provided an abundance of exotic hosts. Such hosts, being exotic, generally can
be regarded as planted off-site. This is the case for Austropuccinia psidii on Eucalyptus planted in
South America [19], for Lecanosticta acicola on Pinus radiata grown in Spain [12], and likely for the many
cultivated hosts of Lasiodiplodia theobromae [24].

This special issue contains 13 articles that we hope will be thought-provoking in more than
a single way. The articles include widely different approaches, scales, and technical methodologies,
and they well represent the cutting edge of contemporary forest pathology. The expectation of this
special issue was to represent a range of approaches currently employed to study variability in tree
diseases. We hope the reader will agree that this expectation has been met, and we hope he/she will
concur that in the process of compiling this issue, we may have put together an excellent textbook for
an advanced class in forest pathology.

Acknowledgments: The authors of this paper and co-editors of the special issue “Forest Pathology and Plant
Health” are grateful to all the authors and reviewers of the special issue.
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Abstract: The disease triangle is a basic and highly flexible tool used extensively in forest pathology.
By linking host, pathogen, and environmental factors, the model provides etiological insights into
disease emergence. Landscape ecology, as a field, focuses on spatially heterogeneous environments
and is most often employed to understand the dynamics of relatively large areas such as those
including multiple ecosystems (a landscape) or regions (multiple landscapes). Landscape ecology is
increasingly focused on the role of co-occurring, overlapping, or interacting disturbances in shaping
spatial heterogeneity as well as understanding how disturbance interactions mediate ecological
impacts. Forest diseases can result in severe landscape-level mortality which could influence
a range of other landscape-level disturbances including fire, wind impacts, and land use among
others. However, apart from a few important exceptions, these disturbance-disease interactions
are not well studied. We unite aspects of forest pathology with landscape ecology by applying the
disease-triangle approach from the perspective of a spatially heterogeneous environment. At the
landscape-scale, disturbances such as fire, insect outbreak, wind, and other events can be components
of the environmental ‘arm’ of the disease triangle, meaning that a rich base of forest pathology can
be leveraged to understand how disturbances are likely to impact diseases. Reciprocal interactions
between disease and disturbance are poorly studied but landscape ecology has developed tools that
can identify how they affect the dynamics of ecosystems and landscapes.

Keywords: forest pathogens; disease triangle; landscape ecology; disturbance interactions; fire;
insect outbreak

1. Introduction

Forest diseases occur in an intricate environmental context that is a reflection of long host lifespan
and fixed location. In contrast to other foci of disease ecology, environmental influences on forest health
have been recognized as important factors influencing disease in individual trees since the emergence
of forest pathology as a topic of scientific inquiry [1]. Environmental factors act on pathogens and
tree hosts independently and, as a consequence, disease incidence may increase or decrease due to
environmental variability. This environmental variation can include year-to-year climate variation
(temperature, precipitation, humidity), environmental pollutants (ozone, acid deposition), and a range
of biophysical or biotic disturbances such as fire, wind, herbivory or insect outbreak [2,3]. A substantial
body of research has developed to elucidate environmental influences on both pathogens and their tree
hosts, encompassing a diversity of environmental stresses and effects at scales ranging from cellular to
landscape [4,5]. Integrating dynamics of both host and pathogen simultaneously with environmental
effects on disease remains challenging, and yet is essential to understanding how forest diseases are
likely to change in the future [6].
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The disease triangle is a scale-free, flexible, and general model that has been used extensively to
determine the etiology of many plant diseases and, more recently, zoonotic diseases. The model is
a visualization of host, pathogen, and environment in a tripartite dynamic interaction framework that
has been especially useful when applied at the individual-to-stand level. However, this application is
in some contrast to the scale of the most problematic disease outbreaks which tend to occur across
landscapes or regions [7–9].

The field of landscape ecology focuses on identifying mechanistic processes that lead to
landscape-level patterns and the implications of cross-scale interactions in driving these patterns.
Scale mismatch among mechanisms that underlie an emergent condition—including disease—is
not a problem unique to forest pathology. Landscape ecology has developed understanding of the
causes, consequences, and patterns of ecological changes that occur over large spatial scales such as
plant community shifts resulting from fire, biotic agents including insects and disease, or land-use
patterns [10–12]. Landscape ecology applies to a range of spatial extents, but is often employed to
understand changes in collections of heterogeneous ecosystems (a landscape) or regions (a collection
of landscapes). The field has developed a range of spatial analysis tools that pair with remote sensing
technologies; these efforts have improved understanding of the causes and consequences of spatial
patterns as well as increasingly accurate resource inventories.

Forest health researchers have applied landscape ecology approaches to gain insight into disease
drivers acting at the spatial extent of a landscape or region [13,14]. These efforts have produced maps
of spatiotemporal patterns of disease risk with great management application [10,15]. These advances
are also important in that they apply epidemiological theory to large spatial extents although, at the
landscape extent, forest pathology has tended to examine disease in isolation from other dynamics
and processes. At the same time, understanding ecological dynamics at landscape-to-regional scales
is increasingly focused on the role of interactions among disturbances which alter spatial structure
and variation [16,17]. We suggest that this is a potential nexus of the two fields that can improve
understanding of landscape dynamics as well as the mechanistic basis of disease emergence at broad
spatial extents.

Disease forecasting and prediction of the resulting ecological impacts have obvious value to
managers and policy makers. Shaping landscape-level structure, such as fuel levels, age-class,
or species distribution, demands substantial economic investments. Disturbance events, including
but not limited to disease, can challenge these goals and incur great ecological or management costs.
Increasing interest within landscape ecology has focused on the overlap and potential interactions of
landscape-level disturbances. Global environmental change, including altered fire regimes, changes in
regional climate and weather, as well as increased introduction of exotic organisms, are all potential
drivers of disturbance interactions that could increase the ecological impacts of these events [16–18].
Landscape-scale models and empirical studies of disease impacts are relatively infrequent compared
to fire and land use [16–18]. At the same time, cellular-to-population level studies of disease illustrate
considerable variation in intensity and underlying causes that emerge from the components and
interactions encompassing the disease triangle. These insights can be leveraged into predictive
epidemiological models that account for host susceptibility and transmission, characteristics that
are distinct biologically from risk or contagion as applied in models of fire or land-use change.
Put another way, disease is an emergent phenomenon with inherent mechanistic differences from other
landscape-scale disturbances. Yet diseases are likely to affect, and be affected by, other landscape-level
disturbances in ecologically important ways.

This paper examines linkages between forest diseases and landscape-scale disturbances to
understand how these distinct events may interact to affect each other. Landscape ecology and forest
pathology are notable for strong research foundations that suggest disease–disturbance interactions are
likely to shape ecosystems. Yet, very few empirical examples of these interactions have been undertaken
in spite of a strong emphasis within both fields on the role of environmental factors. This suggests
potential for improving prediction of disease and disturbance impacts through an assessment of
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the strengths and research needs in each field. Although pathogens and insects have important
differences in how they affect tree health, we examine inferences gained through the study of
insect outbreak–disturbance interactions to frame hypotheses of disease–disturbance dynamics from
ecosystem-to-landscape scales. Empirical research linking epidemiological process and ecosystem or
landscape-level impacts of forest disease is generally lacking, so we also point to several studies aimed
at addressing this knowledge gap. Landscape ecology has built metrics for quantifying landscape
pattern, processing of remotely sensed data, and models of disturbance dynamics that can be placed
within traditional forest pathology approaches. This structure provides a basis for rapid integration
of ecosystem-to-landscape impacts and dynamics of disease into landscape models and associated
theory. We link these bodies of knowledge by identifying mechanisms of interaction that are likely to
determine if or when disease–disturbance interactions are ecologically important.

2. The Disease Triangle: A Primer for Landscape Ecologists

The disease triangle (Figure 1) is a valuable heuristic tool for envisioning and testing drivers of
disease emergence. The model has a long history both within forest pathology and plant pathology
more broadly [1]. The model frames disease as an emergent condition resulting from interactions
of a pathogen with a susceptible host in suitable environmental conditions. Changes to any of the
components can accelerate or dampen disease dynamics, while also altering the other components
of the triangle. As a general, parsimonious, and dynamic conceptual model, the disease triangle
also requires a researcher or manager to contextualize the disease system, including any unique
characteristics of the focal host or pathogen.

Figure 1. Linkages between forest pathology and landscape ecology with example landscape-level
disturbances which can influence disease emergence and impacts. The traditional disease triangle
(1) factors (A–C) are shown simultaneously in the spatial context of landscape ecology (2) along
with landscape-level disturbances that are likely to interact with disease (3). Environment (1-A
and 2-A) is shown on a gradient along with a waveform pathogen invasion process (1-B and 2-B)
and realistic spatial heterogeneity of host distribution (1-C and 2-C) and mortality (1-D and 2-D).
Examples of interactive disturbances are shown with arrows indicating the components of landscape
structure and the disease triangle that are impacted: Invasive plants competitively inhibit forest
host reestablishment following land abandonment with impacts to environmental conditions and
host distribution (I—Genista monspessulana invasion of an old vineyard), fire can alter host and
pathogen distribution (II—Soberanes Fire 2016, Big Sur—Photo credit K. Frangioso), and emergent
insect outbreak-caused mortality of host populations (III—Agrilus coxalis mortality of coast live oak).
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2.1. Pathogens

The major disease-causing pathogens of forest trees represent many branches on the tree of life,
including fungi, oomycetes, or parasitic plants [3,19]. These pathogens can vary widely in their spatial
distribution across a landscape. Some weak or facultative pathogens can be so widespread as to
be practically ubiquitous, likely an evolutionary consequence of minimal impacts to host health or
primarily saprotrophic energy acquisition [20,21]. Other more aggressive native pathogens such as
Heterobasidion or Dothistroma species may be widespread within a region but only emerge as diseases
following land use or climatic changes, respectively [22,23]. In contrast, diseases caused by invasive
pathogens are often characterized by introduction foci that strongly control the spatial distribution
of disease risk prior to equilibration of the pathogen in a new range. Introduced populations of
Phytophthora ramorum, P. cinnamomi, or the beech bark disease insect-pathogen complex all share this
strong signature of spatiotemporal variation in the distribution of disease risk [9,12,24].

2.2. Tree Hosts

Disease emergence or suppression may be driven by shifts in host presence or abundance.
In forests, species abundance reflects a range of climate drivers, ecological processes, and cultural
practices; several examples of documented or potential increases in disease with changes in host
population are worth highlighting in light of these dynamics. Increased cultivation of Hevea species
for rubber production is implicated in increased frequency and severity of South American leaf
blight [19,25], a disease that rarely reaches inoculum levels needed for disease emergence under
non-cultivated conditions. Increased tanoak importance in response to inadequate silvicultural
investments has also been implicated in patterns of P. ramorum establishment risk and emergence
of sudden oak death [26–28]. Afforestation in response to changes in land use or fire suppression
has also been shown to increase P. ramorum hosts and subsequent patterns of disease emergence [29].
Vegetation changes in response to environmental and social or economic dynamics can also shift
species abundances and spatial distributions with no significant changes in the represented taxa.
For example, in northern forests of Quebec, human impacts reflecting changes in economic factors
and silvicultural practices could influence future likelihood of insect outbreak [30]. Plant invasions
can also alter host populations at broad spatial scales. In the southern hemisphere, several invasive
pine species along with their mycorrhizal symbionts are aggressive invaders of native ecosystems.
These invasions cause severe landscape-to-regional scale transformations of forest communities that
also transform standing biomass, biogeochemical processes, and biodiversity [31,32].

Hosts also experience changes in susceptibility due to environmental responses at
cellular-to-individual scales. Environmentally driven increases in host susceptibility to pathogens are
commonly termed host “predisposition” to infection or disease. Tree hosts respond to physical or biotic
stresses such as fire, drought, or insect and pathogen attack through a range of physical structures,
chemical defenses, and biochemical pathways [4,5]. Thus, the physiological status of individual trees
or entire populations can also determine the likelihood of disease emergence.

2.3. Environment

Within the context of the disease triangle, many environmental factors influence disease by
limiting hosts or pathogen ranges and through direct influences on pathogens or their hosts.
For example, temperature affects pathogen metabolic activity as well as host predisposition in response
to environmental stress [33]. Global change-driven range expansions or contractions could make
disease emergence more, or less, likely due to changes in the abundance or spatial distribution of
either biological component [3,19,34]. Physical host wounds that act as a de facto surmounting of
host physical defenses play an important role in infection [1,22,35,36]. Drought has been shown
to cause physical damage to plant vascular tissues that may require multiple years to repair [37]
and it is likely that other environmental stresses also cause multi-year changes in susceptibility.
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Land management can be considered part of the environmental portion of the disease triangle, and is
sometimes envisioned as a fourth component. This is warranted as land management policy can be
more readily changed compared to an environmental event such as drought; policy and management
can also affect environmental drivers of disease or landscape-level host distribution [3,38].

3. The Disease Triangle in the Context of Disturbance

In the absence of disease, disturbances play a critical role in structuring forest communities
at local-to-landscape scales [17,30,39]. Ecological disturbances can alter any component of the
disease triangle (Figure 1). This creates a dual context for disturbances: they are a component of
the environmental portion of the model or also an external factor that can influence host composition
or pathogen abundance. These effects in conjunction with environmental changes that determine host
stresses or pathogens infection, can also create disturbance-feedbacks that will alter disease dynamics.

3.1. Environmental vs. Biotic Stress on Tree Hosts

An intricate system of plant hormone signaling has a strong influence on secondary chemical
pathways and allocation of resources to repair physical damage from biotic and abiotic causes.
Problematically for plant hosts, biochemical pathways that confer resistance to environmental stress
can suppress those that confer resistance to insects and pathogens. The resulting hormonal interference
of defensive pathways is known as plant hormonal cross-talk [4] and can be a significant factor leading
to increased susceptibility (predisposition). Carbon- or nitrogen-based secondary chemistry can be
important factors determining the degree of damage caused by insects or pathogens, but available
carbon resources are also important for repairing tissue damage resulting from environmental
stresses [5]. This suggests another resource dilemma for trees—whether to respond to environmental
stress or biotic attack. Of course, physical damage, heat, and water stress may suppress defensive
pathways for biotic attack via hormonal cross-talk [4] suggesting plant response to environmental
factors may simply take precedence to biotic attack in some circumstances or species. It is likely that
trees are sometimes caught in untenable “catch 22” traps where the host must respond to potentially
overwhelming environmental or overwhelming biotic stresses and is likely to be overcome either way.

3.2. Example Disturbance Effects on Pathogens

Forest management and fire are especially important disturbances in forested landscapes that
have been documented to influence disease dynamics in some circumstances. Each of these events can
alter temperature and relative humidity which are particularly important controls on infection success
for many important fungal pathogens (Figure 1). Tree harvesting can further alter stand characteristics
that influence pathogen dispersal. For example, dwarf mistletoe dispersal is facilitated by increased
canopy opening following thinning [40], and it is likely that increased air-flow and reduced tree
density also increases the connectivity of susceptible hosts. Harvest and the resulting effects on
substrate for pathogen survival, creation of infection pathways, and changes in host distribution or
abundance have strong influences on disease emergence [14,20,22]. Increased input of below-ground
organic matter, important for inoculum buildup of some root diseases, could occur following a variety
of management actions [41,42]. Fire is somewhat unique in that it often causes substantial host
and pathogen mortality [43] which should caution researchers against generalization without more
examples. In contrast to fire impacts, fire suppression can lead to increased host density, which in turn
may increase local inoculum build-up as well as alter microclimate in ways that influence pathogen
establishment and the emergence of specific diseases [44].

Non-host plant invasions can also alter mutualistic host–microbial interactions, nutrient
availability, and increase competition for other limiting resources such as light and water [45].
Most obviously, strong competitive interactions or competitive exclusion of host species by a novel
invader could have powerful influences on disease emergence. However, this kind of shifting species
dynamic is more likely when the invading plant amplifies pathogen populations and creates positive
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feedback between pathogen and invader [46,47]. Plant invasions can suppress or amplify pathogen
populations and the relevance to disease will often depend on the interactions between a specific plant
invader and pathogen.

3.3. N Deposition, an Example of Changing Environmental Conditions at Broad Spatial Extents

Environmental contamination has received less attention as environmental drivers of disease,
but the spatial scales at which these events occur make them relevant to any discussion of
disease–disturbance interactions. Atmospheric N deposition has potential to alter host populations
by shifting species composition and dominance via changes in growth rates. N deposition has also
been documented to increase pathogen attack [48,49] which may reflect mechanistic drivers from
cellular-to-community scales. Studies of N-deposition on disease emergence are more common in
understory or herbaceous species but whether this is due to an overall lack of study in overstory
trees vs. greater susceptibility in these habitats is unclear. Increased N availability could alter a range
of ecological interactions that influence tree host susceptibility such as phyllosphere host–microbial
interactions and within-plant carbon allocation [33]. Species invasions, climate change, and other kinds
of pollution could alter host or pathogen populations at broad spatial scales and are worth examining
for disease-disturbance interactions.

3.4. Disease as Disturbance

Both native and exotic pathogens are substantial ecosystem disturbances that can cause a range
of impacts with variable duration and intensities [50]. Root nematode pathogens, aerially dispersed
Phytophthora pathogens, and native Phellinus root pathogens have each been shown to alter
biogeochemical processes including nitrogen and carbon cycling [51–53]. Forest structural changes can
be dramatic, and include shifts in size class distribution, selective removal of individuals, or changes
in species composition [7,12,54,55]. The nature and extent of forest structural changes depend on
specific biological characteristics of the pathogen such as the host range and virulence, as well as
interactions with the biology of the tree host, including age- or size-related variation in susceptibility
or host competency to transmit the pathogen. In the most extreme cases where host range is broad and
many hosts suffer disease following infection, pathogens can drive a conversion from one ecosystem
type to another. Phytophthora cinnamomi is an illustrative example, this pathogen causes the devastating
disease Jarrah dieback which can convert woodland or forest to a low-statured heathland [9].

4. Disturbance Interactions: Perspectives from Landscape Ecology

Disturbance interactions are increasingly studied outside of the purview of forest pathology
and the associated empirical and theoretical advances are relevant for bridging the fields (Table 1).
Landscape ecology has made important advances in framing general theory and expectations regarding
how a broad set of disturbances are likely to interact [16,17,56]. These efforts have incorporated
differences in frequency, spatial pattern, and severity of physical and biological disturbances with
the aim of assessing the relevance to landscape structure and management. Disturbance frequency,
patterns, and impacts lie at the core of inquiry in landscape ecology, which stems from the importance
of these events in driving spatial patterns [56]. In light of this, it is unsurprising that many of the
intellectual frontiers of disturbance interactions (including but not limited to disease) are also firmly
rooted within landscape ecology [13,14]. Systems at the landscape spatial scale are so often subject
to variation in environmental stresses and stochastic events—such as lightning ignition sources or
individual land-use actions—that understanding overlapping disturbances and their interactions is
fundamental to mechanistic understanding and prediction over large areas.
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Table 1. Example studies linking environmental changes and disease emergence or the interactive
effects of biotic agents and landscape-level disturbance dynamics.

Biological Agent Interacting Disturbance Comments Examples

Landscape-level examples

Native insects Fire, wind, salvage harvest Tested for interactive effects [11,57,58]
Invasive pathogen Fire Tested for interactive effects [18,43,59,60]

Root pathogens Wind Focused on environmental drivers of disease [35,61]
Root pathogens Management, fire suppression Etiological investigation of landscape-level disease drivers [22]

Individual-level examples

Insects or pathogens Drought, salt stress, and heat Synthesis, laboratory experiments [4]
Pathogens Drought Synthesis [5]

Discrete and intense disturbances—such as insect or disease interactions with fire—are notable
for the relative ease of assessing population-level changes to vegetation. In these examples, mortality
from either disturbance is rapid and easily recognized. The relative tractability of these study systems
further leads to empirical and model based studies [11,56,59]. However, slowly accumulating and
large-extent disturbance such as climate change and atmospheric N deposition are much more nuanced
and difficult to assess. These events will have strong influences on landscape-level processes including
disturbance frequency, extent, and impact but quantifying these dynamics with an empirically-backed
and mechanistic framework poses many practical challenges [56].

How landscape scale dynamics affect ecological resiliency is also important for gauging the relevance
of disturbance interactions to land management policy. Post-disturbance vegetation recovery rates and
successional dynamics have a strong control over ecological resilience to interacting disturbances, for
example, by affecting the likelihood of future disturbance events and their intensities [16]. Policy makers
and managers face the dilemma that disturbance interactions are known to occur, or are highly likely,
yet it is unclear how much these events will challenge local and regional management goals. This problem
may be acute when multiple possible successional trajectories emerge from the local species pool
and variation in disturbance impacts [17,50]. Despite important uncertainties, enough information
is in hand to provide a point-of-departure for quantifying disease–disturbance interactions and
incorporating these insights into land management policy.

4.1. Insect–Fire Interactions

Interactions between fire and insect outbreak have received attention among researchers due to
the frequent overlap and relative importance of each disturbance [11,57,58]. Although biologically
distinct from forest diseases, insect outbreaks provide insights into disturbance interactions and can
help formulate expectations given changes to canopy structure, species composition, and changes in
biomass distribution. Insect-driven mortality events have been dramatic and cause for alarm among
land managers in fire-prone conifer forests of western North America. Many of these forests have been
impacted by drought and fire suppression, which have influenced insect population dynamics and
host physiological status [62,63]. In this respect, insect outbreaks are a useful model for disease in that
tree mortality is driven by environmental changes including climate dynamics and land management.
Severe insect-caused mortality often results in a short-term increase in highly flammable canopy fuels
followed by an increase in ground fuels as dead material moves from the canopy to the forest floor.
Somewhat counter to initial expectations, these mortality patterns have led to an overall decrease in
fire impacts as measured by the likelihood of crown-fire, which are often the most damaging and
dangerous forest fire conditions, for both bark beetle [11,57] and spruce budworm [58]. In these
studies, the timing of fire and insect outbreak events was more important than the spatial overlap of
each disturbance.
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4.2. Disease–Disturbance Interactions

As previously noted, etiological studies have dominated most applications of the disease-triangle
in forest pathology. For example, wind pressure on tree canopies can transfer a substantial amount
of tension and compression force to root systems. The resulting wind-caused damage to fine roots is
an important pathway of infection and subsequent creation of disease centers in balsam fir-spruce
forests of the White Mountains, New Hampshire [61]. Historical management actions including fire
suppression and cutting to control bark beetle outbreak have been demonstrated to influence patterns
of Heterobasidion root disease centers in Yosemite Valley, California [22]. Historical patterns of conifer
harvest have also likely influenced the landscape-level distribution of invasion risk for P. ramorum
in coastal California and Oregon [24]. However, for each of these example systems, there has been
little effort to inform prediction of future resource status, disturbance patterns, and rates (or capacity)
of ecosystem recovery [17,56]. For example, wind-driven root infection decreases tree capacity to
withstand wind events. Thus, wind can facilitate disease which then renders stands or ecosystems more
vulnerable to wind-driven mortality [61]. Problematically, temporally delayed disease–disturbance
interactions could be easily masked and result in misattribution of underlying mortality causes [50].

The few published studies focused on disease–disturbance interactions provide some insights that
may help overcome this research challenge. The authors of this article along with colleagues conducted
a series of studies examining interactive impacts of P. ramorum and fire in coastal California forests.
Using a set of permanent study plots in disease-impacted forests that were surveyed before and after the
2008 Basin Fire, this work showed that fire impacts are contingent on the stages of disease progression,
supporting comparisons to insect–fire interactions (compare with [57]). In our plots, fire intensity was
positively related to the amount of fine canopy fuels associated with recently killed trees and decreased
as these materials move from the canopy to the soil surface [18]. In contrast, fire-caused mortality
of redwood, a species that is resilient to P. ramorum and typically also resilient to fire, increased
with greater accumulation of ground fuels [59]. This pattern suggested that disease-generated fuels
accumulated to the point that damage to tree root systems or cambium tissue was substantially
increased. Ground fuel accumulation also impacted soil resources, losses of critical soil nutrients and
carbon increased with increasing disease-related mortality [60], changes that may in turn alter post-fire
vegetation succession. Although these studies are associated with an individual disease and fire (i.e.,
a single example), the mechanistic link between mortality, fuels, and ecosystem impacts suggests these
disease–disturbance interactions could occur where other disease and fire events overlap.

5. Frontiers in the Study of Disease–Disturbance Interactions

Approaching a new study system or challenge with the most parsimonious model is often
a recipe for rapid advancement. With some notable exceptions [11,17,56], most interactive disturbance
studies have focused on two events. In the sudden oak death system, our sole explicit test of
disease–disturbance interactions, we studied a single forest disease and a single fire. This study system
spans multiple forest types which provides insight into variation in disease impacts, the importance
of pre-disease species composition and structure [18,43,59,60] but ultimately provides only a partial
view on the importance of interactive impacts. For example, our Big Sur study region is a fire-prone
landscape that burned with a landscape-level wildfire only eight years following our initial study
(the 2016 Soberanes Fire). How do repeated or subsequent disturbances modify or reflect previous
disease–disturbance interactions? In the case of Big Sur and sudden oak death, P. ramorum was found
to rapidly reinvade following the initial 2008 Basin wildfire [43], presumably impacts from the recent
2016 Soberanes wildfire reflect both the previously documented disease-fire interactions as well as an
additional eight years of disease that occurred between wildfires. In Yosemite Valley, Heterobasidion
disease centers are a serious public safety concern as several deaths have been associated with failures
of infected trees [22]. This has motivated the aggressive removal of at risk trees, particularly in
high-recreation use areas, as well as the greater application of prescribed burning in other parts of
the valley. Yet, it is unclear how these management actions have influenced disease dynamics and
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furthered public safety beyond the immediate danger of tree failures. In both cases, disease–disturbance
interactions could be reasonably argued to have increased or decreased ecological impacts under
specific edaphic, vegetation, or management conditions.

Third and fourth-order disease–disturbance interactions remain minimally studied although these
are certain to represent future management challenges. Fire-prone regions where multiple fires and
disease events occur over time could be shaped by these factors. Paine et al. [56] and Johnstone et al. [17]
suggested several general ecosystem trajectories resulting from disturbance interactions that tend to
focus on transitions between stable ecosystem states or temporary states associated with recovery
(Figure 2; examples 1 and 2). We recognize that these expectations may also fit disease–disturbance
interactions. For example, disease-center formation in the White Mountains of New Hampshire
resulting from wind impacts is a temporary ecosystem state [35,61]. Similarly, it has not yet been
shown that sudden oak death–fire interactions will lead to long-term and permanent shifts in forest
structure although it is plausible that increased tree mortality and soil nutrient loss will result in these
changes. However, biotic disturbances are strongly influenced by the coincidence of environmental
conditions favorable to establishment or outbreak suggesting that dynamic ecosystems should be
expected in some circumstances (Figure 2; example 3). Oscillating dynamics where host populations
recover and provide the basis for future outbreaks are a common pattern in many tree mortality events
driven by native organisms [35,51,62]. Intensifying outbreaks resulting from climate-change-associated
shifts in temperature, precipitation, and resulting host-stress appears likely given documentation of
landscape-level declines in host physiological status and its impact to plant defense [3,4,37].

Hysteresis is a common challenge for much of ecology and the importance as well as the difficulty
of capturing these effects is increased in studies at the landscape scale. The difficultly of scaling-up
of results from the plot or stand scale where most ecological inquiry is made to the landscape scale
is a common challenge in landscape ecology including the study of interactive disturbances [14,16].
An especially complex factor is that as the landscape is changed, the dynamics within the unit of study
may become more dependent on processes and structure external to the measurement unit, often the
plot or stand (see Meentemeyer et al. [14]). These changes may require many years to emerge as well
as quantify, suggesting that surprises, often problematic to management goals, are likely to emerge
without the tools to make judicious forecasts of disease–disturbance impacts. Several lines of inquiry
can help prevent these problems: (1) increased efforts to disentangle three-way interactions that lead to
disease at broad spatial scales. Disease-triangle applications are biased towards etiological descriptions
of disease, yet disease emergence could be a secondary or contributing factor influencing tree mortality
and disturbance interactions [19,37]. Understanding if disease is a cause (primary agent) or a symptom
(secondary agent) of a forest health problem is essential to any response. (2) Increase focus on
multi-pathogen systems. Tree mortality from one event, such as the invasion of an exotic pathogen is
likely to alter the conditions for the emergence of a second pathogen. For example, native Armillaria
pathogens are widespread in forests at risk to P. ramorum invasion and the substantial addition of buried
coarse roots is likely to increase local Armillaria biomass and associated disease [8,20]. (3) Increase
the scope of disease–disturbance studies to pathogens with different epidemiological dynamics, plant
parts which are attacked, and impacts to host health. At present, studies of fire–insect outbreak
has examined insects which attack both the bole as well as the canopy of hosts [57,58]. A broad
range of pathogens attack roots and leaves which may alter the timing and duration of dead fine
fuels in the canopy; previous work has shown this to be a critical factor influencing disease–fire
relationships [18]. Contrasting these classes of pathogens with bole-canker pathogens, vascular wilts,
and a range of other biological differences among pathogens [5] could help link pathogenicity with
effects on other disturbances.
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Figure 2. Several examples of disturbance and disease interactive outcomes over time. Impacts may
increase and reach a new stable state (1—red); increases may gradually recover to pre-outbreak levels
(2—blue dashed); or feedbacks between disease and disturbance could create fluctuating dynamics
over time, here depicted as an oscillating, but increasing impact (3—yellow).

6. Conclusions

Landscape-scale disturbances such as wind, fire, or land use can (i) modify the impacts of
a disease [22,61]; or (ii) can be influenced by disease in a manner which increases or decreases the
ecological impacts of these disturbances [59]. In both cases, the potential to magnify the ecological
impacts of either disturbance can have important management implications [16,17], but the mechanistic
processes driving these impacts are quite different. The disease triangle is a valuable model for
improving understanding of disease–disturbance interactions but to date, the approach has been
primarily employed to study environmental influences on disease emergence. This body of work
provides the mechanistic foundation for landscape ecologists to model disease emergence at broad
spatial scales along with providing the basis to address associated management goals and challenges.
However, the influence of disease on other disturbance processes is less well studied, and although
the disease triangle is fully reciprocal, little effort has focused on disturbance changes stemming
from ecosystem-to-landscape level impacts of disease. A nexus of interest and research efforts is
developing between the fields [13,14]; forest pathology can provide epidemiological foundations
unique to understanding disease emergence while landscape ecology can provide broad spatial
extent models and empirical assessment of ecosystem and landscape dynamics. Of course, more
data on ecological impacts of disease and collaboration between forest pathologists and landscape
ecologists is needed to develop and test predictions of disease–disturbance interactions that will inform
management decisions. However, each field is primed to take advantage of knowledge gained from
the other and determine when, if, or how disease–disturbance interactions can be incorporated into
land management policy and actions.
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Abstract: As disease outbreaks in forest plantations are causing concern worldwide, a clear
understanding of the influence of silvicultural practices on the development of epidemics is still
lacking. Importantly, silvicultural practices are likely to simultaneously affect epidemiological
and evolutionary dynamics of pathogen populations. We propose a genetically explicit and
individual-based model of virulence evolution in a root-rot pathogenic fungus spreading across
forest landscapes, taking the Armillaria ostoyae–Pinus pinaster pathosystem as reference. We used the
model to study the effects of rotation length on the evolution of virulence and the propagation of the
fungus within a forest landscape composed of even-aged stands regularly altered by clear-cutting and
thinning operations. The life cycle of the fungus modeled combines asexual and sexual reproduction
modes, and also includes parasitic and saprotrophic phases. Moreover, the tree susceptibility to
the pathogen is primarily determined by the age of the stand. Our simulations indicated that the
shortest rotation length accelerated both the evolution of virulence and the development of the
epidemics, whatever the genetic variability in the initial fungal population and the asexuality rate of
the fungal species.

Keywords: forestry; tree fungal pathogen; root-rot disease; Heterobasidion annosum;
Ganoderma boninense; evolutionary epidemiology; quantitative host–pathogen interaction;
asexuality; clonality; saprotrophism

1. Introduction

While the demand for forest products is still increasing [1,2], high damage levels caused by
pathogens in planted forests have emphasized the urgent need for management measures containing
the development of epidemics [3–5]. The design and implementation of such measures require a
clear understanding of the effects of common silvicultural operations on the expansion of pathogen
populations in forest plantations. However, at present this understanding is far from being achieved.
One key reason is that the evolutionary potential of pathogens has been widely neglected in forestry [6].
For a long time, the evolution of pathogens has indeed been assumed to be a much slower process
than the development of the epidemics they cause [7]. However, there is now evidence that pathogens
can rapidly evolve [8,9], particularly within ecosystems under strong human influence [10].

Among biological traits assumed to be under strong evolutionary pressure, the virulence of
pathogens, generally defined as the quantitative ability of a pathogen to induce host mortality [11,12],
is the focus of considerable attention from evolutionary ecologists [12] and plant pathologists [13].
Despite still imprecise experimental characterizations, mainly based on proxies, and a complex theory
including the transmission–virulence trade-off hypothesis [14], the evolution at this trait is thought to
be tightly related to the spread of diseases [11,15,16]. This evolutionary perspective, together with the
large spatio-temporal scales considered in forestry and the often numerous uncertainties about the
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biology of the pathogens, make integrative experimental assessments of the effects of common forestry
practices on fungal pathogen populations hardly feasible. Overall, available experimental observations
about effects of silvicultural practices on the epidemiology of forest diseases remain scarce. As a
consequence, when disease outbreaks are detected in forests, practitioners have very few elements at
their disposal to confidently define and implement the most relevant management operations both
preserving the productivity of the stands and containing the development of pathogen populations.

Within this context, modeling has much to contribute. Interestingly, a theoretical framework
focused on the integration of the co-occurring epidemiological and evolutionary processes at short
time-scales has been set (e.g., [17–19]). For instance, assuming a population made of a wild and a
mutant genotype showing distinct virulence and transmission rates, Berngrüber set a mathematical
model to explore the transient effects of mutation on virulence evolution in a bacteriophage virus
during the onset of epidemics [11]. On the same basis and for the same kind of organism, Griette et al.
showed that the level of virulence determines the speed of epidemics but also that virulence is favored
at the front line of an epidemic and counter-selected behind the front [16]. Besides, other general
models have investigated the evolutionary consequences of differences in life cycles. For instance
Bazin et al. found that a reproduction system which combines a high rate of asexuality with a non-null
sexuality rate increased the success of invasion [20]. Papaïx et al. explored the effect of dispersal and
environmental heterogeneity on the specialization of organisms in a meta-population context [21].
Finally, other models were set to explore the effect of spatial heterogeneity associated with management
practices on the evolutionary trajectories of both pathogens and their hosts in agrosystems of annual
plants. These latter models were mostly used to investigate the durability of resistance genes deployed
in crops from a qualitative definition of the host–pathogen interaction relying on gene-for-gene
interactions. As examples Fabre et al. identified the optimal strategies of resistance gene deployments
within agrosystems infected by plant viruses [22], and Bourget et al. investigated the adaptive
dynamics of pathogen populations facing a multicomponent treatment [23].

All of these theoretical studies have yielded useful information about key determinants of
the evolutionary and epidemiological dynamics of pathogenic organisms, sometimes in intensively
exploited ecosystems. By their diversity, they also underlined the fact that these determinants are tightly
related to the biological characteristics of the pathogen, and the specificities of the ecosystem of interest.
Nevertheless, all of the previous modeling studies simultaneously investigating the evolutionary and
epidemiological dynamics remain very general. Moreover, the strong assumptions made on pathogen
life-history are more often not relevant to tree pathogens emerging in a forest plantation. Besides, in a
general way, directly transposing existing models, theory and results into different ecosystems that
often constitute distinct complex systems remains a challenge [24–26]. Hence, there is a need for new
simple models clearly focused on pathogens spreading in a forest plantation and using existing theory
in evolutionary epidemiology to address practical questions. To be helpful these new models have to
account explicitly for the following aspects: (1) the key biological characteristics of the targeted fungal
pathogen such as its reproduction system; (2) the specificities of forest management like the times of
thinning and clear cutting; (3) the biological specificities of the planted trees such as their long lifespan;
and (4) an adequate definition of the tree–pathogen interaction.

We propose here a stochastic individual-based simulation model dedicated to the study of the
interplay between common forestry practices and the evolution and the propagation of a root-rot
pathogenic fungus in planted forests. Individual-based modeling is a bottom-up approach that
relies on algorithmic descriptions of each individual constituting the system of interest. It provides
highly customizable and integrative abstractions of complex systems, making it an ideal tool to
address practical questions involving many entities interacting at different levels [27–29]. Though this
kind of modeling has been fruitfully developed in evolutionary ecology (e.g., [30–37]), it remains
almost absent from the fields of phytopathology and evolutionary epidemiology (however, see [21]).
Unlike most of the existing models in phytopathology, our model describes host–pathogen interactions
in a quantitative way, through the exploitation of the quantitative genetics theory. Hence, the model
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formalizes quantitatively the phenotype of the fungus, the underlying genetic architecture of the
targeted trait (here the virulence), and the effects of the main processes driving the evolutionary change:
mutation, recombination, dispersal or selection. The environmental conditions affecting the evolution
of the trait and the expansion of the fungus are also expressed quantitatively. They essentially consist
of the susceptibility of the host trees, which is determined by the management of forest plantations.
Although meant to be generic, our model was built and parameterized with the Armillaria ostoyae–
Pinus pinaster pathosystem in mind. A. ostoyae is one of the main root-rot pine pathogens of the northern
hemisphere [38,39]. The model meets the four aforementioned conditions and particularly considers
the following elements. First, because the life cycle of an organism determines its evolutionary
responses to changing environmental conditions, and thus its invasive potential [9,20,40,41], the life
cycle of A. ostoyae is explicitly described. In particular, following the Armillaria model, the simulated life
cycle includes sexual mating, vegetative growth and saprotrophic phases, i.e., the ability to survive in
dead pine material like stump or wood [38,42,43]. Second, the host–pathogen interaction is formalized
quantitatively and depends not only on the virulence of the fungus but also on the susceptibility
of the tree to the fungus. Here, the tree susceptibility was assumed to be determined only by the
age of the tree; young pines are known to be very sensitive to A. ostoyae, whereas adults are more
resistant [44,45]. Third, the spatio-temporal heterogeneity in environmental conditions induced by
management practices [22,23] is explicitly accounted for to investigate their consequences on the
evolutionary and epidemiological dynamics. Clear-cutting and thinning operations constitute a central
part of our model because they simultaneously act on the spatio-temporal distributions of the resistance
levels through age effect, and on the number of healthy trees in each stand.

Considering a forest made of even-aged stands in which susceptibility only depends on age class,
we specifically addressed the following question: how are the evolution of virulence and the expansion
of the fungal population affected by changes in rotation length? We simulated multiple scenarios,
each one being characterized by rotation length, asexuality rate and level of standing genetic variability
in the source fungal population. Because asexuality rate [20] and standing genetic variability [46]
are known to determine the adaptive and invading potential of species [47], we anticipated that
depending on the values assigned to these two parameters, the effects of rotation length would result
in contrasting evolutionary and epidemiological dynamics. We further discuss our results on the basis
of related theory, and, finally, we make suggestions for further investigations.

2. Materials and Methods

Our model consists of a stochastic simulation program we wrote in Python from the standard [48]
and Numpy [49] libraries. We also used Matplotlib [50] library to create the figures.

2.1. Fungal Pathogen

The model is based on the biology of A. ostoyae, which causes important mortality in maritime
pine (Pinus pinaster) planted forests [45,51,52]. This diploid fungus combines sexual and asexual
reproduction phases. It can infect pines either through mycelial growth from the root of an infected
tree to the root of another healthy tree [52], or through mycelium resulting from the fusion of two
basidiospores regularly released by its fruiting bodies [53]. The combination of these two modes of
infection produces disease foci that correspond to large clonal patches [54], which are genetically
differentiated [53]. Moreover, A. ostoyae can survive for years on dead wood material as a saprotroph.
During this saprotrophic phase, A. ostoyae still sporulates and grows clonally [38,42,43,55].

We call individual a fungal genotype which successfully infects and kills one tree. Hence, in this
paper, the term individual refers both to a genotype and its location in the forest. It is important to note that
a single genotype can infect multiple trees through root contact in a stand (see below), which generates
multiple individuals carrying the same genotype. Taking into consideration the clonal structures
characterized in maritime pine plantations [53] and in natural forests [56] infected by A. ostoyae,
we only allow single infections to occur in our simulations, i.e., a tree can be only infected by one
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individual. Each individual was characterized by its virulence defined here as the quantitative ability
of a genotype to infect a tree, with all fungal infections resulting in tree mortality. Considering a diploid
fungal species, we modeled virulence as a fully heritable quantitative trait Z determined additively by
10 loci without dominance nor epistasis:

Z =
10

∑
l=1

(αi + αj)l + ε

where αi, αj represent the allelic effects of the two alleles associated with locus l, and ε is an
environmental variation following the uniform distribution U (0, 1). In the following, the term genetic
value (G) refers to the additive contribution of the alleles at the 10 loci involved in the variability of the
trait Z, such as Z = G + ε.

Each simulation starts with n genetically distinct fungal individuals in a single stand. In the
present study, the genetic composition of the starting fungal population was drawn randomly from
sets of 200 alleles per locus, the allelic effects following a normal distribution N (0, Va) with Va

set here to 0.5. We assumed that the fungal pathogen population undergoes a number of annual
evolutionary cycles. The evolutionary cycles are non-overlapping which means that all individuals
simultaneously undergo all the events constituting a cycle. However, unlike most of the studies
based on individual-based models in evolutionary ecology (e.g., [20,36]), the generations overlap,
i.e., “parents” are not removed from the fungal population after having produced offspring through
asexual growth or sexual reproduction. During one evolutionary cycle, two types of propagules are
generated by each fungal individual. Clonal propagules, also called “clones”, are the result of asexual
growth. As a consequence of clonal growth several trees can be infected by the same genotype in a
stand. On the other hand, efficient sexual spores that truly deposite and germinate in stands contribute
to generating, after mating, sexual propagules, i.e., “zygotes”. Following [20], the quantity of clonal
propagules and sexual spores produced by each fungal individual is constant and determined a priori
from a fecundity f and an asexuality rate c varying between 0 and 1. Hence, at each evolutionary cycle,
each fungal individual produces nc = c × f clonal propagules and ns = (1 − c)× f × p efficient sexual
spores that will contribute to generate a total of ns/p sexual propagules after dispersal, germination
and mating, ns/p being rounded to the nearest lower integer when it is an odd number. In the present
study, the simulated fungal species had a constant fecundity of 5 as in [20], and was diploid (p = 2).

Each evolutionary cycle (Figure 1) starts with gametogenesis during which the fungal individuals
produce haploid sexual spores through meiosis and recombination. Assuming that the loci are
located on separated chromosomes, recombination occurs at a rate of 0.5 per locus. Then, dispersal
of sexual spores occurs at the same time than clonal growth, simultaneously in all stands. In what
follows we may use the term asexual reproduction to refer to clonal growth. While the sexual
spores emitted by the individuals of a stand can reach the neighboring stands according to the
stepping-stone dispersal model [57], the clones produced remain local, i.e., in the same stand. We set
the proportion of the efficient sexual spores produced in a stand that germinate in neighboring
stands at 5%, the remaining 95% germinating in the original stand. Finally, the dispersal step ends
with the generation in each stand of the sexual propagules through the random fusion of pairs of
the efficient spores that is deposited in the stands. Then, density regulation operates to determine
which propagules (sexual or clonal) are kept in the stands and will attempt to infect healthy trees,
when the fungal carrying capacity of a stand is exceeded, namely when the number of healthy trees is
lower than the number of propagules. This step of density regulation simply consists in a random
draw of individuals independent from their virulence level. At the end of the density regulation step,
any propagule that cannot attempt an infection is automatically removed from the stand.
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Figure 1. Simulated evolutionary cycle. Each green square represents an evolutionary step. Red squares
indicate different evolutionary states of the fungus in our simulations. The dashed square represents the
fungal population, i.e., a set of fungal individuals at the parasitic or saprotrophic stage. Mutation and
survival in dead material as saprotrophs occur randomly according to the rates specified.

During the next step of selection, the propagules remaining after density regulation experience
directional selection [58] towards a phenotypic optimum Zopt. Here the fitness value [59] assigned to
each propagule weights the probability of infection success (see below) which further determines the
survival and the ability to reproduce. For a trait Z, a fitness value W is computed from:

W(Z) = exp

(
−(Z − Zopt)2

ω

)

for Z values comprised in
]−∞, Zopt

]
, otherwise the maximal fitness value of 1 is systematically

assigned to the trait values exceeding the Zopt value. According to preliminary sensitivity analysis,
we specified here uniformly in all stands a strong selection pressure through a ω value of 20 and a
phenotypic optimum Zopt of 10, a value much greater than the mean trait value of the initial fungal
populations close to 0 (see [20,32,35]). The resistance R of a stand is included in [0, 1], and R = 1 − S,
where S is the mean susceptibility of the stand to the pathogen. The outcome of each infection
attempt (success or failure) by a propagule i in a stand x is drawn from a binomial law weighted by a
probability of success ρs = W(Zi)× Sx. When a propagule successfully infects a tree, a new individual
is created, otherwise the propagule is removed from the stand. Here, for the sake of simplicity,
each successful infection leads unavoidably to host death. This simplification is consistent with
earlier results indicating an important vulnerability of maritime pine to A. ostoyae [44]. At the mutation
step, the genotype of each individual mutates at a rate of 10−4 per locus as in [20] according to the
K-allele model [60]: when a mutation occurs, a new allele is drawn randomly among the 200 possible
alleles. Given the high variance of allelic effects (Va = 0.5), mutation is likely to generate substantial
genetic variability during simulations. Due to the saprotrophism ability of the fungal pathogen [45],
when an infected tree is cut (see next sub-paragraph), the fungal individual established in this tree can
persist on dead substrate in the stand with a probability s, where s designates the saprotrophic ability.
The saprotrophs remaining in stumps of cut trees continue to disperse both asexually and sexually until
their age reaches the maximal age Amax, and thus contribute to the production of propagules each year.
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Finally, a natural regulation of individuals according to their age occurs, those of age greater than
Amax are removed from the landscape. Based on [61], we set a life time Amax of each fungal individual
to 20 years. At the forest scale, this value allows clonal structures composed of several individuals
at the parasitic or saprotrophic stage to persist during the whole simulation process, which is in
agreement with the very long life-span of Armillaria organisms (e.g., [56]). Figure 1 summarizes the
modeled evolutionary cycle and the different possible living states of the pathogenic fungus.

2.2. Forest Plantation and Silvicultural Operations

The modeled forest landscape was composed of 49 even-aged stands arranged according to
a 7 × 7 square. We considered three age classes in the tree population: young, adult and mature,
associated with distinct carrying capacities, and contrasted levels of susceptibility to the fungal
pathogen. Using a year as unit of time, the three age classes were arbitrarily delimited by years 15
and 32. Thereby, trees younger than 15 years were considered as young, trees between 15 and 32 years
were considered as adult, and trees older than 32 years were viewed as mature. The carrying capacities
associated with each age-class were 1000, 500 and 300 for young, adult and mature stands, respectively.
The corresponding resistance values were arbitrarily set at 0.3, 0.8, 0.6 following earlier observations
reporting that juvenile trees are particularly sensitive to fungal pathogens [44,45].

The starting point of each simulation is a randomly generated planted forest landscape with a third
of stands of each age class, the maximum age being 55. During simulations, year after year, trees get
older, and stands are managed through clear-cutting and thinning operations. Thinning operations
occur at each age–class transition, and mainly consist in cutting the required number of trees to
match the carrying capacity of the next age class. This process can however be affected by infections.
Because only lethal infections are explicitly modeled here, a tree has two states: (1) “healthy” when
the tree is not infected or has efficiently contained previous infection attempt(s) sufficiently early;
or (2) “infected/killed” when the tree is subject to an ongoing lethal infection. Thus, we assume that
symptoms of lethal infections are always visible and the forest managers make sanitary thinning;
they systematically choose to cut all the infected trees during thinning. We also assume that the
forest managers can decide anticipated clear-cutting operations (i.e., end of rotation) if the number of
remaining trees resulting from thinning is lower than a threshold Nr. In the default case, the number
of trees cut during a thinning operation is Nc = K − K

′
where K and K

′
refer to the fungal carrying

capacities in the lower and upper age class at each age transition, respectively. This relation holds
as long as the number of infected trees Ni is lower than K − K

′
. Otherwise the number of trees to

be cut Nc equals either Ni as long as K − Ni ≥ Nr (i.e., the number of remaining trees is greater
than the threshold Nr) or K (anticipated clear-cut) when K − Ni < Nr. Taking as example a stand at
the juvenile–adult transition, the forest managers should cut 500 trees in the general case. If fewer
than 500 trees show symptoms of disease, the forest managers will cut 500 trees including all the
infected trees. However, if more than 500 trees have been infected, for example 850, the forest managers
will cut all the 850 infected trees. If the minimal threshold of remaining trees is 200 in an adult stand,
an anticipated clear-cutting operation is triggered. In the normal case, clear-cutting is realized at
regular intervals corresponding to the rotation length, all trees of a stand are cut, and new juvenile
trees of age 0 are replanted immediately. In our simulations, Nr, the minimal number of trees triggering
an anticipated clear-cutting operation in place of a simple thinning, was set at 150. Depending on the
scenario, different rotation lengths were considered.

2.3. Simulated Scenarios

By considering two initial fungal populations, combined with two asexuality rates and three
distinct rotation lengths of 15, 30 and 50 years, we simulated a total of 12 scenarios, and ran
50 independent stochastic replicates for each scenario.

The starting point of each simulation was a small fungal population of n = 10 individuals
emerging in a single stand located near the western edge of the landscape (Figure 2). Both the initial
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fungal population and the forest plantation landscape were generated randomly. However, because the
initial genetic composition drastically influences the evolutionary potential in populations of such
limited size, the starting fungal population was randomly generated once for each level of genetic
variance considered, and thus was identical among the replicates. This ensured a reasonable stochastic
variability among replicates. In the default scenario, the starting fungal population was characterized
by an initial mean genetic value G0 of 0.77, and an elevated initial standing genetic variance V0 of 4.06
that, combined with the elevated variance of mutational effect (Va = 0.5), guarantees substantial
adaptive and invasive potentials of the fungal population [46,47]. We also simulated additional
scenarios starting from another initial fungal population showing a mean initial genetic value G0

of 0.33 but a much lower initial genetic variance V0 of 1.63. Several independent random generations of
the population were realized to obtain two starting fungal populations showing similar G0 values close
to 0. This mean initial genetic value defined an initial important maladaptation level [35] in both cases:
the distance between the phenotypic optimum (Zopt = 10) and the mean initial genetic value G0 was
important but of the same magnitude. Two values of the asexuality rate c were compared, 0.2 and 0.8,
to investigate the effects of two contrasted dispersal and reproduction strategies, either mainly sexual
or mainly clonal. In the following, fp1 refers to the mostly asexual reproductive strategy (c = 0.8)
and fp2 refers to the mostly sexual reproductive strategy (c = 0.2). Following the Armillaria model,
we assumed that the two fungal profiles had a high saprotrophic ability s [38,42,45,55], set here
to 0.9. The initial planted forest landscape (i.e., the geographical distribution of age classes in the
49 stands) was randomly generated before each run in order to eliminate the influence of the initial
spatial distribution of the mean stand ages. The initial proportion of young, adult and mature stands
remained however always fixed to (1/3, 1/3, 1/3). Tables 1 and 2 summarize all the variable and fixed
parameters simulated.

Table 1. Variable parameters.

Parameter Value

Initial genetic variance V0 1.63, 4.06
Mean initial genetic value G0 0.33, 0.77
Asexuality rate c 0.2, 0.8
Rotation length in years 15, 30, 50

Table 2. Fixed parameters. J refers to juvenile, A to adult, M to mature.

Parameter Value

Number of stands 49
Tree age classes in years (J, A, M) ([0, 15], [16, 32], [32, ∞[)
Carrying capacities K of stands (J, A, M) (1000, 500, 300)
Mean resistance levels R of stands (J, A, M) (0.3, 0.8, 0.6)
Initial proportions in J, A and M stands (1/3, 1/3, 1/3)
Threshold Nr before anticipated clear-cut 150
Size n of the initial fungal population 10
Optimal phenotype Zopt 10
Number of loci 10
Intensity of stabilizing selection ω 20
Mutation rate 10−4 × locus−1

Mutational variance Va 0.5 × locus−1

Recombination rate 0.5
Fecundity f 5
Ploidy p 2
Proportion of spores dispersed among stands 5%
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Figure 2. Spatial distribution of the mean virulence level over the forest landscape, at years 20, 30 and 40,
for a rotation length of 15 years. Dark green corresponds to healthy stands. The other colors inform
about the mean genetic value of the local fungal sub-population in each infected stand. (a) mostly
clonal fungal pathogen profile fp1 (clonality rate c = 0.8); (b) mostly sexual fungal pathogen profile fp2
(c = 0.2). In both cases, the starting genetic variance G0 was 4.06 (default scenario). The mean fungal
genetic values were computed in each stand from the 50 independent replicates simulated.

3. Results

3.1. Observed Epidemiological and Evolutionary Dynamics

Initially present in a single stand located near the western edge of the landscape, the fungal
population progressively expanded and finally reached all the stands without regressing, whatever the
initial settings (Figures 2 and 3). The monitoring of the number of infected trees and stands indicated
that the expansion of the pathogen population was very slow during about the first ten years and
was limited to the original stand. Once the pathogen reached another stand, the progression of the
epidemics became exponential (Figures 3 and S1). The velocity of the propagation depended on
the rate of asexuality of the fungal species and the initial standing genetic variation; the lower the
asexuality rate and the higher the initial genetic variation, the faster the spread of the epidemics,
both at the landscape scale (Figures 2 and 3) and at the stand scale (data not shown). For example,
under a rotation regime of 30 years, fp2 needed 5 years to reach a first neighboring stand and 64 years
to infect durably all the stands. By contrast fp1 established in a first neighboring stand after 8 years
and needed 85 years to infect all the stands.
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Figure 3. Effect of the rotation length on the propagation of the pathogen. (a) high initial genetic
variance V0 of 4.06 in the starting fungal population (default scenario); (b) reduced initial genetic
variance V0 of 1.63 in the starting fungal population. Left column: mostly clonal fungal profile fp1
(clonality rate c = 0.8). Right column: mostly sexual fungal profile fp2 (c = 0.2). Red, green and blue
represent a rotation length of 15, 30 and 50 years, respectively. Each line is the mean of 50 independent
replicates simulated. Each colored area represents the standard deviation of the 50 replicates.

In all scenarios, the mean level of virulence Z followed a logistic growth but never reached the
optimal phenotypic value (Zopt = 10). The faster and larger evolutionary change was observed under
the mostly sexual reproduction system (fp2) and when the initial standing genetic variation was large
(V0 = 4.06). In this case, at year 100 the maximal level of virulence was 8.2 whereas it was only 7.7
for fp1 in our simulations (Figure 4). Hence, in our simulations, the velocity of the expansion of the
fungal population was related to the evolution of virulence. The large initial genetic variance set in
the default scenario rapidly decreased under the joint action of selection and genetic drift during the
first 20 years despite the elevated probability of mutation set in the model (10−4 × locus−1). Overall, a
high sexuality rate (fp2) systematically: (1) maintained a higher level of genetic variance than a low
sexuality rate (fp1) in a first phase of about 40 years; and (2) resulted in the lowest level of genetic
variance at year 100 (Figure 5). It is worth noting that when V0 was low (1.63 vs. 4.06), the level of
genetic variance observed at year 100 slightly exceeded the initial level V0, particularly in the case
of the mostly asexual species fp1 (Figure 5). Finally, a slight spatial gradient of the virulence level
progressively appeared following the direction of the fungal population expansion (Figure 2).
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Figure 4. Effect of the rotation length on virulence evolution. The genetic value is the sum of the allelic
effects at the 10 loci involved in the variability of the trait. (a) high initial genetic variance V0 of 4.06 in
the starting fungal population (default scenario); (b) reduced initial genetic variance V0 of 1.63 in the
starting fungal population. Left column: mostly clonal fungal profile fp1 (clonality rate c = 0.8). Right
column: mostly sexual fungal profile fp2 (c = 0.2). Red, green and blue represent a rotation length of
15, 30 and 50 years, respectively. Each line is the mean of 50 independent replicates simulated. Each
colored area corresponds to the standard deviation of the 50 replicates.

Figure 5. Cont.
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Figure 5. Evolution of the genetic variance under different rotation lengths. The genetic variance
was computed at the landscape scale. (a) high initial genetic variance V0 of 4.06 in the starting fungal
population (default scenario); (b) reduced initial genetic variance V0 of 1.63 in the starting fungal
population. Left column: mostly clonal fungal profile fp1 (clonality rate c = 0.8). Right column: mostly
sexual fungal profile fp2 (c = 0.2). Red, green and blue represent a rotation length of 15, 30 and
50 years, respectively. Each line is the mean of 50 independent replicates simulated. Each colored area
corresponds to the standard deviation of the 50 replicates.

3.2. Effect of the Rotation Length on Pathogen Propagation and Virulence Evolution

A shorter rotation length clearly resulted in faster development of the epidemics (Figures 3 and
S1). For instance, in our simulations the fp2 population infected all the stands in 38, 63 and 72 years
when rotation lengths of 15, 30 and 50 years were specified, respectively. Besides, decreasing the
rotation length substantially accelerated the evolutionary change at virulence during a first phase
which lasted 70 years in the case of fp1 and 46 years in the case of fp2 in the default scenario. During this
first phase, the shorter the rotation length, the faster the evolution of virulence. This relationship was
however transient and progressively disappeared in the subsequent years. Taking for example the
case of fp1, virulence levels of 7.2, 6.8 and 6.2 were reached at years 50 when the rotation lengths
equaled 15, 30 and 50 years, respectively, but at year 100 the corresponding virulence levels equaled
7.65, 7.7 and 7.5. Importantly, the monitoring of the number of anticipated clear-cutting operations
(see model) revealed that the negative correlation between the rotation length and the evolved virulence
level weakened when anticipated clear-cutting operations were triggered (Figure 6). In our simulations
the mostly sexual fungal pathogen fp2 induced the highest number of anticipated clear-cutting
operations (Figure 6).
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Figure 6. Number of anticipated clear-cuttings operations. In our simulations, sanitary thinnings
occurred at 15 and 32 years, i.e., at the juvenile–adult and adult–mature transitions, respectively.
An anticipated clear-cutting operation was triggered (end of rotation) in a stand when the number of
healthy trees remaining after thinning was lower than 150. (a) high initial genetic variance V0 of 4.06 in
the starting fungal population (default scenario); (b) reduced initial genetic variance V0 of 1.63 in the
starting fungal population. Left column: mostly clonal fungal profile fp1 (clonality rate c = 0.8). Right
column: mostly sexual fungal profile fp2 (c = 0.2). Green and blue represent a rotation length of 30 and
50 years respectively. Each line is the mean of 50 independent replicates simulated. Each colored area
corresponds to the standard deviation of the 50 replicates simulated.

4. Discussion

4.1. The Effect of Silvicultural Operations on a Necrotroph Fungal Pathogen Alternating Parasitic and
Saprotrophic Stages

Our simulations showed that the scenario involving the highest number of clear-cutting operations
generated the largest increase in virulence and the fastest spread of epidemics. Although we purposely
parameterized our simulations to allow the fungus to rapidly evolve and expand (e.g., high mutation
rate, high fecundity), there were strong limitations to the evolutionary change in our simulations.
First, because of the small size of the starting fungal population and the multiple founder effects
accompanying its expansion, the genetic drift was likely to severely impede the adaptive response of
the fungus to directional selection [62]. Second, the host death, clear-cutting and thinning rarely led to
pathogen death because most of the fungal individuals remained as saprotrophs in stumps and dead
wood (s = 0.9).
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Saprotrophism facilitates the persistence of the fungal population in a stand and limits the effects
of genetic drift and founder effects by massively sustaining the production of propagules that will try
to infect the healthy trees available (see Model section). Nonetheless, saprotrophism is also likely to
slow down the evolutionary change of the trait, by favoring the maintenance in the stands of many
early individuals showing largely suboptimal virulence levels (Zopt − Z >> 0), which dilutes the
new arising virulent genotypes in the fungal population. This negative effect of saprotrophism on
virulence evolution is particularly striking when many trees of a stand are previously infected by
fungal individuals showing a low virulence level. In this patho-system where: (1) no coinfection
can occur; and (2) the pathogen can maintain in the stand as a saprotroph (Figure 1), new infections,
whatever the level of virulence of fungal individuals, can only occur when healthy trees are available,
which is more likely during the early stage of epidemics. Such a process favoring early-arriving
individuals over late- arriving individuals is called a priority effect [63].

Interestingly, in this context in which the pathogen virulence may be the subject of opposite
pressures, one can expect the silvicultural operations to have a substantial impact on its evolution
and the expansion of the pathogen population. In the case of thinning during juvenile–adult
transition, the maintenance of numerous saprotrophs comes along with a rarefaction of healthy hosts
(K decreased from 1000 to 500) which, at the same time, become much more resistant to the pathogen
(R increased from 0.3 to 0.9). As a first consequence, the combination of a lower fungal carrying
capacity with a considerable quantity of propagules largely provided by the saprotrophs is likely to
induce drastic density regulations. As a second consequence, the increase in the mean resistance of the
stand steadily amplifies the selection pressure exerted on virulence. A mature–adult transition induces
a similar effect on the fungal carrying capacity of the stand (K decreasing from 500 to 300) but results in
a moderate decrease of the resistance of the stand (R decreasing from 0.9 to 0.6). Finally, clear-cutting
operations result in the replacement of resistant trees by numerous young susceptible trees, which
weakens the intensity of selection during infection attempts (R falling down to 0.3 after plantation of
young trees), and makes density regulation of the propagules less drastic or inexistent (K increasing
from 500 or 300 to 1000). To sum up, each silvicultural operation modifies both the strength of the
selection and the magnitude of the density regulation of propagules. While the strength of selection is
one of the main determinant of the adaptive response of the fungal population [58], in our model
the density regulation step can act against the evolution of the level of virulence in our simulation,
notably when the fungal population is large and contains few virulent individuals. Let us figure a set
of N propagules, N being greater than the number of healthy trees in a stand. Let us assume there are
only nv very virulent propagules among the N existing propagules, such as nv << N. The step of
density regulation reduces the probability of infection attempt by a very virulent genotype by a factor
nv/N. Predicting accurately how the modifications of the selection intensity and the magnitude of
density regulation interact with the effects of saprotrophism in the case of thinning and clear-cutting
operations requires additional investigations. Nonetheless, the fact that the scenario involving the
highest number of clear-cutting operations generated the largest increase in virulence and the fastest
spread of epidemics in our simulations suggests that the release of the selection pressure at each
clear-cutting was largely outweighed by the reduction of: (1) the genetic drift; (2) the founder effects;
and (3) the magnitude of density regulation events. Finally, although silvicultural operations induce
disturbances in a pathosystem dominated by a priority effect, it is interesting to note that in our
simulations, the mean virulence level was systematically greater at the front of the epidemics than in
the first stands infected (Figure 2). This result confirms the predictions of [16] in a radically different
context. Nonetheless the reduction in differences in the mean virulence level between the later
stands infected suggests that the priority effect was progressively canceled as the epidemics developed.
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4.2. The Importance of Initial Genetic Variation

A low initial genetic variability (1.63 vs. 4.06) in the emerging fungal population did not qualitatively
alter the clear-cutting effect characterized: the shorter the rotation length, the faster the evolution of
virulence and the development of the epidemics. However, the level of initial genetic variability
influenced quantitatively both the evolutionary change of virulence and the speed of the epidemic
(Figures 3 and 4). Available genetic variance strongly determines the evolutionary potential of
populations (e.g., [36,64,65]) particularly in the case of an expansion across spatio-temporally
heterogeneous landscapes [47,66]. Our results thus confirm and underline the crucial influence
of the level of standing genetic variation in fungal pathogen populations emerging in forest plantations.
Surprisingly, the simulation of a low initial genetic variance (V0 = 1.63) resulted in a substantial
increase in the genetic variance between year 0 and year 100 (Figure 5), the final level being almost
twice greater in this case than in the default scenario (V0 = 4.06) when a high asexuality rate was
simulated. The very limited change in the virulence level occurring at the same time in these cases
(Figure 4) indicates that the generated additive variance was not efficiently exploited by genetic
adaptation, particularly in the case of the mostly asexual species fp1. This observation illustrates
again the consequences of the priority effect and saprotrophism discussed in the sub-paragraph
above. Indeed, an epidemic can develop in spite of a very limited genetic variation among the fungal
individuals, provided they are sufficiently virulent to infect available hosts. Here, in the context of
priority effect and saprotrophism, a small increase in genetic variance, without a visible effect on the
mean virulence, corresponds to the arrival of new virulent genotypes that remained however much
less frequent that the first early maladapted individuals. This suggests that the genetic variation in the
fungal population can really sustains the increase in virulence only when it is sufficiently elevated
during the early stage of the epidemics.

4.3. The Importance of the Reproduction System

Little is known about the ratio of sexual to asexual reproduction modes in populations of root-rot
fungal pathogens of conifers such as A. ostoyae [53], or Heterobasidion annosum [40]. In this context
our model provides new elements which contrast with existing theory. While the rate of asexuality
did not alter the effects of clear-cutting-operations, the fungal profile with the highest sexuality rate
(fp2, c = 0.2) evolved more rapidly towards the highest virulence levels and generated the fastest
epidemics in our simulations. First of all, it is important to note that in our model, at constant
fecundity, a higher sexuality rate comes along with more sexual spores and thus greater spore flow
between stands. Moreover the number of infections in the first infected stand grew slightly faster
over 100 years in the fp2 than in the fp1 population (data not shown), as a result of a higher mean
evolved virulence level. Indeed, in an evolutionary context characterized by important genetic drift
and recurrent founder effects, gene flow between stands sustains the adaptive response of the pathogen
to uniform directional selection by allowing the alleles with positive effects on virulence to be rapidly
exchanged among stands [36]. In addition, higher sexuality rates make new genotypes potentially
more virulent to be generated by recombination [67]. In contrast, fungal populations characterized by
high asexuality rates have a lower capacity to break existing linkage disequilibrium, the mutations
becoming the main source of genetic variability [20]. As a consequence of recombination and gene
flow, the mostly sexual reproduction system induced an increase in the genetic variance during
the first evolutionary cycles in our simulations (Figure 5), this increase corresponding to infections
realized by new virulent genotypes. When they are generated sufficiently early (see the priority effect
discussed above), these new genotypes are more likely to infect the healthy hosts compared to the
early less virulent genotypes. Consequently, new virulent individuals rapidly prevail, which leads to
a rapid decrease of the genetic variance in the following years and ultimately allows for the largest
evolutionary change and the fastest spread of the pathogen.
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Our results differ from those of Bazin et al. (2014) [20] who found that organisms that combined a
very high asexuality rate (0.95) and a low sexuality rate were the best invaders. This difference stems
from the fact that in their model the between-stand dispersal ability was kept constant whatever the
asexuality rate, which is not the case in our model. Hence, in our study, the mostly sexual fungal
population of a stand generated more infections in neighboring stands for a given population size and
virulence level. Moreover, the model proposed by Bazin et al. (2014) [20] simulates non-overlapping
generations, i.e., the generated offspring systematically replaces the adults at each evolutionary cycle.
In contrast, generations overlap in our model, which might also explain the observed differences.
Earlier works have indeed shown that describing realistic demography by simulating non-overlapping
generations can affect the evolutionary outcomes (e.g., see [68]).

4.4. Generalization and Future Directions

Interestingly, our results can be generalized to other root-rot pathogenic fungi such as the
Heterobasidion species which cause root-rot disease in conifers. Indeed, these fungi combine sexual and
asexual reproduction modes and alternate parasitic and saprotrophic stages [40]. Moreover, although
we found no experimental results on the relationship between host age and host susceptibility to these
fungal species, Pukkala et al. proposed a model of the spread of H. annosum in even-aged conifer
stands which explicitly formalizes a higher mortality rate for young (i.e., small) trees exposed to the
pathogen than mature (i.e., large) trees, for a given period length (see Figure 6, Equations (21) and (22)
in [69]. Together with the experimental results of Lung-Escarmant and Guyon regarding A. ostoyae [44],
this model supports the idea that young trees of smaller size are more rapidly weakened and killed by
a pathogenic fungus than mature trees of greater size.

Nonetheless, further disentangling the complex effects of the artificial disturbances induced by
silviculture on the evolutionary and epidemiological dynamics of pathogenic fungal populations
requires consideration of a wider range in important parameters. Within the framework of a direct
extension of the present study, this will require definition and simulation of multiple tree age class
structures, rotation ages, and relationships between tree resistance and tree age. On the pathogen
side, this will require investigation of how different levels of saprotrophic ability, sizes and genetic
composition of the initial fungal population can affect the results obtained in this work. We now detail
three other points that deserve to be considered in future investigations following our study. First, it is
unlikely that all the stands composing a forest plantation landscape are managed according to a unique
scheme. Hence, it might be interesting to assess how heterogeneity in management practices could
affect the positive relationship between the number of occurrences of clear-cutting operations and the
evolution of virulence. Following earlier modeling studies in phytopathology which have assessed
the effect of spatio-temporal deployments of plant resistance genes on the durability of resistance
(e.g., [22,23]), we could try to characterize the spatio-temporal dynamics of silvicultural operations that
maximize the productivity of a forest plantation while containing the development of the epidemics.
Such a study could be the opportunity to assess the effects of stump removal on the evolutionary
and epidemiological dynamics of the fungal population. Second, the reproduction system simulated
here included a substantial rate of selfing that was allowed in our simulations. Accounting for sexual
compatibility in our simulations on the basis of dedicated loci could modify the dynamics characterized
in this study. Indeed, selfing is largely viewed as a constraint to adaptation of populations, which was
recently confirmed experimentally by Noel et al. (2017) [70] in snails. This point might have important
consequences in our pathosystem, especially during the early evolutionary cycles which, because of
the priority effect, strongly determine the evolutionary potential of the fungal population and thus
the epidemic speed. Third, integrating a transmission character that is heritable and under selection
could be of great help to further consider the evolution of virulence in the more realistic context of the
virulence–transmission trade-off [14] within managed forest plantations.
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5. Conclusions

Our study shows that frequent clear-cutting operations accelerate virulence evolution and
propagation in root-rot fungal pathogens in forest plantations. More generally, this study yields
insights into the evolutionary and epidemiological dynamics of a fungus combining sexual and
asexual reproduction modes and showing a saprotrophic ability. Although more investigations are
needed to further characterize the dynamics identified here, this work shows that genetically-explicit
and individual-based models can be useful to improve our understanding of the relationship between
forest management and spread of epidemics.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/6/205/s1,
Figure S1: total number of infected trees.
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Abstract: Climate changes influencing forest ecosystems include increased air temperatures and
CO2 concentrations as well as droughts and decreased water availability. These changes in turn
effect changes in species composition of both host plants and pathogens. In the case of Armillaria,
climate changes cause an increase in the activity of individual species and modify the growth of
rhizomorphs, increasing the susceptibility of trees. The relationship between climate changes and the
biotic elements of Armillaria disease are discussed in overview.
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1. Introduction

The total CO2 amount together with other greenhouse gases in the atmosphere has led to
increasing global temperatures [1,2]. Many authors have suggested that concentrations of CO2 will
increase to as much as 550 ppm by 2050 and 1250 ppm by the end of the twenty-first century [3–5].
Pearson and Dawson [6] reviewed models of climate change impacts on biodiversity and on
the distribution of vegetation, and they point out the role of other important factors such as
“biotic interactions, evolutionary change and dispersal ability.” Global warming will change the special
diversity and functional activity of forests—affecting, for example, factors such as photosynthetic
rate, tree dieback and wood production, as well as the activity of pests and pathogens—in Central
Europe [3,7]. Wargo [8,9] found that defoliation of trees can substantially decrease the starch content
in the root wood and the sucrose levels in both bark and cambial tissues of sugar maple roots,
which should decrease the attractiveness of these tissues for root pathogens. However, defoliation may
also reduce the nutrition available to mycorrhizae and reduce their ability to contribute to water and
nutrient uptake for the tree [10].

Taking into consideration that conifers will probably suffer the impacts of global warming
in South and Central Europe, including shifting climate zones, one can logically expect changes
in the geographic distribution of boreal species. This may include an expansion of deciduous
species in the north-east direction, and a decrease in conifer abundance, mainly Norway spruce [11].
“Increased temperatures and subsequent drying due to climate change will increase the presence of
“new” hosts on “new” sites.” These biotic shifts may favor the initiation of new disease phenomena
and increases in invasive species (e.g., those on the European and Mediterranean Plant Protection
Organization Alert List), affecting the life of the “new” forest ecosystems [12]. As the coniferous
habitats retreat, however, the potential increase in the range of deciduous forests (especially oak,
beech, and alder) is unlikely to be fully realized, if only because of the trees dying due to active
phytophthorosis and simultaneous Armillaria rot in these species.
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Atmospheric CO2 concentrations, warming, and altered precipitation regimes can limit both
ecosystem productivity and activity, and change community composition and function [13–15],
favoring organisms better adapted to higher temperatures and faster growth rates [16–18]. However,
unfavorable relationships between fungi and CO2 in the forests have also been detected. With the
damage to 80- to 100-year-old Scots pine stands by root pathogens reaching 20% of the trees per ha,
and up to 80% for Norway spruce, the degradation of roots and stumps could amount to 15.3 m3/ha of
pine and 100.7 m3/ha of spruce [19]. Assuming that the proportion of the cellulose and lignin together
average 70% of wood pulp, one can easily calculate how much CO2 is released as a result of fungal
enzymatic degradation. Sierota [19] estimates that from one hecture of 80-year-old pine stand, 60 tons
of CO2 is released in this way per year, or 3.3 Mt for all Polish forests. However, root pathogens are
not the only organisms decaying wood in the forest—one should also take into account saprotrophs
colonizing the so-called “dead wood”.

Climate change will increase the frequency of extreme climatic conditions, such as droughts,
floods, and hurricanes. Forest damage by wind and snow are projected to increase. Some insect species
will profit from increasing temperatures, especially at their northern limits. The risk of outbreaks
will probably be increased by milder winters that ease the survival of insect and pathogen species
during hibernation [20]. In such conditions, there is a high probability that forests will be subject to
increased frequency and intensity of fungal diseases. The effects may become more disastrous because
of drought and flooding, which are known as factors that predispose trees to several pathogens [21].
Changes in temperature and humidity affect pathogen sporulation and dispersal, and so changes
in climatic conditions may favor certain pathogens [22]. Sudden weather changes may increase the
incidence of dispersal of pathogens, thereby changing the geographic extent of diseases. Pathogens
can meet new hosts and new vectors which may lead to the emergence of new risks due to changes in
the species composition of trees or because of invasive species [21].

A. mellea (Vahl. Fr) Kummer and A. ostoyae (Romagnesi) Herink are already known to be strong
pathogens present in Europe, but they will further benefit from a situation where trees become more
stressed due to climatic effects [23] or risks posed to storm-damaged stands [21,24]. Armillaria spp. grow
at temperatures between 10 and 31 ◦C, with an optimum between 20 and 22 ◦C [25,26]. According to
Rind and Losel, the mycelial growth of A. mellea and A. gallica appears to be greater at higher
temperatures [21,27]. This may mean that in a warming climate, low soil temperatures probably
will not restrict the growth of rhizomorphs during winter as it usually happens in most northern
temperate zones [21]. A. gallica will probably prefer to attack trees weakened more by changing climatic
factors, both because this species of fungus is quite thermophilic (A. Mellea), and because it acts like
a weak parasite that attacks and sometimes kills weakened trees. Armillaria gallica is a likely candidate
for an opportunistic pathogen that may become problematic due to climate change, due to increased
stress of “host” trees caused by increased temperatures and drought [21,28].

The global rising temperature of the atmosphere and the soils can accelerate the mycelial growth
of root pathogens and therefore increase wood decay and CO2 release. Pastor and Post [29] indicated
an important role for temperature, water availability, and nitrogen uptake in the vitality of forest
ecosystems. Schwarze et al. [30] found that the temperature range for mycelial growth and wood
decay is 5–30 ◦C, although many fungi can grow at higher temperatures, even +55 ◦C. However,
Witomski [31] found that the optimal temperature range for wood decay is 18–27 ◦C and below or
above this range the decay of wood tissues is decreased.

Pathogens and saprotrophs decomposing timber (mostly polypore basidiomycetes) showed
better growth with higher temperatures of growth medium. These fungi benefited from the water
formed during enzymatic decomposition, as the humidity of the substrate increases with the degree
of decomposition of the timber tissue [32,33]. The development of hyphae of wood decay fungi also
occurs in winter, when it is supported by high osmotic pressure and thermal energy emitted during the
decomposition of cellulose and lignin. The low concentration of CO2 in the rhizosphere, on the root
surface and inside the wood, has a significant beneficial effect on the development of the spores and
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mycelia of many different fungi promoting their colonization of the dead wood on the forest floor [34–
37]. Wells and Boddy [37] found that increased temperatures had a positive effect on soil phosphorus
uptake by the mycelia of some basidiomycetes. Because temperature is the main factor affecting
organic matter decomposition, taxa that regulate decomposition, such as fungi and macro-arthropods,
may shift their activity or community composition in response to warming [38,39]. According to
Austin [38], wood decomposition increases with temperature, but the impact of temperature might
vary at sites with different climatic regimes and decomposer communities. The author predicted that
warming would have larger impacts on fungal community composition at sites already under heat
stress [38].

The direct and indirect impacts of climatic changes affect the health of forests in part by influencing
the development of fungal diseases and insect pests [40–42]. Increases in root diseases, particularly
those caused by Armillaria pathogens [41–43], contribute notably to these impacts. Diseases caused
by this fungus can increase under drought conditions and temperature increases [41], which can
lead to the reduced tree growth and attacks by secondary pests [44]. Ayres and Lombardero [45]
indicated that climate change affects fungal diseases by (i) direct impact on the growth of hosts and
pathogens; (ii) changes in tree defense mechanisms; and/or (iii) an indirect effect on the mutualist
and competitive organisms and others in the environment, manifesting in changes in abundance and
frequency. Klopfenstein et al. [40] proposed a mathematical model to predict the impact of climate
change on the pathogen A. ostoyae attacking Douglas fir in the northwestern USA. He emphasized
that the integration of a variety of tools and data is necessary to improve forecasts for the influence of
climate on forest diseases.

The multifunctional interactions between plants and soil communities influenced the selective
pressures of pathogens, including Armillaria spp., on the functional features of the plants [46,47].
Because the responses of soil microorganisms to Armillaria pathogenesis are not well-known, it is still
of great importance to investigate how the climatic parameters could influence not only the Armillaria
pathosystem and host-tree susceptibility, but also soil community composition and microbial activity.

2. The Pathogen

For many decades, root and butt rot caused by Armillaria mellea (sensu lato) has been a significant
threat to the boreal forests of Europe and North America. Currently, it seems to have become the
most important phytopathological problem in weakened managed forests [48]. Expansion of the
pathogen in colonized tissues is rather fast, depending on the tree species and health status of the host
as well as on the vigor of the mycelium (which in turn is affected by the species and clone of Armillaria
acting as the pathogen) [49,50]. The pathogenesis of Armillaria is described in many papers and books;
however, the role of the environment in this process is rather neglected [51,52]. The intensity of losses
caused by the pathogen is directly connected with changes in the climate and with weather anomalies.
Long and frequent drought periods, increases in global and local CO2, summer reduction of soil
moisture, and escape of available water are all relatively strong factors [53]. The deep impact of soil
drought on Armillaria rot disease has been described by previous authors [40,54–57]. Żółciak et al. [58]
found that after drought in Poland in 2000, the disease was noted in an area of 150 thousand hectares
in Norway spruce stands as late as 2005. The interactions between air and soil CO2 and Armillaria
behavior have been the subject of current and past investigations [19,36,53].

The life cycle of Armillaria spp. is very complicated, and is characterized by: different
gametogenesis cycles (mono-, di-, eu-karyotic), different phases in ecological status (pathogenic,
saprotrophic, orchid-like symbiotic), different methods of infection (basidiospores, mycelium,
rhizomorphs), and different host reactions (tissue compartmentalization, resin outflow, host dying,
wood decay) [59]. This sophisticated behavior can be additionally modified by site conditions,
weather anomalies, and human activity, as it was described in Canadian boreal forests [60].
While Armillaria ostoyae favors fertile mountain forests and either pure Norway spruce or mixed
spruce-beech stands in Poland [36], other Armillaria species can inhabit various forest stands in many
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sites [61]. There is lack of publications about different species of Armillaria in different habitats within
the context of climate changes.

The pathogenicity of the known Armillaria species depends on the individual virulence,
host species, age of the tree, and influence of the environment [62–66]. In Europe, Sicoli et al. [67] found
that A. mellea (Vahl: Fr.) P. Kummer and A. gallica Marxmüller & Romagnesi were the most pathogenic
species for some Quercus spp. seedlings, whereas other authors showed A. ostoyae (Romagnesi) Herink
as being the most dangerous for conifer species [21,63]. Armillaria borealis Marxmüller & Korhonen,
A. cepistipes Velenovsky, and A. gallica are generally described as weakly pathogenic species or
pathogens of weak trees [28,68], while A. tabescens (Scop.: Fr.) Emel. is regarded as a typical saprotroph.
Nevertheless, some of the opportunistic parasite species such as A. ectypa can infect some stressed
trees [69]. Armillaria ectypa (Fr.) Lamoure plays a rather minor role as a disease perpetrator [70].
The number of Armillaria species worldwide is still uncertain; recently some isolated species were
identified as A. nigritula Orton or renamed A. altimontana Brazee, B. Ortiz, Banik & D.L. Lindner
(previously described as NABS X) [71–73].

Armillaria rhizomorphs are described as the main source of threat to roots in the pathogenesis of
infection. They may also be considered to be an example of a special morphological adaptation of this
fungus to different environmental conditions [74,75].

3. The Rhizomorphs

Armillaria commonly occur as rootlike rhizomorphs growing on plant debris or epiphytically
attached to the root system of dead, diseased, or healthy host plants [74–79]. Rhizomorphs
look like roots or cords that are a dark brown color when old and a reddish brown color when
young. Hence, sometimes rhizomorphs have been referred to as mature (black) and immature
(red or brown) [80,81] or as maternal (old) and regenerated (young) because of their regenerative
abilities [82]. Rhizomorphs grow towards the soil surface, possibly due to the oxygen gradient in
soil [83]; however, the seasonal humidity in this layer is what probably adjusts its vertical distribution
(e.g., black rhizomorphs were mostly found deeper in dry sites) [25,83]. Rykowski [82] described black
rhizomorphs in the soil of rich deciduous stands as persistent organs without infection ability, whereas
young, red rhizomorphs were formed mostly in plantations, infecting pines after the removal of stands.

Different species of Armillaria produce rhizomorphs with either a monopodial or dichotomous
branching pattern [84–86]. Rhizomorphs typically grow in the soil, but they can also occur on dead
trees, stumps, and even on the surfaces of living roots. Where the hosts have physical defects,
Armillaria form apical meristems which can produce a large number of new rhizomorphs [82,87–89].
Rhizomorphs and their growing-tip hyphae are a main source of inoculum, initiating the infection
processes and host reactions [82,90].

In the initiation and development of rhizomorphs, environmental factors such as moisture, soil
temperature, pH, nutrients, and pollution play an important role [25,51,91–93]. These factors determine
the proper functioning of apical meristems and the rhizomorphs’ growth [78,82]. Redfern [81] and
Kessler and Möser [94] found that low soil moisture and temperature inhibit this growth and branching.
A temperature higher than 22 ◦C is preferred [95]; however, 30 ◦C limited the growth of the fungus
due to enzyme inactivation [96]. Rhizomorphs can grow in different types of forest and farmland soils.
Sandy soils, on the other hand, inhibit their production not only because of low nutrients but also due
to a high day-night temperature amplitude [25,50,97]. Peat soils are conducive to the development of
rhizomorphs, which tend to be concentrated mostly in the humus layer of the soil due to the oxygen
concentration gradient. This may be related to increased susceptibility to infections around the root
collars of trees [90,97,98]. In addition, Armillaria habitats have moist layers of substrate and low levels
of oxygen and organic matter, the latter of which is digested by the soil acidic reaction products of
decomposers [99]. Mallett and Meynard [100] indicated an increase in the severity of fungus root rot
when increasing the content of sand in the mineral substrate layer and decreasing the content of NH4+
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in the organic layer of the soil, and Singh [95] found that plants in good condition produce a callus,
which initiates an effective barrier against Armillaria infection [95].

Lech and Żółciak [101] observed stimulation of A. ostoyae rhizomorph production by elevated
air CO2 concentration in a chamber experiment. Hintikka [34] noted the stimulation of rhizomorph
growth on a medium under high CO2 concentrations. Schinner and Concin [102] showed the ability
of some wood rotting fungi, including Armillaria spp., to assimilate CO2 from the air. The rate of
this assimilation was low, however, reaching only 1.3 nCi/g of dry mass in the case of Armillaria spp,
which means that 1 g of fungus tissue contained just 0.017 mg of carbon coming from atmospheric
CO2. Unfortunately, studies devoted primarily to the relationship between forest tree species (hosts)
and Armillaria spp. (pathogens) in a CO2-enriched atmosphere and/or under increased temperatures
are lacking, which makes it extremely difficult to predict the future behavior and functioning of this
fungal genus in forest ecosystems under climate change.

4. The Hosts

There is yet another aspect of climate change effects on trees. According to the
growth-differentiation balance hypothesis (GDBH) [103], the elevation of air CO2 may cause a decrease
in trees susceptibility towards herbivores as the augmented availability of carbon resources due
to intensified photosynthesis is allocated to secondary metabolites rather than to growth. It was
found that plants grown in high air CO2 concentrations were characterized by a higher C:N ratio,
and increased lignification and phenolic compound content in the tissues compared to plants from
ambient air CO2 conditions [104,105]. However, Fleischman et al. [106] found atmospheric CO2

elevation up to ca. 700–800 ppm to cause an increase in beech seedlings’ susceptibility to infection
by root pathogen Phytophthora citricola. Similarly, Tkaczyk et al. [107] reported a decrease of fine root
biomass of beech seedlings grown under 800 ppm air CO2 and exposed to Phytophthora plurivora
and Ph. cactorum artificial inoculation. Oszako et al. [108] had similar results with oak seedlings and
Ph. quercina.

Pollutants may affect the severity of Armillaria root disease on host plants. Impacts associated with
SO2 and other pollutants have been described in the past by many authors [109–113]. Domański [113]
found that Armillaria root disease was extremely rare in polluted zones but was quite common in plots
uninjured by pollution, while Horak and Tesche [114] described an increased mortality of trees both
infected by A. ostoyae and fumigated with SO2. According to Wargo et al. [115], lead and other heavy
metals present in the soils of spruce-fir sites at high elevations inhibit both mycelial and rhizomorph
growth in culture.

Human land-use practices can also influence the host-parasite relationship. Sicoli et al. [116]
reported that A. mellea attacks on Cedrus atlantica were predisposed by the specific soil previously
used for pasture causing an iron deficiency (as indicated by reduced growth and chlorotic leaves).
Silvicultural treatments such as thinning may result in the spread of A. ostoyae via root contacts,
mainly in juvenile stands [117]. It should be remembered that the Armillaria-decayed roots and
rhizomorphs remain as inoculum in the soil for many years. The impact of Armillaria inoculum
from coniferous stands on the roots of entering deciduous trees (for example, in reconstruction after
conifer monocultures) is not fully understood [118]. On the other hand, the higher temperatures
and humidity of soil in cleared sites can indirectly protect roots by the mycoparasitism phenomenon,
as occurs in the parasitism of A. gallica by mycelia of Trichoderma species [119]. Note, however,
that the reverse relationship can occur: Oomycetes seem to be indicated as the primary pathogens
predisposing deciduous trees for Armillaria attack [120]. In other biotic interactions of note, Riffle [121]
and Cayrol et al. [122] found that nematodes (Aphelenchus avenae Bastian, A. cibolensis Riffle,
and A. composticola Franklin) can actively destroy the mycelium of Armillaria. The qualitative and
quantitative composition of compounds secreted by the roots often determines the development of the
antagonistic microorganisms in the soil [123]. For example, A. mellea can be inhibited by gastrodianin
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(an anti-fungal protein from the parasitic plant Gastrodia which is affected by Trichoderma viride present
in the soil [124,125]).

In areas transitioning from coniferous to deciduous trees, seasonal changes in oxygen and CO2

production due to photosynthesis and respiration are inevitable. Therefore, the additional supply of
CO2. As the result of the decomposition of wood by pathogens and saprotrophs can tip the local and
global carbon balance [19].

5. The Microbial Soil Community

Soil microbial communities are responsible for mineralization, decomposition, and nutrient
cycling. These communities could be affected by abiotic factors in the climate such as temperature,
moisture, and soil nutrient availability, or by biotic factors, particularly interactions with other
microorganisms [126]. Certain interactions between antagonists and pathogens are initiated when
the antagonistic fungi are under stress, especially nutrient stress, which has a direct impact on the
growth, morphogenesis, and organogenesis of the antagonists [127]. The antagonistic fungi can
receive nitrogen in the form of ammonium at high doses and they metabolize this form of nitrogen
more intensively than do the pathogens. However, the pathogens have a relative advantage over
antagonists when ammonium has been used up or the available nitrogen is in another form [127]. It is
also known that many of the fungal isolates increase the formation of spores and chlamydospores
when the concentration of nitrogen increases [128]. Armillaria species probably create rhizomorphs in
similar situations.

Many authors report that global warming directly affects the metabolism and respiration of
soil communities and the ratio of Gram-positive vs. Gram-negative bacteria [129], because these are
sensitive to temperature [17,130–133] both in short-term and long-term scales [134]. The changes in
temperature combined with the concomitant changes in soil moisture potentially affect many groups
of fungal and bacterial communities [135]. Soil fungal communities shift from one dominant member
to another while less-plastic bacterial communities remain more constant [136,137].

Greater or less active protection of plants against pathogens in the soil can result from the lack
of ectomycorrhizal fungi as a result of climate changes (mainly drought) [138,139]. The insufficiency
of mycorrhizas may stop or slow the adaptation of trees to new sites [140] and affect the ecosystem
functioning [137], which could increase the susceptibility of trees to pathogens because trees are
stressed. Symbiotic bacteria belonging to the Rhizobium genus [141] and mycorrhizal fungi [142]
affect plant productivity by providing nutrients to plants. Mycorrhizal fungi can influence free-living
bacterial communities to increase the transfer of nitrogen via mycorrhiza to the host plant [143].
However, interactions between mycorrhizal fungi and the host plant are not always mutualistic and
can change due to environmental factors or even under plant stress [144]. Rising temperatures will
lead to an increase in the allocation of carbon to mycorrhizal hyphae, which, depending on external
conditions, can act as symbionts or parasites [145–148].

6. The Interactions with Insect Pests

Pfeffer [149] noted that after 1947, which was a “dry year,” over 90% of trees colonized by bark
beetle were attacked by Armillaria spp. Madziara-Borusiewicz and Strzelecka [150] reported from
the Carpathian region that bark beetle first attack trees previously infected by Armillaria. James and
Goheen [151] found that over 99% of dead or dying trees were affected by root diseases and 80% of
them were simultaneously colonized by secondary pests. Capecki [152] has confirmed that stands
attacked by Armillaria spp. are most strongly threatened by bark beetle in forests of the western
Carpathians and that the occurrence of secondary pests is the natural result of greater susceptibility
to disease and the poor sanitary state of the stands. In contrast, Christiansen and Husek [153] did
not find any significant difference in rot occurrence between dead trees previously attacked by bark
beetles and those not attacked by insects. Similarly, Jankovsky et al. [154] found a lack of relationship
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between the presence of the bark beetle Ips typographu and Armillaria spp. infection in spruce stands of
the Szumawa Mountains (Czech Republic).

Twery et al. [155] reported the distribution of rhizomorphs of Armillaria spp. in uninjured mixed
oak stands and in stands which were defoliated 1 and 5 years earlier by insects. Trees weakened
by biotic stress were infested by Armillaria, with an increased abundance of rhizomorphs observed,
especially on plots defoliated 5 years before sampling. The authors consider that trees’ predisposal
to pest invasions was a result of previous attack by Armillaria and deep water stress in the whole
root system.

Okland et al. [156] supposed that a warmer climate would influence bark beetle populations,
which may move north. The north European spruce forest, so far free from bark beetle outbreaks,
showed strongly increased susceptibility to Ips spp. in climate change models [157–159]. Similarly,
Langvall [160] connected the impact of global warming to the conditions of regeneration of
Norway spruce towards the northern and higher elevations in Europe, and significant regional
differences in the I. typographus behavior, such as voltinism. The negative impacts of drought and
I. typographus populations in the southern range of the Norway spruce have been described by many
authors [161–163]. Infection of spruce roots by Armillaria spp can cause production and release of
specific compounds, for example, limonene, β-phellandrene, camphene, and bornyl acetate by needles
and probably the phloem of weakened trees which are secondary pest attractants [164]. These signals
can be specific to infection by Armillaria, and can encourage Ips spp. beetles to respond to these signals
by choosing such trees for settlement [165].

7. Conclusions

Armillaria’s life cycle, host susceptibility, and interactions with the soil and climate have been
summarized in many papers. However, several gaps in research have been identified and further work
could help us to predict climate change impacts on the pathogen and the forests. We hypothesize that
climatic changes and global warming are not the only factors predisposing the roots of weakened trees
to Armillaria infections, but that the bacteria and fungi, as well as macro-, meso-, and micro-organisms
growing in the soil environment around root systems can also directly or indirectly enhance the
proliferation of the pathogen and decrease the immune barriers in roots. The rhizomorphs are probably
also colonized by endogenous bacteria and fungi that stimulate the growth of Armillaria hyphae and aid
in the destruction of cell walls by the secretion of enzymes. This speculation requires further research.
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70. Żółciak, A.; Bouteville, R.-J.; Tourvieille, J.; Roeckel-Drevet, P.; Nicolas, P.; Guillaumin, J.-J. Occurrence of
Armillaria ectypa (Fr.) Lamoure in peat bogs of the Auvergne—the reproduction system of the species.
Cryptogam. Mycol. 1997, 18, 299–313.

71. Brazee, N.J.; Ortiz-Santana, B.; Banik, M.T.; Lindner, D.L. Armillaria altimontana, a new species from the
western interior of North America. Mycologia 2012, 104, 1200–1205. [CrossRef] [PubMed]

72. Pegler, D.N. Taxonomy, Nomenclature and Description of Armillaria. In Armillaria Root Rot: Biology and
Control of Honey Fungus, Section 2: Diversity; Fox, R.T.V., Ed.; Intercept Ltd.: Andover, UK, 2000; pp. 81–93.

47



Forests 2017, 8, 100

73. Kim, M.-S.; Klopfenstein, N.B.; Hanna, J.W.; McDonald, G.I. Characterization of North American Armillaria
species: Genetic relationships determined by ribosomal DNA sequences and AFLP markers. For. Pathol.
2006, 36, 145–164. [CrossRef]

74. Garett, S.D. Rhizomorph behavior in Armillaria mellea (Fr.) Quel., III Saprophytic colonization of woody
substrates in soil. Ann. Bot. 1960, 24, 275–285.

75. Morrison, D.J. Rhizomorph growth, habit, saprophytic ability and virulence of 15 Armillaria species.
For. Pathol. 2004, 34, 15–26. [CrossRef]

76. Leach, R. Biological control and ecology of Armillaria mellea (Vahl) Fr. T. Brit. Mycol. Soc. 1939, 23, 320–329.
[CrossRef]

77. Raabe, R.D.; Trujillo, E.E. Armillaria mellea in Hawaii. Plant Dis. Rep. 1963, 47, 776.
78. Redfern, D.B.; Filip, G.M. Inoculum and Infection. In Armillaria Root Disease; Agricultural Handbook No. 691;

Show, C.G., III, Kile, G.A., Eds.; U.S.D.A. Forest Service: Washington, DC, USA, 1991; pp. 48–61.
79. Kile, G.A. Behaviour of Armillaria in some Eucalyptus obliqua – Eucalyptus regnans forests in Tasmania and its

role in their decline. Eur. J. For. Pathol. 1980, 10, 278–296. [CrossRef]
80. Morrison, D.J. Studies on the Biology of Armillaria mellea. Ph.D. Thesis, University of Cambridge,

Cambridge, UK, 1972.
81. Redfern, D.B. Growth and behaviour of Armillaria mellea rhizomorphs in soil. Trans. Br. Mycol. Soc. 1973, 61,

569–581. [CrossRef]
82. Rykowski, K. Niektóre troficzne uwarunkowania patogeniczności Armillaria mellea (Vahl) Quèl. w uprawach
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Abstract: Soil and stand density were found to be promising predictive variables associated with
damage by the emerging disease of eastern white pine, Caliciopsis canker, in a 2014 survey with
randomly selected eastern white pine (Pinus strobus L.) stands. The objective of this study was
to further investigate the relationship between soil and stocking in eastern white pine forests of
New England by stratifying sampling across soils and measuring stand density more systematically.
A total of 62 eastern white pine stands were sampled during 2015–2016. Stands were stratified
across soil groups and several prism plots were established at each site to measure stand density
and determine stocking. Caliciopsis canker incidence in mature trees was greater in sites with drier
or shallow soils compared to sites with loamy soils and in adequately stocked stands compared
to understocked stands (p < 0.0001). Caliciopsis canker signs and symptoms were observed in all
size classes. Live crown ratio, a measure of forest health, decreased with increasing Caliciopsis
canker symptom severity. The fungal pathogen, Caliciopsis pinea Peck, was successfully isolated from
cankers on trees growing in each soil group. Forest managers will need to consider damage caused
by Caliciopsis canker related to stand factors such as soil and stocking when regenerating white
pine stands.

Keywords: forest health monitoring; eastern white pine; tree density; tree disease

1. Introduction

In New England and New York, where the forest cover surpasses 60% of the land area and
the annual value of forest products industry exceeds $18.8 billion, forests are vital to the region’s
economy [1]. Eastern white pine (Pinus strobus L.) is an important component of the region’s forests.
For example, in Massachusetts white pine forest types comprise 25% of the forest [2]. White pine often
grows in pure stands, but it can also grow well in association with other conifers and hardwoods.
The geographic range of eastern white pine extends from Canada to South Carolina and west to Iowa.
Eastern white pine grows in all the soils throughout this range, but does best in sandy, well-drained
soils where it is not outcompeted by hardwoods [3,4].
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Caliciopsis pinea Peck is a fungal pathogen that causes cankers to pine and other conifer hosts
in North America and Europe [5]. In eastern North America, C. pinea frequently causes damage to
eastern white pine [6,7]. Reports of Caliciopsis canker were frequent during the 1930s [8,9], but since
then, the disease has been mostly overlooked until more recent reports of unexpected damage by
this disease [7,10,11]. Concern over loss of value to eastern white pine led to a 2014 survey of
randomly selected sites throughout Maine, Massachusetts, and New Hampshire—states with the
greatest concentration of white pine in New England [2,6]. Results from that initial survey indicated
that soil group and stand density were promising, predictive factors of the probability of a site having
symptoms associated with Caliciopsis canker [12]. In that study, Caliciopsis canker symptoms were
more frequently observed on trees growing in excessively drained (86%) or poorly drained soils
(78%) than in well drained more fertile soils (59%) (p = 0.1). Stand density was greater for stands
with Caliciopsis than for stands without Caliciopsis (p = 0.1). The relationship between presence of
Caliciopsis canker symptoms and soil or stand density, however, was not statistically significant at
p = 0.05. In addition, stand density measurements in that study were limited. The objective of this
study, therefore, was to further explore the relationship between Caliciopsis canker symptoms and soil
or tree density in eastern white pine stands. We hypothesize that eastern white pine growing in more
productive soils with adequate soil moisture are less likely to have Caliciopsis canker symptoms than
trees growing in nutrient poor, excessively drained, and poorly drained soils. We also hypothesize that
incidence of Caliciopsis canker symptoms will increase with increasing stand density.

2. Materials and Methods

2.1. Site Selection

A modified version of the New Hampshire Important Forest Soil groups was developed
specifically for conditions potentially related to white pine growth and productivity [13]. Soils from
Belknap, Merrimack, and Hillsborough counties in New Hampshire (NH) and Oxford, Androscoggin,
Sagadahoc, and York counties in Maine (ME), where eastern white pine is abundant, were classified
into four soil groups (Table 1). Layers of these modified soil groups for use in Geographic Information
System (GIS) were generated for New Hampshire and Maine counties with the greatest concentration
of eastern white pine basal area. Modified methods from Munck et al. (2015) were used to sample
eastern white pine sites within each soil group during two consecutive years. In 2015, at least 12 sites
per soil group with more than 2 contiguous hectares with more than 75% basal area of eastern white
pine as predicted by the National Insect and Disease Risk Map (NIDRM) eastern white pine host
layer for use in GIS were randomly selected for sampling [14]. The sites visited during 2015 were
sawtimber (mean stand diameter at breast height, 1.3 m from the ground: DBH > 23 cm) stands because
most of the eastern white pine resource in New England is mature and these site were randomly
selected. Previously, Caliciopsis canker symptoms were more frequently observed on pole-size trees
(DBH = 11.5–22.9 cm) [6]. In addition, during 2015, Caliciopsis cankers and fruiting bodies were
frequently observed on white pine regeneration (Figure 1). In 2016, therefore, poletimber stands and
eastern white pine regeneration within these were surveyed to better quantify probability of Caliciopsis
canker symptoms in these stands at greater risk of damage by C. pinea. Inventories of New Hampshire
State Lands were used to locate three sites with poletimber (mean stand DBH = 11.5 to 23 cm) white
pine stands within each soil group. Latitude and longitude coordinates for the center point of each
stand were generated and imported into a Global Positioning System (GPS) receiver (GPSmap 64,
Garmin International Inc., Olathe, KS, USA).
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Table 1. New Hampshire important forest soil groups (NHFSG) modified for Belknap, Merrimack,
and Hillsborough counties in New Hampshire (NH) and Oxford, Androscoggin, Sagadahoc, and York
counties in Maine (ME). Groups are generally rated from 1–4 along a continuum of water holding
capacity, drainage class, and depth. Soils in Group 1 are very dry (low water holding capacity and
excessively drained) to Groups 4 where water is more plentiful due to finer soil texture, landscape
position, or root restrictive layers.

Soil Group
Soil Properties and

Interpretations
Brief Description

Very dry

NHFSG = 1C
Drainage Class = excessively

drained
Flooding Frequency = none or

very rare

Soils are coarse textured and have a significant
amount (>35%) of gravel and are somewhat
excessively drained or excessively drained.
Fertility and soil moisture is limiting for
hardwoods but may produce high quality
softwoods. Pine should dominate with
Pinus rigida P. Mill. and P. resinosa Aiton.

Dry

NHFSG = 1C
Drainage class = somewhat

excessively drained (NH and ME),
and well-drained (ME only)
Flooding frequency = none,

very rare, rare

Soils are coarse textured with only a small
amount (10%) of gravel and are somewhat
excessively drained. Fertility and soil moisture is
limiting for hardwoods but may produce high
quality softwoods. No apparent water table.
Pine should dominate with oak and beech.

Loamy

NHFSG = 1B
Drainage class = well drained

Flooding frequency = none,
rare, occasional

Loamy sand to loamy textures (with or without
gravel/cobble). Not moderately well drained or
wetter. Productive soils with adequate, but not
excessive, soil moisture.

Shallow

NHFSG = 1A, 1B, 1C, or 2B
Shallow soils and soils with layer
restricting water movement and

root growth (ME only)

Wetter soils. Soils are considered poor for most
plant growth due to excess moisture or shallow
depth. These soils have features (bedrock or
dense sub-surface layer) restricting movement of
water and root growth—no additional grouping
by drainage class or flooding frequency.

Figure 1. Eastern white pine (Pinus strobus L.) seedling in Rhode Island, USA, photographed on April
of 2013 with Caliciopsis canker symptoms and signs (black, hair-like fruiting structures, 2–3 mm).
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2.2. Field Sampling

In the field, a GPS receiver and compass were used to locate the center point of each site generated
by the intersection of GIS soil groups and white pine layers. A 10 basal-area-factor prism was used at
plot center to select sample trees (DBH > 11.5 cm). Three more prism plots at 120◦ (0, 120, and 240) and
17 m from the initial plot center were installed for a total of four prism plots per site). Trees per prism
plot were converted to trees per hectare by calculating an expansion factor unique to each tree’s DBH.
In addition, the following data were collected for each eastern white pine: live crown ratio, presence of
C. pinea fruiting bodies, incidence and severity of Caliciopsis canker symptoms. Caliciopsis canker
symptom severity was visually assessed by dividing the bole of the tree into thirds (bottom, middle,
and upper stem) and counting the number of resin streaks in each section up to ten streaks per section.
This assessment was conducted on two opposing faces of each tree and added for a maximum score of
60 resin streaks per tree. Resinosis associated with white pine blister rust symptoms, insect boring,
decayed branch stubs, or mechanical damage was not considered in Caliciopsis canker disease severity
assessments. In 2015, the presence of C. pinea in understory regeneration was recorded for each prism
plot, but not for individual seedlings. In 2016, consequently, the presence of Caliciopsis fruiting bodies
from the five closest eastern white pine seedlings (DBH < 2.54 cm, height > 30 cm) to each prism plot
center as well as maximum distance to prism plot center were recorded. Caliciopsis fruiting bodies and
infected plant tissue were collected from symptomatic eastern white pines trees or seedlings during
2015 for diagnoses.

2.3. Isolation and Identification of Caliciopsis pinea

Modified methods described by Munck et al (2015) were used to isolate and identify C. pinea
isolates. Briefly, a piece of the bark containing the fruiting structure was placed onto the lid of an
inverted petri dish, so that the lid was on the bottom and potato dextrose agar (PDA) media on top,
and then sealed with Parafilm to induce sporulation. Small colonies that were formed on the PDA
were transferred onto fresh PDA plates after two to three days. Once pure cultures were established,
isolates were transferred onto 2% PDA plates overlaid with a cellophane membrane and grown for
one to two weeks. Using direct colony polymerase chain reaction (PCR) [15] on 21 of these strains, at
least three from each soil group, the internal transcribed spacer (ITS1-5.8s-ITS2) region of the rDNA
using the primers ITS1 and ITS4 was amplified and sequenced in the forward direction (GENEWIZ,
South Plainfield, NJ, USA).

2.4. Statistical Analyses

To explore the effect of soil and stocking on the incidence of eastern white pine with symptoms
associated with Caliciopsis canker, single binary regressions were executed with the GLIMMIX
procedure (Statistical Analyses Software v. 9.2, SAS Institute Inc., Cary, NC, USA) in SAS by specifying
binomial distribution and the logit link function for the response variables “presence or incidence
of Caliciopsis canker symptoms”. Before data analysis, the mean counts of trees or seedlings with
Caliciopsis damage per site (y) were calculated by averaging prism plot counts for each site and
transformed (y + 0.0001). Stocking guides developed for eastern white pine which took into account
tree density and basal area were used to determine stocking at each site [16]. Sites with stocking
levels below the “unmanaged B-line” were considered to be under-stocked whereas sites with stocking
levels between the “unmanaged B-line” and the “A-line” were considered to be adequately stocked.
One-way analyses of variances (ANOVA) were performed using the GLIMMIX procedure to explore
the main effects of soil group on tree density. The response variable was either “basal area per hectare”
of “trees per hectare”. Similarly, to determine the main effect of soil group on seedling density linear
mixed model (PROC GLIMMIX) was used with “soil group” as a fixed effect, “site” was a random
factor, and the response variable was “seedlings per hectare”. To quantify the relationship between
symptoms on the main stem and tree crown health, one-way analyses of variances (ANOVA) were
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performed using the GLIMMIX procedure to investigate main effects of Caliciopsis canker severity on
live crown ratios. Caliciopsis canker disease severity categories were defined as: “None” = Caliciopsis
canker symptoms absent; “Low” = 1 to 4 resin streaks per tree, “Medium” = 5 to 19 resin streaks per
tree, and “High” = 20 to 60 resin streaks per tree. The response variable was the live crown ratio of
eastern white pine. For all analyses, when the main effects were significant (α = 0.05), a Tukey–Kramer
test was used to identify differences between categories.

3. Results

A total of 62 white pine stands or sites were sampled in Maine and New Hampshire during
2015–2016 (Figure 2). Fifty of these (81%) had symptoms associated with Caliciopsis canker. During
2015, 50 sawtimber stands, at least 11 in each soil group (Table 1) were sampled in New Hampshire
and Maine, 13 of which were privately owned. For 2015, mean stand diameter was 34 cm, mean tree
density per stand was 336 trees per hectare, on average eastern white pine comprised 80% of the stand
basal area, and 20% of eastern white pines exhibited symptoms associated with Caliciopsis canker.
During 2016, 12 poletimber stands, at least three in each soil group were sampled in New Hampshire
all on lands owned and managed by the State. For 2016, mean stand diameter was 23 cm, mean tree
density per stand was 459 trees per hectare, on average eastern white pine comprised 86% of the stand
basal area, and 66% of eastern white pines exhibited symptoms associated with Caliciopsis canker.

Figure 2. Location of 62 Pinus strobus stands in Maine and New Hampshire sampled during 2015 and
2016 and the presence of symptoms associated with Caliciopsis canker in those sites.

The proportion of trees (DBH > 11.5 cm) or seedlings (DBH < 2.54 cm, height > 30 cm) with
symptoms associated with Caliciopsis canker differed significantly across soil groups (p < 0.0001) and
stocking categories (Table 2, Figure 3). Trees in poletimber stands were more likely to have Caliciopsis
canker symptoms than trees in sawtimber stands. For example, the probability (ranging from 0 to 1)
of having Caliciopsis canker symptoms was 0.7 for trees in poletimber stands in the dry soil group
compared to 0.3 for trees in poletimber stands in the dry soil group.
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Table 2. Type III test for fixed-effect model results for the probability of symptoms associated with
Caliciopsis canker.

Sample Parameter F-test (Degrees of Freedom = df ) p-Value

Live trees (>11.5 cm DBH) in sawtimber (>23 cm
mean stand diameter) stands sampled in 2015

Soil 48.81 (3, 46) <0.0001
Stocking 59.56 (1, 48) <0.0001

Live trees in poletimber (11.5 to 23 cm mean
stand diameter) stands sampled in 2016

Soil 42.79 (3, 7) <0.0001
Stocking 45.79 (1, 9) <0.0001

Seedlings (>30.5 cm height, and <2.54 cm DBH)
in poletimber stands sampled in 2016

Soil 859.01 (3, 3) <0.0001
Stocking 14,248.3 (1, 5) <0.0001
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Figure 3. Incidence of symptoms associated with Caliciopsis canker in relation to soil groups for
(A and D) Pinus strobus trees (DBH > 11.5 cm) in sawtimber stands (mean stand DBH > 23 cm) sampled
in New Hampshire and Maine during 2015; (B and E) P. strobus trees in poletimber (mean stand
DBH = 11.5 to 23 cm) stands sampled in New Hampshire during 2016; and (C and F) P. strobus seedlings
(height > 30.5 cm and DBH < 2.54 cm) sampled in New Hampshire during 2016. Values with the same
letter within each graph are not statistically different (α = 0.05).

Trees in loamy soils and understocked stands were less likely to be damaged by Caliciopsis
canker than trees in other soil groups or adequately stocked stands. The proportion of live trees
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with symptoms associated with Caliciopsis canker was less for loamy soils than any other soil group,
and greatest for dry soils (Figure 3A,B). The proportion of live trees with symptoms associated with
Caliciopsis canker was less in understocked stands than in adequately stocked stands (Figure 3D,E).
Pinus strobus seedlings in poletimber stads were more likely to be damaged by C. pinea in sites with
loamy soils (Figure 3C) and understocked over story (Figure 3F). Stand density was not related to soil
groups (for basal area per hectare: p = 0.47, F-value = 0.86, df = 3, 58; or for trees per hectare: p = 0.9,
F-value = 2.3, df = 3, 58) (Figure 4A,B).
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Figure 4. Relationship between soil group and stand density expressed as: (A) basal area per hectare;
or (B) trees per hectare, for P. strobus trees sampled in New Hampshire and Maine during 2015–2016.
Values with the same letter within each graph are not statistically different (α = 0.05).

In contrast to results from the tree density analyses, seedling density of seedling in poletimber
stands was related to soil type (p = 0.0239, F-value = 3.49, df = 3, 42). Seedling density was greater in
poletimber stands on loamy soils than those on shallow soils (Figure 5).
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Figure 5. Relationship between soil group and P. strobus seedling density in poletimber stands sampled
in New Hampshire during 2016. Values with the same letter are not statistically different (α = 0.05).

Live crown ratio of eastern white pines decreased with increasing Caliciopsis canker symptom
severity (Figure 6), ranging from 28% for trees without symptoms to 20% for trees with high disease
severity (p = 0.002). BLASTn analyses of ITS locus of C. pinea isolates displayed 100% homology to the
ITS locus of C. pinea in the GenBank CBS 139.64 (Accession # KP881691.1).
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Figure 6. Live crown ratio of eastern white pines in relation to Caliciopsis canker symptom severity
for trees sampled in Maine and New Hampshire in 2015–2016. Values with the same letter are not
statistically different (α = 0.05).

4. Discussion

In New England and New York, Pinus strobus grows from sea level to 460 m [3] and competes
better on drier soils with low to medium site quality that do not favor growth of hardwood species.
In this study, we sampled 62 eastern white pine stands across a variety of soils. We did not have
prior knowledge of Caliciopsis canker incidence in these sites prior to sampling. The 62 sites had an
average slope of 3.4% ranging from 0% to 25%, therefore, soil was the most salient topographic feature
differing among sites. Incidence of symptoms associated with Caliciopsis canker in mature white
pines was greater in drier and shallow soils compared to loamy soils. Conceivably, white pine trees
growing in soils with more nutrients, and adequate but not excessive water-holding capacity, likely
have more resources to grow and allocate towards defense than trees growing in more nutrient poor
and excessively or poorly drained sites. Plants have to grow to compete for resources such as light
and water and also to synthesize plant defense compounds, thus facing a continuous tradeoff between
growth and defense [17].

The water holding capacity of soils affects the amount of water available for tree growth. Other
studies have associated canker diseases of pine, such as Diplodia canker of red pine (Pinus resinosa
Aiton), to soil type [18]. Drier soils are more conducive to drought stress which might render trees
more susceptible to damage by Caliciopsis canker because these trees might have less water to allocate
towards growth and defense. Many published studies have found a positive association between
drought and canker diseases [18]. For example, red pines suffering from drought stress exhibited
greater symptom severity when inoculated with Diplodia sapinea (Fr.) [19]. Pathogens and drought can
interact and effect the carbon economy of trees resulting in tree death [20].

In contrast to mature trees, white pine regeneration in loamy soils exhibited greater incidence of
Caliciopsis canker symptoms than seedlings growing in other soil groups. Seedling density was also
greater in loamy soils compared to other soils. Stem density increases the probability of damage by
Caliciopsis canker. For example, mature trees in stands that were adequately or fully stocked were
more likely to have Caliciopsis canker symptoms than trees in understocked stands.

Stem density could affect disease development because trees in denser stands or seedlings growing
at high densities have less resources to allocate towards defense due to competition. Stem density
could also influence disease development by creating an environment more favorable to pathogen
reproduction and dissemination. Thickets of white pine regeneration are probably more likely to retain
moisture and create high humidity conditions that could favor reproduction and dissemination of
C. pinea. Furthermore, stem density could also affect tree physiology. Trees growing in denser stands
typically have thinner bark, which is associated with greater Caliciopsis canker severity, allegedly
because the pathogen is better able to penetrate thinner bark. Currently, all these hypotheses are highly
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speculative because the epidemiology of C. pinea has not been investigated. For example, we do not
know what temperature and humidity favor growth and reproduction of C. pinea. The time of the year
at which inoculum is most abundant and how inoculum is disseminated are both also unknown.

Caliciopsis pinea appears to be the primary pathogen associated with white pine damage
in the Northeast, however, other insects (Matsucoccus macrocicatrices Richards) and pathogens
(Diplodia scrobiculata J. de Wet, Slippers & M.J. Wingf.) have been associated with white pine
cankers [6,7]. The pathogenicity of C. pinea to eastern white pine was demonstrated by Ray in 1936 [8].
In this study, isolates of C. pinea were obtained from fruiting bodies protruding from cankers, mostly
of seedlings. Caliciopsis canker has been successfully isolated from wood in the cankers of mature
trees and inoculation trials are underway to clarify pathogenicity of C. pinea and other opportunistic
fungi [21].

Forest health management of white pine in past decades has focused on reducing damage by
white pine blister rust (Cronartium ribicola J. C. Fisch.) and white pine weevil (Pissoides strobi Peck) [22].
In this study, trees of all size classes were affected by Caliciopsis pinea, did not have white pine blister
rust symptoms, and were rarely damaged by the white pine weevil. Management recommendations to
reduce damage from white pine blister rust, such as promoting high density of young trees to promote
pruning of branches that are susceptible to white pine blister rust, may have improved conditions
for the development of C. pinea. It is difficult to test this hypotheses due to lack of past baseline data.
Most of the eastern white pine resource is mature, and thus, white pine regeneration is important to
the future of the resource [2].

5. Conclusions

The objective of this study was to further investigate the relationship between soil and stocking
in eastern white pine forests of New England. Eastern white pines growing in excessively drained,
poorly drained, and nutrient poor soils are at greater risk of being damaged by Caliciopsis canker.
Stem density was also positive correlated with Caliciopsis canker damage for mature trees and
regeneration. Poor soils and high stem density could predispose trees to Caliciopsis canker or could
affect environmental conditions that favor disease development. The epidemiology of Caliciopsis
canker is not understood at this time. Given the prevalence of Caliciopsis canker in important white
pine growing regions, this topic deserves further investigation. Foresters will have to take C. pinea into
account in eastern white pine management.
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Abstract: Phytophthora ramorum is an alien and invasive plant pathogen threatening forest ecosystems
in Western North America, where it can cause both lethal and non-lethal diseases. While the
mechanisms underlying the establishment and spread of P. ramorum have been elucidated, this is
the first attempt to investigate the environmental factors driving the recovery of bay laurel, the main
transmissive host of the pathogen. Based on a large dataset gathered from a citizen science program,
an algorithm was designed, tested, and run to detect and geolocate recovered trees. Approximately
32% of infected bay laurels recovered in the time period between 2005 and 2015. Monte Carlo
simulations pointed out the robustness of such estimates, and the algorithm achieved an 85% average
rate of correct classification. The association between recovery and climatic, topographic, and
ecological factors was assessed through a numerical ecology approach mostly based on binary logistic
regressions. Significant (p < 0.05) coefficients and the information criteria of the models showed
that the probability of bay laurel recovery increases in association with high temperatures and low
precipitation levels, mostly in flat areas. Results suggest that aridity might be a key driver boosting
the recovery of bay laurels from P. ramorum infections.

Keywords: biological invasions; climate; disease triangle; epidemiology; forest; geographic
information system; modelling; Oomycetes; plant disease; sudden oak death

1. Introduction

The “disease triangle” model [1,2] frames pathogenesis as a process relying on the trophic
interconnection between susceptible hosts and pathogens, provided that the environmental conditions
are conducive to infection by the pathogen and to disease progression. The interest of forest pathologists
in unraveling environmental factors driving plant diseases has been amplified in the last decades
by the onset of relevant epidemics caused by emerging pathogens such as Phytophthora ramorum
Werres, De Cock and Man in’t Veld in Western North America, Heterobasidion irregulare Garbelotto
and Otrosina, Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz and Hosoya, and Gnomoniopsis
castaneae G. Tamietti in Europe, just to cite a few relevant examples [3–12]. The main environmental
drivers underlying the success of such novel epidemics have often been identified through a numerical
ecology approach, based on computational and multivariate statistical techniques suitable to deal with
complex ecological datasets [10,11,13–22].

Although environmental factors play a key role in boosting plant diseases, they may also
unbalance the interaction between pathogen and host, favoring the latter and promoting recovery of
the host. Recovery is not only a theoretical possibility, since it has been extensively documented for a
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broad range of plant diseases [23–28]. However, few studies have proposed a reverse approach to the
“disease triangle” paradigm in forest ecosystems, investigating the association between environmental
factors and the actual or potential recovery from infectious diseases [29–31].

As mentioned above, the invasion by the oomycete P. ramorum has led to one of the most disruptive
epidemics in forest ecosystems of North America, especially in California and Oregon [32]. Depending
on the host, different diseases displaying a wide range of symptoms have been reported for the same
pathogen [33–38]. The most relevant among such diseases is “sudden oak death” (SOD), a rapid
and severe decline associated with stem bleeding cankers and high mortality rates of Quercus spp.
(section Lobatae) and tanoak (Notholithocarpus densiflorus (Hook. & Arn.) Manos, Cannon and
S.H. Oh). “Ramorum leaf blight” is instead a foliar disease caused by P. ramorum on bay laurels
(Umbellularia californica (Hook. and Arn.) Nutt.), Camellia spp., Kalmia spp. and Rhododendron spp.,
whose main symptoms are leaves spots, stains and diffuse necroses, as well as browning or blackening,
followed by premature leaf fall. Although bay laurels are highly susceptible, they generally display
only moderate or mild symptoms, playing a key role as reservoirs of P. ramorum inoculum [39].
However, bay laurels support maximum sporulation levels, while the contribution of tanoaks and oaks
in this sense is notably less relevant [40]. Interestingly, P. ramorum is characterized by unusual biological
traits within the genus Phytophthora, being a pathogen on aerial parts of the infected hosts, where
it differentiates deciduous sporangia acting as the main infective inoculum [38,41]. Once mobilized
and aerially spread during rainfalls, sporangia release the zoospores, whose motility in water or wet
surfaces facilitates the infection of new hosts [40,41]. Because of its high pathogenicity, spread potential
and invasiveness, P. ramorum is considered a serious threat for forests ecosystems in Western North
America. Moreover, the pathogen has been sporadically reported in Europe, where it was included
by the European and Mediterranean Plant Protection Organization (EPPO) in the A2 list of alien
organisms recommended for regulation [35].

Most studies investigating the ecology of P. ramorum agree on the overall conclusion that the
pathogen spread is boosted by increasing host densities and high rainfalls levels, while it is hindered by
aridity [32,42–47]. An innovative approach based on citizen science was recently designed, tested and
applied to predict the infection risk by P. ramorum in California and southern Oregon [17,48]. From 2005
to 2015, during the so called “SOD blitzes”, volunteer citizens were engaged to survey forests and
urban parks, where they collected soil, water and tree samples geolocated with amatorial GPS devices.
Samples coordinates were stored in a geodatabase along with the results provided by laboratory
analyses confirming, or not, the presence of P. ramorum. As a result, maps of the current distribution of
P. ramorum, as well as estimates of infection risk as a function of latitude and longitude were obtained
and integrated in user friendly applications for computers and mobile devices (i.e., “SODmap” and
“SODmap Mobile”) [17,48].

Although citizen science has disclosed an interesting potential to support applied environmental
research [49–51], the appealing possibility of a cost-efficient realization of huge datasets is not
risk-free. In fact, the poor scientific background of most citizens along with constraints related
to equipment availability may lead to procedural errors, biases an inaccuracy potentially affecting data
quality [17,49,50]. For instance, during the “SOD blitzes” [17,48], citizens were not expected to own
professional GPS devices. Amatorial GPS are widespread, since they are often integrated by default in
popular smartphones, but their error in collecting the right location may vary from a tenth to some
hundred meters [52]. Hence, the possibility that some trees were inadvertently resampled in different
“SOD blitzes” is likely. Despite being an unsought bias, resampling could be turned into an interesting
opportunity allowing the follow-up of the infection by P. ramorum in the same trees, along with the
detection of trees whose infection status switched from positive to negative (i.e., recovered trees).

Under the above premise, the main goals of this work were (I) to design and test a general method
for the identification and geolocation of the recovered trees, based on a citizen science dataset; (II) to
apply the above method to the “SODmap” database; and (III) to test the association between the
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probability of recovery from P. ramorum infections in bay laurel and some climatic, topographic and
ecological factors.

2. Materials and Methods

2.1. Samplings and Laboratory Analyses

Samplings and laboratory analyses leading to the realization of the “SODmap” database were
performed within the “SOD Blitz” program, whose details were previously published [17]. From 2005
to 2015 volunteer citizens were recruited to collect water, soil or plant tissue samples. In this study, only
the latter were considered to investigate host recovery. Specific training was offered to all volunteers
in order to properly detect disease symptoms and standardize sampling procedures. The distribution
area of P. ramorum in California and Southern Oregon was systematically monitored and random
samplings were carried out in forests sites, urban parks and private gardens. Storage packets were
provided to the volunteers for sampling preservation prior to laboratory analyses. The detection of
P. ramorum in host-plant tissues was carried out using a species-specific molecular assay previously
described [53]. Such assay is based on a highly efficient polymerase chain reaction (PCR) using a 5′

fluorogenic exonuclease (TaqMan) chemistry that combines two species specific primers (Pram5 and
Pram6) to an internal probe (Pram6), allowing the detection of target DNA up to a minimum threshold
of 15 fg [53]. When the assay detected the presence of P. ramorum DNA, the infection status of the
corresponding sample was scored as 1, otherwise as 0. Sampling time, trees species, coordinates and
infection status were included in the “SODmap” database.

2.2. Design of the Algoritm to Detect and Geolocate the Recovered Trees

2.2.1. Rationale

Let T = {T1, T2, T3 . . . .TK} be a set of K points (i.e., sampled trees locations) whose Cartesian
coordinates xT and yT (m) are exact, but unknown. T is composed by the sets V = {V1, V2, V3 . . . .VN}
and W = {W1, W2, W3 . . . .WM} including N and M trees, respectively, with N + M = K, V ∪ W = T
and V ∩ W = ∅. Trees coordinates for sets V (xV, yV) and W (xW, yW) are estimated with a GPS device
whose median value ε of the radial error r (m) is known [54]. Coordinates collection is performed once
for V set (i.e., single-sampled trees), and more than once for the W set (i.e., resampled trees). Hence,
the set V′ = {V′

1, V′
2, V′

3 . . . .V′
N}, derived from V, includes N trees with estimated coordinates xV’

and yV’. Similarly, the set W ′ = {W ′
1, W ′

2, W ′
3 . . . .W ′

M′} is gathered from W and includes M’ > M
trees with coordinates xW’ and yW’. Let T′ = V′ ∪ W ′ = {T′

1, T′
2, T′

3 . . . .T′
K′} be a set of K’ points

with coordinates xT’ and yT’. All elements of T’ are in bijective association with K’ elements of the set
I = {I1, I2, I3 . . . .IK′ }, expressing the infection status (i.e., if positive to the pathogen 1, else 0), and
with K’ elements of the set S = {S1, S2, S3 . . . .SK′ }, indicating the sampling time. Under this premise,
a citizen science dataset includes T’, I, S with the corresponding GPS coordinates xT’ and yT’, while the
partitioning of trees locations between the sets V′ and W ′ is unknown.

Let ΦΛ be an algorithm operating as a binary classifier based on partitioning [55] and able to split
T’ into the two mutually exclusive sets W̃ ′ and Ṽ′, estimates of W’ and V’, respectively. The partitioning
mechanism is based on the application of a virtual squared grid over the point features representing
the T’ trees. A grid-system cannot discriminate distinct points locations if their distance is below its
spatial resolution, which is determined by the length of the grid-cells edge (i.e., pixel size). Such points
are merged by the grid-system, as if they were not spatially distinct [56]. However, the separation
observed among some point features (i.e., W’) can be an artifact deriving from the iterated estimation
of the same locations (i.e., W) with a GPS device affected by some spatial location error. Hence, ΦΛ can
classify such points as deriving from accidental resampling (i.e., W̃ ′) through a grid-based system Λϑ

with adequate spatial resolution ϑ. ΦΛ assigns to the set W̃ ′ the neighboring points features falling
into the same pixel, since they cannot be resolved by the spatial resolution of Λϑ (Figure 1). The set W̃
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is derived from W̃ ′ by averaging its points coordinates at pixel level, while the other points are then
classified as Ṽ′ elements. Finally, the set of recovered trees R = {R1, R2, R3 . . .} is identified by ΦΛ as
the subset of W̃ whose infection status switched from 1 to 0, from the first to the last sampling.
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Figure 1. Schematic representation of exact, but unknown, single-sampled and resampled trees
locations (sets V and W) with the associated estimates (sets V’ and W’), whose coordinates are collected
with a GPS device. As a consequence of its spatial resolution, the grid-based system Λϑ cannot resolve
trees locations estimates included within the borders of the same pixel (highlighted in yellow if the case
occurs). For this reason, the algorithm ΦΛ can assess which trees coordinates are likely to have been
collected more than once. As shown in this example, all the elements of W’, which are by definition
replicated estimates of W elements, were detected.

2.2.2. Modelling GPS Error and Spatial Resolution of the Grid-System

The ΦΛ algorithm is based on the selection of an adequate spatial resolution ϑ which is dependent
upon the GPS error scattering the resampled trees features (i.e., W’) around their true location (i.e., W).
The mathematical structure of the GPS error was modeled prior to its relation with the spatial resolution
of the grid-system.

The Rayleigh distribution f(r|σ) = r
σ2 e−

r2

2σ2 parametrized by σ and with median value E = σ
√

2ln2
was assumed as the probability distribution function (PDF) of r [54,57]. The goodness-of-fit of the
Rayleigh PDF to r was experimentally tested with an in-field trial. In January 2017, a point location with
known coordinates (389,095.5 m, 4,990,997.5 m, UTM WGS 1984 zone 32N, EPSG 32632) was identified
in an open space flat area of Western North Italy. The point coordinates were collected 200 times
in different days and daylight hours with a professional GPS device (Magellan MobileMapper 6),
resulting in 200 point location estimates (Dataset S1). The GPS radial error r was calculated for each
point location estimate as the Euclidean distance separating the true coordinates from the assessed
ones [54]. The adequacy of the Rayleigh PDF to model r was tested with the Kolmogorov-Smirnov
goodness-of-fit test [58], parametrizing the Rayleigh curve with the maximum likelihood estimate of
σ [57].

A functional relation ϑ = f(ε) was assessed in silico with Monte Carlo (MC) methods to allow
the selection of ϑ from ε, which is a parameter associated with the GPS device [52]. A set of 103 GPS
coordinates collection of a known virtual tree location was simulated 103 times for each integer value
of ε included between 1 and 3 × 103. The GPS location error was randomly sampled from a Rayleigh
PDF. The maximum pairwise distance obtained for each set of GPS coordinates was set as ϑ value.
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After a visual examination of the scatterplot displaying the ε and the associated ϑ values, a linear
regression model with no intercept was fit. Its performances were assessed in terms of ε coefficient
(βε) significance, minimum Akaike information criterion (AIC) and maximum AIC weight (AICw),
setting as reference baseline the null model [58–60]. Details about the algorithm performing the MC
simulations are reported in Note S1.

Once ϑ is defined based on ε, Λϑ can be integrated as a sliding grid-system into ΦΛ to provide
different alternative scenarios estimating R. Such alternatives account for different possible positions
of the grid-system.

2.2.3. Design of the Algorithm

The algorithm was designed in R language as a two-step process consisting in distinct blocks of
code embedded into specific R-functions [58]. The first block, starting from the trees coordinates xT’
and yT’ and from the median value ε* of the GPS radial error, builds up the virtual grid-system Λϑ by
fixing its spatial extent and spatial resolution ϑ. The grid layer is located over the map of the study area
including all trees locations and randomly fixing the coordinates of its left-bottom corner. Trees whose
location cannot be resolved based on ϑ are sent to the second block of code (ΦΛ). The latter processes
the sampling year and the infection status for each cell, detecting trees sampled in different years
and selecting the ones whose infection status switched from 1 to 0 (i.e., recovered trees R). Since the
classifier ΦΛ includes Λϑ as a stochastic component (i.e., the left-bottom vertex coordinates of the
grid), alternative scenarios estimating R are possible. Their assessment can be achieved by embedding
Λϑ as a sliding grid-system into ΦΛ through iterate runs of the two algorithm blocks (i.e., loop [58]).
Technical details about the algorithm design are included in Note S2.

2.2.4. Algorithm Performances Assessment

Algorithm performances were assessed in silico with a series of MC simulations [61]. In a virtual
squared area extended for 104 km2, the sets V’ with N = 200 and W with M = 100 were simulated by
randomly extracting the associated coordinates xV’, yV’, xW and yW from a uniform distribution [57]
limited between 0 and 100 km. A constant infection status and sampling year was assigned to the
elements of V’. A virtual GPS with median radial error ε* = 100 m was used to mimic the process of
coordinates collection on W, setting two samplings for each element in W, and resulting in M’ = 200
estimated trees locations included in the set W’. The radial error r of every virtual GPS coordinates
collection was randomly extracted from a Rayleigh distribution whose parameter σ was calculated by
solving the equation E = ε* [57]. Each element of W was then associated with the couple of related
elements in W’. Random consecutive sampling years were assigned to the above couples. One of the
four permutations of the infection status was randomly assigned to each fourth of the couples.

ΦΛ was applied to the set of trees locations based on 103 different random positions of the sliding
grid-system Λϑ. The ability of ΦΛ in partitioning the trees between W’ and V’ was assessed with the
Cohen’s k statistics and overall rate of correct classification (%) [62–64], which were averaged within
all 103 positions of Λϑ. The above MC simulation was iterated 103 times.

2.3. Detection and Geolocation of the Trees Recovered from P. ramorum Infections Based on the
“SODmap” Database

Only the input needed by the ΦΛ algorithm was retained from the original “SODmap” database,
which was filtered to remove all unnecessary information [17,48]. Sampled trees coordinates were
reprojected into UTM NAD83 zone 11N (EPSG 4326) and included within a polygon shapefile in a GIS
environment [65].

Assuming that trees coordinates had been collected by volunteers endowed with GPS sensors
embedded in smartphones, iPhones or comparable devices [17,48], two scenarios were analyzed
depending on the GPS median radial error ε*. Based on thresholds reported in previous studies [52],
the minimum and maximum ε* were set to 10 m and 500 m, respectively, defining two alternative
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scenarios (i.e., scenario-10 m and scenario-500 m). For both scenarios, the detection and geolocation
of trees recovered from P. ramorum infections were performed by applying ΦΛ, with 103 iterations,
accounting for different locations of the grid-system. The algorithm was run separately for bay laurel,
tanoak and oaks, allowing reproducibility by fixing a unique seed number to each run (provided
in Dataset S2). The output datasets were ranked within host species and scenarios depending on
the number of elements included in the set W̃ at each iteration. Datasets displaying the maximum
number of elements were selected for further analyses. If several of the above datasets resulted
from the same tree species and scenario (i.e., alternative datasets), they were tested for equivalence
based on the comparison of their associated two-dimensional Gaussian kernel density estimate (KDE)
matrices [58,66,67]. KDE matrices and their associated rasters were obtained by setting a common
bandwidth [67] and the cells edge to 10 km, with extension and resolution allowing for a perfect
cell-wise alignment. Comparisons among KDE matrices were performed with the Kruskal-Wallis or
Mann-Whitney tests for the mean and with the Fligner-Killeen test on rank-transformed data for the
variance [58,68]. Since some alternative datasets were equivalent (see Results), a random selection of
the final datasets to include in the further analyses was performed. The number of resampled trees
included in W̃ for each scenario and host species was calculated and compared to the corresponding
number of trees from the screened “SODmap” dataset. Similarly, the incidence of trees recovered
from P. ramorum infections was calculated as absolute count and in percent. The latter, including 95%
confidence intervals, derived from ratio between the recovered trees and the trees which have been
infected at least once [69].

2.4. Analysis of the Association between Environmental Factors and Recovery from P. ramorum Infections

Because of the low number of oaks and tanoaks recovered from P. ramorum infections (see
Results), the association between recovery and environmental factors was tested only for bay laurels.
The averages of the minimum, maximum and mean temperatures (Tmin, Tmax, Tmean, ◦C) and
cumulate precipitations (P, mm) were calculated at pixel level based on the yearly values of the
rasters derived from parameter-elevation regressions on independent slopes models (PRISM-4 km) in
the period 2005–2015 [70,71]. Elevation (El, m) rasters were obtained from digital elevation models
(DEM) provided by the NASA Shuttle Radar Topographic Mission in the 30 arc-sec (~900 m) version
(SRTM30) [56,72]. Estimates of bay laurel density (Bld, trees/ha) were gathered from an available
source raster [73]. All rasters were reprojected into UTM NAD83 zone 11N (EPSG 4326) and cropped
within the borders of the study area. Aspect (As, as azimuth, ◦), slope (Sl, %), terrain ruggedness (as
Terrain Ruggedness Index—TRI [74]), topographic position (as Topographic Position Index—TPI [75])
were derived from GIS geomorphological analyses carried out on the DEM [76]. All rasters were
converted into matrices [58], whose basic descriptive statistics (range, average, coefficient of variation
(CV)) were calculated, with the exception of As. The Bld raster was trimmed discarding pixels below
150 and above 1500 to improve analyses robustness [77].

The associations between recovery from P. ramorum infections and Tmin, Tmax, Tmean, P
(i.e., climatic factors) El, Sl, TRI, TPI (i.e., topographic factors), and Bld (i.e., ecological factor) were
tested through a numerical ecology approach based on correlation analyses and binary logistic
regressions [58,63]. For both scenarios, the binary dependent variable was coded as 1 for recovered
trees, as 0 for the other trees whose infection status to P. ramorum had been positive at least once.
The continuous predictors were obtained by extracting from the rasters of the environmental factors the
cell values corresponding to each tree location. In addition, trees latitude (Lat) and longitude (Long) in
UTM NAD83 zone 11N (EPSG 4326) were included as predictors. Colinearity among predictors, except
As and Bld (see below), was tested by calculating all possible pairwise Spearman’s ρ coefficients and
results were visualized through circular correlograms [58]. Binary logistic regressions were fitted with
single and multiple predictors, including the intercept (β0). Combinations of multiple predictors were
included only in the absence of significant pairwise correlations [61,63]. All models within the same

68



Forests 2017, 8, 293

scenario were compared in terms of sign and significance of the predictor coefficient (β), range of its
associated 95% CI, minimum AIC and maximum AICw, setting the null model as reference [58–60,63].

The robustness of the results obtained from binary logistic regression models was assessed
through a MC simulation trial [61] accounting for a putative overall misclassification rate associated
with ΦΛ. Since the ΦΛ algorithm displayed an average overall rate of correct classification theoretically
attaining 85.3% (see Results), the putative misclassification rate was set to 15%. Hence, all binary
logistic regression models were run on a dependent variable whose 15% of values was randomly
selected and reverted at each iteration, until 105 iterations were conducted. From the resulting β

coefficients distributions, the associated 95% CI were calculated (i.e., MC 95% CI) [78] and the bound
signs were compared with the corresponding 95% CI obtained from the fit on the original dataset.

Bay laurel density models were fitted only as single predictor models and excluded from the
comparative assessment with the others because of missing data. As was not included as predictor
because of data circularity [79]. Hence, azimuth distributions were compared between recovered and
not recovered bay laurels with the Mardia-Watson-Wheeler test and the Rao’s homogeneity test [80,81].
A complementary correlation and partial correlation analysis was carried out between KDE matrices
of recovered trees and matrices of Tmin, Tmax, Tmean, P, El, Sl, TRI, TPI, and Bld (Note S3).

2.5. Software and Libraries Used for Statistical, GIS and Numerical Analyses

Statistical and numerical analyses were run in R version 3.2.3. with libraries binGroup, circular,
extraDistr, Hmisc, igraph, maptools, MASS, MuMIn, ppcor, psych, raster, rasterVis, REdaS, spaa, spatstat.
GIS data manipulation and related analyses were performed both in R and in QGIS 2.8.5-Wien.
All statistical tests were carried out with a cut-off significance threshold set to 0.05.

3. Results

3.1. Design of the Algorithm to Detect and Geolocate the Recovered Trees

3.1.1. GPS Error and Spatial Resolution of the Grid-System

The 200 GPS radial errors r ranged between 0.07 m and 4.52 m, with an average of 1.64 m.
The maximum likelihood estimate of σ attained 1.32 m and the resulting Kolmogorov-Smirnov test
was non-significant (p = 0.553) confirming the adequacy of the Rayleigh PDF to model r.

The MC experiment produced a total of 3 × 109 GPS estimates of the single tree location, split in
103 assessments of 103 independent sets of points for each of the 3 × 103 values of the GPS median radial
error ε (Figure S1). The linear regression model displayed a significant coefficient βε = 6.033 (p < 0.05)
and outperformed the null model for all metrics considered (AIC = 47457202, vs. AIC = 59928055 and
AICw = 1 vs. AICw = 0). Hence, the functional relation ϑ = f(ε) was assessed as ϑ = 6.033ε.

3.1.2. Design of the Algorithm

The first block of code resulted in a 32 lines script in R language embedded in the function
LAMBDA(x, y, theta), which defines the grid-based system Λϑ. LAMBDA inputs are the vectors of
coordinates x = xT’ and y = yT’, associated with trees in T’, and the theta = ϑ value gathered from the
equation ϑ = 6.033ε (see 3.1.1). LAMBDA output is a vector γ assigned to each element of T’, NA
included, identifying with a unique cell-code the locations that cannot be resolved based on ϑ. A map of
T’ locations along with the associated grid with spatial resolution ϑ is provided as additional outcome.

The second block of code, defining the classifier ΦΛ, resulted in a 35 lines R-script incorporated
into the function PHI(x, y, I, S, gamma). In addition to the coordinates of trees in T’, the function
requires input vectors indicating the infection status (I), the sampling time (S) and the γ (gamma) values
provided by LAMBDA. PHI output consists of a matrix object with one row per each element of the set
W̃ and five columns indicating the associated “switch-code”, x and y coordinates, the first and the last
sampling time, respectively. Column names are returned by the function as switch, xmed, ymed, fy and
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ly, respectively. “Switch-code” values refer to the transition of infection status from the first to the last
sampling, indicated as: “1” from 0 to 0, “2” from 0 to 1, “3” from 1 to 0 (i.e., set R, recovered trees), and
“4” from 1 to 1. Functions LAMBDA and PHI are provided as R-scripts in Algorithm S1 and S2 [58].

3.1.3. Algorithm Performances Assessment

A total of 106 runs of ΦΛ resulted in 103 average values of the Cohen’s k statistic and of the overall
rate of correct classification, each one based on 103 different positions of the Λϑ sliding grid-system.
The average Cohen’s k ranged from 0.654 to 0.755, with a global average of 0.706, while the overall
rate of correct classification was included between 82.7% and 87.8%, with an overall mean attaining
85.3% (Figure 2). Based on the threshold reported [64] for Cohen’s k, the classification performed by
ΦΛ ranks at the 2nd place out of 6 classes, displaying “substantial agreement” between observations
(i.e., simulated sets) and predictions (i.e., ΦΛ classifications).
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Figure 2. Results of the Monte Carlo validation assessing the performances of the classifier ΦΛ.
The graphs show the averages of the Cohen’s k and of the overall rate of correct classification achieved
by ΦΛ at each iteration of the 103 applications of Λϑ. Horizontal thick lines indicate the overall averages.

3.2. Detection and Geolocation of Trees Recovered from P. ramorum Infections Based on the
“SODmap” Database

The filtering of the original “SODmap” database resulted in a matrix with 19,211 records,
one per sampled tree, and 8 fields providing the input for the classification algorithm (Dataset S3).
A topographic surface of over 36,700 km2 was delimited within the borders of the study area, with
an extension of approximately 920 km along the major axis N-NW/S-SE oriented. Within this area,
ΦΛ detected a single dataset for bay laurel and some alternative datasets for oaks and tanoak in both
scenarios. Such alternative datasets were equivalent based on the outcomes of the KDE matrices
comparisons (see Note S4). Host species final datasets are provided as Datasets S4 and S5 for
scenario-10 m and scenario-500 m, respectively.

In the filtered “SODmap” dataset, 14,666 out of 19,211 trees were bay laurels (76.3%), 2468 tanoaks
(12.8%) and 157 oaks (0.82%), while the remaining plants (10%) were classified as other host species.
In scenario-10 m the algorithm detected 1044 resampled trees (W̃) including 943 bay laurels (90.3%),
88 tanoaks (8.4%) and 13 oaks (1.2%). Similarly, 284 bay laurels (75.3%), 79 tanoaks (21.0%) and
14 oaks (3.7%) out of 377 resampled trees were detected in scenario-500 m. In percent, resampled trees
accounted for 1.96% and 5.43% of the sampled trees in scenario-10 m and scenario-500 m, respectively.
The percentage of trees recovered from P. ramorum infections (R) ranged from 9.3 to 32.9% depending
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on host species and scenario, while the overall percentage was substantially homogeneous between
scenarios (29.7% in scenario-10 m and 28.6% in scenario-500 m). Bay laurel attained the largest incidence
of recovered trees (approximately 32–33%), followed by oaks and tanoak (Table 1). The distribution of
resampled and recovered trees in the study area is shown in Figure 3 for both scenarios.

Figure 3. Distribution of resampled and recovered bay laurels, tanoaks and oaks in scenario-10 m
(a) and scenario-500 m (b). Coordinates are in UTM NAD83 zone 11N (EPSG 4326).

Table 1. Trees recovered from P. ramorum infections.

Species Scenario
Trees Infected at Least
Once by P. ramorum

Recovered
Trees

Recovered
Trees (%)

95% CI Lower
Bound (%)

95% CI Upper
Bound (%)

Bay laurel 10 m 359 116 32.3 27.5 37.3
500 m 82 27 32.9 23.4 43.8

Tanoak
10 m 43 4 9.3 3.2 21.5
500 m 36 7 19.4 8.8 35.8

Oaks
10 m 6 1 16.7 0.9 59.4
500 m 8 2 25.0 4.6 64.1

Overall
species

10 m 408 121 29.7 25.3 34.3
500 m 126 36 28.6 21.2 37.2

For each scenario, data are provided separately for bay laurel, tanoak, oak, and jointly for all host species (i.e., overall
species). The lower and upper bounds of the 95% confidence interval associated with the percent of recovered trees
are reported.

3.3. Analysis of the Association between Environmental Factors and Recovery from P. ramorum Infections

3.3.1. Environmental Factors

A series of 10 derived rasters were obtained for the environmental factors Tmin, Tmax, Tmean, P,
El, As, Sl, TRI, TPI, and Bld (Figure 4). All rasters were continuously distributed within the study
area with the exception of Bdl, whose patchy covering was due to missing data from the source raster.
On average, temperatures during the timeframe 2005–2015 attained 7.62 ◦C, 19.68 ◦C, 13.65 ◦C for Tmin,
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Tmax and Tmean, respectively, with the highest variability observed for Tmin (CV = 18.69), followed by
Tmax (CV = 10.84) and Tmean (CV = 10.40). In the same period, precipitations across the study area
were more variable than temperatures (CV = 56.07), with a yearly average of 1236.43 mm. The study
area was also characterized by an average El of 375.26 m (CV = 84.36) and a mean Sl value of 8.19%
(CV = 74.81), while TRI and TPI attained averages of 80.83 (CV = 61.91) and 0.5 (CV = 12 × 103). Finally,
the average value achieved by Bld was 297 trees/ha (CV = 49.92).
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Figure 4. Raster maps of the environmental factors across the study area. Each panel refers to a specific
factor: (a) Tmin; (b) Tmax; (c) Tmean; (d) P; (e) El; (f) As; (g) Sl; (h) TRI; (i) TPI and (j) Bld. Along with
coordinates, the unit of measurement and the range are reported for each factor. A color gradient from
blue to red shows the transition between low and high values of the factor, with the exception of As,
where colors represent transitions between contiguous cardinal points (N—blue, E—yellow, S—red,
W—orange). Coordinates are in UTM NAD83 zone 11N (EPSG 4326). For factors acronyms, see the
main text. 73
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3.3.2. Binary Logistic Regression Models

Correlograms showed that 36 and 32 out of 45 pairwise Spearman’s ρ correlation coefficients
between predictors were significant (p < 0.05) in scenario-10 m and scenario-500 m, respectively
(Figure 5). Hence, the 9 couples of uncorrelated predictors were included in multiple binary logistic
regression models in scenario-10 m. Similarly, multiple binary logistic regressions were fitted on the
13 couples and one triad of uncorrelated predictors in scenario-500 m.

Figure 5. Circular correlograms showing the significance of all possible pairwise Spearman’s
ρ coefficients calculated between environmental predictors, including latitude and longitude,
in scenario-10 m (a) and scenario-500 m (b). For factors acronyms, see the main text.

A total of 14 out of 21 and 7 out of 26 binary logistic regression models displayed significant β

coefficients (p < 0.05) in scenario-10 m and scenario-500 m, respectively (Table S1). P was significantly
(p < 0.05) and negatively (β < 0) associated with the probability of bay laurel recovery in all models
where it was included as predictor, namely, one model in scenario-10 m and 7 models in scenario-500m.
Such models ranked first based on AIC and AICw, the latter attaining 87.1% in scenario-10m and
a cumulative value of 94.4% in scenario-500 m. In all cases, the bounds of the 95% CI associated
with P displayed negative lower and upper bounds, hence confirming the results gathered from
p-values. The same outcome was observed in MC 95% CI, supporting the robustness of the negative
association between P and the probability of bay laurel recovery when assuming a 15% putative
misclassification rate in the ΦΛ algorithm. In scenario-500 m, no other climatic and topographic factors
displayed either significant β coefficients or 95% CI with lower and upper bounds of the same sign.
Accordingly, the signs of the bounds were discordant also in the associated MC 95% CI. However, in
comparison to the model with P as single predictor (AICw = 6.8%), the environmental factors Tmax and
TPI (with β > 0), TRI and Sl (with β < 0) improved model performances when included in multiple
regressions along with P (AICw from 10.4 to 37.5%). In the same scenario, Bld was characterized by a
negative β coefficient with a 95% CI excluding 0, but with a p-value > 0.05 and a MC 95% CI with a
negative lower bound and a positive upper one. In the other scenario, in addition to P, significance
of the β coefficient (p < 0.05) was achieved by Tmax, Tmean (with β > 0), TRI and Sl (with β < 0),
indicating that the probability of bay laurel recovery is positively associated with increasing mean and
maximum temperatures, but negatively associated with increasing terrain ruggedness and slope. Such
associations were confirmed by the concordant signs of the lower and upper bounds displayed by both
95% CI and MC 95% CI. The graphs of the logistic equations modelling the probability of bay laurel
recovery based on the single significant predictors detected in the two scenarios are shown in Figure 6.
Although in some models Long was positively and significantly associated with the probability of bay
laurel recovery (β > 0 and p < 0.05), such association was never confirmed by MC 95% CI, including
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0 between the bounds. The remaining predictors were non-significant (p > 0.05) and showed both 95%
CI and MC 95% CI with discordant signs, pointing out the lack of association with the probability of
bay laurel recovery.

Figure 6. Graphs of the logistic equations modelling the probability of bay laurel recovery based on the
single significant predictors detected in scenario-500 m (500 m) and scenario-10 m (10 m). The abscissa
(rescaled predictor) represents each factor eventually rescaled so that one unit equals: 100 mm for
precipitations (P), 1 ◦C for temperatures (T), 1% for slope (Sl) and 10 points of terrain ruggedness index
(TRI). For more details about factors acronyms, see the main text.

3.3.3. Aspect Analysis

Regardless of the scenario, the azimuth distributions extracted from the As raster (Figure S2)
did not display significant differences (p > 0.05) between recovered and not recovered bay laurels
(Table 2). The outcomes of Mardia-Watson-Wheeler and Rao’s homogeneity tests were consistent
within each scenario.

Table 2. Comparisons of the azimuth distributions between recovered and not recovered bay laurels.

Scenario W W p-Value R1 R1 p-Value R2 R2 p-Value

10 m 1.974 0.373 1.026 0.311 0.178 0.673
500 m 0.236 0.888 0.428 0.513 0.006 0.938

W refers to the Mardia-Watson-Wheeler statistic, while R1 and R2 indicate the Rao statistics testing for the equality
of polar vectors and for the equality of dispersions, respectively. p-values are reported in association with each
statistic. Test outcomes are divided per scenario.

4. Discussion

Citizen science is an unsurpassable opportunity for basic and applied research, allowing the
collection of huge amount of data with a limited financial investment, yet data quality may be
questionable as the result of recruiting non-specialized volunteers [49–51]. Nonetheless, as shown in
our study, some of the errors intrinsic to citizen science datasets might be turned into valuable
information, providing new insights into biological and ecological processes, such as plant
disease dynamics.

A massive amount of epidemiological data had been gathered from the long-term monitoring
(2005–2015) and mapping of the alien invasive plant pathogen Phytophthora ramorum in Western North
America, during one of the largest citizen science experiments ever conducted in forest research [17,48].
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The resulting “SODmap” database included thousands of records reporting the infection status of
each sampled host-tree, along with its estimated coordinates [17,48]. However, such coordinates
had not been collected with professional GPS, and trees had not been marked or labeled in the
field. Hence, the risk that volunteers had accidentally resampled some of the trees was rather likely.
Despite being an unsought side-effect of the data collection process [17,48], resampling turned into an
interesting occasion to follow up the infection status in the same trees and detect the ones which had
recovered. By reverting the traditional “disease triangle” paradigm, our study was focused on testing
the association between recovery from P. ramorum infections in bay laurel and the underlying climatic,
topographic and ecological (i.e., environmental) factors through an innovative approach combining
numerical ecology to citizen science.

A classification algorithm based on the notion of spatial resolution was designed to extract from
the “SODmap” database the “hidden” information about the location of putatively resampled trees [56].
Whenever tree coordinates are repeatedly collected with a GPS device, the resulting location estimates
are scattered around the true location as a consequence of the error associated with the GPS [52,54]. If a
squared window (i.e., pixel) with suitable spatial resolution is overlapped to such estimates, it cannot
spatially resolve them as separate, thus revealing the presence of a single resampled tree location.
Basically, the classification algorithm detects resampled trees by incorporating this window as cell of a
regular grid, whose spatial resolution is gathered from the GPS median radial location error.

The trials performed in the field with a GPS device, and in silico with Monte Carlo (MC)
simulations, confirmed the plausibility of the assumptions underlying the classification algorithm,
namely I) that the unknown GPS radial error can be modeled by a Rayleigh probability distribution,
and, II) that the spatial resolution of the grid and the median of the above error can be functionally
related. Although assuming a spatial homogeneous function to model the GPS radial error might lead
to an excessive simplification, especially in mountain areas where the geomorphology could interfere
with the GPS signal, the adequacy of the Rayleigh distribution was supported by the outcomes of
the Kolmogorov-Smirnov test [57,58]. Moreover, collecting GPS coordinates in different hours of the
day, for approximately one month, should have successfully prevented satellite configuration biases
potentially influencing the above results. Despite coordinates used for the Kolmogorov-Smirnov test
having been collected in Italy, the displacement from the Californian sampling sites seems to be an
unlikely source of error in such a long-term trial, especially because the coverage offered by GPS
satellites is comparable between Europe and USA. Finally, the functional relation between median
GPS radial error and spatial resolution of the grid was clearly shown by the adequacy of the linear
regression model fitted on the MC outcomes.

The algorithm performances were satisfactory, as demonstrated by the large overall rate of correct
classification (on average over 85%) and by the substantial agreement between the simulated values
and the classification outcomes (average Cohen’s k over 0.70) [62–64]. However, such performances
were not optimal, probably due to the fact that the algorithm classification process is based on a
grid with rigid shape and fixed orientation. Once the grid is virtually overlapped on the map of
trees locations, it may erroneously split fake locations deriving from the same tree among different
pixels. Conversely, the grid might also incorrectly include within the same pixel both resampled
and not resampled trees. It is worth noting that, while stem diameters of trees do not reach the
meter, the GPS median error and the associated spatial resolution of the grid are in the order of
several meters, hence the potential effect of tree size on the classification process should be negligible.
Additional sources of misclassification might derive from false-positive or false-negative rates in
laboratory assay, yet their occurrence is also unlikely, based on evidence previously published [82].
Finally, misclassification associated with the co-occurrence of localized infections by P. ramorum and
sampling of uninfected tissues within the same tree seems quite improbable, since an accurate training
about symptoms detection and samples collection was offered to all volunteers [17,48]. Considering
that a non-null misclassification rate was somehow predictable, the grid-system was incorporated
into the algorithm as a sliding layer, allowing stochastic iterate applications on the same dataset,
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leading to alternative outcomes [61]. While in simulation trials the best position of the grid can
be determined, this is not possible during in-field applications, hence the equivalence/divergence
of the outcomes should be assessed based on statistical and geostatistical approaches, depending
on the overall aim of the analysis [65]. The same issues would have also arisen if the classification
algorithm had been based on continuous probability, rather than on a discrete grid-system. In fact,
even assuming that the probability of being a resampled/not resampled tree could be calculated for
each GPS location, the assignment to one of the two classes would depend on the selection of an
arbitrary probability threshold, ultimately leading to multiple outcomes, as documented for other
classification processes [63,83]. Although we recognize that different computational approaches might
have been proposed, this study was aimed neither at identifying an optimal theoretical solution, nor at
contrasting and ranking alternative classification algorithms. Rather, our major goal was to design
and test a single method, whose performances could be adequate for practical applications. Moreover,
outcomes of the algorithm are fully reproducible, since the code is released in R, a popular open-source
programming language for scientific data analysis [58].

The classification algorithm was run under two alternative scenarios, each one accounting for
different levels of GPS precision. The median radial error was set to 10 m and 500 m, respectively,
based on the assumption that the most practical way to collect coordinates for citizen scientists was
to use the GPS embedded in their smartphone. Such thresholds are consistent with data reported
in the literature [52]. Although larger values cannot be excluded [52], the most likely precision of
sampling efforts should be around 10 m. In fact, non-specialized volunteers would have easily detected
sampling positioning errors in the range of hundreds of meters with any mobile mapping application
(e.g., Google Maps, Google Earth, OruxMaps or others) even at a coarse spatial scale. In such cases,
coordinates would have been discarded by the volunteers based on the quality control phase of the
“SOD blitz” program, a phase performed by the volunteers themselves after data are published on the
web [17,48].

Results gathered from the classification algorithm identified only 2–5% accidental resampling
rates. Such low percentages lead to a negligible error when modelling the distribution of P. ramorum
at statewide scale, further confirming the reliability of the citizen science approach underlying the
“SODmap” [17,48]. However, and as an unexpected side benefit, the number of resampled trees
provided an adequate sampling size to investigate the probability of recovery, at least for bay laurels.
In fact, host abundance detected by the algorithm mirrored the species composition of the original
“SODmap” database, with a noticeable prevalence of bay laurels (75–90%), followed by tanoaks and
oaks. While the absolute frequencies of resampled trees differ between scenarios, reflecting the different
levels of GPS precision, the homogeneity of the relative frequencies across scenarios suggests that the
classification algorithm can provide consistent results regardless of the scale.

Interestingly, based on our findings it can be concluded that recovery from P. ramorum infection is
neither a rare, nor a negligible phenomenon, since it can be observed in a relevant number of infected
trees (approximately 30%). In particular, recovery is more likely in bay laurel (32%) than in tanoak
and oaks (ranging between 9% and 25%). Although the number of recovered trees was assessed by
an algorithm, it is worth noting that recovery from P. ramorum is not simply a theoretical possibility,
but a fact that has already been reported, based on repeated sampling of the same set of trees [46].
The large recovery rate detected among bay laurels is in agreement with the notion that this species is
a transmissive host of P. ramorum, acting as a reservoir of inoculum and supporting sporulation of the
pathogen, but with infection limited to leaves without ever spreading even to the twigs [3,22,34,38,40].
P. ramorum is not associated with severe symptoms, relevant physiological disequilibrium, or mortality
on bay laurels [39,84,85]. Hence, it seems plausible that recovery might be more likely for a host that
reportedly is tolerant to the pathogen, displaying only infection of leaves that can be dropped during
the dry season. Conversely, and in agreement with our observations, a lower recovery rate might be
expected for oaks and tanoaks, the dead-end-hosts of P. ramorum. In fact, on such hosts, the pathogen
can induce severe bole cankers whose rapid progression leads to lethal outcomes in the majority of
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cases [86]. Although the association between disease severity and recovery rate has still not been tested
for P. ramorum and its transmissive or dead-end-hosts, experiments conducted in other model systems
have reported that the two aspects are negatively correlated [87,88].

The role of environmental factors in boosting the spread of P. ramorum has been investigated in
several previous studies [17,22,32,42–46,48,85], yet this is the first attempt to elucidate their possible
effects on host recovery. Correlation analyses showed high colinearity among environmental factors.
Hence, in order to prevent unstable coefficient estimates and inaccurate variances, only single or
uncorrelated predictors were included in binary logistic regressions [58,63,89]. Some differences in
correlation patterns were observed between the correlograms of the two alternative scenarios (10 m
vs. 500 m GPS error), with a slight decrease in the number of significant Spearman’s coefficients with
increasing GPS median radial error. Such differences might be ascribed to the different sampling size of
the two scenarios, a factor notoriously affecting p-values [90]. However, all environmental factors were
included at least once in binary logistic regressions, and the substantial consistency of the outcomes
gathered from the two scenarios suggested that such differences should not have resulted in relevant
effects on the analyses.

Distribution maps of bay laurels showed that, while resampled trees were present across the
whole study area, recovered ones were mostly confined to the central-southern regions. Color gradients
of temperatures and precipitations maps suggest that areas with a warmer and driest climate were
more prone to harbor a large number of bay laurels recovered from P. ramorum. Such qualitative
inferences were confirmed by the outcomes of the binary logistic regression models. In both scenarios,
regressions including precipitation values as predictors were the most informative, and outcompeted
all alternative models, as indicated by the weights of the Akaike index. In all cases, the negative
association between precipitation and probability of recovery in bay laurel was significant. Logistic
equations determined that the probability of recovery is less than 10% when yearly average cumulated
rainfall exceeds 2000 mm. The expected probability of bay laurel recovery smoothly approaches 25%
as precipitation values decrease from 2000 to 1000 mm. When rainfall values are less than 1000 mm,
the likelihood of recovery increases steeply, exceeding 50% when precipitations drop below 500 mm.
Although P. ramorum is an atypical Phytophthora species, being a pathogen on aerial parts of its hosts,
its sporulation and spread at local scale is largely dependent on the occurrence of abundant rainfalls
and on the presence of running water and wet surfaces, as largely documented [17,22,32,38,40–46,48].
By reducing loads of infectious inoculum, aridity could hinder P. ramorum and promote the recovery of
bay laurels through the interruption of reinfection cycles and leaf drop. In addition, published studies
have suggested that aridity is likely to inhibit mycelial growth in planta, weakening the pathogen
and reducing its survival chances due to loss in nutrients’ absorption [32,85,91]. A prolonged aridity
has been associated with the absence of novel P. ramorum symptoms in bay laurels [85], but at the
same time aridity is likely to be well tolerated by bay laurels, trees whose ecological plasticity and
adaptability to a wide range of habitats, climate and soil types have been largely documented [92].
Interestingly, a recent study [22] disclosed the causal relation between rainfalls and the occurrence of
events in which P. ramorum sporulation was high enough to reach the threshold necessary to infect
oaks. Such events tend to be rare with low precipitation levels, thus we cannot exclude that this
phenomenon could be associated with an increased recovery among bay laurels. If so, aridity could be
indirectly favorable to oaks and tanoaks, since remission in bay laurels would translate in a reduced
possibility of pathogen transmission from the transmissive to the dead-end hosts. If the drought
trend observed in California during the latest decade [22,93] persisted, according to our models the
frequency of recovered bay laurels should substantially grow, hindering the spread and the incidence
of P. ramorum in the next future.

Binary logistic regression models including temperatures detected an increased probability of bay
laurel recovery with raising maximum and mean temperatures. High temperatures not only boost
aridity when co-occurring with low precipitations, but they are also climatic factors documented to
depress growth, sporulation potential and vitality of P. ramorum both in vitro and in nature [85,94].

78



Forests 2017, 8, 293

Nonetheless, the effect of temperature was less pronounced than that of precipitation, as indicated by
the coefficients p-values associated with this variable, as well as by AICw of temperature-related models.
Yearly average maximum and mean temperature values of 23 ◦C and 16 ◦C, respectively, could be
regarded as reference thresholds for bay laurel recovery, since the probability of recovery increases
to over 50% with temperatures higher than those. Considering that on sunny days temperatures
on foliar surfaces can be 20 ◦C higher than air temperature [95,96], the above thresholds seem to be
consistent with critical values reported for P. ramorum sporulation and survival in culture and in plant
tissues. In fact, regardless of the growing substrate, temperatures over 30 ◦C have been previously
shown to be detrimental to P. ramorum [85,97–99], but not to bay laurels [100]. In the study area, days
approaching or exceeding the above values are rather frequent in interior regions. Moreover, it has
been hypothesized that climate change is going to result in higher frequencies of extreme heat days in
countries with a Mediterranean climate, such as California [85,101,102]. Consequently, and according to
our results, recovery from infection should increase in time, if current climatic predictions were correct.
Although southern exposures were expected to harbor a larger incidence of recovered bay laurels,
due to increasing temperatures in such settings, circular statistics failed to confirm this hypothesis.
Nonetheless, it should be noted that this negative result might have been caused by the coarse
approximation of local aspect values related to the DEM spatial resolution.

The regression analyses performed on topographic factors showed that only slope and terrain
ruggedness can be associated with the probability of recovery in bay laurels. The fragmented
pattern of coefficients significance along with the relatively low values of the weights attained by
the Akaike information criterion suggest that topographic predictors play a minor role in explaining
recovery. This is not surprising considering that landscape geomorphology is strongly spatial scale
dependent, and averaging topographic variables over large areas may lead to information losses [103].
Logistic equations pointed out that bay laurel recovery is less likely with increasing slope and terrain
ruggedness. When slopes are over 20%, the associated probability of recovery is less than a half of
the probability estimated for plain areas, and the same conclusion can be drawn for TRI values over
150–200. Conversely, elevation and TPI were probably not detected as significant factors, due to the
limited altitudinal range characterizing most of the study area. Moreover, it is worth noting that the TPI
raster showed a high level of heterogeneity among neighboring pixels, probably associated with the
spatial resolution of the underlying DEM. Since other DEM could have been used to derive topographic
rasters, the possibility that our results were influenced by the available spatial resolution cannot be
excluded. Nonetheless, the positive association between plain areas and recovery from P. ramorum
infections is consistent with previous findings [32]. Interestingly, plain areas might not only hinder
the pathogen, but also trigger the recovery by providing more favorable ecological conditions for the
hosts. Soils evolving in planar regions are generally characterized by greater thicknesses, jointly with
improved physical and chemical properties, whose suitability for the growth of both cultivated crops
and natural vegetation has been largely documented [104,105]. Hydraulic and hydrologic properties
of plain soils might help host trees to successfully overcome drought periods, since root systems can
reach deep water supplies. Not surprisingly, bay laurel is characterized by roots whose extension
can easily explore deep soil horizons [100]. However, in-field trials would be necessary to test the
above hypothesis.

Although bay laurel density has been acknowledged as a key factor for the short-range
transmission of P. ramorum [22,40,41,44,106], no evidence of its association with recovery was detected
by binary logistic regressions. This result was somehow surprising, since thinnings and localized
eradication of bay laurels were proved to be an effective control strategy against P. ramorum, resulting in
a reduction of infectious inoculum [22]. Hence, low densities were expected to increase the probability
of recovery through the inhibition of infection cycles among neighboring hosts, especially considering
that the strains of P. ramorum harbored by bay laurels often display high virulence levels [107]. However,
binary logistic regression models might have failed to point out the role of bay laurel density as a
result of missing data, suggesting the need of future investigations to elucidate this point.
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The possibility that our results might have been influenced by the mere location of recovered
bay laurels, rather than by the underlying variation of environmental factors, was assessed by testing
the association between the probability of recovery, latitude and longitude values. While latitude
was never significant, longitude displayed significant p-values, but only in two out of six models
where it was included as predictor. These findings seem to exclude a relevant role of the mere
geographic location of trees on the probability of their recovery. In addition, the complementary
correlation analyses based on KDE matrices confirmed the outcomes of the binary logistic regressions.
Although p-values might have been biased by the KDE technique, potentially inflating the number
of significant environmental factors, it is worth noting that most signs of correlation coefficients and
of the associated logistic coefficients were concordant. More remarkably, the large majority of such
signs did not change in partial correlations controlling for sampling density, hence excluding that the
latter could have altered the results. Our findings proved to be robust also against a 15% putative
misclassification rate, as demonstrated by the outcomes of the Monte Carlo simulations, providing
confidence intervals consistent with the confidence intervals calculated for the regression coefficients.
Only significant longitudes were not confirmed, hence suggesting that this geographic variable may
not be relevant.

Models predicting spread rates of emerging pathogens in forest ecosystems are on the rise, as
documented in the last few years for Heterobasidion irregulare and Gnomoniopsis castaneae, just to cite
two relevant examples other than P. ramorum [11,16,18,19,108]. Notwithstanding this increased effort,
unraveling factors favorable to recovery may help to improve the modelling of disease dynamics and
the prediction of related economic losses, as well as to plan more effective mitigation strategies under
different climatic or geographic scenarios.

5. Conclusions

In this study, we investigated the role of some key climatic, topographic and ecological factors
as drivers of recovery of bay laurels from infection by the alien and invasive plant pathogen
Phytophthora ramorum in Western North America. By combining the results gathered from a large
citizen science disease survey program with an innovative numerical ecology approach based on a
newly designed classification algorithm, we were able to determine the location of trees resampled
over time, detecting the ones which had recovered from P. ramorum. The information contained within
the huge “SODmap” database generated by citizen scientists was extracted using the newly designed
algorithm, estimating that approximately 32% of the infected bay laurels recovered between 2005
and 2015. This large recovery rate is epidemiologically relevant given that bay laurels, when present,
are the main transmissive hosts of P. ramorum. Recovery of bay laurels is also plausible, given that
infection by P. ramorum on this host is exclusively limited to the foliage, and bay laurel foliage has
been reported to be prematurely dropped when infected, especially in drier conditions. Multivariate
analyses carried out over the entire current range of P. ramorum indicated that the probability of
recovery increased in association with lower precipitation levels and higher temperatures, especially
in flat regions. These findings are also consistent with the known key ecological traits of P. ramorum,
a pathogen whose survival is hampered by aridity and enhanced by rainfall. It is worth noting that
while the combination of prolonged drought and heat is notably detrimental to P. ramorum, it is well
tolerated by bay laurels, which are key components of those Western North American landscapes that
are characterized by a Mediterranean climate. In addition, the physical properties of soils in flat areas
may facilitate the survival of bay laurels during droughts, since plausibly root systems may have better
access to deep water sources on flat rather than on rugged terrains.

Reverting the traditional “disease triangle paradigm” by seeking conditions leading to plant
recovery rather than to infection may substantially improve our understanding and modelling accuracy
of plant disease dynamics in forest ecosystems. Accurate models are especially pivotal when dealing
with biological invasions such as that by P. ramorum, and when attempting to predict future spread and
to plan effective management strategies. Finally, this study showcases how pitfalls and limitations of
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crowdsourced data may be turned into valuable sources of information. In order to take full advantage
of this opportunity, though, specific computational tools must be designed and made available to the
scientific community, in order to best utilize the large potential hidden within citizen science datasets.
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Abstract: Many biotic and abiotic factors contribute to the onset of oak decline. Among biotic
agents, a variety of fungi and insects cause extensive disease and insect outbreaks in oak
forests. To date, research on fungus-insect interactions in Mediterranean forest ecosystems is still
scarce and fragmentary. In this study, we investigated the assemblage of endophytic mycobiota
and insect pests occurring in a declining oak stand, with the aim to explore if, and to what
extent, the insect species were active vectors of fungal propagules. It emerged that some known
latent pathogens of the Botryosphaeriaceae family, namely Botryosphaeria dothidea, Diplodia corticola,
Diplodia seriata, Dothiorella sarmentorum, and Neofusicoccum parvum were isolated at high frequency
from physiologically-impaired trees. In addition, propagules of these fungi were isolated from five
insects, two of which (Cerambyx welensii and Coraebus fasciatus) are main oak pests. The life-history
strategies of these fungi and those of wood-boring beetles were strikingly interconnected: both
the fungi and beetles exploit drought-stressed trees and both occur at high frequency during hot,
dry periods. This synchronicity increased their chance of co-occurrence and, consequently, their
probability of jointly leading to oak decline. If these interactions would be confirmed by future
studies, they could help to better understand the extensive decline/dieback of many Mediterranean
forest ecosystems.

Keywords: Botryosphaeriaceae; Cerambyx welensii; Coraebus fasciatus; oak decline; climate warming;
pathogen occurrence; transport vectors

1. Introduction

A widespread decline of oak forests has been observed in several parts of the world in the last four
decades [1–3]. The phenomenon turned particularly severe in those geographic areas that are more
exposed to global warming effects [4]; specifically, in the Mediterranean basin, a well-known climate
change hotspot [5], where climate fluctuations are having a profound impact on forest ecosystems.
Here, the repeated occurrence of heat extremes, accompanied by a decrease in precipitation and thus
prolonged summer drought, has caused substantial heat and water stress to tree vegetation, resulting
in their physiological impairment, stunted growth, dieback and, in some instances, mortality [6].
Climate-driven changes, besides having exacerbated the vulnerability of the trees, have also modified
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the dynamics of forest insects and pathogens, dramatically increasing the likelihood of attacks by these
damaging agents [7,8].

Surveys carried out in an attempt to clarify the etiology of decline/dieback episodes at specific
sites in several Mediterranean countries have not identified any single cause as being responsible for
most of the events [3]. Rather, a plethora of factors, namely extended drought, exceptional weather
events (e.g., rainstorms and windstorms accompanied by hail damage, branch rupture and severe
flooding), inappropriate forest management, wood-boring insects, as well as oomycete and fungal
attacks have been advocated from time to time as factors predisposing, inciting or contributing to
the decline [9]. One drawback of many investigations, however, was that they were carried out by
specialists from single, separate disciplines (e.g., climatologists, plant pathologists, entomologists,
botanists, etc.) whose backgrounds led them to broach only one possible cause at a time, without a
comprehensive, holistic approach to the problem. The result was in many instances a disjointed, and
often incomplete, framework, which made it impossible to individuate the intertwined causes of
tree declines.

As concerns the parasitic component of oak forest ecosystems, a number of pathogenic fungi
have been recognized as having a prominent role in oak tree decline and mortality [10], although
only after long time lags beyond the onset of the problem. For instance, it has been proven that
some mycobiota, which normally occupy nonpathogenically internal host tissues, under conditions of
stress (mainly water deficit) assume pathogenic behaviour, aggressively colonizing host tissues and
sporulating profusely over the plant surfaces, thus spreading pervasively into oak stands [11,12]. Some
of these fungi have been found together with insects on the same trees, often on the same organs [13–15]
and even, sometimes, in the same tissue niches. Since the role of insects in vehiculating microbial
pathogens has been amply ascertained, in this investigation we studied the correlations between
occurrence of endophytic fungi and insect colonization on declining trees in an oak stand of central
Italy. If the insect-mediated dispersal of important fungal pathogens in the stand were established, it
would prove insects’ contribution to the incidence and severity of tree diseases and decline.

2. Materials and Methods

2.1. Study Area

The study area was located at Alberese (municipality of Grosseto) in the Maremma Regional
Park (42◦37′03” N, 11◦06′47” E) (Tuscany, Italy). More specifically, it is a roughly 90-year-old,
mixed oak forest, with 15–25 m tall trees, composed mainly of Quercus pubescens Willd. (roughly
60%), Quercus cerris L. (roughly 20%), Quercus suber L. (roughly 20%), and with sporadic (less than
1%) Quercus ilex L. individuals. The Mediterranean undergrowth, typical of this environment, is very
scarce in the study area, having the forest long been used for pasture. Many of the oaks occurring in
the area showed symptoms of decline, such as exudates on the trunk, bark cankers, dead branches
and twigs, and beetle exit holes. The study area has a typical Mediterranean climate with hot, dry
summers (Figure 1).
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Figure 1. Meteorological data from the Alberese (Grosseto-Italy) meteorological weather station in
2015. Data supplied by the Hydrological Regional Sector (SIR) of Tuscany.

2.2. Plant Sample Collection

Tree sampling was performed according to the specific composition of the population. To this
purpose, 10 trees were selected: six Q. pubescens, two Q. cerris, and two Q. suber. Samplings were
carried out once a month from April 2015 to October 2015 on the same selected oak trees. During each
sampling, four current-year twigs (2–4 cm in diameter) were collected from each of these trees at the
height of 2.50 m around the crown, one from each cardinal point.

2.3. Fungal Isolation from Plants

Plant samples were taken to the laboratory within 12 h from collection. They were sterilized by
immersion in 10% H2O2 for three minutes, then they were washed twice with sterilized distilled water,
and dried on sterile tissue paper. A 2-cm-long tissue piece was removed from each twig, excluding the
outer bark. From each piece 15 wood samples were removed (roughly 5 mm long and 1 mm thick)
and placed, in groups of five, in three Petri dishes (90 mm in diameter) containing Potato Dextrose
Agar (PDA) medium with 1 g of agar. Thus, for each sampled twig three Petri dishes were obtained.
The plates were incubated at 20 ◦C in darkness for a week. Fungal colonies growing from the wood
samples were isolated and subcultured on Oak Leaf Agar (OLA) [16,17]. Whole colonies were observed
with an optical microscope and identified by macro and micro-morphological analyses, using the
keys provided by Booth [18], Gams [19], Carmichael [20], Sutton [21], and Von Arx [22]. The isolation
frequency of each fungus species per each month was calculated using the following formula:

Fi = (Ni/Nt) × 100 (1)

where Fi is the fungus species frequency, Ni is the number of times the species was isolated and Nt is
the total number of wood samples placed in PDA.

2.4. Molecular Identification of Isolates

DNA-based identification was necessary for discriminating among related taxa whose
micro-morphological characteristics alone proved inconclusive for species determination.
Hyphal-tip-derived, fresh cultures were incubated under darkness for one week on MEA medium.
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Genomic DNA was extracted [23] and the rDNA-ITS region was PCR-amplified using the universal
primers ITS1 (5’-TCCGTAGGTGAACCTGCGG) and ITS4 (5-TCCTCCGCTTATTGATATGC) [24].
PCR cycling conditions and subsequent amplicon sequencing were as in Moricca et al. [15]. Sequences
were processed in the GenBank database [25], with a BLAST search for the highest identities that was
used for the identification of taxa at the species level, considering a minimum threshold of 98% [26].

2.5. Insect Collection

The study area was surveyed every two weeks, from April to October 2015, to monitor
xylophagous insect presence. Different sampling methods were employed with the aim to collect
living, possibly just-emerged, insects to be utilized for fungal isolation. Sweep nets were used
directly on host plants or on flowers, since many adult xylophagous beetles have a flower-visiting
behaviour. Some twilight or nocturnal flying beetles were collected by attracting them with light onto
a vertical white sheet. Attacked twigs, branches or stems were debarked to find adult insects and,
finally, oak branches and twigs were sampled and the eggs reared in the laboratory until the adults
emerged. All sampled specimens were taken to the laboratory within six hours from collection in
sterile plastic containers.

In addition, to have information about insect frequency in the area during the study period,
suspended bait traps were also employed. Five Lindgren funnel traps and five bottle traps were
located in the study area at least 100 m from each other. Lindgren funnel traps are generally used
for trapping saproxylic beetles, which are attracted by their shape and their black color. In addition,
in our study they were lured with ethanol, which is known to attract saproxylic beetles. Bottle traps
were laced with a mixture of red wine, banana and sugar, which lures beetles. Both kinds of traps
were hung on tree branches at about 3–4 m of height. Every two weeks their bait was changed and
they were checked, with insects captured being collected separately for date and trap. All sampled
specimens were taken to the laboratory to be identified.

2.6. Fungal Isolation from Insects

Living insects collected (excluding trapped ones) were analyzed in the laboratory. After their
identification, the insects were left to walk on PDA Petri dishes, partially following the methodology
used by Sabbatini Peverieri [27]. Then, each beetle was surface-washed by vortexing for 1 min in
300 μL of sterile distilled water with 1% of Tween-80 detergent. The resulting solutions were used to
inoculate the PDA medium. All the Petri dishes were incubated at 20 ◦C in darkness for five days.
Emerging fungal colonies were subcultured in a pure OLA medium. After one week of growth, the
colonies were observed under an optical microscope and identified by analysing their macro- and
micro-morphological characters, and by the DNA-based method described above.

2.7. Data Analysis

The significance of the data was determined with ANOVA, after the percent data were arcsin
transformed. The differences in fungal isolation frequency were examined for significance using the
Duncan’s New Multiple Range Test.

3. Results

In the study area throughout the June–September 2015 period, rainfall was below 11 mm, and
in August there was no rain. As regards temperatures, the means reached their maximum value in
August, exceeding 25 ◦C. In addition, from June to September temperatures were always over 20 ◦C
(Figure 1).
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3.1. Recovered Fungal Taxa

A number of fungi, belonging to 21 different genera, were isolated from the oak samples
collected during the study period (April 2015–October 2015). Of these, 13 were identified to the
species level by coupling both conventional and molecular identification. Recovered taxa included
common, ubiquitous contaminants, such as: Alternaria sp., Aspergillus sp. and Cladosporium sp.
Five harmful species of the Botryosphaeriaceae family, frequently associated with woody hosts [28],
heavily colonized the sampled plant material. An array of more or less common microbial inhabitants
of Mediterranean oak forests, namely Camarosporium sp., Candida sp., Cephalosporium sp., Fusarium solani
(Mart.) Sacc., Gliocladium sp., Gonatorrhodiella sp., Pestalotiopsis versicolor (Speg.) Steyaert, Pollularia sp.,
Rhizoctonia solani J.G. Kühn, Rhizopus sp., Trichoderma viride Pers., Ulocladium consortiale (Thüm.) E.G.
Simmons, Verticillium dahliae Kleb., were also isolated from the oak tree tissues. The charcoal canker
agent Biscogniauxia mediterranea (De Not.) Kuntze was too found infecting oaks, though its occurrence
in the stand resulted almost negligible (only 1.0% and 3.5% isolation frequency in September and
October, respectively).

Following this initial screening of the endophytic assemblage, we narrowed our investigation to
botryosphaeriaceous fungi, owing to: (i) the overwhelming prevalence (higher isolation frequencies)
of this group of fungi in the stand; (ii) their prominent role in the onset of the decline of tree
species worldwide, especially on those trees already weakened by environmental stress factors [28].
The five botryosphaeriaceous species isolated in this study were: Botryosphaeria dothidea (Moug.)
Ces. and De Not, Diplodia corticola A.J.L. Phillips, A. Alves and J. Luque, Diplodia seriata De Not.,
Dothiorella sarmentorum (Fr.) A.J.L. Phillips, A. Alves and J. Luque, and Neofusicoccum parvum
(Pennycook and Samuels) Crous, Slippers and A.J.L. Phillips (Table 1). These fungi were found
throughout the whole study period; however, their isolation frequency turned out significantly different
among months (Table 2), increasing gradually during the growing season (Table 1). Higher values were
recorded from June onwards for D. sarmentorum, from July onwards for B. dothidea and from August
onwards for D. corticola, D. seriata and N. parvum. More specifically, the highest isolation frequency (%)
for each fungal species, with exception of N. parvum, was recorded in October (Table 1).

Table 1. Percentage isolation frequencies of fungi of the Botryosphaeriaceae family recovered from oak
samples in the studied woodland in Marina di Alberese (Grosseto-Italy). Values in columns followed
by the same letter do not differ significantly (p ≤ 0.01, Duncan’s New Multiple Range Test); isolation
frequencies below the 1% threshold are not reported. Standard deviation is in parentheses.

Month of
Collection

Frequency of Isolation (%) (600 Monthly Samplings)

Fungus Species

Botryosphaeria
dothidea

Diplodia
corticola

Diplodia
seriata

Dothiorella
sarmentorum

Neofusicoccum
parvum

April 1.75 (0.65) 3.37 a (3.24) 3.25 a (1.35) 1.37 a (0.20) 1.25 a (0)
May 3.75 b (2.25) 4.50 a (3.59) 3.50 a (1.80) 1.89 a (0.33) 1.50 a (1.10)
June 6.90 c (1.12) 4.75 a (1.98) 3.78 a (1.00) 3.12 b (0.78) 1.87 a (0.90)
July 8.78 d (0.72) 4.90 a (3.59) 4.25 a (2.10) 3.12 b (1.23) 2.00 a (0.20)

August 9.00 d (2.20) 13.89 b (0.65) 6.75 b (3.08) 3.25 b (0.50) 3.00 b (1.25)
September 10.25 d (0.12) 15.25 bc (5.82) 7.65 b (1.80) 3.50 b (1.30) 3.25 b (2.00)

October 12.50 e (0.10) 16.00 c (1.67) 11.97 c (0.89) 8.97 c (5.95) 3.50 b (1.35)

91



Forests 2017, 8, 228

Table 2. Analysis of variance (1-way ANOVA) on isolation frequency (percent data arcsin transformed).

Variability df Deviation Variance F

Total 13 1575.21
Between pathogens 4 915.07 228.76 57.04 **

Between months 6 648.11 108.01 26.93 **
Error 3 12.03 4.01

** Significant at p < 0.01.

3.2. Recovered Insect Species

During the study period, we collected various xylophagous and non-xylophagous insect species;
however, non-xylophagous taxa, or those which feed only on decaying deadwood, were excluded.
Therefore, the xylophagous species belonging to the following taxa were considered: Buprestidae,
Cerambycidae, and Curculionidae Scolytinae. Only xylophagous species feeding on oaks were taken
into consideration: the Cerambycidae family was the most numerous, with 14 species, compared with
Buprestidae (eight species) and Scolytinae (four species) (Table 3).

Table 3. Xylophagous Coleoptera feeding on oaks collected in the studied woodland in Marina di
Alberese (Grosseto-Italy) and their association with botryosphaeriaceous fungi.

Coleoptera Species Collected
Botryosphaeriaceae

Species Isolated
Number of

Insects Tested
Isolation

Frequency (%)

Buprestidae
Acmaeoderella adspersula (Illiger, 1803) 3 0

Acmaeoderella flavofasciata (Piller and Mitterpacher, 1783) 8 0
Anthaxia millefolii polychloros Abeille de Perrin, 1894 15 0

Anthaxia scutellaris Gene, 1839 15 0
Anthaxia thalassophila Abeille de Perrin, 1900 Botryosphaeria dothidea 6 33.33

Anthaxia umbellatarum (Fabricius, 1787) 11 0
Coraebus fasciatus (Villers, 1789) Diplodia seriata 12 33.33
Latipalpis plana (Olivier, 1790) 3 0

Cerambycidae
Callimus abdominalis (Olivier, 1795) * 0 NA

Cerambyx welensii (Küster, 1845) Diplodia corticola 8 37.50
Chlorophorus sartor (Müller, 1766) Diplodia seriata 4 25.00

Chlorophorus glabromaculatus (Goeze, 1777) * 0 NA
Deilus fugax (Olivier, 1790) 1 0

Deroplia genei (Aragona, 1830) * 0 NA
Niphona picticornis Mulsant, 1839 * 0 NA

Phymatodes testaceus (Linnaeus, 1758) 13 0
Pseudosphegesthes cinerea (Laporte and Gory, 1836) * 0 NA

Purpuricenus kaehleri (Linnaeus, 1758) Diplodia seriata 23 8.69
Stenopterus rufus (Linnaeus, 1767) 9 0

Stictoleptura cordigera (Fuessly, 1775) 2 0
Stictoleptura rufa (Brulle, 1832) * 0 NA

Trichoferus holosericeus (Rossi, 1790) 12 0
Curculionidae: Scolytinae

Xyleborus dispar (Fabricius, 1792) * 0 NA
Scolytus intricatus (Ratzeburg, 1837) * 0 NA
Xyleborinus saxesenii Ratzeburg, 1837 * 0 NA

Xyleborus monographus (Fabricius, 1792) * 0 NA

* Insect species which could not be analyzed for fungus association. NA = not assigned.

3.3. Fungus-Insect Associations

Botryosphaeriaceous fungi were isolated from collected beetles. Fungal propagules of B. dothidea,
D. seriata and D. corticola were found on five insect species: two Buprestidae, A. thalassophila and
C. fasciatus, and three Cerambycidae, C. welensii, C. sartor, and P. kaehleri (Table 3). D. seriata was the
predominant fungal species, being associated with three different insect species. With the exception
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of P. kaehleri, whose proportion of specimens bearing fungal propagules (D. seriata) was 8.69%,
all the other insects revealed percentages ranging from 25% (C. sartor/Diplodia seriata), to 37.5%
(C. welensii/D. corticola), with A. thalassophila/B. dothidea and C. fasciatus/D. seriata which presented
intermediate values (33.33%). C. fasciatus larvae bore galleries in live branches (under 8 cm in diameter)
of stressed oaks. Subsequent branch death occurs once larvae reach maturity, because at that time they
bore annular galleries under the bark of the branches [29]. Generally, C. welensii colonizes oaks in a
state of physiological decline [30]. However, its attacks to young plants in good vegetative condition
are becoming more and more frequent [30,31]. A. thalassophila, C. sartor, and P. kaehleri feed on various
broadleaved trees; nevertheless, these are not considered oak pests, as they bore galleries on the wood
of dead trees or on the deadwood of living trees, particularly dead branches [32,33].

These five insect species were captured from June to August. During June–July, they were the
most frequent xylophagous beetles, representing more than 43% of all species collected with suspended
bait traps. In June only A. thalassophila and P. kaehleri were captured (Table 4). While the former was
collected only in that month, P. kaehleri captures increased during the growing season, reaching its peak
in August. Considering the whole study period, P. kaehleri was the most frequent species, representing
almost 11% of all collected beetle species. Anyway, buprestid beetles deserve special mentions, because
traps used in our study are not particularly attractive to some of these species; therefore, they would
be more numerous if other trapping methods were used.

Table 4. Catching frequencies (%) of xylophagous beetles resulted associated with Botryosphaeriaceae
species in the oak forest in Marina di Alberese (Grosseto-Italy). Percentages were calculated on the
total number of xylophagous beetles collected with suspended bait traps.

Insect Species
Month of Collection

April May June July August September October Total

Xylophagous Beetles Associated with Fungi

Anthaxia thalassophila 0 0 13.04 0 0 0 0 4.83
Coraebus fasciatus 0 0 0 18.99 0 0 0 4.53
Cerambyx welensii 0 0 0 6.33 14.71 0 0 4.53
Chlorophorus sartor 0 0 0 2.53 5.88 0 0 1.81

Purpuricenus kaehleri 0 0 5.80 15.19 23.53 0 0 10.88

Total frequency 0 0 17.39 43.04 44.12 0 0 26.59
Bark-beetles 0 0 0 27.85 27.94 62.50 0 15.41

Total number of
xylophagous beetles 4 26 138 79 68 16 0 331

However, not all the species collected were taken into consideration, because some of them were
captured only with traps; therefore, they were not used for fungal isolation. This was particularly
important for bark beetles, which were collected only with suspended bait traps. The four bark-beetle
species trapped are considered key species in oak decline and they were rather frequent in the study
area (Table 4), being more than 15% of all the collected specimens. This was particularly true in
September, when about 62% of captures consisted of these four bark-beetle species.

4. Discussion

In our study area, xylophagous beetles associated with declining oaks were found. Specifically,
the two wood-boring beetles, C. welensii and C. fasciatus, were rather frequent in summer catches.
Other wood-boring beetles feeding on oaks were also collected, but, mostly, they are not considered
pests, being species that feed only on deadwood. In contrast, the bark beetles caught during the study
could play a key role in oak decline, since both their aggressiveness and their oviposition behaviour
enhance their function as fungal vectors. In fact, adults carrying fungal propagules bore galleries
under the oak bark, directly infecting the colonized trees. In addition, two of the bark beetles caught,
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S. intricatus and X. dispar, have already been associated with fungal pathogens inhabiting the woody
tissues [34]. However, since the bark beetles in our study were captured only with suspended bait
traps, they were not used for fungal isolation, consequently their role as fungal vectors in the study
area was not investigated.

Botryosphaeriaceae fungi were isolated from five beetle species, C. welensii and C. fasciatus included.
Previous studies demonstrated that C. welensii emergence holes are entry ways for fungal pathogens
inside trees [35]; however, information about its role as a fungal vector is not available. Here, D. corticola
was isolated from specimens of this insect species. D. seriata, instead, was found on C. fasciatus adults.
This species has already been associated with Botryosphaeriaceae fungi, Tiberi et al. [36] having isolated
D. mutila from adults of this buprestid. These two beetles, differing from bark beetles, lay eggs without
penetrating the oak bark; therefore, their importance in the spread of fungal infection may appear
less important. Nonetheless, they do bring fungal propagules into direct contact with oak trees, since
the egg-laying activity of C. welensii includes probing the bark with its ovipositor, as well as laying
eggs into bark crevices and pruning wounds [37]. Thus, propagules are highly likely to come into
contact with suitable entry sites. As regards C. fasciatus, females usually lay eggs near buds of young
branches, although, they also oviposit around wounds [29]. In that case, they would play the same
important role as C. welensii. In addition, these two wood-boring beetles are attracted by stressed trees,
particularly drought-stressed ones, which are their preferred hosts, carrying with them propagules of
Botryosphaeriaceae fungi, which likewise prefer physiologically-impaired trees. It appears evident that
the development of Botryosphaeriaceae-related diseases is increasingly more likely, and potentially more
severe when beetles and fungi co-occur on the same host [38].

An extremely hot and dry summer occurred during our study period. August had no rains
and temperatures reached their highest values, and this could have affected the biology of both
fungi and beetles. D. corticola and D. seriata were isolated more frequently from August to October,
just after the driest period. It is known that members of the Botryosphaeriaceae family, especially
some Diplodia species [39], are thermophilic or thermotolerant; thus, these fungi become more
aggressive when temperatures rise, a fact that coincides also with a greater drought stress to trees [15].
High temperatures also favour C. welensii and C. fasciatus, as they are thermophilic species too [40].

According to previous studies focusing on other species, co-occurrence of insects and fungi
shows a strong seasonality [41]. Fungal isolation frequency is known to be season-dependent [42].
This because the physiological status of the tissues influences fungal growth and sporulation, being
linked to availability of carbon for the fungi. It is, however, also true that prolonged summer droughts
lead to plant carbon starvation and reduced ability to counteract the attack by biotic stressors like
insects and fungi [6,43]. Consequently, drought-stressed trees may become more suitable to these
biotic agents, increasing their population abundance [44,45]. Accordingly, C. welensii and C. fasciatus
emerged in the study area from July to August, exactly during the driest and hottest period of the year
and when propagule pressure of the fungi in the stand was substantially high. The final outcome is
insect and pathogen outbreaks often causing extended tree mortality [46].

The botryosphaeriaceous fungi isolated in this study are well known endophytes and
latent pathogens, with a cosmopolitan host range and wide geographical distribution [28,47].
These microorganisms are able to aggressively attack the host plants when these undergo physiological
stress and to induce a variety of disease symptoms [28]. Although some of these species (e.g., D. corticola
and N. parvum) have in recent years come strongly to the fore in several regions of the world [48–50],
their infection biology, in part because of their sometimes inconspicuous occurrence, has long been
neglected [51,52]. As a matter of fact, the life history strategies of many of these taxa remain, even today,
partially unexplored. Few studies have investigated, for example, to what extent these opportunistic
fungi are transmitted in the woods by insect vectors [36,53]. This paper aims to partly fill this gap.
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5. Conclusions

Several lines of reasoning suggest that the investigated xylophagous insects may well have a
role in the dispersal of fungal species: (i) the thermotolerance or thermophily of members of both
groups of parasites. These traits increase the chances of transportation of fungi by insects, being
both insect population density and propagule pressure of fungi higher during hotter years; (ii) their
synchronicity in their occurrence and activity, coinciding with the drought of summer months; and last
but not least, (iii) the isolation of fungal propagules from the body of some of the insect species.
From an epidemiological perspective, it is also worth noting that beetles, besides increasing fungal
dispersal and propagule pressure, bring fungi to stressed oaks precisely during the time when these
are most susceptible.

However, while it is evident that insects are effectively carrying fungal propagules and that
environmental stress is the first driver of tree weakening, the causal interconnections between
environmental variables and the fungus-insect-tree tripartite interactions are difficult to prove. That’s
because many factors may contribute to generate a more complex framework, which escapes analyses
of temporal and spatial co-occurrence. Tree decline, for instance, is usually a long-term process, during
which fungi may take advantage of impaired tree defenses and at the same time affect tree’s response
to environmental stress. Furthermore, fungi may be spreading from last year’s growth inside the
tree twigs, blurring the temporal aspects. To clarify this aspect, it would be interesting to repeat
this research to ascertain whether the fungus-insect associations found here are stable and repeated
over the years. If these harmful interactions were confirmed, they would provide a more plausible
explanation for the extensive mortality of some Mediterranean forest stands whose etiology seemed
uncertain. In fact, a single factor of damage (fungi or insects) alone did not explain in many cases
the extent and gravity of the observed decline/dieback phenomena. In this connection, it would also
deserve investigating whether other microorganisms (bacterial agents), responsible for the more recent
and emerging AOD (Acute Oak Decline) syndrome [54], may also be involved.
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Abstract: Biological invasions, resulting from deliberate and unintentional species transfers of
insects, fungal and oomycete organisms, are a major consequence of globalization and pose a
significant threat to biodiversity. Limiting damage by non-indigenous forest pathogens requires
an understanding of their current and potential distributions, factors affecting disease spread,
and development of appropriate management measures. In this review, we synthesize innate
characteristics of invading organisms (notably mating system, reproduction type, and dispersal
mechanisms) and key factors of the host population (namely host diversity, host connectivity, and
host susceptibility) that govern spread and impact of invasive forest pathogens at various scales
post-introduction and establishment. We examine spread dynamics for well-known invasive forest
pathogens, Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz, Hosoya, comb. nov., causing
ash dieback in Europe, and Cryphonectria parasitica, (Murr.) Barr, causing chestnut blight in both
North America and Europe, illustrating the importance of host variability (diversity, connectivity,
susceptibility) in their invasion success. While alien pathogen entry has proven difficult to control,
and new biological introductions are indeed inevitable, elucidating the key processes underlying host
variability is crucial for scientists and managers aimed at developing effective strategies to prevent
future movement of organisms and preserve intact ecosystems.

Keywords: disease spread; invasive pathogens; host connectivity; host diversity;
Cryphonectria parasitica; Hymenoscyphus fraxineus; biological invasions

1. Introduction

Increased connectivity and globalization have greatly accelerated the frequency and magnitude of
biological invasions around the globe by facilitating the long-distance movement of species into regions
outside their historical distribution range. The current rate of non-indigenous species movement,
resulting from human mediated intervention, is unprecedented [1], and has been the main accelerator
driving the increase in novel encounters between host plants and pathogens, and the probability of
invasive species emergence [2]. Biosecurity policies adopted by most countries for preventing new
introductions (e.g., inspections at ports of entry, phytosanitary certification) can have positive effects,
but, unless efforts are further strengthened and better coordinated internationally, biological invasions
will inevitably continue [3].

Recent reviews have highlighted the escalating rate of exotic pathogen species introductions
affecting forest trees in North America and Europe [4–6], mainly as a result of changes in trade practices
surrounding the global movement of live plants and plant materials [7,8]. In some cases, alien forest
pathogens (i.e., those that are nonnative, introduced from distant countries) have caused large-scale
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transformations of native ecosystems and changed the ecological dynamics through local and regional
extinction of native host species. For example, the host-specialist pathogen Cryphonectria parasitica,
the causal agent of chestnut blight, has dramatically reduced populations of Castanea dentata (Marsh.)
Borkh. in North America where it had a defined role as a keystone species in ecosystem structure
and function [9]. Generalist pathogens are thought to be better invaders than specialists due to their
non-selective ability of seeking out new hosts in a new environment. For example, the oomycete plant
pathogen Phytophthora ramorum (Werres, De Cock & Man in’t Veld), has a broad host range affecting
both natural (forests) and semi-natural (urban green area) environments and hardy nursery stock.
In western USA, P. ramorum has largely influenced the California oak woodlands landscape through
diffuse impacts on a large number of host species [10,11], causing lethal stem infections on ‘canker
hosts’ (mainly Notholithocarpus densiflorus (Hook. & Arn.) Manos, Cannon & S.H. Oh and Quercus spp.),
and non-lethal foliar infections on ‘foliar hosts’ (e.g., Umbellularia californica (Hook. & Arn.) Nutt.).

In the strictest sense, ‘spread’ (also synonymous with the terms ‘dissemination’ and ‘dispersal’)
refers to the movement of individuals either through random diffusion or directed dispersal such
that they expand beyond the frontier of their geographic range [12]. The expansion phase is generally
described by the change in range distance as a function of time [13]. Pathogens become ’invasive’ when
they acquire a competitive advantage in a new area following the disappearance of natural obstacles
to their proliferation including native antagonists, and successfully adapt to new conditions [14].
Most experimental studies (including modeling) on the spread of invasive pathogens focus on
agricultural systems, humans, and animals. Given the importance of invasive pathogens currently
causing global threats to biodiversity, a deeper understanding of spread mechanisms and dynamics of
spread can improve the ability to predict and manage impacts of biological invasions affecting forests
and urban landscapes. Though several recent reviews of invasive forest pathogens have highlighted
human activity and international trade as major determinants of invasiveness [5,6], surprisingly few
have focused specifically on factors driving disease spread of invasive pathogens across various scales
from a local stand level to a broader landscape level.

The goal of this review is to discuss mechanisms underlying the invasion process for alien
pathogens and disease spread, post-introduction and establishment. We present a framework for
local, regional, and continental-scale factors governing the spread and impact of invasive forest
pathogens. Specifically, we recapitulate characteristics and modes of pathogen reproduction, pathogen
dispersal, and parasitic specialization, in relation to spread and epidemiology. We provide an
overview of the main factors affecting variability in disease spread: host diversity, host connectivity,
and host susceptibility and use one historical and one recent example of invasive pathogens that have
significantly impacted forests to illustrate their invasion success and spread dynamics in that context.
Finally, we discuss the way-forward in which a deeper understanding of the factors promoting disease
spread across local and continental scales can help address the global ecological and societal challenges
of managing novel disease epidemics.

1.1. Novel Environments, Novel Hosts

Biological invasions are a special type of range expansion [15] that can be defined by a
series of discrete, consecutive phases which include: ‘Arrival’—single or multiple arrivals of
a nonindigenous species at one or more points of entry into a new locale/environment, and
‘Establishment’—whereby arriving populations start to reproduce in situ, surpassing barriers of initial
extinction (geographic, environment, reproductive, antagonists) [16–18].

After arrival and initial invasion of a new host (‘spillover’), production of transmission stages
within the new host, and subsequent establishment, invasive forest pathogens can then ‘Spread’
expanding their range of occupied territory into new hospitable areas. This ability to spread is
highly dependent on environmental suitability, resource availability, and the ability to adapt and
naturalize [12]. Strong filtering exists between the different phases; successful invasion is a rare event
such that only a small fraction of alien species survive to pass through and establish themselves in a
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novel environment. Both host availability (as a suitable ecological niche) and environmental conditions
(extremes of temperature, moisture, and UV radiation) in the new location place strong limitations
on a pathogen’s survival, its ability to reproduce and disperse, and subsequently spread [19,20].
These factors act as a strong selection filter leading to rapid adaptation to new environmental conditions
and rapid evolution and exploitation of novel hosts [20]. Understanding novel forest pathogen
introductions and the factors driving invasion success requires a deeper understanding of the invasion
sequence that is conditioned by local or long-distance transport mechanisms from their native habitat
to a novel environment, as well as environmental conditions and ecological factors determining an
organism’s survival and reproducibility, and any population and community effects affecting their
dynamics across a range of spatial and temporal scales (see Figure 1).

Figure 1. Local, regional, and continental-scale factors governing the spread and impact of invasive
forest pathogens post-introduction and establishment are affected by three main factors: host diversity,
host connectivity, and host susceptibility. Following arrival and establishment, invasiveness is
inherently affected by organismal traits (mating system, reproduction type, and dispersal mechanisms).
Host diversity is mainly affected by plant species richness (density/composition) creating a dilution
effect of pathogen impacts on the ecosystem. Non-hosts, competent hosts, and less competent hosts
will have variable effects on their ability to intercept inoculum and subsequently reduce pathogen
spread. Host connectivity is largely influenced by the distribution of available host species; more
or less aggregated. Spatial heterogeneity of hosts becomes important for vector-induced pathogens.
Variations in landscape structure (topography, natural geographic/environmental barriers, forest
fragmentation) will largely influence spread dynamics on the landscape level. Host susceptibility to
invasive pathogens is influenced by physical traits (size, age, morphology), the random presence of
other (potentially antagonistic) organisms, environmental and site factors, and host genetic background.
Intraspecific genetic diversity (mixtures of host genotypes) offers the best insurance against invasive
pathogens through a dilution effect on inoculum production/deposition and the likelihood that
some hosts will possess effective mechanisms to resist or minimize damage caused by invasives.
Evolutionary and environmental factors, as well as continuous pressures caused by human activity will
influence spread dynamics over time. Understanding how host variability is affected by host diversity,
connectivity, and susceptibility will improve our ability to predict disease spread on the landscape
and potential consequences to ecosystem services.
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The most accurate records documenting the spread of forest pathogens can be derived from field
mapping of invasion fronts over successive years from a defined geographic area, or from a time
series of aerial photos. The kind and quality of data that is used as a measure of increasing abundance
(presence/absence), the scale of mapping, and range size is important for extrapolating information
about spread rates [21]. For example, ground surveys and geographic information system (GIS)
mapping of Dutch elm-diseased and elm bark beetles-attacked trees on the geographically isolated
island of Gotland allowed for tracking patterns of disease spread in relation to management strategies
to reduce disease prevalence [22]. For many invading forest pathogens, the key to understanding
dispersal is by measuring the human transport process through imported plant material via random
checks in quarantine facilities from nurseries [23,24], or on vehicles [25]. For example, the spread of
P. ramorum has been demonstrated using various approaches such as environmental niche models [26],
risk assessment maps based on host distribution [27], landscape structure [28,29], multi-scale patterns
of human activity [30], and trade networks [31]. When patterns of past spread are missing, future
spread may be forecasted with simulations using either a mechanistic model or extrapolations
(e.g., [32,33]).

1.2. Pathogen Invasiveness Affected by Species Traits

Certain species traits can favor invasiveness of pathogens and their spread and subsequent impact
on forest ecosystems [34]. To some extent the plasticity of pathogen traits allows for some level of
pre-adaption prior to an introduction. Janzen [35] described ‘ecological fitting’ as the interaction of an
organism with its biotic and abiotic environment in a way that indicates a shared evolutionary history,
when the organismal traits relevant to the interaction actually evolved elsewhere under different
environmental conditions. Ecological fitting of novel forest pathogens depends in part on the ability of
certain organismal traits to be co-opted for novel functions [36], and is largely influenced by phenotypic
plasticity, correlated trait evolution, and phylogenetic conservatism [37].

Among the most important traits affecting spread ability for invasive forest pathogens is
the mating system [38], namely for its ability to generate more virulent strains [34] and also to
adapt to newly encountered host species in a new environment [20], and the type of reproduction
(e.g., polycyclic pathogens complete their lifecycle multiple times throughout the growing season).
Bazin et al. [39] showed that invasion dynamics of an introduced population are largely affected by the
rate of asexuality. It is generally assumed that purely asexual organisms may exhibit lower invasion
success compared to other organisms with, for example, mixed mating systems due to their inability to
generate new sets of meiotic progeny which can rapidly adapt to the new host and environment [40].
In addition, asexual spores are dispersed mainly over short distances or at the plant level. Several
examples, however, show that clonality does not necessarily reduce invasiveness. For instance, new
populations of C. parasitica in Europe are frequently founded by one or a few genotypes (e.g., [41]).
Similarly, Laurel wilt disease, which in the USA is threatening communities of native plant species
in the family Lauraceae, is caused by the clonal ascomycete fungus Raffaelea lauricola T.C. Harr.,
Fraedrich & Aghayeva 2008 [42].

Other important species traits include: spore shape, which affects the release, transport, and
deposition of inoculum (especially for aerial pathogens), and long-distance dispersal mechanisms
(e.g., mito- or meiospores mediated by wind, running water, or vectors versus rain splash only) [34].
Other traits affecting spread, but perhaps of lesser importance than sexuality, spore shape, and dispersal
mechanisms, include pluricellular spores which can facilitate survival in stressful environments, and
abiotic niche characteristics such as the climate in the area of origin and the pathogen’s optimal
temperature (as a proxy of climate-matching) [34].
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Propagative spores are produced in many different ways, in for example, sporangia or simple or
complex conidiophores in or on ascocarps and basidiocarps, by budding or fusion, within pycnidia,
perithecia, or other various types [43]. The number of spores produced per unit area of infected
leaf tissue can be enormous, (e.g., a relatively small apothecium can produce several million spores).
The duration and periodicity of sporulation is as important as the number of spores produced [44].
Some pathogens produce an almost continuous crop of propagules, while others may have sporophores
that bear several successive propagules (e.g., Phytophthora spp.). This capacity to produce a steady
stream of infectious propagules over a prolonged period of time is advantageous to the pathogen [43].
Following initial primary infection on a suitable susceptible host plant, pathogens may undergo
secondary spread to the same or new host plant species within the same location or to new hosts
in another location. The transmission of a pathogen is highly dependent on its ability to produce
numerous spores or infectious propagules under favorable environmental conditions that are dispersed
and then deposited in a viable condition on a susceptible host plant under conditions conductive
for infection. In many cases, pathogens also possess mechanisms to survive between periods of
unfavorable environmental conditions (through formation of resting structures).

In nature, organisms can move or be transferred over short and large distances. Stratified dispersal,
a two-scale dispersal process of combined short-distance, continuous dispersal, and discontinuous,
long-range dispersal, is a major driver of spread dynamics [45]. Where long-distance dispersal events
are normally rare, but facilitated by inadvertent human transport, they can cause much greater rates of
spread than that which would normally occur with short-range dispersal since populations jump well
ahead of the advancing invasion front [13]. Subsequently, isolated populations become established far
from the moving population front, and will grow and eventually coalesce with the source population
to significantly advance the population front.

Plant pathogens typically disseminate through direct transmission and indirect (passive)
transmission (Table 1). With direct transmission, pathogen dispersal occurs intrinsically alongside
seeds (germinative) and/or other plant parts (vegetative). Indirect transmission may be autonomous,
by wind, water, insect, or mammalian vectors, and human-mediated. Many pathogens are dispersed
by more than one mechanism. The importance of understanding these organismal traits and how
they affect spread dynamics is essential for preventative and predictive actions. For example, during
Pest Risk Assessment (PRA) the likelihood of pathogen spread within an importing country or region
considers such factors like the dispersal potential as it relates to the pathogen’s reproductive potential
(rated by the presence of multiple generations per year or growing season, and the relative number
of offspring or propagules per generation), the pathogen’s inherent mobility (e.g., rapid movement),
and external dispersal facilitation modes (e.g., the presence of natural barriers or enemies, and
dissemination enhanced by wind, water, vectors, or human assistance).
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Table 1. Dispersal mechanisms of plant pathogens.

Mechanism Description

Autonomous
transmission

This dispersal mechanism is characterized by continuous and persistent growth of hyphal
strands that can migrate independently through the soil from plant to plant, quite characteristic
of soil fungi (e.g., Armillaria spp.). Dispersal can range from a few cm to several meters per year.

Wind

Most fungal pathogens that produce spores or conidia externally on host surfaces are easily
carried by wind currents (e.g., downy and powdery mildews, rust fungi). Fungal spores behave
as inert particles, with terminal velocities ranging from about 0.05 to 2.5 cm per second, with the
larger spores falling more rapidly than smaller ones. Turbulence redistributes spores and affects
their progressive dilution with increasing distance from its source [43]. With normal wind and
turbulence conditions, spores can travel large distances (from several hundred meters
to kilometers)

Water

Except in the case of streams or rivers that may carry inoculum, water is usually less effective
than wind for long-distance dissemination. Rain splash or splatter during heavy rains can
locally distribute inoculum on or around the same or neighboring plants. Similarly, rain or
irrigation water that moves either through the soil or on the soil surface can disseminate
pathogen propagules.

Vectors

Some plant pathogens cannot be directly transferred from one plant to another and require a
completely unrelated species to act as a vector. Many insects have piercing and sucking
mouthparts that penetrate the plant surface and facilitate the transmission and inoculation of
host plants (e.g., Dutch elm disease caused by Ophiostoma ulmi or O. novo-ulmi growing within
the egg galleries of Scolytus bark beetles, contaminating emerging adults; Laurel wilt caused by
Raffaelea lauricola transmitted by species of ambrosia beetles). Thus, vector-transmitted
pathogens are usually transferred to the host with great efficiency and play a major role in the
infection lifecycle. Some insects cause wounding of plant tissue through which plant pathogens
can enter secondarily. Other vectors of pathogens may include nematodes or mammals that may
transmit diseases both externally and internally. Most vectors of forest pathogens are usually,
but not always, insects, and are sometimes referred to as alternate hosts or as having
‘hitchhiking’ dispersal. Hitchhiking dispersal is favored by typical fungal features such as
inconspicuousness, and the production of numerous small propagules [46].
For vector-dependent fungi, if no alternate host exists, the infection cycle is broken.

Human

Plant diseases are often dispersed through human-mediated, extra-range dispersal typically
through transportation of infected propagative material (e.g., seed, nursery stock, timber, plant
products, or soil), or through mishandling or contamination of healthy plants or plant parts
during cultivation practices. Organismal spread may be complicated by multiple introductions
(genotypes) from multiple sources to multiple locations [7,47].

2. Host Factors

2.1. Diversity

Most studies recognize that plant diversity can affect disease prevalence and spread through the
direct effect of host density (plant species richness) on the transmission of plant pathogens and the role
that plant diversity has in influencing host density through, for example, competition (e.g., [48,49]).
Although most plant species are susceptible to infection and damage by one or more pathogens, some
species or individuals may exhibit different degrees of susceptibility [50]. For example, within the
genus Fraxinus, there is large variation between species in susceptibility to the ash dieback pathogen
Hymenoscyphus fraxineus [51,52] (see Section 3.1 Case studies), and large genotypic effects in susceptibility
among individuals of European ash (Fraxinus excelsior L.) [53]. Similarly, R. lauricola affects several
members of the laurel family (Lauraceae) in the USA though lethal damage is most prominent on only
a few native hosts including red bay (Persea borbonia (L.) Spreng. sensu stricto [42,54]).
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In ecological communities, a high diversity of plant species usually contributes to maintaining
the functional integrity of the ecosystem (’insurance hypothesis’; e.g., [55]). As different species show
varying responses to a specific pathogen, a high species diversity will act as a sort of buffer, diluting the
effects of the pathogen on the ecosystem (‘diversity-disease hypothesis’ or ‘dilution hypothesis’; [56,57]).
When pathogen transmission is density dependent or where the host range is narrow, biodiversity
can alter infection prevalence through a change in the absolute abundance of important hosts and any
associated vectors [58]. For example, a non-host species may reduce the probability of encountering
hosts and therefore lessening opportunities for healthy susceptible individuals to become infected [56].
Similarly, in the case of an environmentally transmitted disease, added species abundance can reduce
the probability that contact between individuals lead to transmission, thereby leading to the idea of
encounter reduction [56,59]. In contrast, if added species function as alternative sources of infection,
or serve as a source for increased vector activity, disease prevalence may subsequently increase [56].
Thus, host biodiversity can largely influence disease spread through interspecific variability in suitable
host species. At the same time, a mixture of species including non-hosts, competent hosts (i.e., with a
high effectiveness of passing on infection), and less competent hosts, may intercept inoculum and also
reduce the spread of a pathogen [48].

Monocultures of host species, despite a few exceptions, are highly susceptible to epidemics of
invasive pathogens because of the lack of intraspecific host diversity [49,50]. Moreover, hosts in
high quantity and density, as observed in monocultures, mean reduced distance to which inoculum
must traverse to spread between plants, consequently increasing pathogen transmission [59]. This is
particularly relevant for competent hosts on which the pathogen may readily produce inoculum.
In humans, when transmission of a specialist pathogen is density-dependent, theory predicts a minimal
density of the host population below which the pathogen becomes extinct (‘crowd disease’, [60]).
In mixed communities, density-dependent disease dynamics confer an advantage to uncommon species
which benefit from a lower enemy pressure (‘rare-species advantage’; [61]) and may, therefore, increase
in incidence. Examples where host density has affected the spread of an invasive forest pathogen
include the beech bark disease involving the exotic beech scale insect Cryptococcus fagisuga Lind. and
the exotic fungus Neonectria coccinea var. faginata (Pers.) Fr. in North America. Morin et al. [62] showed
that about 100 years after its first detection the disease had invaded most regions where American
beech (Fagus grandifolia Ehrh.) is a dominant component of stands, but not the regions where the host
occurs at low densities. Noteworthy, a study conducted in northern Maine showed that the disease
epidemic is also influenced by climatic conditions (e.g., winter temperatures) which affect the survival
of the insect vector [63]. A host-density dependent disease dynamic was also revealed using a model
by Hatala et al. [64] for the invasive white pine blister rust Cronartium ribicola J.C. Fisch in the forests
of the Greater Yellowstone Ecosystem. In general, these examples among others suggest that the risk
of disease is lower if the competent host for the invasive pathogen comprises a small fraction of the
overall diverse host community.

The above discussed points may, however, not strictly apply to invasive pathogens infecting a
wide range of host species (i.e., polyphagous or generalist pathogens). In such case, the “insurance
hypothesis” can fail and hosts driving the epidemics seem to be decisive. Weste et al. [65] showed
that in the major types of forest and woodland of the Grampians (Western Australia) the activity of
the generalist root pathogen Phytophthora cinnamomi Rands. in certain cases resulted in important
changes in species composition and community structure. The high functional diversity of the local
ecosystems could not prevent the spread of this invasive oomycete. In mixed forests of coastal
California, the spread of P. ramorum, the causal agent of Sudden Oak Death, is driven by foliar hosts,
on which this polyphagous pathogen sporulates [66]. These so-called ‘reservoir hosts’ showing only
cryptic or asymptomatic infections but acting as a source of inoculum for other hosts may be difficult
to predict and can also play a major role in the epidemic of invasive pathogens. This, for example, is
also the case for the invasive Rhododendron ponticum and P. ramorum and P. kernoviae in the UK [67], and
for non-beech hardwood hosts (e.g., Acer rubrum L.) and bark beech disease in North America [68].
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2.2. Connectivity

The spatial structure of the host population influences the spread of invasive pathogens both
at the local (forest stand) and regional (landscape) scale [69,70]. In a forest stand, the epidemic
spread rates are driven by the contacts between infected and healthy hosts or between vectors and
infected/healthy hosts [71]. Both types of contact strongly depend on host density, which, in mixed
forests, may vary significantly. Frequently, hosts show a clumped (aggregated) distribution, with a
‘patch phase’ (i.e., higher than average host density) and a ‘gap phase’ (i.e., lower than average host
density) [59]. For pathogens spreading via active vectors (e.g., insects), the spatial heterogeneity of
hosts can hinder the advance of the vector and/or physically separate the pathogen from the vector
and consequently limit the spread of the disease [72,73]. Similarly, if the host heterogeneity scales at
distances over which a pathogen is transmitted, a spatial variation in host density may constrain the
spread of pathogens that rely on passive vectors (e.g., wind, water).

At the landscape scale, invasive pathogens generally first colonize areas with continuous forests
and then, eventually, isolated (scattered) forest stands or trees (e.g., chestnut blight, see Section 3.2 Case
studies). A scattered distribution of hosts does not always allow them to escape infection. For instance,
although butternut (Juglans cinerea L.) in North America usually occurs as scattered individuals
or in small groups in deciduous and mixed forests, it could not escape infection by the invasive
canker pathogen Ophiognomonia clavigignenti-juglandacearum (N.B. Nair, Kostichka & J.E. Kuntze)
Broders & Boland, which was dispersed over longer distances by beetle vectors and infected seeds [74].
Similarly, a fragmented distribution of some white pines (e.g., Pinus strobiformis Engelm.) in western
North America could only retard, but not prevent their infection by the white pine blister rust fungus
C. ribicola [75]. When hosts are scattered, landscape connectivity (i.e., how the landscape structure
facilitates or impedes the disease spread among patches [76]) plays an important role for disease spread.
Such connectivity is strongly related to landscape structure, which, as shown by Real and Biek [77]
for rabies, can present two possibilities; namely individuals aggregated over a uniform landscape
or individuals assorted by the environment into different spatial locations. This second possibility
most likely applies to trees whose distribution is mainly shaped by environmental features [78].
Although most studies on the influence of landscape heterogeneity on disease dynamics have focused
on agricultural systems, frequently using simulation models (e.g., [76]), in recent years the interest in
how landscape features affect the spread of forest pathogens has increased considerably (landscape
pathology; [70]). Several investigations have dealt with the spread of P. ramorum in coastal California.
For example, Condeso and Meentemeyer [28] showed that the effect of forest fragmentation on disease
severity is scale-dependent. In another study, Ellis et al. [79] demonstrated that environmental variables
were relatively more important than landscape connectivity in shaping the spatial pattern of Sudden
Oak Death. Filipe et al. [29] found that host-free barriers would contain the spread of P. ramorum for a
significantly long time only if combined with additional buffers (e.g., topographic conditions).

In a landscape still not completely colonized by an invasive pathogen, the connectivity may be
increased by additional introductions, which also have the potential to introduce new genotypes [80,81],
or by insect vectors that may actively or passively spread the pathogen over long distances.
Fusarium circinatum Nirenberg and O’Donnell, the causal agent of pitch canker, is a potentially
dangerous invasive pathogen in pine (Pinus sp.) forests in Europe. Möykkynen et al. [82] modeled the
rate of spread of F. circinatum as a function of several factors, among which included host distribution
and flight distance of insect vectors. Their model showed that because of the short distance at which
spores are dispersed and the fragmentation of pine forests, unless there will be new introductions, the
pathogen will most likely not spread to northern Europe. In a broader sense, one of the main reasons
for the increasing number of invasive pathogens which are spread around the planet is the high global
connectivity through transportation and trade networks [5–7].
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2.3. Susceptibility

Intraspecific variability in host susceptibility is a main source of heterogeneity controlling the
trajectory of a disease epidemic [83]. The susceptibility of a host to a specific pathogen’s transmission,
maintenance, and proliferation is influenced by physical host traits (e.g., size, morphology), external
factors (e.g., availability of nutrients, local microclimate, topography), and, of course, the genetic host
background [49,84]. Tree size, which often correlates with tree age, may show a contradictory effect on
host susceptibility. Frequently, the impact of invasive pathogens is greater on larger trees, probably
because of the larger contact area available for the pathogen and its vectors and/or traits correlated
with age (e.g., vigor; [57,85]). A study by Jules et al. [25] indicated that in Oregon and California
large Port Orford cedars (Chamaecyparis lawsoniana (A. Murray) Parl.) located in close proximity of
streams and roads were more likely to be killed by the invasive oomycete Phytophthora lateralis Tucker
& Milbrath. According to that study, high susceptibility was due to the larger root systems and
the position of the trees which allowed the roots to reach the water and, thus, be a good target for
waterborne zoospores. On the other hand, in Europe the impact of oak (Quercus sp.) powdery mildew
caused mainly by the invasive fungus Erysiphe alphitoides Griffon & Maublanc seems to be more severe
on seedlings, particularly in natural regeneration, than on adult trees [86]. Age-related susceptibility
has also been documented for Ophiostoma novo-ulmi (Brasier) causing Dutch elm disease on Ulmus spp.,
whereby younger trees, possessing smaller diameter vessels, are generally more tolerant [87].

Host population genetic diversity appears to play an important role in buffering populations
against disease epidemics [88]. In fact, empirical observations and modeling studies indicate that in a
population of a host species intraspecific genetic diversity represents the best insurance against
pathogens [89]. According to Garrett and Mundt [90], a mixture of host genotypes reduces a
disease in three ways: first, the presence of less susceptible/resistant genotypes dilutes the inoculum;
second, less susceptible/resistant genotypes represent a physical barrier for inoculum deposition;
and third, the potential for induced host resistance is increased. Monocultures of genetically
similar or identical (clones) trees are usually highly susceptible to invasive pathogens (the so-called
’monoculture effect’ earlier mentioned; [91,92]). Numerous examples worldwide support this general
assumption, including plantations of Pinus radiata D. Don in the Southern hemisphere affected by
needle blight (Dothistroma septosporum (Dorog.) Morelet) [93] or Eucalyptus spp. plantations in
south-east Asia which are susceptible to leaf, bud, and shoot blight caused by Teratosphaeria destructans
(M.J. Wingf. & Crous) [94]. Increased host susceptibility to infectious parasites may also be due
to reduced individual-level and population-level genetic heterozygosity, which may increase the
occurrence of inbreeding [95,96].

Usually, in the initial phase of an invasive pathogen epidemic, either resistance in the host
population is completely lacking or resistant host genotypes are at too low of a frequency to reduce the
effects of the pathogen [97,98]. Successively, the continued exposure to the pathogen will select for less
susceptible host genotypes, which will increase in frequency. However, if the impact of an invasive
pathogen is extreme with large-scale mortality within a relatively short-time frame, host resistance may
never evolve due to rapid elimination of the host species. In forest trees, large differences in generation
times may also be a disadvantage for developing resistance to invasive pathogens. As stated by
Aegerter and Gordon [97], for such a directional selection to be successful, young individuals in a
population have to be challenged by a pathogen after the stage where the physiological mechanisms
for resistance can be operative. The same authors showed that in Pinus radiata different mechanisms of
resistance against Fusarium circinatum are active in seedlings and adult trees. Still, benefits deriving
from a genetically diverse host population may also depend on the genetic diversity of the pathogen
population [99].
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3. Case Studies

Following initial introduction and establishment, spread rates for alien forest pathogens
are typically slower than alien insect pests due in part to dispersal mechanisms. The following
two examples of invasive forest pathogens serve to illustrate their spread post-introduction and
establishment and their effects on local ecosystems.

3.1. Ash Dieback

The invasion of the ash dieback pathogen Hymenoscyphus fraxineus (Table 2) into Europe and
its subsequent spatial spread to most European countries throughout the natural distribution
range of native Fraxinus species can been characterized by relatively slow spread dispersal by
airborne spores, coupled with some few pulsed events involving long-distance establishment via
anthropogenic means within or ahead of the invasion boundary namely through—then, unknowing
or naïve movement of nursery stock from commercial nurseries within or outside already-infested
areas [100,101]. Ash dieback has had variable recognizable consequences, partially driven by both
the known and still unknown or unrecognized importance of the species from a forestry or nature
conservations perspective. Mitchell et al. [102] suggest that the disease could have wide-ranging
ecological implications particularly for obligate-associated organisms to ash and the indirect effect
of the disease on nutrient cycling in woodland ecosystems. Baseline information on tree species
contributions to ecosystem functions is necessary in order to determine actual short-term impacts on
light penetration, nitrogen cycling, and primary production, long-term impacts involving interactions
with other abiotic or biotic stress factors, and any compensatory effects of other tree species in the
post-epidemic/decline phase.

Spread rates for ash dieback have been difficult to accurately track due to the lag time in reporting
disease presence in various countries. However, where good records have been kept, mean spread
rates have ranged between 30 and up to 75 km per year [103]. Regular monitoring of disease presence
at the onset of its introduction to Norway initially gave an annual mean spread rate of 30 km, but
then it increased rapidly in subsequent years averaging more than 50 km per year [104]. In Sweden,
the disease was observed already in 2001 in only a few places and within just a few years, the occurrence
of ash dieback was reported on trees of all age classes throughout the natural distribution range of
F. excelsior in that country [105]. By 2010, ash was added to the Swedish Red-List with vulnerable
status, and recently elevated to critically endangered status considered to be at high risk of extinction
in the wild.

Some factors contributing to variable rates of disease spread among countries may be due
to large differences in natural geographic barriers that may limit natural dispersal, the length of
growing (and hence sporulation) seasons, fragmented distribution and density of the host species
throughout Europe, between and within-season fluctuations in optimal climate conditions, and
stratified dispersal also involving the import or transfer of diseased plants which resulted in large
jumps ahead of the advancing infection front. Within the nearly 20 years since damage was first
reported in Lithuania and Poland, the pathogen has spread throughout most of western and eastern
Europe where native Fraxinus spp. are growing. Within this region, the large majority of native ash
species (especially F. excelsior) are highly susceptible, and some non-native species planted within
the zone of infestation also exhibit moderate to high susceptibility. Fortunately, a small proportion
(<5%) of the natural population has shown better tolerance to the disease, which offers the potential to
revitalize and restore forest and urban landscapes through breeding for resistance [53].
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3.2. Chestnut Blight

Chestnut blight caused by the fungus Cryphonectria parasitica (Table 2) is most likely the
best-known example of an invasive forest disease in Europe and North America. After its first
discovery, the pathogen rapidly colonized the whole geographic range of the susceptible host species
in the two continents. In eastern North America, the fungus spread at a rate of more than 30 km
per year throughout the approx. 800,000 km2 of native American chestnut forests [106]. In some
stands, C. dentata accounted for more than 50% of the basal area of standing trees and was the canopy
forming species [107]. Within 50 years, this species was confined to the understory, with significant
ecological and economic consequences [108]. This dramatic course of the epidemic was favored by
the high susceptibility of American chestnut to the introduced pathogen [109]. Nevertheless, it is still
not clear whether the low genetic diversity of C. dentata compared to that of the congeneric species is
the result or also a cause of the species decline due to chestnut blight [110]. Recent population genetic
analyses [111] showed that the initial introduction of C. parasitica into North America occurred from
the main Japanese island Honshu. Later on, the fungus was also introduced from other Japanese
regions, China, and Korea. Introductions into Europe occurred both from North America (into
Italy) and Asia (into south-western France) [111]. Although European chestnut is slightly less
susceptible to C. parasitica than the American chestnut, the spread of the pathogen on the European
continent was also rapid. Thirty years after its first detection, the disease was reported in the main
chestnut growing areas of Europe and to date chestnut blight is widespread throughout most of
the distribution range of C. sativa [112,113]. The presence of important geographic barriers and the
sometimes scattered distribution of chestnut stands could only slow down, but not stop the spread
of the pathogen. For instance, in Switzerland chestnut blight was first observed south of the Alps
in 1948 [41]. About forty years later, despite the potential barrier represented by the Alps and the
adoption of quarantine regulations, the disease also appeared in the scattered stands north of the Alps.
The host connectivity in Europe has likely increased through several introduction events targeting
different regions, which unintentionally propagated C. parasitica via infected plant material.

Due to the unexpected appearance and spread of natural hypovirulence within the C. parasitica
population, however, consequences of chestnut blight in Europe were less dramatic than in North
America. European chestnut stands, in spite of a high disease incidence, have survived the epidemics
and are still successfully fulfilling their important ecological and cultural functions. Nevertheless,
differences in the success of biocontrol by hypovirulence exist among chestnut-growing regions, which
may be explained by several factors, including the diversity of the local C. parasitica population in
terms of vegetative compatibility (vc) types, the subtype of the occurring hypovirus, the presence of
adequate vectors, management practices, and variable environmental conditions [113,114].

In eastern North America, biological control has failed nearly completely due to the high vc
type diversity of the local C. parasitica populations and the high susceptibility of C. dentata to the
pathogen [114]. To increase the chance of establishment of the hypovirus, transgenic C. parasitica strains
which transmit the hypovirus also to the sexual spores (ascospores), as well as super hypovirus donor
strains, have been recently used [115,116]. The success of these fungal strains in the field, however,
still needs to be demonstrated. From the host side, blight-resistant chestnut trees have been obtained
by backcrossing the resistance to C. parasitica of the Chinese chestnut into the genome of the American
chestnut [117]. Recently, a chestnut tree with an increased resistance to chestnut blight was also created
using a transgenic approach [118].
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Table 2. Main characteristics of the two invasive forest pathogens causing ash dieback
(Hymenoscyphus fraxineus) and chestnut blight (Cryphonectria parasitica).

Common Name Ash Dieback 1 Chestnut Blight 2

Causal agent
Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz,
Hosoya, comb. nov. (Family Helotiaceae, Order Helotiales,
Class Leotiomycetes)

Cryphonectria parasitica (Murr.) Barr (Family
Cryphonetriaceae, Order Diaporthales,
Class Sordariomycetes)

Host species

Major: genus Fraxinus, in particular European ash
(F. excelsior), Narrow-leafed ash (F. angustifolia); Black ash
(F. nigra); Green ash (F. pennsylvanica); White ash
(F. americana); Tianshan ash (F. sogdiana), and Blue ash
(F. quadrangulata)
Minor 3: Manna ash (F. ornus); Chinese ash (F. chinensis),
Manchurian ash (F. mandschurica), Texas ash (F. albicans),
Oregon ash (F. latifolia), Spaeth’s ash (F. platypoda),
Pumpkin ash (F. profunda), and Velvet ash (F. veluntina).

Major: genus Castanea, in particular American chestnut
(C. dentata), European chestnut (C. sativa), Japanese
chestnut (C. crenata), and Chinese chestnut
(C. mollissima);
Minor (incidental): Quercus spp., Acer spp.,
Carpinus betulus, Castanea pumila

Symptoms

Necrotic lesions on leaflets expanding preferentially
along leaf veins, and on leaf rachises; leaf wilting;
premature leaf abscission; necrosis of buds, perennial
necrotic lesions (cankers) on the bark of twigs, branches,
and stem; brown discoloration of xylem; dieback of
crown; prolific formation of epicormics shoots; basal
stem necrosis

Perennial necrotic lesions (cankers) on the bark of
above-ground woody parts (stem, branches) of host
plants. The plant part distal to the infection point
may wilt.

Spread
mechanism

Sexual spores (ascospores) for short- (local), medium-,
and potentially long-distance spread; Over long
distances via movement of latently infected plants or
plant material

Over short distances mainly via splash dispersed
asexual spores (conidia); Over long distances via
sexual ascospores or latently infected plants or
plant material.

Mating system Random mating, heterothallic, outcrossing Mixed with outcrossing and self-fertilization occurring
at variable frequencies.

Native range Eastern Asia (China, Korea, Japan, Far East Russia) Eastern Asia (China, Japan, Korea).

Invaded range Europe North America, Europe.

First detection Early 1990s (Lithuania, Poland) 1904 (North America), 1938 (Europe).

Introduction
pathway

Primary pathway for introduction through nursery stock
of latently infected plants (e.g., Manchurian ash
F. mandshurica) for planting

Most likely infected plants for planting (probably
Castanea crenata).

Primary dispersal
pathway

Wind-dispersed spores (seasonal—between June and
September); movement of infected plants or
plant material.

Spores (spontaneous dispersal), infected plant material
(e.g., plants for planting, wood with bark).

Mean dispersal
rates

30 km per year (Norway)
50–60 km per year (Italy)
75 km per year (from east Poland to Switzerland)

In North America, 37 km per year.
In Europe (Italy), 29 km per year.

Control

Breeding for resistance through traditional screening and
selection of disease tolerant genotypes from
wild populations.
Chemical and biological treatments have been tried on
an experimental basis with varied efficacy.

North America: breeding for resistance by
backcrossing blight-resistant Chinese chestnut into the
American chestnut genome; Transgenic fungal strains
and chestnut trees.
Europe: biocontrol by a mycovirus in the family
Hypoviridae (Cryphonectria hypovirus 1, CHV-1) which
reduces both virulence and sporulation of the infected
fungal strain (phenomenon called hypovirulence);
Hybrids between C. sativa and C. crenata.

1 Based on [51,52,103,119–129]; 2 Based on [41,106,108,111–113,115–118]; 3 Based on known reports and confirmation
of pathogen presence on symptomatic trees and/or few to no disease symptoms but support development of
ascomata on leaf rachises.

4. “The Way Forward”

The study of invasive species epidemiology will continue to be important in the future as new
introductions associated with anthropogenic activity and novel plant-organismal interactions will
inevitably continue to cause disease epidemics around the globe. Despite recent advances in our
understanding of pathways for biological introductions and factors contributing to emerging invasive
diseases, much remains to be learned. Here, we mention some future challenges and research priorities
which are strongly related to the spread of invasive forest pathogens.
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4.1. Host Diversity Threshold

As mentioned above, diversity of plant species can strongly influence the spread of invasive forest
pathogens by modifying the relative abundance of host species. In particular, a high species diversity
negatively affects the spread of pathogens with a limited host range or whose transmission is density
dependent. Thus, we could imagine that in a forest a threshold of tree species diversity may exist,
above which an invasive pathogen may not be able to become established and spread. Determining
the diversity threshold of a given pathosystem toward specific invasive pathogens would be of great
value for estimating the potential vulnerability of ecosystems. An eventual high vulnerability could be
reduced by introducing new, possibly non-host or less susceptible, tree species. Although this approach
may be difficult to apply to already existing natural forests, it could be adopted when establishing
new artificial forests. As shown by studies conducted with agricultural crops (e.g., [73,130]), not
only plant diversity but also the spatial organization of the host species may influence the spread of
pathogens. Therefore, when introducing additional plant diversity, host spatial heterogeneity should
also be created.

A similar ‘diversity threshold’ approach could also target the intraspecific genetic diversity of
the host. Although it is known that a high genetic variation within a specific host represents the best
insurance against pathogens, only a few studies have examined the rate of spatial spread of invasive
forest pathogens as a function of the genetic diversity of the host population. In particular, almost no
information is available about how much host genetic diversity is needed for the effects to be realized,
specifically for the spread of a pathogen to be reduced and less susceptible host genotypes to emerge.

4.2. Spread Dynamics

Predicting the spread dynamics (e.g., when the invader will arrive at a specific location, from
where it will arrive) of an invasive pathogen after its establishment in a new area is of importance
for developing and applying effective management strategies. In recent years, network theory has
started to be used to model the epidemiology of plant pests and diseases (e.g., [131]). For example,
Ferrari et al. [132] developed a dynamic network model for analyzing the spread of the invasive
phloem-boring pest Adelges tsugae Annand (hemlock woolly adelgid) in the eastern United States.
They showed that this kind of model, which allows connections to change through time, can provide
valuable information about the spatio-temporal dynamics of invasion processes. Harwood et al. [31]
developed a simulation model of the P. ramorum epidemic development in the UK which included
information on the spatial distribution of hosts and a realistic network of plant trade. For several
reasons (e.g., heterogeneity of the landscape, patchiness of host distribution, and environmental
conditions; [131]), however, network theory is still poorly applied to invasive pathogens in forest
ecosystems [133]. In the future, approaches combining network analysis with landscape genetic
analyses [134], monitoring data (e.g., host distribution in the target region), and realistic network data
(e.g., plant trade) should become a standard tool for predicting (and reconstructing) the spread of
invasive plant diseases.

4.3. How to Slow the Spread

The eradication of invasive forest pathogens post-establishment is difficult and has been rarely
achieved [135]. For example, in the case of ash dieback, photographic evidence suggests the disease
likely had reached an epidemic level by the time conspicuous symptoms were formally documented
and had been noticed by foresters in the mid-1990s. Therefore, slowing the spread may be a more
realistic objective. A premise for such a goal to be reached is the early detection of a pathogen by
optimizing the monitoring strategies (for a modeling approach, see e.g., [136]). Once an invasive
pathogen is detected, the ability to actually slow down its spread and the type of management
strategy to be adopted will vary between pathogen species due to differences in their infection biology.
However, any attempts to minimize the spread and impact of invasive pathogens must ideally consider
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all factors that influence their dispersal, population growth, or a combination of both. For example,
long distance dispersal events (frequently mediated by human activity) bringing a pathogen ahead of
the actual advancing front of the epidemic, even if difficult to predict, are an important determinant
of spread rates. Hence, even smaller efforts aimed at minimizing long-distance dispersal can greatly
reduce pathogen spread [137]. Among possible approaches to be considered, potential strategies might
include optimizing pathogen detection/diagnostics and biosurveillance monitoring [138], reducing
landscape connectivity and susceptibility by adopting adequate land-use strategies (e.g., promoting
increased diversity in mixed plantations instead of monocultures), or, in particular for soil borne
pathogens, careful management of routine operations, recreation activities, and machinery traffic in
and around known infested areas.

4.4. Evolution of Invasive Forest Pathogens

Invading populations are faced with new environmental conditions to which they have to
respond rapidly [139,140]. In the case of invasive forest pathogens, changes in the selective regime
(e.g., increased selection for adapted genotypes) compared to the native range, combined with intrinsic
characteristics (e.g., genetic diversity) of the invading population may influence the dynamic of an
epidemic. It is easy to predict that adaptations in response to invasions will also affect the dispersal
ability of a pathogen, thereby introducing uncertainty in the prediction of the rate of its range expansion.
Additional uncertainty may be provided by the ability of some pathogens to overcome the so-called
’host species barrier‘ and infect a new host (‘host jump’; [141]), which could accelerate the spread and
amplify the consequences of an invasion. Similarly, hybridization events of an established invasive
pathogen with native or other similar invasive species [46] could originate new, rapidly-spreading
invasive species. Unfortunately, both host jumps and hybridization events of invasive species are
particularly difficult to predict. Of importance is also the fact that invading pathogen populations can
also induce evolutionary changes in their host populations. For example, virulent host genotypes may
select for less susceptible host genotypes. Last, but not least, the coevolution of an invasive pathogen
with its new host will also be influenced by the environmental conditions.

5. Conclusions

Understanding the host variability as it is affected by host diversity, host connectivity, and host
genetics (Figure 1) will improve our ability to predict invasion success and potential consequences
to local ecosystem health and services—such as carbon sequestration, nutrient cycling—on which
humans rely. Quite often data related to host species characteristics under various local driver values
(e.g., gradients of temperature, moisture, elevation, human activities) is either lacking altogether,
is fragmented, or has emerged slowly because sampling is too local and often not adequate enough to
apply across a landscape-level [2].

Further complicating our ability to predict and manage disease epidemics is ‘episodic temporal
variation’, where the success of a new invader only coincides with, for example, a disturbance,
or major rainfall event [21]. In addition, changing land-use patterns and changes in climate can and
will continue to influence the range expansion of native species affecting the spread and impact of
introduced non-native species [2]. Continued efforts on the avoidance of new introductions and
recognizing the human factor affecting the emergence of pests and diseases, interdisciplinary research
on emerging invasive diseases, and creative strategies for the mitigation of plant disease impacts in
natural and semi-natural ecosystems, is warranted [6,142].
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51. Cleary, M.; Nguyen, D.; Marčiulynienė, D.; Berlin, A.; Vasaitis, R.; Stenlid, J. Friend or foe? Biological and
ecological traits of the European ash dieback pathogen Hymenoscyphus fraxineus in its native environment.
Sci. Rep. 2016, 6, 21895. [CrossRef] [PubMed]

52. Nielsen, L.R.; McKinney, L.V.; Hietala, A.M.; Kjær, E.D. The susceptibility of Asian, European and North
American Fraxinus species to the ash dieback pathogen Hymenoscyphus fraxineus reflects their phylogenetic
history. Eur. J. Forest. Res. 2016. [CrossRef]

53. McKinney, L.V.; Neilsen, L.R.; Collinge, D.B.; Thomsen, I.M.; Hansen, J.K.; Kjær, E.J. The ash dieback crisis:
Genetic variation in resistance can prove a long-term solution. Plant Pathol. 2014, 63, 485–499. [CrossRef]

54. Hughes, M.A.; Smith, J.A.; Ploetz, R.C.; Kendra, P.E.; Mayfield, A.E., III; Hanula, J.L.; Hulcr, J.; Stelinski, L.L.;
Cameron, S.; Riggins, J.J.; et al. Recovery plan for laurel wilt on redbay and other forest species caused by
Raffaelea lauricola and disseminated by Xyleborus glabratus. Plant Health Prog. 2015. [CrossRef]

55. Mitchell, C.E.; Tilman, D.; Groth, J.V. Effects of grassland plant species diversity, abundance, and composition
on foliar fungal disease. Ecology 2002, 83, 1713–1726. [CrossRef]

56. Keesing, F.; Holt, R.D.; Ostfel, R.S. Effects of species diversity on disease risk. Ecol. Lett. 2006, 9, 485–498.
[CrossRef] [PubMed]

57. Haas, S.E.; Cushman, J.H.; Dillon, W.W.; Rank, N.E.; Rizzo, D.M.; Meentemeyer, R.K. Effects of individual,
community, and landscape drivers on the dynamics of a wildland forest epidemic. Ecology 2016, 97, 649–660.
[CrossRef] [PubMed]

58. Lacroix, C.; Jolles, A.; Seabloom, E.W.; Power, A.G.; Mitchell, C.E.; Borer, E.T. Non-random biodiversity loss
underlies predictable increases in viral disease, prevalence. J. R. Soc. Interface 2014, 11, 20130947. [CrossRef]
[PubMed]

59. Burdon, J.J.; Chilvers, G.A. Host density as a factor in plant disease ecology. Annu. Rev. Phytopathol. 1982, 20,
143–166. [CrossRef]

60. Wolfe, N.D.; Dunavan, C.P.; Diamond, J. Origins of major human infectious diseases. Nature 2007, 447,
279–283. [CrossRef] [PubMed]

61. Parker, I.M.; Saunders, S.; Bontrager, M.; Weitz, A.P.; Hendricks, R.; Magarey, R.; Suiter, K.; Gilbert, G.S.
Phylogenetic structure and host abundance drive disease pressure in communities. Nature 2015, 520, 542–544.
[CrossRef] [PubMed]

62. Morin, R.S.; Liebhold, A.M.; Tobin, P.C.; Gottschalk, K.W.; Luzader, E. Spread of beech bark disease in the
eastern United States and its relationship to regional forest composition. Can. J. For. Res. 2007, 37, 726–736.
[CrossRef]

63. Kasson, M.T.; Livingston, W.H. Relationships among beech bark disease, climate, radial growth response
and mortality of American beech in northern Maine, USA. For. Pathol. 2012, 42, 199–212. [CrossRef]

64. Hatala, J.A.; Dietze, M.C.; Crabtree, R.L.; Kendall, K.; Six, D.; Moorcroft, P.R. An ecosystem-scale model for
the spread of a host-specific forest pathogen in the Greater Yellowstone Ecosystem. Ecol. Appl. 2011, 21,
1138–1153. [CrossRef] [PubMed]

65. Weste, G.; Brown, K.; Kennedy, J.; Walshe, T. Phytophthora cinnamomi infestation—A 24 year study of
vegetation change in forests and woodlands of the Grampians, Western Victoria. Aust. J. Bot. 2002, 50,
247–274. [CrossRef]

115



Forests 2017, 8, 80

66. Davidson, J.M.; Patterson, H.A.; Wickland, A.C.; Fichtner, E.J.; Rizzo, D.M. Forest type influences
transmission of Phytophthora ramorum in California oak woodlands. Phytopathology 2001, 101, 492–501.
[CrossRef] [PubMed]

67. Purse, B.V.; Graeser, P.; Searle, K.; Edwards, C.; Harris, C. Challenges in predicting invasive reservoir hosts
of emerging pathogens: Mapping Rhododendron ponticum as a foliar host for Phytophthora ramorum and
Phytophthora kernoviae in the UK. Biol. Invasions 2013, 15, 529–545. [CrossRef]

68. Kasson, M.T.; Livingston, W.H. Spatial distribution of Neonectria species associated with beech bark disease
in northern Maine. Mycologia 2009, 101, 190–195. [CrossRef] [PubMed]

69. Park, A.W.; Gubbins, S.; Gilligan, C.A. Extinction times for closed epidemics: The effects of host spatial
structure. Ecol. Lett. 2002, 5, 747–755. [CrossRef]

70. Holdenrieder, O.; Pautasso, M.; Weisberg, P.J.; Lonsdale, D. Tree diseases and landscape processes:
The challenge of landscape pathology. TRENDS Ecol. Evol. 2004, 19, 446–452. [CrossRef] [PubMed]

71. Dwyer, G. On the spatial spread of insect viruses: Theory and experiment. Ecology 1992, 73, 479–494.
[CrossRef]

72. Burdon, J.J.; Jarosz, A.M.; Kirby, G.C. Pattern and patchiness in plant-pathogen interactions: Causes and
consequences. Ann. Rev. Ecol. Syst. 1989, 20, 119–136. [CrossRef]

73. Caraco, T.; Duryea, M.C.; Glavanakov, S.; Maniatty, W.; Szymanski, B.K. Host Spatial Heterogeneity and the
Spread of Vector-Borne Infection. Theor. Popul. Biol. 2001, 59, 185–206. [CrossRef] [PubMed]

74. Broders, K.; Boraks, A.; Barbison, L.; Brown, J.; Boland, G.J. Recent insights into the pandemic disease
butternut canker caused by the invasive pathogen Ophiognomonia clavigignenti-juglandacearum. For. Pathol.
2015, 45, 1–8.

75. Brar, S.; Tsui, C.K.M.; Dhillon, B.; Bergeron, M.-J.; Joly, D.L.; Zambino, P.J.; El-Kassaby, Y.A.; Hamelin, R.C.
Colonization History, Host Distribution, Anthropogenic Influence and Landscape Features Shape
Populations of White Pine Blister Rust, an Invasive Alien Tree Pathogen. PLos ONE 2015, 10, e0127916.
[CrossRef] [PubMed]

76. Papaïx, J.; Touzeau, S.; Monod, H.; Lannou, C. Can epidemic control be achieved by altering landscape
connectivity in agricultural systems? Ecol. Model. 2014, 284, 35–47. [CrossRef]

77. Real, L.A.; Biek, R. Spatial dynamics and genetics of infectious diseases on heterogeneous landscapes.
J. R. Soc. Interface 2007, 4, 935–948. [CrossRef] [PubMed]

78. Castello, J.D.; Leopold, D.J.; Smallidge, P.J. Pathogens patterns, and processes in forest ecosystems. Bioscience
1995, 45, 16–24. [CrossRef]

79. Ellis, A.M.; Váklavík, T.; Meentemeyer, R.K. When is connectivity important? A case study of the spatial
pattern of sudden oak death. Oikos 2010, 119, 485–493. [CrossRef]

80. Garnas, J.R.; Auger-Rozenberg, M.-A.; Roques, A.; Bertelsmeier, C.; Wingfield, M.J.; Saccaggi, D.L.; Roy, H.E.;
Slippers, B. Complex patterns of global spread in invasive insects: Eco-evolutionary and management
consequences. Biol. Invasions 2016, 18, 935–952. [CrossRef]

81. Dutech, C.; Fabreguettes, O.; Capdevielle, X.; Robin, C. Multiple introductions of divergent genetic lineages
in an invasive fungal pathogen, Cryphonectria parasitica, in France. Heredity 2010, 105, 220–228. [CrossRef]
[PubMed]

82. Möykkynen, T.; Capretti, P.; Pukkala, T. Modelling the potential spread of Fusarium circinatum, the causal
agent of pitch canker in Europe. Ann. For. Sci. 2015, 72, 169–181. [CrossRef]

83. Jules, E.S.; Carroll, A.L.; Garcia, A.M.; Steenbock, C.M.; Kauffman, M.J. Host heterogeneity influences the
impact of a non-native disease invasion on populations of a foundation tree species. Ecosphere 2014, 5, 1–17.
[CrossRef]

84. Jarosz, A.M.; Burdon, J.J. The effect of small scale environmental changes on disease incidence and severity
in a natural plant pathogen interaction. Oecologia 1988, 75, 78–81. [CrossRef]

85. Smith, J.P.; Hoffman, J.T. Site and stand characteristics related to white pine blister rust in high-elevation
forests of Southern Idaho and Western Wyoming. West. N. Am. Nat. 2001, 61, 409–416.

86. Marçais, B.; Desprez-Loustau, M.-L. European oak powdery mildew: Impact on trees, effects of
environmental factors, and potential effects of climate change. Ann. For. Sci. 2014, 71, 633–642. [CrossRef]

87. Solla, A.; Martín, J.A.; Ouellette, G.B.; Gil, L. Influence of plant age on symptom development in Ulmus minor
following inoculation by Ophiostoma novo-ulmi. Plant Dis. 2005, 89, 1035–1040. [CrossRef]

116



Forests 2017, 8, 80

88. King, K.C.; Lively, C.M. Does genetic diversity limit disease spread in natural host populations? Heredity
2012, 109, 199–203. [CrossRef] [PubMed]

89. Burdon, R.D. Genetic diversity and disease resistance: Some considerations for research, breeding,
and deployment. Can. J. For. Res. 2001, 31, 596–606. [CrossRef]

90. Garrett, K.A.; Mundt, C.C. Epidemiology in mixed populations. Phytopathology 1999, 89, 984–990. [CrossRef]
[PubMed]

91. Pilet, F.; Chacon, G.; Forbes, G.A.; Adrivon, D. Protection of susceptible potato cultivars against late blight in
mixtures increases with decreasing disease pressure. Phytopathology 2006, 96, 777–783. [CrossRef] [PubMed]

92. Zhu, Y.; Chen, H.; Fan, J.; Wang, Y.; Li, Y.; Chen, J.; Fan, J.X.; Yang, S.; Hu, L.; Leung, H.; et al. Genetic diversity
and disease control in rice. Nature 2000, 406, 718–722. [CrossRef] [PubMed]

93. Barnes, I.; Wingfield, M.J.; Carbone, I.; Kirisits, T.; Wingfield, B.D. Population structure and diversity of an
invasive pine needle pathogen reflects anthropogenic activity. Ecol. Evol. 2014, 4, 3642–3661. [CrossRef]
[PubMed]

94. Andjic, V.; Dell, B.; Barber, P.; Hardy, G.; Wingfield, M.; Burgess, T. Plants for planting; indirect evidence for
the movement of a serious forest pathogen, Teratosphaeria destructans, in Asia. Eur. J. Plant Pathol. 2011, 131,
49–58. [CrossRef]

95. Dwyer, G.; Elkinton, J.S.; Buonaccorsi, J.P. Host Heterogeneity in susceptibility and disease dynamics: Tests of
a mathematical model. Am. Nat. 1997, 150, 685–707. [CrossRef] [PubMed]

96. Spielman, D.; Brook, B.W.; Briscoe, D.A.; Frankham, R. Does inbreeding and loss of genetic diversity decrease
disease resistance. Conserv. Genet. 2004, 5, 439–448. [CrossRef]

97. Aegerter, B.J.; Gordon, T.R. Rates of pitch canker induced seedling mortality among Pinus radiate families
varying in levels of genetic resistance to Gibberella circinata (anamorph Fusarium circinatum). For. Ecol. Manag.
2006, 235, 14–17. [CrossRef]

98. Sniezko, R.A. Resistance breeding against nonnative pathogens in forest trees—Current successes in North
America. Can. J. Plant Pathol. 2006, 28, S270–S279. [CrossRef]

99. Ganz, H.H.; Ebert, D. Benefits of host genetic diversity for resistance to infection depend on parasite diversity.
Ecology 2010, 91, 1263–1268. [CrossRef] [PubMed]

100. Freer-Smith, P.H.; Webber, J.F. Tree pests and diseases: The threat to biodiversity and the delivery of
ecosystem services. Biodivers. Conserv. 2015, 1–15. [CrossRef]

101. Heuch, J. What lessons need to be learnt from the outbreak of Ash Dieback Disease, Chalara fraxinea in the
United Kingdom? Arboric. J. 2014, 36, 32–44. [CrossRef]

102. Mitchell, R.J.; Beaton, J.K.; Bellamy, P.E.; Broome, A.; Chetcuti, J.; Eaton, S.; Ellis, C.J.; Gimona, A.; Harmer, R.;
Hester, A.J.; et al. Ash dieback in the UK: A review of the ecological and conservation implications and
potential management options. Biol. Conserv. 2014, 175, 95–109. [CrossRef]

103. Gross, A.; Holdenrieder, O.; Pautasso, M.; Queloz, V.; Sieber, T.N. Hymenoscyphus pseudoalbidus, the causal
agent of European ash dieback. Mol. Plant Pathol. 2014, 15, 5–21. [CrossRef] [PubMed]

104. Børja, I.; Timmermann, V.; Hietala, A.M.; Tollefsrud, M.M.; Nagy, N.E.; Vivian-Smith, A.; Cross, H.;
Sønstebø, H.J.; Myking, T.; Solheim, H. Ash dieback in Norway—Current situation. In Dieback of European
Ash (Fraxinus spp.)—Consequences and Guidelines for Sustainable Management; Vasaitis, R., Enderle, R., Eds.;
SLU Service/Repro: Uppsala, Sweden, 2017; pp. 166–175.

105. Cleary, M.; Nguyen, D.; Stener, L.-G.; Stenlid, J.; Skovsgaard, J.-P. Ash and ash dieback in Sweden: A review
of disease history, current status, pathogen and host dynamics, host tolerance and management options in
forests and landscapes. In Dieback of European Ash (Fraxinus spp.)—Consequences and Guidelines for Sustainable
Management; Vasaitis, R., Enderle, R., Eds.; SLU Service/Repro: Uppsala, Sweden, 2017; pp. 195–208.

106. Roane, M.K.; Griffin, G.J.; Elkins, J.R. Chestnut Blight, Other Endothial Diseases, and the Genus Endothia;
American Phytopathological Society: St. Paul, MN, USA, 1986.

107. Braun, E.L. Deciduous Forests of Eastern North America; Hafner: New York, NY, USA, 1950.
108. Jacobs, D.F. Toward development of silvical strategies for forest restoration of American chestnut

(Castanea dentata) using blight-resistant hybrids. Biol. Conserv. 2007, 137, 497–506. [CrossRef]
109. Graves, A.H. Relative blight resistance in species and hybrids of Castanea. Phytopathology 1950, 40, 1125–1131.
110. Dane, F.; Lang, P.; Huang, H.; Fu, Y. Intercontinental genetic divergence of Castanea species in eastern Asia

and eastern North America. Heredity 2003, 91, 314–321. [CrossRef] [PubMed]

117



Forests 2017, 8, 80

111. Dutech, C.; Barres, B.; Bridier, J.; Robin, C.; Milgroom, M.G.; Ravigne, V. The chestnut blight fungus world
tour: Successive introduction events from diverse origins in an invasive plant fungal pathogen. Mol. Ecol.
2012, 21, 3931–3946. [CrossRef] [PubMed]

112. Heiniger, U.; Rigling, D. Biological control of chestnut blight in Europe. Annu. Rev. Phytopathol. 1994, 32,
581–599. [CrossRef]

113. Rigling, D.; Prospero, S. Cryphonectria parasitica, the causal agent of chestnut blight: Invasion history,
population biology and disease control. Mol. Plant Pathol. 2017. [CrossRef] [PubMed]

114. Milgroom, M.G.; Cortesi, P. Biological control of chestnut blight with hypovirulence: A critical analysis.
Annu. Rev. Phytopathol. 2004, 42, 311–338. [CrossRef] [PubMed]

115. Chen, B.S.; Choi, G.H.; Nuss, D.L. Mitotic stability and nuclear inheritance of integrated viral cDNA in
engineered hypovirulent strains of the chestnut blight fungus. EMBO J. 1993, 12, 2991–2998. [PubMed]

116. Zhang, D.X.; Nuss, D.L. Engineering super mycovirus donor strains of chestnut blight fungus by systematic
disruption of multilocus vic genes. Proc. Natl. Acad. Sci. USA 2016, 113, 2062–2067. [CrossRef] [PubMed]

117. Diskin, M.; Steiner, K.C.; Hebard, F.V. Recovery of American chestnut characteristics following hybridization
and backcross breeding to restore blight-ravaged Castanea dentata. For. Ecol. Manag. 2006, 223, 439–447.
[CrossRef]

118. Newhouse, A.E.; Polin-McGuigan, L.D.; Baier, K.A.; Valletta, K.E.; Rottmann, W.H.; Tschaplinski, T.J.;
Maynard, C.A.; Powell, W.A. Transgenic American chestnuts show enhanced blight resistance and transmit
the trait to T1 progeny. Plant Sci. 2014, 228, 88–97. [CrossRef] [PubMed]

119. Hosoya, T.; Otani, Y.; Furuya, K. Materials for the fungus flora of Japan. Trans. Mycol. Soc. Jpn. 1993, 34,
429–432.

120. Drenkhan, R.; Hanson, M. New host species for Chalara fraxinea. New Dis. Rep. 2010, 22, 16. [CrossRef]
121. Cleary, M.R.; Arhipova, N.; Gaitnieks, T.; Stenlid, J.; Vasaitis, R. Natural infection of Fraxinus excelsior seeds

by Chalara fraxinea. For. Pathol. 2013, 43, 83–85.
122. Luchi, N.; Montecchio, L.; Santini, A. Situation with ash in Italy: Stand characteristics, health condition,

ongoing work and research needs. In Interim Report from Chalara fraxinea, FRAXBACK Meeting in Vilnius,
13–14 November 2012; Mainprize, N., Hendry, S., Weir, J., Eds.; Forestry Commission: Bristol, UK, 2012;
pp. 25–26.

123. Zhao, Y.-J.; Hosoya, T.; Baral, H.-O.; Hosaka, K.; Kakishima, M. Hymenoscyphus pseudoalbidus, the correct
name for Lambertella albida reported from Japan. MycoTaxon 2013, 122, 25–41. [CrossRef]

124. Chandelier, A.; Gerarts, F.; San Martin, G.; Herman, M.; Delahaye, L. Temporal evolution of collar lesions
associated with ash dieback and the occurrence of Armillaria in Belgian forests. For. Pathol. 2016. [CrossRef]

125. Chandelier, A.; Helson, M.; Dvorak, M.; Gischer, F. Detection and quantification of airborne inoculum of
Hymenoscyphus pseudoalbidus using real-time PCR assays. Plant Pathol. 2014, 63, 1296–1305. [CrossRef]

126. Zheng, H.-D.; Zhuang, W.-Y. Hymenoscyphus albidoides sp. nov. and H. pseudoalbidus from China. Mycol. Prog.
2014, 13, 625–638. [CrossRef]

127. Han, J.-G.; Shrestha, B.; Hosoya, T.; Lee, K.-H.; Sung, G.-H.; Shin, H.-D. First report of the ash dieback
pathogen Hymensocyphus fraxineus in Korea. Mycobiology 2014, 42, 391–396. [CrossRef] [PubMed]

128. Kirisits, T.; Schwanda, K. First definite report of natural infection of Fraxinus ornus by Hymenoscyphus fraxineus.
For. Pathol. 2015, 45, 430–432.

129. Marçais, B.; Husson, C.; Godart, L.; Caël, O. Influence of site and stand factors on
Hymenoscyphus fraxineus-induced basal lesion. Plant Pathol. 2016. [CrossRef]

130. Park, A.W.; Gubbins, S.; Gilligan, C.A. Invasion persistence of plant parasites in a spatially structured host
population. Oikos 2001, 94, 162–174. [CrossRef]

131. Jeger, M.J.; Pautasso, M.; Holdenrieder, O.; Shaw, M.K. Modelling disease spread and control in networks:
Implications for plant sciences. New Phytol. 2007, 114, 279–297. [CrossRef] [PubMed]

132. Ferrari, J.R.; Preisser, E.L.; Fitzpatrick, M.C. Modeling the spread of invasive species using dynamic network
models. Biol. Invasions 2014, 16, 949–960. [CrossRef]

133. Moslonka-Lefebvre, M.; Finley, A.; Dorigatti, I.; Dehnen-Schmutz, K.; Harwood, T.; Jeger, M.J.; Xu, X.;
Holdenrieder, O.; Pautasso, M. Networks in plant epidemiology: From genes to landscapes, countries, and
continents. Phytopathology 2011, 101, 392–403. [CrossRef] [PubMed]

134. Biek, R.; Real, L.A. The landscape genetics of infectious disease emergence and spread. Mol. Ecol. 2010, 19,
3515–3531. [CrossRef] [PubMed]

118



Forests 2017, 8, 80

135. Desprez-Loustau, M.-L. The alien fungi of Europe. In Handbook of Alien Species in Europe, DAISIE. Invading
Nature, Series in Invasion Ecology; Drake, J.A., Ed.; Springer: Berlin, Germany, 2009; Volume 3, pp. 15–28.

136. Horie, T.; Haight, R.G.; Homans, F.R.; Venette, R.C. Optimal strategies for the surveillance and control of
forest pathogens: A case study with oak wilt. Ecol. Econ. 2013, 86, 78–85. [CrossRef]

137. Liebhold, A.M.; Tobin, P.C. Exploiting the Achilles Heels of Pest Invasions: Allee Effects, Stratified Dispersal
and Management of Forest Insect Establishment and Spread. N. Zeal. J. For. Sci. 2010, 40, S25–S33.

138. Homans, F.; Horie, T. Optimal detection strategies for an established invasive pest. Ecol. Econ. 2011, 70,
1129–1138. [CrossRef]

139. Hänfling, B.; Kollmann, J. An evolutionary perspective of biological invasions. TRENDS Ecol. Evol. 2002, 17,
545–546. [CrossRef]

140. Lee, C.E. Evolutionary genetics of invasive species. TRENDS Ecol. Evol. 2002, 17, 386–391. [CrossRef]
141. Woolhouse, M.E.J.; Haydon, D.T.; Antia, R. Emerging pathogens: The epidemiology and evolution of species

jumps TRENDS Ecol. Evol. 2005, 20, 238–244.
142. Desprez-Loustau, M.-L.; Courtecuisse, R.; Robin, C.; Husson, C.; Moreau, P.-A.; Blancard, D.; Selosse, M.-A.;

Lung-Escarmant, B.; Piou, D.; Sache, I. Species diversity and drivers of spread of alien fungi (sensu lato) in
Europe with a particular focus on France. Biol. Invasions 2010, 12, 157–172. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

119



Article

Pre-Infection Stages of Austropuccinia psidii in the
Epidermis of Eucalyptus Hybrid Leaves with
Different Resistance Levels

Renata Ruiz Silva 1, André Costa da Silva 2, Roberto Antônio Rodella 3, José Eduardo Serrão 4,

José Cola Zanuncio 5 and Edson Luiz Furtado 1,*

1 Departamento de Produção Vegetal, Faculdade de Ciências Agronômicas–UNESP, Botucatu 18610-307,
São Paulo, Brasil; renatatibs@gmail.com

2 Departamento de Fitopatologia, Universidade Federal de Viçosa, Viçosa 36570-900, Minas Gerais, Brasil;
andrec_agro@yahoo.com.br

3 Departamento de Botânica, Instituto de Biociências de Botucatu–UNESP, Botucatu 18618-000,
São Paulo, Brasil; rodella@ibb.unesp.br

4 Departamento de Biologia Geral, Universidade Federal de Viçosa, Viçosa 36570-900, Minas Gerais, Brasil;
jeserrao@ufv.br

5 Departamento de Entomologia/BIOAGRO, Universidade Federal de Viçosa, Viçosa 36570-900,
Minas Gerais, Brasil; zanuncio@ufv.br

* Correspondence: elfurtado@fca.unesp.br; Tel.: +55-31-3899-2924

Academic Editors: Matteo Garbelotto and Paolo Gonthier
Received: 25 July 2017; Accepted: 20 September 2017; Published: 17 October 2017

Abstract: Rust is a major Eucalyptus spp. disease, which is especially damaging for early-stage plants.
The aim of this study was to verify the pre-infection process of Austropuccinia psidii (A. psidii) in the
leaves of three phenological stages of Eucalyptus clones with different resistance levels. Plants from the
hybrids of Eucalyptus urophylla × Eucalyptus grandis (E. grandis) with variable levels of resistance to this
disease were used. The pathogen was inoculated in vitro on abaxial leaf discs of first, third, and fifth
leaf stages and maintained under conditions suitable for disease development. Subsequently, samples
from these discs were collected 24 and 120 h after inoculation and processed using scanning electron
microscopy analysis. No symptoms were seen in any leaf stage of the resistant clone. Additionally,
a low incidence of A. psidii germination (1.3–2%) and appressoria (0–0.5%) in three leaf stages was
observed. However, the first leaf stage of the susceptible clone presented germination of large
numbers of urediniospores (65%) with appressoria (55%) and degradation of the cuticle and wax.
From the third stage, the percentage of germinated urediniospores (<15%) and appressoria (<2%)
formation of this clone decreased. Protrusions on the leaf surface, associated with the pathogen,
were observed on the first and third leaf stages of the resistant clone and on the fifth stage of the
susceptible clone, suggesting a possible defensive plant reaction.

Keywords: eucalypt rust; pathogenesis; phenological stage leaves; pre-infection stage; resistance;
leaf discs; scanning electron microscopy; Puccinia psidii

1. Introduction

The expansion of eucalypt plantations to new areas around the world is confronting abiotic and
biotic diseases that can limit certain genetic materials of this plant [1]. Rust, caused by Austropuccinia psidii
(A. psidii) (G. Winter) Beenken comb. nov., is one of the most notable diseases of Eucalyptus spp.,
and is mainly associated with its immature tissues [1–3]. This fungus infects both native and exotic
Myrtaceae [4–6].
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Rust is found mainly on early stage plants [1,7]. Most damage is found in nurseries, but it can
also attack plants in the field. Eucalyptus spp. are more susceptible to A. psidii infection up to two years
of age, due to the higher number of shoots and tender tissues, which is ideal for the establishment of
this pathogen [7–9].

The initial infection events of fungi that cause rust include adherence to the cuticle and direct
germ tube growth on host plant surface [10]. The A. psidii urediniospores often directly penetrate
through the host cuticle and epidermis, between the anticlinal walls of the epidermal cells, by forming
appressoria [11]. The process of intercellular colonization by the pathogen starts after its penetration
through intracellular haustoria that draw nutrients from the host cells [1,7,12].

Resistant genetic plant materials are the most widely used control method to manage rust,
but many cultivated eucalypt clones are susceptible to this disease. As with other rust species [13],
the pathogenesis of this fungus depends on its thigmotropic response for host recognition [14].
Young leaves and shoots of susceptible eucalypt plants are infected by A. psidii, while mature or
older leaves are resistant [1,7]. The resistance to A. psidii infection of older Eucalyptus leaves occurs at
the pre-penetration stage and is due, amongst other inherent factors, to their higher wax quantity [15].
However, the resistance of young leaves in resistant plants needs to be investigated. The study of
A. psidii initial infection processes on leaf surfaces of the clones with different resistance levels is
important to understand the behavior of these eucalypt clones.

Thus, the objective of this study was to evaluate the pre-infection process of A. psidii in leaves at
different phenological stages of eucalypt clones with different resistance levels.

2. Materials and Methods

Seedlings of rust-susceptible and resistant Eucalyptus urophylla S. T. Blake × Eucalyptus grandis
(E. grandis) W. Hill ex Maiden “urograndis” were grown in 2 L capacity pots, containing Carolina Soil®

(Carolina Soil do Brasil, Santa Cruz do Sul, RS, Brazil) substrate enriched with simple superphosphate
(6 kg/m3) and Osmocote® (Tecnutri do Brasil, Tietê, SP, Brazil) (NPK 19:06:10) and kept in a greenhouse
at 20–30 ◦C for three months. These clones were selected based on their response to A. psidii, and their
seedlings were supplied by Votorantim Celulose e Papel S.A, located in Jacareí, São Paulo State,
Brazil. A total of 50 discs per leaf stage with a 1.5 cm diameter were cut with a punch from the
first, third, and fifth leaf pairs from branches of six plants of each clone. These discs were placed on
water-saturated foam in plastic trays (Figure 1A). An isolate of A. psidii (FCA-PP2303), obtained from
the mycological collection of the Laboratory of Forest Pathology at the Universidade Estadual Paulista
(UNESP-Botucatu), was inoculated on Syzygium jambos L. (Alston) and after sporulation of the fungus,
the urediniospores were collected to prepare the inoculum [16]. An inoculum suspension in water
containing 1% Tween 20 was prepared at a concentration of 9 × 104 spores/mL [17]. The concentration
of spore suspension was determined with a haemocytometer. Five microliters of the urediniospores
suspension were inoculated on the central part of the abaxial surface of leaf discs for easy identification
of the inoculum deposition site for scanning electron microscopy (SEM) analysis. The trays with the
inoculated materials were covered with a glass lid to reduce moisture loss and placed in an incubation
chamber at 20 ± 1 ◦C in continuous darkness for the first 24 h, followed by a 12 h photoperiod at
approximately 10 μM photons/s/m2, which is ideal for rust development, according to previous
studies [15,16]. Samples were taken from the first leaf stage of the susceptible clone and put in a humid
chamber for 12 days in order to confirm that the inoculation method was able to cause the disease
(Figure 1B). The experiment was set up using a completely randomized design, with four replications.
The assays were repeated once.
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Figure 1. Leaf discs of Eucalyptus urophylla × Eucalyptus grandis (E. grandis) “urograndis” in the first
(E1), third (E3), and fifth (E5) leaf development stages after inoculation with Austropuccinia psidii (A);
leaf discs of the first leaf stage of the susceptible clone with rust symptoms, proving the efficiency of
this inoculation method (B).

Leaf samples (5 mm2) were collected at 24 and 120 h after pathogen inoculation for SEM.
The preparation and analysis of the samples followed the previously described methodology [18]
with some adaptations. Leaf samples were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.3) for 24 h. Fragments used per treatment were transferred to 0.05 M cacodylate buffer and
washed three times for 10 min. These fragments were placed into a 1% solution of osmium tetroxide in
0.1 M phosphate buffer (pH 7.3) for 1 h, washed with distilled water three times, and dehydrated in an
acetone series (25%, 50%, 75%, 90%, and 100% (3×) for 10 min each stage). After dehydration, samples
were taken at the critical point apparatus (Balzers CPD 030) to replace the acetone by CO2 and complete
drying. Specimens were mounted on aluminum stubs and covered with gold (SCD 050, Balzers) for
observation under a scanning electron microscope (Philips SEM 515). The images generated at 20 kV
and 9 mm working distance were digitally recorded. Percentage of urediniospores germination and
appressoria formation were quantified through SEM images in leaf samples collected 24 and 120 h
after inoculation. A total of 50 urediniospores were observed. The experiment was distributed as
a double factorial in split plot in time. The factorial was constituted by the combination of two
clones differing in resistance level × three leaf stages. The data were subjected to analysis of variance
(ANOVA). When the results were significant, the average values were separated using a Tukey test at
5% probability. An AIC (Akaike Information Criteria) analysis using generalized linear models via
likelihood was performed [19] because discrete counting data was used. The generalized model of
normal distribution was the best fit for germination and appressoria formation data in comparison to
a model of Poisson distribution. The statistical analyses were carried out using the R program.

3. Results

ANOVA showed that only the clone × leaf stage interaction was a significant source of variation
(Table 1). There was no difference in the percentage of urediniospores germination and appressoria
formation at 24 and 120 h after inoculation of the pathogen. A higher urediniospore germination
and appressoria formation of A. psidii was observed in the first leaf stage of the susceptible clone
(Table 2 and Figure 2). Dehydration of urediniospores and formation of germ tubes and appressoria
were occasionally observed in the resistant clone at 24 h after its inoculation (Figure 2A,B). On the
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other hand, urediniospores germinated and formed intact germ tubes of various sizes, producing
appressoria, beginning the infectious process in the susceptible clone (Figure 2C,D). In the third
leaf stage, the incidence of germinated urediniospores was lower on the leaf surface of the resistant
clone and appressorium formation was rarely observed (Table 2, Figure 3A,B). A low incidence of
urediniospore germination with appressoria on the leaf of the susceptible clone in relation to the
first leaf stage was observed (Table 2, Figure 3C,D). In the fifth leaf stage, the number of germinated
urediniospores was lower in the resistant clone and no appressorium formation was observed (Table 2,
Figure 4A,B). However, the susceptible clone had urediniospores with long germ tubes without
appressoria (Table 2 and Figure 4C). Skin cells formed protrusions on its leaf surface (Figure 4D).
The third and fifth leaf stages had higher wax quantity on the leaf surface compared to that of the
first stage.

Table 1. Summary of analysis of variance.

Sources of Variation Degrees of Freedom
Germination Appressorium

Fcalc Fcalc

Clone 1 554.2391 *** 336.3952 ***
Leaf stage 2 190.0900 *** 315.4363 ***

Clone × leaf stage 2 181.7854 *** 304.0159 ***
Error A 18

Hours after inoculation 1 4.3235 ns 2.5946 ns

Clone × hours after inoculation 1 1.4118 ns 0.6486 ns

Leaf stage × hours after inoculation 2 0.0221 ns 0.7703 ns

Clone × leaf stage × hours after inoculation 2 0.2868 ns 0.2838 ns

Error B 18
ns not significant, *** significant at 0.0001% probability by Tukey test.

Table 2. Percentage of Austropuccinia psidii urediniospore germination and germinated + appressorium
formation on the first, third, and fifth leaf stages of susceptible and resistant hybrid Eucalyptus urophylla
× E. grandis clones.

Leaf Stage
Germination (%)

Resistant Clone Susceptible Clone

1st 2 bA 65.6 aA

3rd 1.6 bA 15.4 aB

5th 1.3 bA 12.9 aB

Appressorium (%)

Leaf stage

1st 0.5 bA 55.1 aA

3rd 0.1 aA 1.9 aB

5th 0 aA 0 aB

Means followed by the same lowercase in horizontal and capital letters in vertical for the variables
germination and appressorium do not differ by the Tukey test, p < 0.0001.
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Figure 2. Abaxial surface of first leaf development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 24 h after Austropuccinia psidii inoculation. Resistant clone with germ tubes with
appressoria (a) in a dehydration state (A). Resistant clone presenting viable urediniospores (arrow) (B).
Susceptible clone with various germinated urediniospores and intact appressoria (a) (C,D).

 

Figure 3. Abaxial leaf surface of third development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 24 h after Austropuccinia psidii inoculation. Resistant clone with germinated
urediniospores showing infrequent formation of appressoria (arrow) (A). Resistant clone without
germination of some urediniospores (arrow) (B). Susceptible clone with urediniospores germinated
and formation of germ tubes and appressoria (arrow) (C,D).
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Figure 4. Abaxial surface of fifth leaf development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 24 h after Austropuccinia psidii inoculation. Resistant clone without urediniospores
germinated or germinated devoid of appressoria (arrows) (A,B). Susceptible clone showing extensive
germ tube formation on the leaf surface but without penetration (C). Susceptible clone with
protuberance formation (P) on the inoculum deposition site near the central rib (CR) (D).

SEM images showed the presence of protrusions on the resistant clone leaves involving
urediniospores as a possible plant reaction with dehydration of appressoria and urediniospores
(Figure 5A,B). These reactions were observed in all leaf stages of the resistant clone, 120 h after
inoculation, and in the fifth stage of the susceptible clone, 24 h after inoculation. Cuticle and wax
degradation, indicating probable onset of A. psidii colonization in the host, were observed in the leaves
of the first leaf stage of the susceptible clone (Figure 5C,D). The resistant clone in this stage did not
exhibit symptoms on the leaf surface and presented a lower incidence of appressoria (Figure 5A,B).
Leaves of the third leaf stage of the resistant clone had a low quantity of germinated urediniospore
and protrusions involving urediniospores (Figure 6A,B). This was characterized by protrusions
on the leaf surface, similar to those observed during the first leaf stage, with low urediniospores
germination. However, the susceptible clone showed extensive germ tube formation and damage
by the pathogen (Figure 6C,D). The fifth leaf stage of the resistant clone had a lower quantity of
urediniospore germinated, without appressoria and urediniospore wilting (Figure 7A,B). In the
susceptible clone, the pathogen presented long germ tubes without appressoria and penetration
in the leaves (Figure 7C,D).
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Figure 5. Abaxial surface of first leaf development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 120 h after Austropuccinia psidii inoculation. Resistant clone with protuberances (P)
on the surface of the leaf, dehydration of appressoria (a) and of spores (arrow) (A,B). Susceptible clone
with cuticle and wax degradation (arrows) (C,D).

 

Figure 6. Abaxial surface of third leaf development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 120 h after Austropuccinia psidii inoculation. Resistant clone with protuberances
(P) on the leaf surface and low number of urediniospores germinated (A,B). Susceptible clone with
extensive germ tube formation (arrow) and damage by the pathogen (arrow) (C,D).
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Figure 7. Abaxial surface of fifth leaf development stage of hybrid Eucalyptus urophylla × E. grandis
“urograndis” clones 120 h after Austropuccinia psidii inoculation. Resistant clone with shriveled spores
(arrow) without appressorium (arrow) (A,B). Susceptible clone with extensive germ tube formation
without the pathogen penetration (arrows) (C,D).

4. Discussion

In the first leaf stage, the susceptible clone showed a higher degree of urediniospore germination
with appressoria and degradation of the cuticle and wax. From the third leaf stage, the inhibition of the
pre-infection fungus process in leaves of the susceptible Eucalyptus urophylla × E. grandis clone showed
that there is some plant defense response related to leaf age. In the resistant clone, these mechanisms
occurred from the first leaf stage. In the fifth leaf stage, the susceptible clone showed superficial growth,
but without penetration of the pathogen, while the resistant clone had many inactive urediniospores.
This resembles the pattern observed on Eucalyptus grandis susceptible to A. psidii [15]. The germination,
appressoria formation, and penetration of this fungus gradually decreased from the first to the fourth
leaf stage, but without penetrating in the fifth leaf stage [15].

In the first leaf stage of the resistant clone, dehydration of urediniospores and formation of
germ tubes and appressoria were occasionally observed, as reported for the Phakopsora pachyrhizi
(P. pachyrhizi) Syd. & P. Syd. urediniospores in soybean [20]. The susceptible clone already had many
urediniospores germinated with appressorium followed by cuticle and wax degradation. Different to
other Puccinia species, in that penetration occurs via stomata [21–23], the penetration of A. psidii occurs
between the anticlinal walls of the leaf epidermis directly into the mesophyll of the leaf after appressoria
formation [24]. Once formed, appressoria adhere tightly to the leaf surface and secrete extracellular
enzymes, or generate physical force, or use a combination of both factors to bring about cuticle
penetration [25]. The leaf surface is the first line of defense against plant invaders, where the adhesion
of the pathogen occurs, followed by penetration and infection [26]. In the interaction Puccinia recondita
f. sp. tritici–wheat, the resistance is not related to the pre-infectious processes at the leaf surface
level [23], different to what was observed in our research.
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In the fifth leaf stage of the susceptible clone, the urediniospores with long germ tubes
without appressoria, and some with short germ tubes with appressoria, are similar to P. pachyrhizi
urediniospores on soybean [20]. Germ tube extension and differentiation can occur in response
to signals including surface hardness, hydrophobicity, plant signals, and surface topography [27].
The short germ tubes decrease the amount of endogenous energy required for growth, which thus
can be used to penetrate the cells [24]. These results demonstrate that the fungus germinates on the
surface of leaves of plants in the fifth leaf stage, mainly on those of the susceptible clone, but without
penetrating or colonizing its tissues.

The presence of epicuticular waxes on leaves of the two clones, especially in the third and
fifth leaf stages, agrees with that reported for some eucalypt species as an important factor for
resistance to A. psidii infection [15]. Appressorium formation in P. pachyrhizi and Phakopsora apoda
(Har. & Pat.) Mains occurred in a place with lower wax deposition on the leaf surface [20,28].
Variability in the quantity of wax on the surface may also modify fungal behavior and interfere
with the infection process [29]. Recognition of the cuticle surface by the fungus, necessary for
appressorium differentiation, depends on the wax distribution pattern on leaves and also on the
pathogen capacity to degrade it [30]. Thus, the increase in the quantity of wax on the leaf surface may
have interfered with appressorium development, as seen in the pathosystem Hordeum chilense Roem.
et Schult.- Puccinia hordei G.H. Otth [31]. Surface contact is essential for appressorium induction [32]
and germination and germ tube growth requires fewer stimuli than appressorium formation [33].

In the fifth leaf stage, the presence of long germ tubes and absence of appressoria and penetration
by the pathogen in the susceptible clone is similar to that reported for Alternaria solani Sorauer on the
surface of Solanum lycopersicum L. leaves resistant and susceptible to this pathogen [34]. The higher
chitinase and peroxidase activity on older eucalypt leaves [26] can be one of the reasons for the fungal
wilt structures because chitinases increase plant resistance to pathogens by catalyzing chitin polymer
hydrolysis, the main components of fungal cell walls [35]. Peroxidases are also involved in numerous
cellular processes including the final suberin and lignin biosynthesis steps [36] and the metabolism
of phenylpropanoids [37]. In addition, peroxidases are involved in the oxidation of phenols and
compounds toxic to pathogenic organisms [38] and the formation of papillae that can block fungal
entry [39].

Protrusions associated with the pathogen and observed on the leaf surface of first and
third leaf stages of the resistant clone and in the fifth leaf stage of the susceptible clone
suggest a possible defensive plant reaction. This was also shown by the protrusions involving
urediniospores and dehydration of appressoria and urediniospores. This may be due to chemical
compounds produced by leaves, such as essential oils, and extracted from eucalypt leaves with high
antimicrobial activity [40–43].

The inoculation method using detached eucalypt leaf discs was effective for SEM studies and
for evaluating the resistance of the plant to rust, with the onset of symptoms in the first leaf stage of
the susceptible eucalypt clone. The efficiency of this method had also been reported for bean [44–46]
and soybean [47].

The results obtained in this research will be of great importance for the international forestry
industry. From the results observed in this study, we recommend the use of the genetic materials with
a lower leaf maturation period and with higher wax content in the younger leaves to be tested in
the breeding programs for the control of this disease. Future studies could be conducted to analyze
the anatomy and chemical composition of leaves of different phenological stages of the resistant and
susceptible plants, before and after the infectious process of A. psidii in order to identify other possible
resistance mechanisms of eucalypt plants to this disease.

5. Conclusions

Resistance and susceptibility of eucalypt clones occur in the pre-infection process. The failure of
the pathogen to recognize an infection site on the leaves of the resistant clone and on old leaves of the
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susceptible clone and initiate appressorium formation appears to be the key factor explaining such
resistance. The urediniospores germination with appressoria and degradation of the cuticle waxes had
higher values in the first leaf stages of the susceptible Eucalyptus urophylla × E. grandis clone. From the
third leaf stage in the susceptible clone, the germination and appressorium formation of the fungus
was prevented by the defense mechanisms, while this took place in the first leaf stage of the resistant
clone. Protrusions on the leaf surface were associated with the pathogen in the first and third leaf
stages of the resistant clone, at 120 h after inoculation, and in the fifth leaf stage of the susceptible
clone, 24 h after inoculation, suggesting a possible plant defense reaction. The results presented in this
work help to explain the resistance of old and young eucalypt leaves to A. psidii.
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Abstract: Seedlings from four families of loblolly pine (Pinus taeda L.) were grown in capped
open-top chambers and exposed to three different weekly moisture regimes for 13 weeks. Moisture
regimes varied in intensity and frequency of simulated rainfall (irrigation) events; however, the total
amounts were comparable. These simulated treatments were chosen to simulate expected changes in
rainfall variability associated with climate change. Seedlings were inoculated with two root-infecting
ophiostomatoid fungi associated with Southern Pine Decline. We found susceptibility of loblolly
pine was not affected by water stress; however, one family that was most sensitive to inoculation
was also most sensitive to changes in moisture availability. Many studies have examined the effects
of drought (well-watered vs. dry conditions) on pine physiology and host-pathogen interactions
but little is known about variability in moisture supply. This study aimed to elucidate the effects of
variability in water availability, pathogen inoculation and their interaction on physiology of loblolly
pine seedlings.

Keywords: rainfall patterns; Pinus taeda; Southern Pine Decline; Leptographium terebrantis;
Grosmannia huntii

1. Introduction

Southern Pine Decline (SPD) is the term attributed to the premature death of Pinus spp. in
the Southern United States due to a series of biotic and abiotic factors [1–3]. These factors include
associated root pathogenic fungi (e.g., Leptographium terebrantis Barras and Perry and Grosmannia huntii
(Rob-Jeffry.) Zipfel, de Beer and Wingfield, and their root-feeding beetle vectors (Hylastes salebrosus
Eichoff, H. tenuis Eichoff, Hylobius pales Herbst., and Pachylobius picivorus Germar). Predisposing
abiotic factors include resource stress (nutrient deficiencies, edaphic factors, and moisture stress),
management strategies such as overstocking, mechanical injury and prescribed burning [4]. Studies
have shown that when loblolly pine (P. taeda) is inoculated with L. terebrantis, the fungus can result
in the development of lesions in the phloem and resin-soaking in the xylem [5–7]. Grosmannia huntii,
a non-indigenous species, is a related fungal pathogen and has been reported to be more virulent in
young pine seedlings when compared to L. terebrantis [7].

In the 1950’s, Brown and McDowell [8] observed the decline of mature P. taeda stands in Talladega
National Forest in Alabama and since then numerous studies have been performed to find causality
of the decline as well as detect the phenomena at the landscape level [9–15]. Detection of SPD
might be difficult as aboveground symptoms in mature trees (short chlorotic needles, sparse crowns,
reduced radial growth, tree morality) occur following root damage and mortality associated with
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both associated insects and fungi [3]. Regardless, numerous studies have examined the virulence of
root-infecting ophiostomatoid fungi on mature and juvenile families of loblolly pine among other
southern Pinus species [6,16–18]. Since infection is dependent on the bark beetle vectors, it is important
to investigate how predisposing factors (e.g., drought) that lead to root feeding, and thus fungal
infection, interact with fungi associated with SPD.

Future climate change scenarios may play a significant role in the predisposing factors associated
with SPD. An uncertainty with these potential developments is how much precipitation will occur in
the Southern U.S. in the next 50–100 years [19,20]. One of the most important and least studied factors
regarding climate change is extremes in climatic variability. For example, in 2007, the worst drought in
100 years occurred in the Southern U.S. and was followed by flooding in 2009 [21]. While changes in
the intensity and frequency of summer precipitation may continue in the Southeastern U.S., there is
still debate as to the underlying cause [21–23]. Another trend in precipitation patterns has been the
daily variation in precipitation events where storms are occurring less frequently but are characterized
by more intense rainfall for longer durations in North America [20,24,25].

A concern when considering future precipitation patterns is how forests will respond to altered
drying and wetting periods [19,26]. Trees may thrive during wetter periods and experience moisture
stress if evaporative losses increase during warmer, drier periods [27]. Droughts can reduce tree vigor
and alter insect and pathogen physiology [28]. The effects of precipitation changes are anticipated
to be unique based on both the host and pathogen physiology [29–31]. For example, mature forests
would likely be tolerant of seasonal variability in rainfall frequency and magnitude [32]. The linkages
between tree size and mortality due to changes in precipitation patterns are likely to be size dependent
with seedlings and tall trees being most sensitive [33,34]. While tree size is likely important due to
physiological constraints when under reduced available moisture [35], climate of origin may be equally
important. For example, vegetation communities from more xeric sites may be more sensitive to
changes in rainfall magnitude [36], while it is mesic sites that may be more sensitive to changes in
frequency of precipitation [37].

The linkages between biotic and abiotic tolerance (cross-tolerance) is a useful tool to help
understand how to select appropriate families/genotypes for out planting [31,38–40].In the case
of root-infecting ophiostomatoid fungi and loblolly pine seedlings, the role of water regulation is
likely important as inoculation can cause resin-soaking in the xylem, which has negative impacts on
water movement. Lesions in the phloem can affect carbon transport, which can affect allocation and
production of biomass [16,41,42]. The direct effects that water availability can have on physiological
traits and productivity is also important [43,44]. Therefore, a suite of response traits (e.g., chlorophyll
content, water potential, lesion length) seems appropriate for investigating interactive effects of
multiple stressors.

Based on several studies [30,45,46] there are three common relationships to look for when
analyzing climate-host-pathogen relationships: (1) Climate can affect the pathogen’s virulence,
abundance, distribution and general biology/ecology; (2) Climate can alter the host’s defense,
abundance, distribution and general biology/ecology; (3) Climate can change the way the host
and pathogen interact, through direct and/or indirect effects. In an assessment of the effect of potential
future climate change scenarios for the Southern U.S., Jones et al. [47] stated that changes in variation in
water availability are important and require further investigation. Variability in water availability can
cause alterations in loblolly pine vigor, resulting in biotic organisms, such as L. terebrantis or G. huntii,
potentially exacerbating declines and reducing productivity. The overall goal of this study, therefore,
was to elucidate the interactions of two root-infecting ophiostomatoid fungi (L. terebrantis and G. huntii)
in the presence of climatic conditions similar to those predicted in the next 50 to 100 years in the
Southern U.S. More specifically, our main focus was to understand how variability in water availability
may affect the outcome of loblolly pine infection with the root-infecting ophiostomatoid fungi. The
hypotheses tested include: (1) Loblolly pine will become more susceptible to L. terebrantis and G. huntii
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as variability in water availability increases and (2) Loblolly pine families selected for their tolerance
to root-infecting ophiostomatoid fungi would be more tolerant to changes in water availability.

2. Materials and Methods

2.1. Study Site and Capped Open-Top Chamber

The research site (approximately 0.02 km2 in area) is located approximately 5 km north of
Auburn University Campus, Auburn, AL, USA. The site contained 24 open-top chambers (OTCs),
monitoring sheds and a small laboratory. The OTCs were 4.8 m height × 4.5 m diameter aluminum
framed structures with fans (1.5 horse-power or 1.1 kw motors) and chamber plastics [48]. Plastic caps
were attached to each OTC to exclude ambient rainfall and permit adequate airflow [49].

Prior to the commencement of the study (March 2014), the vegetation growing in each OTC was
killed with a 3% solution of glyphosate. Once dead, the vegetation was removed prior to the ground
being covered with landscape fabric to prevent further unwanted vegetation growth within each OTC.

2.2. Seedlings

Bareroot 1–0 seedlings (sown in March 2013) from four commercially grown loblolly pine families
were used for this study (lifted/extracted from the nursery in January 2014). We utilize the term
“family” as we did not test genetic distinction between groupings. We also do not use the term ecotype
because seedling parents are not from sites with distinct/contrasting ecological characteristics. Based
on previous findings, two of these loblolly pine families were considered “tolerant” (T1 and T2) and two
“susceptible” (S1 and S2) to root-infecting ophiostomatoid fungi [18,50]. In January 2014, 2700 seedlings
(750 per family) were planted in 2.4 liter pots (1 trade gallon) with ProMix BX® peat-based potting mix
(Premier Tech, Quebec, Canada). Seedlings were kept in a shade-house and watered daily for 17 weeks
until being deployed into the OTCs in May 2014. The seedlings at the commencement of the study
were approximately 10 months removed from sowing in the nursery.

2.3. Simulated Rainfall Treatments

To determine the longest duration the saturated potting mix could last without additional water,
eight seedlings (two from each family) were placed in a greenhouse at approximately 32 ◦C (~90 ◦F).
After three days of water being withheld, the potting mix became dried out and therefore, the longest
period between simulated rainfall (irrigation) events was set at two days.

Three simulated precipitation treatments were used (3 replicates/treatment) over 13 weeks.
The treatments were as follows: (1) 3 days week−1 (3D) during the experimental period;
(2) 4 days week−1 (4D) during the experimental period; and (3) 7 days week−1 (7D) during the
experimental period. Irrigation nozzles within each OTC were adjusted to ensure an even water
distribution and flow rates within and between the chambers. The amount of water distributed was
adjusted to ensure 58 minutes of watering resulted in 25.4 mm (1 inch) of precipitation. While the days
of watering varied between treatments, each chamber received approximately the same amount of
precipitation at the end of each week. Weekly watering values were estimated based on the 30-year
(1971–2000) average precipitation for Auburn, AL. Therefore, our target for the water amount from
May to August was 97, 103, 149 and 92 mm per month, respectively. Irrigation events occurred
three times a day at 09:00, 12:00 and 15:00 hour. In June 2014, a 20% increase was applied to all
treatment amounts/time to compensate for higher temperatures and increased airflow in the chamber.
Average temperature inside the chambers was about 3–5 ◦C higher than ambient site temperature [51].
Monitoring throughout June indicated this adjustment approximately offset the increased evaporation
of moisture in the chambers.
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2.4. Inoculations

Stem inoculations were conducted as described by Nevill et al. [50] in May 2014 using the
wound + inoculum method. Five inoculation treatments were used in this study: no wound (NW),
wound only (W), wound + media (WM), L. terebrantis (LT) and G. huntii (GH). The L. terebrantis isolate
(LOB-R-00-805/MYA-3316) was obtained from a P. taeda root exhibiting symptoms characteristic of
root disease in Talladega National Forest, Oakmulgee Ranger District, AL. The G. huntii isolate
(LLP-R-02-100/MYA-3311) was obtained from Pinus palustris Mill. root exhibiting symptoms
characteristic of root disease in Fort Benning Military Reservation, GA. These isolates were obtained
by excavating primary lateral roots, cutting the root into ~1 cm3 sections, surface sterilizing
and plating into 2% malt extract agar (MEA) and MEA with 800 mg/L cycloheximide and
200 mg/L of streptomycin sulfate [3,52]. Isolates were identified using Jacobs and Wingfield [53]
by growing them in the dark and using a compound microscope. These isolates have been used
in previous studies [3,17,18,54]. Long-term storage of fungi occurred on silica gel [55] at 4◦ C.
Leptographium terebrantis is characterized by aerial mycelium but is very general in characteristics
of related species. It can be distinguished from other Leptographium species by the branching of
mycelium. Unlike L. terebrantis, G. huntii is readily distinguishable by the presence of serpentine-like
hyphae and the presence of sexual structures (peithecia) (descriptions from Jacobs and Wingfield [53]).
Control seedlings (NW, W and WM) also were plated to determine if contamination had occurred
through the presence of L. terebrantis and/or G. huntii.

To inoculate seedlings, a sterile razor blade was used to cut a 15 mm vertical lesion into the
bark (<1 cm depth) 5 cm above the soil line. Plugs on 2% MEA (3 mm) were placed into the wound
(a single plug per seedling). Media were either sterile or colonized by cultures of L. terebrantis (LT) or
G. huntii (GH). Seedling stem wounds were wrapped in cotton dampened with deionized water and
then wrapped in Parafilm® to prevent desiccation of the MEA and avoid contact with other biological
contaminants [18,54].

2.5. Measurements and Harvest

Root collar diameter (RCD) and height measurements were recorded for all seedlings at both the
study initiation (February 2014, Table 1) and completion (August 2014) using a digital caliper and
meterstick. Seedling volume increment was calculated (VolumeFinal − VolumeInitial = VolumeChange) to
determine overall growth of individual seedlings. The equation Volume = RCD2 × height was used to
estimate seedling volume/biomass in young pine seedlings (2–3 years of age) [56].

During planting in February, 40 seedlings (extra seedlings not included in the design) from each
family (160 total) were destructively harvested and separated into needles (NE), shoot (SH), coarse
roots (CR, >2 mm diameter) and fine roots (FR, <2 mm diameter) (Table 1). These components were
placed in drying-ovens at 70 ◦C for 72 h. At the conclusion of the study (August 2014), two seedlings
from each treatment combination per chamber were selected for final dry matter seedling biomass.
Initial family dry matter averages (the 160 extra seedlings; 40 per family) for each component (needles,
shoots etc.) were subtracted from the final dry matter values to estimate dry matter yield.

Table 1. Initial family dry matter, root collar diameter (RCD) and height averages and standard
deviations (n = 160; 40/family).

Family Needle (g) Shoot (g) Coarse Root (g) Fine Root (g) RCD (mm) Height (mm)

S1 8.35 ± 0.87 7.54 ± 0.53 7.15 ± 0.40 6.46 ± 0.26 4.10 ± 0.72 263.06 ± 41.65
S2 8.50 ± 0.89 7.76 ± 0.62 6.73 ± 0.31 6.28 ± 0.10 4.18 ± 0.89 267.08 ± 28.12
T1 11.36 ± 1.94 8.90 ± 1.22 8.03 ± 0.99 6.58 ± 0.38 5.81 ± 1.47 283.04 ± 42.53
T2 9.22 ± 1.16 7.80 ± 0.56 6.78 ± 0.34 6.31 ± 0.13 6.29 ± 1.52 279.69 ± 35.13

S1, S2 denote loblolly pine families selected for their susceptibility to root-infecting ophiostomatoid fungi while T1,
T2 denotes families selected for their tolerance.
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Eleven seedlings from each treatment combination, from each of the nine OTCs, were examined for
relative leaf chlorophyll (or needle greenness) using a SPAD-502 chlorophyll meter (Spectrum Tech. Inc.,
Plainfield, IL, USA) during the final harvest (August 2014). Needles from the first 2013 flush (previous
year) were selected as they had reached physiological maturity [57]. A group of 5 to 7 needles were
used for measurements. Two measurements were taken on separate parts of a plant and averaged. The
same seedlings were measured for lesion characteristics. Seedlings were cut at the soil line, and stems
were placed in plastic bins filled with FastGreen stain (FastGreen FCF; Sigma Chemical Co., St. Louis,
MO, USA) as described by Singh et al. [18]. After 72 h, stems were removed, and the lesion length and
occlusion length were measured. Lesions are the portion of the phloem colonized by L. terebrantis and
G. huntii. The occlusion is the portion of the xylem that does not conduct water due to resin-soaking
(thus the use of FastGreen stain). Lesion/occlusion length is presented on a per height basis (lesion
length ratio) to standardize for plant growth (e.g., a 50 mm long lesion would be functionally different
between plants with heights of 100 cm and 300 cm). Two 5 mm cross-sections of stem tissue from
each lesion were removed from the stem and plated on malt extract agar with cyclohexamide and
streptomycin sulfate for fungal re-isolation [18].

The remaining two seedlings from each combination treatment per chamber were sampled for
water potential using a Scholander pressure bomb (PMS Instrument Company, Albany, OR, USA)
during the final week of the experimental period. Five cm of a randomly selected lateral branch for each
seedling was excised and sampled as described by Kaufmann [58]. Predawn water potential sampling
occurred between 03:00 and 05:00 hour. Seedlings were sampled on watered and non-watered days.
For example, those irrigated 4 day/week were measured following a day of watering and the following
day after a day with no watering (herein referred to wet and dry). Seedlings irrigated daily (7D) were
measured twice and randomly assigned the treatment ‘watered’ and ‘non-watered’. This allows for
the experimental design to be balanced (important for statistical analysis used, see Section 2.6) in
addition to determine if seedling water potential values were significantly affected by the rainfall
treatments themselves.

2.6. Data Analysis

The experimental design was a split-split-split plot with replicates at all levels: three simulated
rainfall treatments replicated 3 times (9 total chambers), 4 loblolly pine families and 5 inoculation
treatments produced 60 treatment combinations. Each treatment combination was replicated 15 times
per chamber at the initiation of the study. Those seedlings where fungi were not recovered from
re-isolations were excluded from the analysis as changes in measured characteristics cannot be
attributed to the presence of the inoculated fungi. All statistical analyses were conducted using
SAS (Version 9.3, SAS Institute, Inc., Cary, NC, USA) and STATISTICA (Statsoft, Inc., Tulsa, OK, USA).
ANOVA F-test procedures followed by post hoc Tukey (Honest Significant Difference) procedures
were used to determine individual treatment effects. ANOVA assumptions were verified (checked
for normality) using both Kolmogorov-Smirnov and Lilliefors tests. Homogeneity of variance was
inspected visually in addition to using both Levene’s and Bartlett’s tests [59,60]. Alpha was set at 0.05.

3. Results

3.1. Overall Results

An overview of significant interactions is presented in Table 2, including transformations utilized
and number of plants used for the analysis. An overview of significant interacts for water potential
data is presented in Table 3 (p < 0.05).
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Table 2. Results of ANOVA F-tests.

Measurement Transformation n
Treatments/Combinations

Rain Family Inoculation
Rain ×

Fam
Rain ×

Inoc
Fam ×

Inoc
Rain × Fam

× Inoc

SPAD Square root 1561 *** NS NS NS NS NS NS
Seedling volume

increment Log10 2043 * *** NS *** NS NS NS

Total Dry Matter Yield Log10 298 ** *** NS ** NS NS NS
Needle DMY Square root 298 NS *** ** *** NS NS NS
Shoot DMY Square root 298 ** *** NS * NS NS NS

Coarse Root DMY Square root 298 *** *** NS * NS NS NS
Fine Root DMY Square root 298 *** *** ** NS NS NS NS

Lesion Length/Seedling
Height Log10 1194 NS *** *** ** NS ** NS

Occlusion
Length/Seedling Log10 1161 NS *** *** * NS ** NS

*: p < 0.05, **: p < 0.01, ***: p < 0.001; NS: not significant; Fam: Family, Inoc: Inoculation.

Table 3. Results of ANOVA F-tests for water potential data.

Treatments/Combinations

Predawn Water Potential

n = 787

Transformation: Square Root

Rain ****
Family NS

Inoculation NS
Dry-wet (DW) *

Rain × Fam ***
Rain × Inoc *
Rain × DW NS
Fam × Inoc NS
Fam × DW NS
Inoc × DW NS

Rain × Fam × Inoc **
Rain × Fam × DW NS
Rain × Inoc × DW NS
Fam × Inoc × DW NS

Rain × Fam × Inoc × DW NS

*: p < 0.05, **: p < 0.01, ***: p < 0.001; NS: not significant; Fam: Family, Inoc: Inoculation.

Tukey pair-wise comparisons are used to denote significant differences during post-hoc analysis.
Letters that are the same represent no significant difference, while those that are different represent a
significant difference.

3.2. Leaf Chlorophyll/Needle Greeness

Leaf chlorophyll and needle greenness were affected significantly by the rainfall treatment only.
Seedlings irrigated 7D (38.2 ± 0.7) were significantly different from those irrigated 4D (35.9 ± 0.3);
however, those irrigated 3D (36.8 ± 1.2) were not different from either 7D and 3D seedlings.

3.3. Seedling Volume Increment

Seedling volume increment (mm3) was affected significantly by rainfall, family and the interaction
between rainfall and family. Within the rainfall × family interaction, S1 grew significantly more when
watered 7D (Table 4). The remaining families were not significantly affected.
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Table 4. Summary of seedling volume increment (mm3) by rainfall and family.

Family

3D 4D 7D

Mean
(mm3)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(mm3)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(mm3)

95%
Confidence

Interval

Tukey
Pair-Wise

S1 1243 ±136 A 1377 ±115 A 1854 ±171 B
S2 1013 ±123 A 1166 ±90 A 1273 ±105 A
T1 3144 ±385 A 2729 ±220 A 2877 ±239 A
T2 3152 ±668 A 2424 ±184 A 2261 ±191 A

Tukey pair-wise comparisons are within families.

3.4. Dry Matter Yield (DMY)

Total DMY was significantly affected by rainfall, family and the interaction between rainfall and
family. For the rainfall × family interaction, S1 was the only family to be significantly affected by the
rainfall treatment, where it produced more dry matter when watered 7D (Table 5).

Table 5. Summary of seedling total dry matter yield (g) by rainfall and family.

Family

3D 4D 7D

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

S1 8.93 ±1.22 A 8.37 ±1.14 A 13.43 ±1.83 B
S2 8.88 ±1.23 A 8.29 ±1.13 A 9.17 ±1.25 A
T1 17.40 ±2.37 A 17.00 ±2.32 A 19.95 ±2.72 A
T2 23.48 ±3.84 A 20.76 ±2.83 A 19.20 ±2.58 A

Tukey pair-wise comparisons are within families.

Needle DMY was significantly affected by family, inoculation, and rainfall × family. Needle DMY
increased significantly when seedlings were inoculated with GH (8.38 ± 0.72) compared to NW and W
seedlings (6.73 ± 0.72 and 6.58 ± 0.73, respectively). Seedlings with WM and LT treatment (8.01 ± 0.72
and 7.56 ± 0.72, respectively) were not different from any other treatment. Seedling needle DMY for
S1 was significantly affected by the irrigation treatments, with greater needle DMY when watered 7D
(Table 6). The remaining families were not significantly affected.

Table 6. Summary of seedling needle dry matter yield (DMY, g) by rainfall and family.

Family

3D 4D 7D

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

S1 4.46 ±0.79 A 4.31 ±0.77 A 7.02 ±1.00 B
S2 4.76 ±0.83 A 4.52 ±0.79 A 4.72 ±0.81 A
T1 8.80 ±1.12 A 7.91 ±1.06 A 9.50 ±1.17 A
T2 10.98 ±1.31 A 10.20 ±1.21 A 8.59 ±1.09 A

Tukey pair-wise comparisons are within families.

Shoot DMY was significantly affected by rainfall, family, and their interaction. Similar to total
DMY, family S1 was the only one affected by rainfall treatment, where it produced greater shoot DM
when irrigated 7D (Table 7).
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Table 7. Summary of seedling shoot dry matter yield (DMY, g) by rainfall and family.

Family

3D 4D 7D

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

S1 2.73 ±0.59 A 2.43 ±0.55 A 4.46 ±0.76 B
S2 2.53 ±0.57 A 2.60 ±0.57 A 2.51 ±0.56 A
T1 4.88 ±0.80 A 4.60 ±0.77 A 5.65 ±0.86 A
T2 6.14 ±0.93 A 5.54 ±0.85 A 5.83 ±0.86 A

Tukey pair-wise comparisons are within families.

Coarse root DMY was significantly affected by rainfall, family, and their interaction. Similar to
total DMY, family S1 was the only one affected by rainfall treatment, where it produced more coarse
root material when watered 7D (Table 8).

Table 8. Summary of seedling coarse root dry matter yield (DMY, g) by rainfall and family.

Family

3D 4D 7D

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

Mean
(g)

95%
Confidence

Interval

Tukey
Pair-Wise

S1 1.22 ±0.27 A 1.32 ±0.28 A 2.01 ±0.35 B
S2 1.16 ±0.27 A 1.05 ±0.25 A 1.15 ±0.26 A
T1 2.68 ±0.41 A 3.43 ±0.46 A 3.66 ±0.48 A
T2 3.96 ±0.52 A 3.52 ±0.47 A 3.71 ±0.48 A

Tukey pair-wise comparisons are within families.

Fine root DMY was significantly affected by rainfall, family and inoculation; however, no
interactions were found to be significant. Seedlings irrigated 3D and 7D (1.12 ± 0.13 and 1.15 ± 0.13,
respectively) produced more fine root DM than those watered 4D (0.86 ± 0.13). Susceptible families
(S1 and S2) produced less fine root material than tolerant families (T1 and T2) (Table 9). Seedlings
inoculated with GH (1.31 ± 0.18) produced significantly more fine root material than control seedlings
(NW: 0.94 ± 0.15, W: 0.89 ± 0.15, and WM: 0.98 ± 0.15). Seedlings inoculated with LT (1.07 ± 0.16)
were intermediate and not different from any of the inoculated treatments.

Table 9. Summary of seedling fine root dry matter yield (DMY, g) by family.

Family Mean (g) 95% Confidence Interval Tukey Pair-Wise

S1 0.64 0.11 A
S2 0.67 0.11 A
T1 1.54 0.17 B
T2 1.47 0.17 B

Tukey pair-wise comparisons are comparing families.

3.5. Lesions and Occlusions

Fungal re-isolation was 75.4% successful for L. terebrantis and 73.4% for G. huntii. Control seedlings
had a 0% re-isolation rate indicating no contamination had occurred. Lesion length for the controls
(W and WM) was not significantly different for any treatment or treatment combination, indicating the
wounding process was completed with accuracy. This also indicates no effect from the presence of the
media (in WM seedlings). The lesion produced from the wounding process was 14.9 ± 2.0 mm. Lesion
length/seedling height for all inoculated seedlings was significantly affected by inoculation (Table 10)
indicating successful colonization of seedling tissue by root-infecting ophisotomatoid fungi. Only S1
lesion length/seedling height was affected by rainfall; however, this includes the W and WM controls.
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Table 10. Summary of lesion length/seedling height (×100) by family and inoculation treatment.

Inoculation Family S1 S2 T1 T2

W
Mean 3.28 3.33 2.59 2.82

95% Confidence Interval ±0.24 ±0.23 ±.017 ±0.31
Tukey A A A A

WM
Mean 3.18 3.40 2.63 2.62

95% Confidence Interval ±0.23 ±0.21 ±0.18 ±0.24
Tukey A A A A

LT
Mean 4.03 5.14 3.17 3.48

95% Confidence Interval ±0.28 ±0.32 ±0.19 ±0.30
Tukey B B B B

GH
Mean 4.37 4.43 3.25 3.39

95% Confidence Interval ±0.31 ±0.30 ±0.21 ±0.34
Tukey B C B B

Tukey pair-wise comparisons are within family.

Occlusion length/seedling height was significantly affected by family, inoculation, rainfall × family,
and family × inoculation. The rainfall × family post-hoc analysis yielded results that indicated
significant differences between families (not within) and therefore do not warrant further examination.
The family × inoculation results show that W and WM seedlings were not different for any family
(Table 11). Seedlings inoculated with GH had a lower occlusion length/seedling height than those
inoculated with LT for each family with the exception of S1, where they were not significantly different.

Table 11. Summary of occlusion length/seedling height by family and inoculation treatment.

Inoculation Family S1 S2 T1 T2

W
Mean 1.52 1.51 1.43 1.45

95% Confidence Interval ±0.03 ±0.03 ±0.03 ±0.05
Tukey A A A A

WM
Mean 1.50 1.53 1.42 1.42

95% Confidence Interval ±0.03 ±0.03 ±0.03 ±0.04
Tukey A A A A

LT
Mean 1.76 1.89 1.66 1.67

95% Confidence Interval ±0.04 ±0.03 ±0.03 ±0.04
Tukey B B B B

GH
Mean 1.69 1.69 1.57 1.55

95% Confidence Interval ±0.04 ±0.03 ±0.03 ±0.05
Tukey B C C C

Tukey pair-wise comparisons are within family.

3.6. Predawn Water Potential

Water potential (megapascals) was affected by many treatments and treatment combinations.
Since the rainfall × family × inoculation was significant, the main effects of each of these treatments
(and their two-way interactions) cannot be analyzed. The rainfall × family × inoculation post-hoc
analysis results showed that significant differences are not comparable (e.g., comparing S1-NW-7D
to T2-GH-3D seedlings). There was a significant difference between measurements taken on days
following watering (wet: 0.129 ± 0.009) and those taken on days following watering being withheld
(dry: 0.146 ± 0.010).
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4. Discussion

To our knowledge, no studies have utilized fluctuating moisture availability to mimic predicted
changes in rainfall periodicity in tandem with root-pathogen inoculations. The variability in simulated
rainfall patterns in the OTCs to simulate precipitation changes due to climate change did not result
in an increase in susceptibility of four commonly grown loblolly pine families to the root-infecting
ophiostomatoid fungi. We did observe a trend that families chosen for their tolerance to root-infecting
ophiostomatoid fungi tended to have greater growth rates and produce more dry matter. Results from
this study should be reviewed with caution as the experimental duration (13 weeks) was short, while
the impact of changed precipitation patterns could have effects over longer periods. In addition,
root-infecting ophiostomatoid fungi associated with SPD affect mature trees; however, the use of
seedlings to screen families for tolerance has been useful in predicting the response of mature trees
(Eckhardt et al., 2004).

Water stress has been found to result in a decrease in net photosynthesis in loblolly pine [61],
which is accompanied by a decrease in transpiration rate [62]. Seiler and Johnson [63] found evidence
that water stress conditioning allowed loblolly pine seedlings to photosynthesize at lower water
potentials than usual. This may explain why, in our study, seedlings watered 3D were not different
from those watered 4D or 7D. The confidence interval for SPAD measurements for seedlings watered
3D was nearly twice that of the other treatments, which could indicate some had begun to become
acclimated to the simulated rainfall treatment. Overall, needle greenness was not affected by any other
treatment. This could indicate that needle greenness, or more broadly photosynthesis, is unrelated to
susceptibility of loblolly pine to root-infecting ophisotomatoid fungi.

Loblolly pine has been shown to have reduced growth when exposed to moisture stress [64,65] and
the degree of response is linked to seed source location [63]. In our study, only one susceptible family
had reduced growth (volume growth and dry matter yield) when exposed to altered rainfall amounts.
In general, tolerant families produce more volume and biomass compared to susceptible families. This
could indicate that families that have greater relative growth rates are less susceptible to root-infecting
ophiostomatoid fungi. In this study, we found the wounding process to be of particular importance.
This could indicate tolerant families allocate photosynthates differently than susceptible families.
Future research should investigate resource allocation of photosynthates to structural and chemical
properties of wood. We did observe changes in biomass allocation (needles, roots, etc.) with inoculation
treatment; however, no strong pattern emerged. Given the short duration of the study, a pattern may
have been difficult to detect, and we recommend a longer experimental duration to determine if
trends exist regarding biomass allocation and inoculation with fungi associated with SPD. Changes in
allocation of biomass can have effects on acquisition (e.g., root length) and storage (e.g., leaf water
holding capacity) of water, which in turn can affect plant response to drought. Numerous studies
have examined the effects of precipitation magnitude (flooding or drought) on plants and fungal
pathogen interactions. These studies usually compare a sufficiently watered control and a reduced
water treatment [16,63,64,66,67]. While these findings provide insight into host plant responses to
periods of reduced moisture availability, less is known about the impact that variability in moisture
availability will have on host-pathogen interactions. Some reports indicate that these alterations result
in decreased productivity of loblolly pine [65], but widespread evidence is scarce and lacking with
respect to fungal pathogens. In a previous investigation using the same families/genotypes [54],
it was observed that inoculation with root-infecting ophiostomatoid fungi increased water stress when
compared to non-inoculated control seedlings. In this study, no pattern in water potential emerged
with respect to inoculation and the inoculation × rainfall interaction. Overall, the rainfall treatment had
a significant effect, indicating the treatments were affecting seedling water relations. Future analysis
should utilize a more in-depth analysis of hydraulic features of loblolly pine seedlings.

Gooheen et al. [66] found increased susceptibility of P. ponderosa (Laws.) to a root-infecting
ophiostomatoid fungi with wetter soil; however, seedlings were inoculated below the root crown.
In that study, the success of the fungal pathogen seemed to be driven by increased moisture; however,
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these results could be caused by the effect of moisture on the pathogen. In our study, inoculation
occurred above the soil line [50], which does not directly increase moisture access of the pathogen.
Croisé et al. [67] found severe drought stress increased susceptibility of P. sylvestris (L.) to L. wingfieldii
(Morelet) as well as a significant decrease in hydraulic conductivity. Our results do not indicate
an increase in susceptibility of loblolly pine or a significant change in plant water status. Working
with loblolly pine, Meier et al. [64] found decreases in soil moisture led to decreases in available
carbohydrates for both above- and belowground biomass. We observed similar results in that decreased
moisture availability decreased total biomass yield. We found that this response was not ubiquitous
but was rather specific to family.

5. Conclusions

The results of the study indicate that tolerance to root-infecting ophiostomatoid fungi may be
linked to moisture stress sensitivity. One of the two susceptible families used was also increasingly
sensitive to moisture stress. The same family that was sensitive to changes in moisture also had a larger
lesion or wound when watered less frequently. This was not specific to inoculation with the pathogenic
fungi and therefore we reject the hypothesis that altered moisture availability increases loblolly pine
susceptibility to root-infecting ophiostomatoid fungi. We can conclude that the strategy to compensate
for mechanical stress/wounding is compromised by moisture stress in one family of loblolly pine. We
observed that families chosen for their tolerance to root-infecting ophiostomatoid fungi were tolerant
to the rainfall treatment itself. Therefore, we fail to reject the hypothesis that families selected for their
tolerance would also be more tolerant to changes in water availability. The results from this study
indicate that the topic of linkages between tolerance to both drought and root-infecting ophiostomatoid
fungi warrants further investigation. The authors recommend utilizing more families of loblolly pine
in addition to experiments of longer duration, particularly with trees of varying age.
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Abstract: Red band needle blight caused by Dothistroma septosporum and D. pini, and brown spot
needle blight caused by Lecanosticta acicola provoke severe and premature defoliation in Pinus,
and subsequent reduction of photosynthetic surfaces, vitality, and growth in young and adult trees.
The recurrent damage results in branch and tree death. Until recently, pine needle blight diseases
have had only minor impacts on native and exotic forest trees in the North of Spain, but in the past
five years, these pathogen species have spread widely and caused severe defoliation and mortality
in exotic and native plantations of Pinus in locations where they were not detected before. In an
attempt to understand the main causes of this outbreak and to define the effectiveness of owners’
management strategies, four research actions were implemented: a survey of the management
activities implemented by the owners to reduce disease impact, the evaluation of specific symptoms
and damage associated with infection, and the identification of the causative pathogenic species and
their reproductive capacity. Morphological characteristics of the fungus and molecular identification
were consistent with those of Lecanosticta acicola and Dothistroma spp., D. septosporum, D. Pini, and
both mating types were present for the three identified pathogens. The local silvicultural management
performed, mainly pruning and thinning, was not resulting in the expected improvement. The results
of this study can be applied to establish guidelines for monitoring and controlling the spread of
needle blight pathogens.

Keywords: needle blight; Pinus; defoliation; Dothistroma; Lecanosticta

1. Introduction

Red band needle blight caused by Dothistroma spp. and brown spot needle blight caused by
Lecanosticta acicola (Thümen) H. Sydow are serious forest diseases in many countries [1–4], particularly
when conifers, mainly Pinus radiata D. Don, are planted out of their native American forest regions
and in European plantations, although recent evidence suggests that in Scandinavia and other
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Northern-European countries native P. silvestris L. and P. nigra Arnold are also suffering severe
defoliation from Dothistroma [1].

The symptoms of these two diseases are quite similar, including severe defoliation that results
in significant growth loss when more than 25 % of the needles are diseased [2–4]. The diseases
have caused major epidemics in Pinus radiata (Monterey pine) in the Southern Hemisphere, Central
Africa, Chile, New Zealand, and Australia [2,5]. In recent decades, they have also been increasing in
incidence and severity in the Northern Hemisphere. Currently, serious epidemics are occurring on
Pinus contorta var. latifolia Dougl. Loud. (lodgepole pine) in British Columbia, Canada [6,7] on Pinus
nigra Arnold subsp. laricio (Poiret) Maire (Corsican pine) in Britain [8], and Pinus radiata in Spain [9,10].
These pathogens are found in most European countries and their spread coincided with importations
and plantations of hosts out of their native areas in Europe, Africa, Australasia, and America [1,11–15].

Although red band and brown spot needle blights occur widely on host species in their native
area, plantation monocultures are usually regarded as more susceptible to outbreaks than native
ecosystems [16]. They frequently cause the most damage as invasive diseases in exotic plantations and
have resulted in the abandonment of planting species such as P. radiata in East Africa [3]. In addition
to the abundance of host material, possible reasons for the disease increasing in severity and incidence
are directional climate changes [7], and the occurrence of both mating types, which would enable
sexual reproduction and possible increases in the virulence of these pathogens [17].

These pathogens have spread quickly in Central and Northern Europe [15,18] and their control
is difficult due to the large size of the infested areas and the successful adaptation of the fungi to
climatic and natural conditions in new areas [19]. Both diseases are listed in the EU Plant Directive
as quarantine pests, and controls are focused on seedlings, since this is the only recognized pathway
for spreading in regulatory terms [20]. Dothistroma needle blight is considered endemic in Britain
and Finland [21] and eradication is considered non-viable in Britain [22]. Both mating types are
already present in some European countries. Sexual reproduction increases genetic diversity that can
promote fungal proliferation in new environments, virulence on native and exotic hosts, and fungicide
resistance [15,17,22,23]. It is not yet known if isolates of the pathogen from different countries differ in
virulence. Until this is known it is recommended to restrict the transfer of isolates from countries in
which disease presence has already been confirmed [24].

The main aim of this study was to evaluate strategies to prevent the spread of these pathogens
that are employed in the region of Northern Spain. The incidence and severity of defoliations were
evaluated in Pinus plantations, the main causal agents of needle blight and their corresponding mating
types were identified, and the effectiveness of the disease management activities performed by local
owners was analyzed.

2. Materials and Methods

2.1. Study Area, Field Observations, and Sampling

This study covers forest ecosystems (natural forest and plantations) in the Spanish Atlantic
climate region. Field observations and sampling were conducted from spring to late summer in 2015.
Surveys were conducted in 311 plots across 1650 km2 of primarily radiata pine plantations. The plots
were randomly located along accessible tracks and averaged 2.25 ha in size. Needle samples from 5 to
10 trees per plot were collected and transported in a cooling box to the laboratory. These were used to
identify the causal agents of needle blight. Fungal and foliar samples were maintained in a collection
at the technological institute Neiker in Arkaute (Spain).

For each plot, the percentage of trees (scale = 0–100) affected by the disease, disease incidence
(S inc), and the severity (scale of 0–1) of the disease (A sev) in affected trees was estimated using the 5%
step method. The stand level product of these measurements (S inc × A sev) was used to determine
the severity of needle blight within each plot (S sev, scale = 0–100) [25].
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Evaluation of damages in the stands was conducted by checking perimeters and interior areas to
determine the mean level of damage. For stands with up to 15% overall damage, a general estimation
after a tour through the stand was carried out. If the level of infection was 15% or over, an evaluation
of 100–200 trees was implemented, following a transect through the longest axis of the area.

Additional information was compiled about age of the trees and management activities
implemented in the sampled plantations aimed to reduce the disease impact (high pruning,
low pruning, no pruning, thinning, and disposal of pruning waste).

2.2. Laboratory Analyses

Reliable identification of pathogens was performed through evidence of the characteristic conidia
in the anamorphic state and by using molecular methods. Needles with brown spot and red band
symptoms were sampled and immersed in NaOCl (commercial bleach, 2% active chlorine) for 60 s,
and then rinsed in sterile water. Fruiting bodies and spores were observed by optical microscopy of
typical conidiospores, which are produced in the conidiomata developed on symptomatic needles that
were sampled directly or after incubation in a humid chamber.

In addition, molecular methods were employed to confirm morphological identification of the
fungi. DNA samples were obtained from symptomatic and asymptomatic needles using the extraction
Kit DNeasy Plant Mini Kit (QIAGEN Gmb, Hilden, Germany).

Blight species were identified using specific primers (LAtef.F, LAtef.R, DStub2-F, DStub2-R,
DPtef-F, and DPtef-R) [26]. PCR conditions consisted of PCR buffer (500 mM KCl, 100 mM Tris-HCL
pH 8.8, 0.1% Tween-20, 15 mM MgCl2), 200 μM dNTP, 8 pmol of each specific primer, 0.5 U Taq DNA
Polymerase (BIORON GmbH, Ludwigshafen am Rhein, Germany), and 10–20 ng DNA template in a
total volume of 20 μL. Cycling conditions consisted of 10 min denaturation at 94 ◦C, 35 cycles of 30 s at
94 ◦C, 30 s at 60 ◦C, 45 s, at 72 ◦C, and a last extension at 72 ◦C for 10 min.

Mating types for each detected species were identified using specific primers. Primers specific
for L. acicola were Md MAT1-1F, Md MAT1-1R, Md MAT1-2F, and Md MAT1-2R [27]. PCR conditions
consisted of PCR buffer (500 mM KCl, 100 mM Tris-HCL pH 8.8, 0.1% Tween-20, 15 mM MgCl2), 200 μM
dNTP, 6.4 pmol of each specific primer, 0.5 U Taq DNA Polymerase (BIORON GmbH, Ludwigshafen
am Rhein, Germany), and 10–20 ng DNA template in a total volume of 20 μL. Cycling conditions
consisted of 5 min denaturation at 94 ◦C, 35 cycles of 30 s at 94 ◦C, 30 s at 58 ◦C, 45 s, at 72 ◦C, and a
last extension at 72 ◦C for 7 min.

For D. septosporum (G. Doroguine) Morelet (as ‘septospora’) and D. pini Hulbary mating type
identification the following specific primers were used: DseptoMat1f Dothistroma septosporum
MAT1-1-1-specific primer. DpiniMat1f2 D. pini MAT1-1-1MAT1-specific primer, DotMat1r Dothistroma
MAT1-1-1-specific primer, DseptoMat2f D. septosporum MAT1-2-specific primer, DpiniMat2f
D. pini MAT1-2-specific primer, DotMat2r Dothistroma MAT1-2-specific primer, for D. pini, and
D. septosporum [17]. The same PCR procedure described for the characterization of MAT1-1 and
MAT1-2 sequences in L. acicola DNA samples were applied. The cycling profile used was: denaturation
at 94 ◦C for 5 min followed by 40 cycles at 94 ◦C for 30 s, 65 ◦C for 30 s, and 72 ◦C for 45 s, and a final
extension at 72 ◦C for 7 min.

PCR products obtained were separated by electrophoresis at 100 V for 30 min on a 1.5% (w/v)
agarose gel in 1× Tris-acetate-EDTA buffer (0.4 M Tris, 0.05 M sodium acetate, and 0.01 M EDTA,
pH 7.8) and visualized under UV light.

2.3. Statistical Methods

As a preliminary exploratory analysis, multiple correspondence analysis (MCA) was applied on
the categorized variables to represent the relationships between the variables. MCA is analogous to
principal component analysis (PCA) for categorical (qualitative) variables and allows the projection
of samples and variables in a reduced space, facilitating visual interpretation for large datasets.
This analysis converts a matrix of data into a graphical display known as factor planes. The rows
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and columns of the matrix are plotted (or represented) as points in the factor planes and allow a
geometrical representation of the information [28].

In addition, a binary logistic regression model was used to complement the MCA findings.
Binary logistic regression is a special type of regression where one dependent binary variable
(presence/absence of the pathogen) is related to a set of explanatory variables, listed in Table 1.

Table 1. Characteristics of the plantations (n = 311) included in this study.

Characteristic
Category

Codes
Description of
Characteristic

Detection of Needle Blight Species Number of
PlantationsPositive Negative

Age (years)

1 <15 28 30 58
2 15–<20 43 22 65
3 20–<30 55 39 94
4 ≥30 39 55 94

Pruning
0 no pruning 78 89 167
1 low 72 39 111
2 high 17 16 33

Severity (%)

1 <30 28 68 96
2 30–<60 33 26 59
3 60–<90 51 18 69
4 ≥90 64 23 87

Defoliation at the
base (defb %)

1 <20 16 99 115
2 20–<40 37 28 65
3 40–<60 37 6 43
4 60–<80 46 2 48
5 ≥80 36 4 40

Defoliation at the
middle (defi %)

1 <20 24 106 130
2 20–<40 49 15 74
3 40–<60 51 8 59
4 60–<80 18 3 21
5 ≥80 27 0 27

Defoliation at the top
(deft %)

1 <20 106 125 231
2 20–<40 36 7 43
3 40–<60 14 0 14
4 60–<80 17 1 18
5 ≥80 5 0 5

3. Results

3.1. Fungal Species, Host Distribution and Mating Type Detection in the Studied Area

Morphological characteristics of the lesions and molecular identification of the fungi obtained
from trees displaying symptoms of brown spot and red band needle blights were consistent with those
of L. acicola, and D. septosporum or D. pini, respectively (Figure 1); the expected PCR product sizes is
indicated for each fungal species.

The frequency of species of pine blight pathogens identified in various host trees is shown in
Table 2. L. acicola was most common (in 44.7% of samples) and was mainly detected on P. radiata.
D. septosporum was present in 10% of samples and was found predominantly on P. nigra. Occasionally
two fungal species were detected in the same sample (D. septosporum and L. acicola, or D. septosporum
and D. pini; in 1.6% of the samples). Detection of D. pini was rare (in less than 1% of samples), and it
was always detected with D. septosporum. In terms of stand age, 81% of the plantations in which needle
blight species were found were less than 25 years old.
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Figure 1. Polymerase chain reaction products using specific primers to detect Lecanosticta acicola
(LAtef.F, LAtef.R), Dothistroma septosporum (DStub2-F, DStub2-R), and D. pini (DPtef-F, DPtef-R).
The names M1-M9 at the top of the gel refer to sample numbers.

A high diversity of mating types was detected in the study area. Different mating types of
Dothistroma spp. and L. acicola were present in samples from trees exhibiting symptoms of red band
and brown spot needle blight (Figure 2). All samples showed either Mat 1, Mat 2, or both Mat 1 and
Mat 2. L. acicola Mat 1 was detected in 75% of the samples, Mat 2 in 16%, and both Mat 1 and Mat 2
in 8% of the cases. For D. septosporum, Mat 2 was most frequent in 63% of samples, Mat 1 appeared
in 13% of the samples, and both Mat 1 and Mat 2 were present in 24% of the plantations where this
species was detected. D. pini was only present in three samples; Mat 2 in two samples, and Mat 1 and
Mat 2 together in the third.

Table 2. Frequency of detection of species of Dothistroma and Lecanosticta acicola in relation to species
of hosts.

Fungal spp./Hosts nig 1 hal 2 pin 3 pine 4 rad 5 syl 6 men 7 Total

None detected 44 3 15 1 70 9 1 143
D. septosporum 21 0 2 0 0 2 1 26

D. septosporum and D. pini 3 0 0 0 0 0 0 3
D. septosporum and L. acicola 0 0 0 0 1 1 0 2

Lecanosticta acicola 3 0 0 0 134 0 0 137
Number of plots 72 3 17 1 205 12 2 311

1 Pinus nigra, 2 P. halepnesis Mill., 3 P. pinaster Aiton, 4 P. pinea L., 5 P. radiata, 6 P. sylvestris, 7 Pseudotsuga menziesii
(Mirb.) Franco.
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Figure 2. PCR amplicons of L. acicola, D. septosporum, and D. pini obtained using the MAT primers in
PCR. The numbers at the top of the gel refer to sample number; Ma 1 Ma 2 refer to mating type MAT 1
and MAT 2, respectively; M5, M71, M12, M6, M22, M73, M18, M48, and M22 refer to sample numbers.

3.2. Disease Impact and Its Connection with Implemented Silvicultural Management

Field characteristics of the studied plantations were recorded including the age and disease status
of the plots as well as silvicultural practices implemented by the owners (Table 1). In most plantations
trees were not pruned. Where they were pruned the pruning was directed to remove live or dead
branches for further improvement of crops to produce knot free wood.

The estimated severity of needle blight in plantations ranged from 5% to 95%. Defoliation was
greater at the base of the diseased trees (55.6% ± 27.8%), and less in the middle (43.5% ± 26.1%) and at
the top (18.2% ± 21.7%) of the diseased trees. In comparison, in plantations where the disease was
not present 16.6% ± 11.6%, 12.4% ± 7.8%, and 5.8% ± 12% of the trees were defoliated at the base,
middle, and top, respectively. Defoliation at the base was three times greater in infested plantations.
Defoliation at the base in healthy plantations can be associated with self-pruning due to the lack
of light.

In MCA (Figure 3), the spread of the category quantifications for every variable is represented,
and reflects the relationships between variables in each dimension. MCA revealed that the first
horizontal dimension explained 45.6% of the total inertia (variance), as the first factor plane represents
the largest inertia, while the second vertical dimension explained 26.3%. Additional dimensions
explained less than 1.5% each and hence had no practical significance (Table 3). With respect to the
damage caused by these diseases, the first dimension is related to detection and disease symptoms
(mainly defoliation at the base and in the middle part of the trees) and the second dimension is
related also to defoliation at the base and intermediate part of the trees. Figure 4 shows, for each
variable, a measure of its importance, which can be regarded as a squared component loading that
is computed for each dimension. This measure is also the variance of the quantified variable in that
dimension. Variables such plantation age and pruning, located very close to the origin, do not highlight
correspondence in any dimension. With regard to management practices in the plantations, statistically
significant differences were not observed in the disease severity of unhealthy plots subjected to
different management activities such as extent of thinning or removal of diseased branches after
pruning (p > 0.05; χ2 test).
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Figure 3. Relationship among fungal infection severity, symptoms, and tree characteristics in the
surveyed plantations. Variety and dimensions of dichotomized presence absence of needle pathogenic
species, healthy vs. unhealthy, visualized with multiple correspondence analysis and the rest of the
variables: Age, defb = defoliation of the tree at the base; defi = defoliation at the middle of the tree;
deft = defoliation at the top of the tree; Pruning, severity = severity of the disease.

Table 3. Logistic Regression Analysis of disease detection: Factors explaining disease development in
plantations of Pinus (n = 311).

Variables B (S.E.) Wald ODDS (C.I. 95%)

Age 5.37
Age (1) 1.27 (0.70) * 3.24 3.54 (0.89–14.08)
Age (2) 1.50 (0.71) ** 4.35 4.47 (1.09–18.23)
Age (3) 0.64 (0.60) 0.98 1.9 (0.53–6.75)
Pruning ns 0.91
Waste ns 0.001

Thining ns 0.002
Severity 15.98

Severity (1) −1.69 (0.76) ** 4.96 0.18 (0.04–0.81)
Severity (2) −0.81 (0.61) 1.74 0.44 (0.13–1.48)
Severity (3) 1.11 (0.69) 2.52 3.03 (0.77–11.89)

defb 16.07
defb (1) −2.89 (1.33) ** 4.73 0.06 (0.00–0.75)
defb (2) −1.57 (1.14) 1.89 0.21 (0.02–1.95)
defb (3) 0.53 (0.97) 0.3 1.71 (0.25–11.53)
defb (4) 3.28 (1.42) ** 5.28 26.56 (1.62–43.53)

defi ns 5.71
deft ns 0.82

p values: ns, ≥0.10; *, <0.10; **, <0.05. Model Chi2 (1) = 168.50, p < 0.001; Nagelkerke R2 = 0.70; B, Coefficient
for the constant or “intercept”; S.E., standard error around the coefficient for the constant; Wald, Wald
criterion; ODDS and 95.0% C.I., Exponentiation of the B coefficient, which is an odds ratio (this value is
given by default because odds ratios can be easier to interpret than the coefficient, which is in log-odds units);
C.I., Confidence Interval.
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The logistical analysis was conducted to predict detection of blight needle disease using as
predictors the coded variable of age, defoliation at the base, in the middle, and at the top of the
trees, plot severity, and management activities. A test of the full model against a constant only was
statistically significant, indicating that the predictors as a set reliably distinguished between positive
and negative detection of needle blight (chi square = 168.551, p < 001 with df = 21). Nagelkerke’s R2 of
0.70 indicated a moderately strong relationship between prediction and grouping. Prediction success
overall was 87.4% (81.2% for negative detection and 90.8% for positive detection of the pathogens).
The Wald criterion demonstrated the significant contribution of predictors to the model (p < 0.05).
The most significant factor was the highest defoliation on the base defb (4), p < 0.05 and ODD = 26.56,
followed by Age (1) and Age (2) (p < 0.05; ODDs 3.54 and 4.46, respectively) and Severity (1) (p < 0.05;
ODD = 0.18). Management activities such as pruning and removal of pruning debris “waste” did not
have a significant effect on the disease severity (p > 0.05) (Table 3).

Figure 4. Multiple correspondence analysis (MCA) dimensions contain variances, indicating which
variables are related along which dimension.

This study revealed two distinctive and significant dimensions of disease presence. There was a
clear relationship among age (≤2), disease severity (1), high defoliation at the tree base (4), and damage
to trees from the pathogens. On the other hand, the management activities carried out in infested
plantations in an attempt to reduce the negative effect of the diseases had a low or null effect on the
extent of damage. There were no differences in detection or severity of the disease associated with the
traditional management activities that are normally recommended to reduce the disease impact.

4. Discussion

The purpose of this work was to determine the extent of needle blight diseases caused by
pathogenic fungi in susceptible forest ecosystems in the North of Spain and the impact of management
activities in disease development. The fungal species causing needle blight and their corresponding
mating types were identified, their severity was evaluated, and the effect of the main management
activities performed by local owners in infested plantations was analyzed. Assessment methods of the
disease were selected to identify factors correlated with disease incidence in areas where management
practices are possible. The study was not aimed at comparing presence vs. absence of disease,
but rather it was designed to discriminate between factors associated with high or low disease levels
where disease was confirmed.

153



Forests 2017, 8, 18

In this study we discovered that three needle blight pathogens, L. acicola, D. septosporum, and
D. pini are present in Spain and, moreover, that both mating types for each are present, in some cases
in the same plantation. The presence of both mating types of the three species in the same plantations
could indicate the presence of sexual crossing and the potential to increase the development and spread
of the diseases. In this context of increased genetic diversity of the pathogens, the implementation of
successful control measures becomes even more complicated. It has been reported that the introduction
of the second mating type of a pathogen can aggravate the disease severity and it may increase the
resistance of the pathogens to chemical or biological treatments due to a rapid increase in virulence as
a consequence of genetic exchange [29].

The symptoms of both red band and brown spot needle blights are most severe at the lower and
middle part of the crowns and in trees less than 25 years old. This is the standard rotation age for
P. radiata in New Zealand and Europe and it could be the reason why the symptoms are more prevalent
in these plantations because in contrast to other Pinus species, there is some evidence that P. radiata
trees develop resistance to the fungus gradually as they mature [11,30–32].

Two very different forest management strategies are currently in place in the plantations in the
study area. Although some owners are still undertaking major pruning, a large part of the collective is
managed using low cost methods that do not involve pruning and thinning regimes. On plantations
where pruning and thinning are implemented, only low pruning (to about 2.2 m when the trees are
8–10 years old) or high pruning (to about 5.5 m at the age of 13–15 years) are employed, and usually
only a single thinning. The pruning height does not exceed half of the tree height [33].

Silvicultural practices such as thinning, pruning, and removal of pruning debris are conducted
in these plantations mainly for two objectives. Firstly, they increase the value of the wood products.
These silvicultural practices encourage trees to develop a strong structure and produce knot-free
wood. Knots are the primary reason for reduction in lumber value. Secondly, they improve tree
health by increasing the airflow through the stands, making the microclimate conditions less favorable
to disease development. Removing broken or damaged branches encourages wound closure and
prevents diseases from entering the tree [34,35].

Our study revealed that silvicultural practices did not significantly reduce needle blight disease
severity in infested plantations, in contrast to expectations. Although they did not eliminate the
pathogens, these practices have previously been reported to reduce the inoculum and the disease level.
Bulman et al., Gadgil, and Mullet et al. [4,36,37] showed evidence for a reduction in disease levels from
thinning and pruning of the lower branches in at least one season. However, other authors [38–40]
did not report positive effects of low pruning on disease reduction, which is consistent with our
observations. In two cases [39,40] the lack of an observed effect was attributed to the size of the blocks
used in the trials. On the other hand, Gibson et al. [41] reported some evidence that pruning may
accelerate the onset of mortality in affected stands. In one highly infested plantation, unpruned plots
had 2.8% mortality compared with 8.8% mortality in pruned plots one year after treatment.

The plantations evaluated in this study implemented management practices at different times;
some plantations were recently pruned and thinned and others were pruned and thinned several years
ago (>5 years). This may explain the observed effect on needle blight disease severity of these practices.
In addition, the strong influence of climate on the incidence of needle blight diseases may mask the
effect of thinning and pruning since the infested plantations in this study are located for the most part
(84%) in a region with the highest climate risk factors which may influence the development of needle
blight disease [7,42–44]. Climate change may impact tree health and place managed plantations at high
risk by altering the disturbance dynamics of native forest insect pests and microbial pathogens, as well
as facilitating the establishment and spread of nonindigenous species [45]. Changes in the patterns of
disturbance by forest pests are expected under a changing climate as a result of warmer temperatures,
changes in precipitation, increased drought frequency, and higher carbon dioxide concentrations [46].

In the case of the studied area in the North of Spain, climate projections under greenhouse gas
emission scenarios indicate that this area will experience changes in climate throughout the 21st century,

154



Forests 2017, 8, 18

including warming of surface air (especially heat wave episodes) and intensification of extreme daily
rainfall (10%). Observations made in the studied area throughout the 20th century indicate increases
(albeit slight) in air temperature and mean sea level that are in agreement with these projections.
The result may be changes in the regime of flood events and the torrential character of the draining
rivers [47].

In recent years there has been a drastic intensification in the severity of red band needle blight
caused by D. septosporum and D. pini and brown spot needle blight caused by L. acicola in western
Canada, the United States, and Europe [6,7,19,48]. The decline in forest health in these countries could
be explained by a combination of factors including the presence and high density of the host, the
cosmopolitan nature of the fungal species present in the regions with tropical, subtropical, temperate,
Mediterranean, Atlantic, continental, and subarctic climates, climate conditions suitable for pathogen
growth, and directional climate change that improves growth conditions [7,43,49].

To minimize the environmental and economic impact of needle blight disease, and encourage
the sustainability of the most susceptible forest ecosystems, cultural practices and control strategies
may require the combination of several methods [4,10,50]. Cultivation of alternative tolerant, resistant,
or non-host forest species adapted to the local growing conditions is recommended in areas with
the highest disease risk. However, since disease resistance is believed to be associated with tree
maturation [32], prevalence of natural biological control agents, and genetic diversity of fungal
populations [17], application of biological and copper-containing fungicides, and the use of fertilizers
could encourage optimal growth of the trees and contribute to the recovery from fungal damage and
other stressful factors, especially in seedlings and young plantations [51]. These measures do not
eradicate the causal pathogens, and the application of chemical treatments in these ecosystems is not
common, especially in adult plantations. In addition, there is a reluctance to apply aerial fungicides in
forest ecosystems in EU and in New Zealand [44]. Exploration of new host species and provenances,
breeding for increased resistance, and forest diversification have been reported as the key options to
improve disease management in the future [10].

5. Conclusions

Needle blight is an economically important disease in many parts of the world and estimates
of the economic injury level made by different researchers are consistent. Growth losses have been
demonstrated when disease levels reach about 20% of the crown. The disease impact and fungal
diversity of the pathogens revealed in this study suggest that implementation of successful control
measures is not an easy task. The wide spread of the disease, its severity in plantations in which
silvicultural management practices were implemented, the presence of three different pathogens
identified as species causing severe defoliation, and the report of two mating types in the tree species
complicate efficient control strategies.

Despite the fact that there are several options for disease control, each option has to be weighed
against the availability of resources, cost of implementation, and political, environmental, and market
restrictions. Substitution of a non-susceptible tree species for one that is highly susceptible may seem a
reasonable measure but, in the studied area, widespread planting of a new species may not be feasible,
especially when processing plants and markets are set up for the susceptible species. In addition, it is
difficult to guarantee the future health of substitute forest species in the context of a changing climate
and the global trade in wood products that is conducive to the introduction of pathogens.
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Abstract: Fungi in the Botryosphaeriaceae are important plant pathogens that persist endophytically
in infected plant hosts. Lasiodiplodia theobromae is a prominent species in this family that infects
numerous plants in tropical and subtropical areas. We characterized a collection of 255 isolates
of L. theobromae from 52 plants and from many parts of the world to determine the global genetic
structure and a possible origin of the fungus using sequence data from four nuclear loci. One to two
dominant haplotypes emerged across all loci, none of which could be associated with geography or
host; and no other population structure or subdivision was observed. The data also did not reveal a
clear region of origin of the fungus. This global collection of L. theobromae thus appears to constitute a
highly connected population. The most likely explanation for this is the human-mediated movement
of plant material infected by this fungus over a long period of time. These data, together with related
studies on other Botryosphaeriaceae, highlight the inability of quarantine systems to reduce the
spread of pathogens with a prolonged latent phase.

Keywords: Botryosphaeriaceae; latent pathogen; endophyte; fungal ecology; fungal invasion;
quarantine

1. Introduction

The health of both native and planted forests is under increasing pressure from rapid changes
in the environment (many related to the growing impacts of human society) or the introduction of
non-native, invasive pathogens and pests [1,2]. The rise in the number of invasive pathogens and
pests is thought to be driven primarily by increasing international movement and trade in plants
and plant products [2,3]. This problem might be even more severe than previously realized, because
quarantine mechanisms designed to reduce such movement are oblivious of the multitude of cryptic
and endophytic microbes that occur asymptomatically within plants [3,4]. A prominent group of fungi
that reflect this threat is the Botryosphaeriaceae.

The Botryosphaeriaceae includes many important plant pathogens such as well-known species in
Botryosphaeria, Diplodia, Dothiorella, Lasiodiplodia, Macrophomina, and Neofusicoccum [5]. These fungi can
persist endophytically within apparently asymptomatic plant material, from where they can cause
disease when the host is stressed [4,6]. Many Botryosphaeriaceae species infect multiple plant hosts
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and commonly occur on both native and non-native hosts in a region [7–11]. Consequently, they can
easily be spread when plants or plant material are moved between regions [3,4].

The majority of the Botryosphaeriaceae have relatively limited distributions [12–15]. This is
perhaps not surprising given that their spread is closely linked with rainfall and associated wind
dispersal, and is consequently expected to be relatively local [6,16]. While stepwise, long-distance
spread would be possible, a continuous distribution of available hosts would be needed, making spread
across oceans or other major physical barriers unlikely. A few species, however, have very broad global
distributions, including Botryosphaeria dothidea, Diplodia sapinea, D. seriata, Dothiorella sarmentorum,
Neofusicoccum parvum, and Lasiodiplodia theobromae [4,11,17–20]. These species are commonly associated
with agriculture, forestry, or urban environments, and it is thought that human-assisted dispersal has
played a significant role in their distributions [15,18,19].

A number of previous studies have suggested that human-assisted dispersal of the
Botryosphaeriaceae might in some cases occur on a large scale. For example, D. sapinea has been
introduced to all areas where Pinus species have been planted in the southern hemisphere [21].
Population genetic studies on this fungus suggest that, in most areas, these introductions have
been so extensive that the diversity of the non-native populations exceeds that of some local native
populations of the fungus [22,23]. Another example is N. parvum, which is also highly genetically
diverse, with 12 lineages identified using microsatellite markers, many of which are shared between
different countries and on different continents [18]. In the case of Macrophomina phaseolina, Sarr et
al. [24] identified three lineages using DNA sequence data for six loci, also with shared geographic
ranges. Analyses of a global collection of isolates of B. dothidea using two DNA sequence markers,
showed that isolates grouped into two main haplotypes, with no structure based on either host genus
or country of origin [19].

Lasiodiplodia theobromae is one of the most commonly reported species in the Botryosphaeriaceae.
This fungus has been associated with at least 500 plant hosts from many tropical and subtropical
regions globally [17,25]. However, many of these host associations and disease reports for L. theobromae
predate the use of DNA sequencing for species identification, and at least some could be attributed
to cryptic species related to L. theobromae [12,17]. In recent years, many cryptic species have been
described for isolates previously treated as L. theobromae due to their morphological similarity, but
that are distinct based mainly on DNA sequence data from two loci, the internal transcribed spacer
ribosomal DNA (ITS) and translation elongation factor 1α (tef1α) [26–28]. At present, the genus
Lasiodiplodia comprises 31 species [20], mostly distinguished using sequence data. Furthermore,
Cruywagen et al. [27] recently showed that four species of Lasiodiplodia represent hybrid species, based
on more complete isolate collections or sequence data of more loci than originally used. In view of
all of these studies, there is no overall clarity on the host or geographic distribution of what can be
considered L. theobromae sensu stricto, based on current DNA-based definitions of this taxon. It is also
not clear where the fungus might have originated, where it is invasive, or to what extent humans have
facilitated the dispersal of this fungus globally.

The first aim of this study was to screen a global collection of isolates putatively identified as
L. theobromae and thus to identify a collection that represented L. theobromae sensu stricto based on
DNA sequence data. Sequence data from four nuclear loci were then used to determine whether there
was genetic structure amongst this global collection of L. theobromae isolates. Finally, we considered
whether the data revealed a possible area of origin for the fungus.

2. Materials and Methods

2.1. Isolate Collections and DNA Extractions

A total of 426 fungal isolates designated as Botryosphaeria sp. or L. theobromae were obtained
from the culture collection (CMW) of the Forestry and Agricultural Biotechnology Institute (FABI)
at the University of Pretoria, Pretoria, South Africa. These isolates originated from collections made
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in Australia, Benin, Brazil, Cameroon, China, Colombia, Ecuador, Indonesia, Madagascar, Mexico,
Oman, Peru, South Africa, Thailand, Uganda, the United States of America (USA), Venezuela, and
Zambia (Figure 1). Several isolates identified as L. theobromae were also sourced from the culture
collection of the Westerdijk Fungal Biodiversity Institute (previously known as the Centraalbureau
voor Schimmelcultures), Utrecht, the Netherlands. In addition, sequences were sourced from GenBank
for taxa labeled as “Botryosphaeria rhodina” or “Lasiodiplodia theobromae” and were included in datasets
for analyses (Table 1).

Isolates assembled for this study were purified by transferring single hyphal tips to clean
culture plates following the method described in Mehl et al. [30]. DNA was extracted from
isolates using the method described by Wright et al. [31] with pellets suspended in 50 μL Tris
Ethylenediaminetetraacetic acid (TE) buffer. DNA concentrations were determined using a NanoDrop®

ND-1000 and accompanying software (NanoDrop Technologies, DuPont Agricultural Genomics
Laboratories, Wilmington, DE, USA).

Figure 1. Sites (black circles) and biogeographic regions (shaded) where isolates originated from.
Map source: [29].
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2.2. PCR Amplifications, DNA Sequencing, and Confirmation of Species Identity

Isolate identities were confirmed as L. theobromae using data from four loci; the ITS rDNA
(including the ITS1, 5.8S nuclear ribosomal RNA (nrRNA) and ITS2), tef1α, β-tubulin-2 (tub2) and
RNA polymerase II (rpb2) loci. Preliminary identification was done for all isolates using maximum
likelihood phylogenetic analysis of sequence data from the tef1α locus, which was then supported by
data for the other three loci. The dataset for tef1α included all other Lasiodiplodia species known at the
time of the analyses.

For PCR amplifications, the primer sets ITS1 and ITS4 [32], EF1F and EF2R [33], EF688F and
EF1251R [34], Bt-2a and Bt-2b [35], and RPB2-LasF and RPB2-LasR [27] were used to amplify the
ITS, tef1α, tub2, and rpb2 loci, respectively. PCR mixes were the same as those that included KAPA
Taq and MyTaq DNA polymerases as described by Mehl et al. [36] and PCR cycling conditions and
product visualization were the same as those used by Mehl et al. [37]. PCR product purification and
sequencing were done as described by Mehl et al. [30] and sequences were examined and edited using
MEGA 6 [38].

Sequence datasets were aligned using MAFFT 6 [39] with the G-INS-I algorithm selected and
alignment errors corrected visually. For the tef1α dataset that included isolates of species other than
L. theobromae, the best nucleotide substitution model was determined using JMODELTEST 2.1.3 [40]
with the corrected Akaike Information Criterion selected. The dataset was analyzed with PHYML
3.0.1 [41] using the same model parameters as determined by JMODELTEST and the robustness of the
generated tree was evaluated using 1000 bootstrap replicates. Sequences generated in this study were
deposited in GenBank (Table 1).

2.3. Haplotype Assignment and Networks

To ascertain the number of haplotypes for each dataset and to identify where haplotypes occurred,
sequence datasets were generated for each locus separately, along with one combined dataset for the
ITS and tef1α regions. The combined dataset was generated because it included the majority of isolates
and provided a better representation of the diversity inherent in the populations and regions. For
each dataset, isolates were assigned to different haplotypes using the map program in Mobyle SNAP
Workbench [42]. Sites that violated the infinite sites model, as well as indels, were removed prior to
assigning haplotypes. Median joining haplotype networks were then constructed for each dataset, as
well as for the combined dataset using NETWORK 4.6.1.3 [43,44].

2.4. Population and Regional Structure and Diversity

To determine whether there was genetic structure present in the datasets and to test for potential
population subdivision, haplotype assignments for all four loci, as determined by Mobyle SNAP
Workbench, were analyzed using the program STRUCTURE 2.3.4 [45,46]. STRUCTURE uses a Bayesian
clustering algorithm to evaluate the possibility of multiple lineages being present. Two sets of analyses
were made, the first of which evaluated whether there was genetic structure in the dataset for all
isolates. The second set of analyses involved grouping isolates into five populations based on the
continent of origin (North America, South America, Africa, Eurasia, and Australasia) and then running
STRUCTURE analyses on pairs of populations to determine whether there was genetic structure
between any of the populations (10 pairs including every possible combination).

For all analyses, burnin was set at 300,000 and the number of Markov Chain Monte Carlo (MCMC)
repeats was set at 900,000, so that more than 1,000,000 repeats were done to generate robust results.
Initially lambda was computed based on five runs at K = 1. The model selected entailed admixture
with independent allele frequencies and the lambda value computed. Twenty iterations were done for
each value of K = 1 to K = 10. Results were parsed through STRUCTURE HARVESTER [47] and the
DeltaK [48] output used to identify possible subpopulations.
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Population statistics, including gene and nucleotide diversities, were inferred using ARLEQUIN
3.5.1.2 [49] on the ITS, tef1α, combined ITS and tef1α, and tub2 sequence datasets for every geographic
country and region assigned. Pairwise population differentiation (ΦST) comparisons were computed
for all populations and regions using ARLEQUIN on the same dataset.

2.5. Putative Geographic Origin of Lasiodiplodia theobromae

To determine the possible centre of origin for L. theobromae, scenarios of how populations could
have arisen were simulated and the summary statistics of these compared to those of the observed
dataset using DIYABC 2.0.4 [50]. For these analyses, the sequence datasets of isolates (with data from
all four loci) were grouped according to continent of origin, similar to the arrangements for the second
set of analyses using STRUCTURE. To determine whether any of the populations could be ancestral,
pairs of populations were evaluated using three possible scenarios (Figure 2): scenario 1—the first
population is ancestral to both, scenario 2—the second population is ancestral to both, scenario 3—both
populations diverged from an unknown ancestral population. For each scenario, 1,000,000 datasets
were simulated.

Figure 2. Scenarios evaluated to determine possible ancestry between any of the pairs of populations
tested. In scenario 1, population 1 is ancestral to both. In scenario 2, population 2 is ancestral to both.
In scenario 3, both populations diverged from an unknown source population.

Posterior probabilities of scenarios for each analysis step were computed using polychotomous
logistic regression on 1% of the simulated datasets closest to the dataset provided. The best scenario
was the one having the highest probability and with 95% confidence intervals that did not overlap
with those of the other scenarios tested.

3. Results

3.1. Isolate Collections and Confirmation of Species Identity

The tef1α sequence dataset that included all isolates, as well as representatives of other Lasiodiplodia
species, consisted of 340 characters (151 parsimony informative, 22 parsimony uninformative,
167 constant). The model selected by JMODELTEST was HKY (transitions:transversions (ti/tv)
= 1.719, γ = 0.407). The resulting tree contained a clade of 255 isolates, from 26 countries, that
was considered to represent L. theobromae sensu stricto as it included authentic isolates of this
species (Figure S1). Of these, 95 isolates represented a global collection assembled over many
years and stored in the CMW culture collection. The other isolates sampled from this collection
grouped with Botryosphaeria dothidea, D. pseudoseriata, L. brasiliense, L. crassispora, L. gilanensis,
L. gonubiensis, L. hormozganensis, L. iraniensis, L. laeliocattleyae, L. mahajangana, L. margaritacea, L. parva,
L. pseudotheobromae, L. viticola, Neofusicoccum parvum, and N. vitifusiforme (data not shown) and were
thus excluded. Four isolates were from the collection of the Westerdijk Fungal Biodiveristy Institute.
The remaining sequences for 156 additional isolates were sourced from GenBank (Table 1, Figure 1).
Thus, all subsequent analyses were based on data for this core group of 255 isolates from 52 plant hosts.
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Countries considered in the analyses were grouped into eight geographic regions, including north
America (Hawaii, Mexico, Puerto Rico, United States of America—USA), western south America
(Colombia, Ecuador, Peru, Venezuela), eastern south America (Brazil, Uruguay), western Africa (Benin,
Cameroon), southern and eastern Africa (Madagascar, South Africa, Uganda, Zambia), Middle East
and Europe (Egypt, Iran, Italy, Oman), Asia (China, Indonesia, Korea, Thailand), and Australasia
(Australia, Papua New Guinea) (Tables 1 and 2).

3.2. Haplotype Assignment and Networks

The ITS dataset (252 isolates) consisted of 333 characters (two parsimony informative,
23 parsimony uninformative, 308 constant) and yielded 11 haplotypes with 17 fixed single nucleotide
polymorphisms (SNPs) (Table S1, Figure 3a). The tef1α dataset (255 isolates) consisted of 216 characters
(five parsimony informative, 11 parsimony uninformative, 200 constant) and yielded eight haplotypes
with 14 SNPs (Table S1, Figure 3b). The tub2 dataset (153 isolates) consisted of 309 characters (six
parsimony informative, nine parsimony uninformative, 294 constant) and yielded 12 haplotypes with
15 SNPs (Table S1, Figure 3c). The rpb2 dataset (73 isolates) consisted of 535 characters (zero parsimony
informative, zero parsimony uninformative, 535 constant) and yielded a single haplotype. The
combined ITS and tef1α dataset consisted of 549 characters (seven parsimony informative, 34 parsimony
uninformative, 508 constant) and yielded 17 haplotypes (Figure 4).

Figure 3. Haplotype networks generated for the (a) internal transcribed spacer rDNA (ITS), (b)
translation elongation factor 1α (tef1α), and (c) β-tubulin-2 (tub2) loci. Only one haplotype resulted
from analysis of the RNA polymerase II (rpb2) locus and is not included. Colours represent the different
regions isolates were obtained from.
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Figure 4. Haplotype network generated for the combined ITS and tef1α dataset. Colours represent the
different regions isolates were obtained from. Haplotypes designated by Roman numerals (I–XVII).
Open circles represent inferred haplotypes.

There was no clear grouping of isolates based on region of origin. Analyses of the ITS and tub2
loci (Figure 3) showed that one haplotype was most common. The rpb2 dataset was not analyzed
further as it constituted only one haplotype. For the tef1α dataset and the combined dataset of ITS
and tef1α, two closely related (separated by a single mutation) haplotypes were most common. These
common haplotypes represented isolates sourced from all eight regions sampled (Figures 3 and 4,
Table S2).

An analysis of haplotypes (Table S3) showed that Asia and North America had the greatest
number of unique haplotypes (10 and four, respectively) across all three loci (ITS, tef1α, and tub2). For
the remaining regions, one to three unique haplotypes were detected. When considering the individual
loci, three unique ITS haplotypes and six unique tub2 haplotypes were observed amongst isolates from
Asia. For all other regions, two or fewer unique haplotypes were found. Upon closer examination,
these unique haplotypes were confined to specific countries. Two of the five isolates collected from the
USA (North America) had unique haplotypes, while 15 isolates collected from three locations in China
over a period of four years had unique haplotypes.

3.3. Population and Regional Structure and Diversity

There was no evidence of sub-populations present in either set of the STRUCTURE analyses. In
the first set of analyses that considered all isolates, the significantly highest DeltaK value was at K = 8
populations, but the corresponding barplot showed that no structure was present (Figure 5). Similarly,
in the second set of analyses that evaluated genetic structure between the pairs of populations, the
highest DeltaK values obtained differed for each population pair tested and varied from K = 2 to K = 8.
However, the corresponding barplots for these values of K all showed that no structure was present in
the data (Figure S2a–j).
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Figure 5. Structure output on the combined dataset of all four loci. The output from the DeltaK
analysis from STRUCTURE HARVESTER (top) resulted in the highest peak at K = 8 populations, but
the corresponding barplot (bottom) showed no structure.

Gene diversity was low for most countries and regions sampled. High gene diversity (>0.4) was
detected for individual loci in countries including USA, Peru, Uganda, China, Indonesia, and Thailand,
and in North America (Table 2). High nucleotide diversity was detected in the above-mentioned
countries, as well as in Ecuador, Venezuela, Brazil, Cameroon, South Africa, Oman and Australia,
and in several regions including western and eastern South America, western Africa, and Australasia
(Table 2).

When combining the gene and nucleotide diversities across the three individual loci (ITS,
tef1α, tub2) (Table 2), the greatest diversity overall was recorded for North America (HE = 0.798,
π × 10−3 = 6.146). High gene diversity (HE > 0.4) was also detected for Australasia (HE = 0.606,
π × 10−3 = 6.146), Middle East and Europe (HE = 0.554, π × 10−3 = 2.420), western South America
( emphHE = 0.432, π × 10−3 = 3.933), and southern and eastern Africa (HE = 0.418, π × 10−3 = 4.208).
Asia and western Africa had low levels of gene diversity, but high levels of nucleotide diversity (Asia:
HE = 0.312, π × 10−3 = 6.008; western Africa: HE = 0.220, π × 10−3 = 5.099). Eastern South America
had the lowest diversity overall (HE = 0.281, π × 10−3 = 3.703).

Most populations were not highly genetically differentiated, based on ΦST values. The greatest
genetic differentiation was seen in the north American and western African populations, with moderate
to very high levels of genetic differentiation [51] compared to the other populations assessed (Table 3).
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Table 3. Pairwise population differentiation (ΦST) comparisons between the regions that isolates were
obtained from, based on the combined ITS and tef1α dataset.

Region N
North

America

Western
South

America

Eastern
South

America

Western
Africa

Southern
and

Eastern
Africa

Middle
East and
Europe

Asia Australasia

North America 15

Western South
America 19 0.047

Eastern South
America 77 0.026 0.014

Western Africa 12 0.040 0.165 0.121 -

Southern and
Eastern Africa 40 0.189 0.051 0.105 0.367

Middle East and
Europe 27 0.109 0.008 0.045 0.272 0.01

Asia 57 0.166 0.032 0.080 0.343 0.006 0.002

Australasia 6 0.087 0.041 0.087 0.205 0.075 0.056 0.068

3.4. Putative Geographic Origin of Lasiodiplodia theobromae

Posterior probabilities for all of the scenarios tested for the pairs of populations were low
(Table S3) when a posterior probability of 0.7 or more was considered high. Ninety-five percent
(95%) confidence intervals for different scenarios for the same pairwise comparison often overlapped
(Table S4), indicating a lack of resolution in choosing one specific scenario over the others. These
results are likely due to the lack of variation in the markers. However, they support the conclusions of
other analyses reported above that did not identify any specific region as an evolutionary origin of the
fungus over others.

4. Discussion

Results of this study suggest that isolates associated with L. theobromae collected from many
different hosts and countries of the world represent a single globally distributed species, with no
obvious phylogeographic structure. This was evident from various analyses on sequence datasets for
four loci (only three of which were variable) in 255 isolates from 52 hosts from all continents other than
Antarctica. We thus contend that the only likely explanation for this result is the large-scale human
dispersal of this fungal species.

The lack of population structure in L. theobromae on a global scale is in contrast to studies on
other broadly distributed fungi that infect commercially cultivated plants or are medically important
(e.g., [52–54]). These previous studies have typically revealed phylogeographic structure within species,
with multiple cryptic lineages linked to geographic regions, leading to the conclusion that, for fungi,
“nothing is generally everywhere” [54,55]. Subsequent studies have shown that lineages in some of
these fungi (e.g., Fusarium graminearum and Histoplasma capsulatum) represent cryptic species [56,57].
An exception to this rule is Aspergillus fumigatus, which has very small (2–3 μm), wind-dispersed
conidia. This special case is hypothesized to possibly arise from human influence, especially through
environmental impact, which has created ideal habitats for the fungus [58,59].

Amongst the Botryosphaeriaceae, the shared genetic diversity across continents is not unique to
L. theobromae. Neofusicoccum parvum also appears to have a similar global distribution of diversity [18].
Recently, Marsberg et al. [19] reported a similar lack of structure amongst a global collection of B.
dothidea isolates. All three of these species have exceptionally broad host ranges across many plant
families, and this has no doubt facilitated their broad distribution. Furthermore, N. parvum was
reported to be more common in human-associated and disturbed environments, such as plantations,
orchards, and urban environments [15], which could facilitate invasion (similar to A. fumigatus).
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Lasiodiplodia theobromae, B. dothidea, and N. parvum are ideal systems in which to further test these
hypotheses regarding the role of host and human association in facilitating invasions.

The absence of phylogeographic structure amongst global collections of Botryosphaeriaceae
such as L. theobromae is surprising in the light of their spore dispersal mechanism. Spores of the
Botryosphaeriaceae, including those of L. theobromae, emerge in a sticky matrix and are relatively large
(the most common spores, conidia, range between 10–35 × 8–15 μm; [12]) and are naturally dispersed
by wind and rain splash [6,16,60–62]. Consequently spores are not expected to be spread over large
distances or across geographic barriers and certainly not between continents. The limited ability of
these fungi to disperse over long distances would be expected to result in a vicariant population
structure with differences at a regional level between populations. The lack of population structure
and dominance of identical multilocus haplotypes on distant continents can only be explained by
assisted dispersal. In this case, human-mediated movement of plant material [1,3,63] has most likely
facilitated this global dispersal.

A large number of the plant hosts from which isolates of L. theobromae were obtained for the present
study are commercially important and traded globally as part of the nursery trade, or cultivated either
for agriculture (e.g., Carica papaya, Mangifera indica, and Vitis vinifera) or forestry (e.g., Acacia mangium,
Eucalyptus species). The Botryosphaeriaceae, including L. theobromae, are common endophytes in such
plants and plant products, including fruits [4,64]. Endophytic infections by these fungi are typically
invisible and are thus not detected by quarantine systems [3,19,65]. The present study highlights how
widely species of the Botryosphaeriaceae, specifically L. theobromae, can be spread as a consequence of
such human-assisted movement.

Results of this study were consistent with those of previous studies that used microsatellite
markers to study populations of L. theobromae [66–68]. These previous studies considered populations
of isolates from Mexico, South Africa, Venezuela, India, and Cameroon, and detected extensive gene
flow and shared genotypes from different hosts [66–68] and from different countries [66]. Our analyses
provide a broader representation with consistent results, including publicly available data combined
with data from our own collection of L. theobromae isolates.

No clear centre of origin for L. theobromae emerged from this study based on gene diversity. The
greatest cumulative diversity obtained by combining the diversities for the individual loci was detected
for the North American collections. Population differentiation tests highlighted the North American
and west African populations as being moderately to fairly distinct from the rest. The North American
and Asian regions had higher numbers of unique haplotypes (four and ten respectively), but these
haplotypes were present only in some countries (USA and China, respectively).

The diversity of L. theobromae in the USA was especially noticeable given that only a few isolates
were available for that country. Further sampling would be needed to confirm whether this reflects a
possible native population or is the result of introductions through trade with various other regions [55].
It has been shown for other organisms, for example lizards, that the invasive populations could be
more diverse than native populations if introduced multiple times and from various isolated native
populations [69]. This has also been observed in fungi such as D. sapinea in parts of its invasive range
(e.g., in South Africa; [22,23]).

This study provides a valuable foundation for future studies that will investigate the
genetic structure, movement, and origins in L. theobromae and other important species of the
Botryosphaeriaceae. The loci used were chosen to allow for the inclusion of publicly available sequence
data so as to obtain a more comprehensive global perspective. We excluded cryptic lineages based
on previous studies that have resolved the taxonomy of Lasiodiplodia spp. and have defined these
lineages as distinct species, including hybrid species [12,27]. As such, the current collection represents
a valuable resource to represent a sensu stricto definition of the species. This information can now serve
as a basis for further collections targeted at more isolated areas that could reveal the potential origin of
the fungus. Other markers, such as microsatellite markers, would also provide further insights into
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origins and patterns of spread of this fungus. However, this will require greater numbers of isolates
and ideally a more structured sampling regime than was possible for this study [18].

5. Conclusions

The results of this study, together with other recent investigations on diversity amongst global
populations of Botryosphaeriaceae, have highlighted the fact that human-mediated movement of plant
material infected by these fungi can facilitate their movement globally. The extent of movement of
this serious pathogen around the world suggests a major shortcoming in the ability of quarantine
systems to inhibit or stop its movement. These fungi, and their hosts, are also likely to increasingly be
influenced by global climate change. Because the earth is subjected to more extreme weather events,
plants are likely to become increasingly stressed and more susceptible to disease by pathogens [70],
including opportunistic and generalist pathogens such as the Botryosphaeriaceae. Consequently, the
Botryosphaeriaceae, including L. theobromae, will become increasingly prominent and important for
the management of health in both native and commercially cultivated woody plants. Serious attention
should be given to strategies that could reduce the extent of such movement. Such management
strategies are likely to also be relevant to the numerous other endophytes and potential latent pathogens
that inhabit plants and plant material traded around the world.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/5/145/s1,
Figure S1: Maximum likelihood tree of the tef1α sequence dataset for the initial identification of isolates for
inclusion in this study. Included were type and paratype strains of other Lasiodiplodia species, Figure S2:
STRUCTURE output from pairwise comparisons of populations. Each plot includes the DeltaK analysis from
STRUCTURE HARVESTER (top) and the corresponding barplot for the highest value of K. Pairwise comparisons
as follows: (a) north America and south America, (b) north America and Africa, (c) north America and Eurasia,
(d) north America and Australasia, (e) south America and Africa, (f) south America and Eurasia, (g) south
America and Australasia, (h) Africa and Eurasia, (i) Africa and Australasia and (j) Eurasia and Australasia, Table
S1: Polymorphic sites for the respective haplotypes for the ITS, tef1α and tub2 datasets, Table S2: Haplotype
assignments for every isolate used in this study, based on the sequence datasets, Table S3: Summary of haplotypes
obtained and unique haplotypes (listed in brackets) found for each locus, Table S4: Posterior probabilities (with
95% confidence intervals in parentheses) of pairwise comparisons for three scenarios to test for possible ancestry
between populations done in DIYABC. In scenario 1, population 1 is ancestral to both. In scenario 2, population 2
is ancestral to both. In scenario 3, both populations diverged from an unknown source population.
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Abstract: Seiridium cardinale is a fungal pathogen responsible for pandemic cypress canker disease
(CCD). The fungus has shown the ability to infect different hosts in many areas throughout the globe,
but its spread and impact were favored by conducive environmental conditions. The most severe
epidemics were reported in California and the Mediterranean, the former considered the source area
of the pathogen from which the Mediterranean infestation have originated. Here we reconstruct
the epidemiological history of the disease in California and the Mediterranean. Evolution of
the disease in the two contrasting areas was weighed in relation to differences between the
two environments in terms of climate, landscape properties, and adopted management practices.
In addition, differences emerged among the source and invasive populations in terms of genetic and
phenotypic variability, structure, and mode of reproduction allow a few comments to be made about
the environmental implications and related quarantine of new introductory events.

Keywords: Seiridium cardinale; fungal pathogen; Cupressus; alien species; landscape properties;
population genetic; phenotypic traits; disease management; resistance

1. Introduction

The introduction of alien species ranks second only to habitat destruction as one of the major
threats to native ecosystems [1,2]. In the case of pathogenic species, lack of co-evolution between hosts
and invasive pathogens can result in devastating impacts on the host species [3–5]. As a result of the
introduction of alien species, native species can be decimated or displaced, local biodiversity can be
dramatically reduced, landscape can be spoiled, and when plants of economic importance are affected,
the damage can amount to millions or billions of dollars per year [6–9].

Seiridium cardinale (W.W. Wagener) B. Sutton & I.A.S. Gibson is a pathogenic fungus responsible
for cypress canker—a pandemic disease which has caused significant mortality worldwide in many
species of Cupressaceae [10–12]. Cypress canker is also caused by other sister species—S. cupressi (Guba)
Boesew. (anamorph of Lepteutypa cupressi (Nattrass, C. Booth & B. Sutton) H.J. Swart) and S. unicorne
(Cooke & Ellis) B. Sutton—but they are less widespread and aggressive, and their epidemiology has
been substantially less studied compared to S. cardinale. Therefore, this paper will focus on the most
known of the three fungi.

The first epidemic of cypress canker disease (CCD) was reported in California in 1928 on Monterey
cypress (Cupressus macrocarpa Hartw. ex Gordon), which over a period of only a few years was wiped
out in the plantations located in the inland districts [13]. Mediated by the movement of infected plant
material over long distances, in the course of the following decades, the disease spread progressively
over the five continents: to New Zealand, France, and Chile; to Italy, Argentina, and Greece [14–19],
and subsequently to the entire Mediterranean basin and to other countries in central-northern Europe
(UK, Ireland, and Germany), to Canada, North and South Africa, and Australia [20–27]. Cypress canker
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disease has been reported to affect species of Cupressus, Chamaecyparis, Cryptomeria, Juniperus, Thuja,
and ×Cupressocyparis [11,12,28].

Although the pathogen has shown the ability to infect different host species and to establish in
many countries in which it was introduced, development, impact, and invasiveness of the disease
varied in the different countries. Epidemics were certainly favored by climatic conditions suited
to the fungal pathogen and by the density and continuity of susceptible hosts [11]. Generally,
the Mediterranean climate—which is characterized by a marked seasonality, with a substantial thermal
range between summer and winter and by mild rainy and humid springs and autumns—is highly
conducive to the development of an epidemic of cypress canker disease [10]. Microclimatic conditions
may play a major role in the development of the disease, and also explain the presence of nuclei of the
host that have escaped the disease in close proximity to areas that have been severely affected [12].
The occurrence of S. cardinale infections is known to be favored by the presence of small wounds in the
periderm through which the conidia or mycelium enter the inner bark. Young trunks and branches are
particularly exposed to infections, because they are more greatly subjected to bark injuries due to cold,
frost, hail, or to forced growth by fertilizers, insects, rodents, etc. [10].

Though high levels of mortality were experienced in many areas around the globe, spread and
impact of the disease were determined by the presence of conducive factors. The disease has even been
reported in north-central Europe [21–29] and in SE Alaska and Canada [23–30], where it maintained
a sporadic character as the climate is too cold for the rapid spread of the pathogen. On the other
hand, the disease was reported in isolated spots in some countries of North Africa [27–31], where the
hot and dry climate also slows the spread of the disease. In other countries, such as South Africa
and New Zealand [26–32], where climatic conditions are quite similar to the Mediterranean climate,
bark canker showed an invasive character, and represented a limiting factor for cypress plantations.
After the introduction of the pathogen, CCD assumed the character of a dreadful epidemic, with a
high degree of invasiveness and destructiveness in the Mediterranean basin, where both favorable
climatic conditions and the continuity and density of the susceptible host (Cupressus sempervirens L.)
occurred over a vast territory [11,12].

Studies on population genetics and phenotypic traits enabled comparison of the S. cardinale
populations of California and the Mediterranean, the two areas where the pathogen gave rise to the
most severe outbreaks [33–35]. It appeared that the Mediterranean cypress canker epidemics stemmed
from the introduction of the fungus from California, probably following a single introductory event.

Here we reconstruct the epidemiological history of the disease in California and the Mediterranean.
The evolution of the disease in the two contrasting areas is weighed in relation to differences between
the two environments in terms of climate, landscape properties, and adopted management practices.
In addition, differences emerged among the source and invasive populations in terms of genetic
and phenotypic variability, structure, and mode of reproduction, raising a few points about the
environmental implications and the related quarantine of new introductory events.

2. Epidemiology of CCD in California (S. cardinale Source Population)

Cypress canker disease caused by S. cardinale was identified and described for the first time in
Palo Alto around San Francisco Bay (western-central California) by Wagener [13] on Monterey cypress
(C. macrocarpa), although evidence has indicated that it had been present there since at least 1885
(Jepson field book). In the following years, the disease was detected in Alameda, Santa Clara, and San
Mateo (Sacramento county, report uncertain) counties [13]. During the initial years after these reports,
the pathogen epidemic was so violent that more than 30,000 trees of Monterey and Common cypress
(C. sempervirens) were killed [36]. In California, San Francisco and Los Angeles—the two main ports
along the Californian pacific coast—were identified as the two main foci of the disease [37].

Since its first report, the disease assumed major epidemic proportions in many districts through the
western half of California and practically wiped out most inland plantations of Monterey cypress [37].
As reported by Wagener in 1928, based on the natural spread of infections, in California the main host
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species of S. cardinale were: C. macrocarpa, C. sempervirens, C. pygmaea Sarg., C. forbesii Jeps., C. lusitanica
Mill., Thuja orientalis L., Ch. Lawsoniana Murray Parl., Calocedrus Decurrens Florin, Juniperus chinensis L.
var. femina, and J. sabina L. var. tamariscifolia. No traces of the pathogen were found in the natural
range of some Californian Cupressus species, including C. macrocarpa and C. bakeri Jeps., C. macnabiana
Murray, C. pygmaea, C. forbesii, as well as in natural stands of others Cupressaceae, such as Cal. decurrens,
Ch. lawsoniana, J. occidentalis Hook., and J. californica Carr. [37].

In spite of the efforts pursued between 1936 and 1939 to eradicate all cases of the disease in
numerous plantings [37], losses from cypress mortality in California were extensive. Eight years after
the identification of the disease, three-fourths of all planted Monterey cypress and a considerable
number of other susceptible species (e.g., Common cypress) were estimated to be lost as a result
of S. cardinale attacks [37,38]. These heavy wholesale losses resulted in the substitution of cypress
windbreak around citrus groves with other tree species, such as Eucalyptus sp. [38].

No more studies dealt with the epidemiology of the cypress canker in California after 1939,
when the limits of its geographic spread limits were Glenn County in the Sacramento Valley, as isolated
infection centre, Sonoma county as area generally infected (North), San Diego county (South),
Sacramento, and San Joaquin county (inland/East) [37] (Figure 1). After this first outbreak, cypresses
have not been used for extensive plantings in California, but they were still planted for hedges or as
shade trees or, in some cases, for protective purposes, e.g., C. macrocarpa along the coastal area.

Figure 1. Spread of Seiridium cardinale in California. Maps of distribution of cypress canker disease
(CCD) in 1939 and in 2009.

Today, both S. cardinale and S. unicorne are known to be present in California [33–39], threatening
ornamental plantations of Cupressus sp.—mainly C. sempervirens, C. macrocarpa, ×Cup. leylandii,
and Juniperus spp.

The current spread of CCD in California has been determined by surveying locations where
its main hosts are present, such as C. sempervirens, C. macrocarpa, and ×Cup. leylandii during early
summer 2009 (Figure 1). The survey included ground determination of infected trees along freeways
and national roads, particularly focusing beyond the S. cardinale distribution sites reported by
Wagener in the 1930s. Many locations were also taken into consideration following reports of local
advisors, extension specialists in plant pathology from UC Berkeley, and homeowners. The following
counties were covered during the survey: Mendocino, Sonoma, Napa, Marin, Contra Costa, Alameda,
Sacramento, El Dorado, San Joaquin, San Francisco, San Mateo, Santa Clara, Stanislaus, Mercedes,
Madera, Fresno, Monterey, Tulare, Kern, San Luis Obispo, Orange, Los Angeles, and San Diego. A total
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of 2385 trees of C. sempervirens (790), C. macrocarpa (611) (Figure 2), and ×Cup. leylandii (984) were
surveyed for the presence of bark canker infection in 24 counties of California (Table 1). An incidence
rate of 11.7% of S. cardinale was recorded.

Figure 2. Cupressus macrocarpa affected by CCD in Marin county (California, CA, USA) (2009).
Monterey cypress is the major host of CCD in California.

Table 1. CCD incidence per county and host species resulting from the survey conducted in California
in 2009 (Della Rocca and Garbelotto, unpublished).

County Host % Infected Trees Per Species % of Diseased Trees in the County

Mendocino ×Cup. leylandii 11.4 11.4

Sonoma
×Cup. leylandii 19 -
C. sempervirens 12.1 12.9
C. macrocarpa 7.7 -

Napa ×Cup. leylandii 13.5 -
C. sempervirens 17.2 15.3

Marin
×Cup. leylandii 23.2 -
C. sempervirens 3.2 -
C. macrocarpa 17.9 14.8

Contra Costa
×Cup. leylandii 29.4 -
C. sempervirens 1.2 -
C. macrocarpa 26.2 18.9

Alameda
C. sempervirens 1.6 -
C. macrocarpa 25 13.3

San Joaquin ×Cup. leylandii 34.6 -
C. sempervirens 1.7 18.1

San Francisco C. sempervirens 3.6 -
C. macrocarpa 7.1 5.4

San Mateo ×Cup. leylandii 32.1 -
C. macrocarpa 21.6 26.9

San Diego ×Cup. leylandii 3.9 3.9

Monterey C. sempervirens 3.3 -
C. macrocarpa 2.8 3.1

Orange C. sempervirens 1.4 -

Los Angeles ×Cup. leylandii 3.3 -
C. sempervirens 3.8 3.6

San Luis Obispo C. sempervirens 4.3 -
C. macrocarpa 12.7 8.5

Tulare
×Cup. leylandii 4.4 -
C. sempervirens 3.1 3.8
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The highest disease incidence was scored on Leyland cypress, ranging from 34.6% to 3.3% in
San Joaquin and Los Angeles counties, respectively. In Monterey cypress, incidence of the disease
ranged from 26.2% in Contra Costa to 2.8% in Monterey; and in Common cypress, incidence ranged
from 17.2% in Napa to 1.2% in Contra Costa. The incidence rate was highly variable among counties,
depending on ecology and host density at the local level (Table 1). The relationship between the mean
percentage of diseased trees and the density of cypresses in an area surveyed in a given county resulted
significant (Pearson correlation coefficient r = 0.807; n = 15; p = 0.01). In general, disease incidence
decreased with the distance (both northward and southward) from the area surrounding San Francisco
Bay, which seemed to represent the centre of gravity of the disease.

Today, common cypress is widely used in inland central California, strictly for ornamental
purposes: single or in small groups in parks, gardens, flowerbeds, or in rows along some country
drives to form hedges, and accompanying catholic sacred places. In this species, the highest incidence
of cypress canker was found where it had been planted at higher frequencies, such as in some rural
areas of the Sacramento valley and in the Napa and Sonoma valleys. Cupressus sempervirens is less
common near to the coast due to the colder climate and sea spray. In northern counties (Humboldt,
Trinity, Mendocino), C. sempervirens is rare due to the cold winter, whereas in southern counties such as
Los Angeles and San Diego it is quite uncommon and replaced with palms in the landscape, because of
the hot and dry desert climate.

The highest disease incidence in Monterey cypress was around the San Francisco bay area, where it
reached 25% and 26.2% in Alameda and Contra Costa counties, respectively, while lower incidence
was recorded in the southern county except for San Luis Obispo county, where it was still relatively
high (12.7%) (Table 1). No CCD symptoms were observed in the native area of Monterey cypress in
Monterey and Santa Cruz coastland, where few S. cardinale symptoms were observed only in common
cypress. Monterey cypress is broadly spread along the central-northern Pacific coast of the State,
where it has been successfully planted (sometimes naturalized) for protective purposes thanks to its
tolerance to the strong wind and sea spray (Table 1).

Leyland cypress is a fast-growing evergreen hybrid used extensively in horticulture for hedges and
screens to enforce privacy. It is very frequently planted in private gardens around cottages, pruned at
2–3 m height to form a “green barrier” in coastal and inland areas of California. Infected trees of Leyland
cypress were found everywhere irrespective of geography, age, and host density. The highest incidence
of the disease in that hybrid were noted in San Joaquin (34.6%) and San Mateo (32.1%) counties.

In California, larvae of cypress bark moth Laspeyresia cupressana (Kearf) frequently mine the
border of cankers—mostly on ×Cup. leylandii. From our observations, Phloeosinus cupressi Hopkins
and Phloeosinus cristatus (LeConte)—both larger than the European beetles of the same genus—have
likely played a marginal role in the spread of the disease.

3. Epidemiology of CCD in the Mediterranean (S. cardinale Invasive Population)

3.1. CCD in Italy

As described by Moriondo and Bonifacio [40], in 1968, cypress canker had already spread
throughout Italy, with the exception of Sicily. First reported in Florence (1951), CCD appeared few years
later in Latina (1954), and then the disease rapidly spread throughout Italy: to north and north-east
(Treviso 1958), (Friuli-Venezia Giulia and Lombardy, both in 1961); while southward CCD was first
reported in Rome (1961), Basilicata (Matera, 1964), and Calabria (1965). In 10–15 years, the disease
spread in distances of 300 km northward and 700 km southward, and also crossed the Tyrrhenian Sea
(Sardinia in 1961), suggesting an important role for human activity in transporting the pathogen.

The first picture of disease incidence available at the national level was based on a map reported
by Panconesi [10] (Figure 3). According to this map, the most affected region was Tuscany, with an
incidence higher than 30% around Florence, and from 21% to 30% in the surrounding provinces of
Pistoia, Arezzo, and Siena. The map indicated that the incidence of cypress canker was highest in
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the areas of the countries where cypress was most widespread (Tuscany, Liguria, Lazio, Campania,
around the pre-Alpine lakes), while the impact of the disease remained low (1%–10% incidence) in
regions where cypress was scattered or sporadically distributed.

Figure 3. Incidence of CCD in Italy in 1988 according to Panconesi ([10], modified).

Despite many reports of the disease all around the world, a long-term epidemiological story
can be approached only in Tuscany (central Italy). Common cypress is a representative element
of the Italian cultural landscape, and plays an iconic role in Tuscany. It has traditionally been of
primary importance in historical parks and gardens, villas, and boulevards, around farmhouses and
sacred spots, along hillsides, and as a landmark in the countryside. Common cypress has also been
successfully used for reforestation, aimed at soil protection in degraded and drought-stressed sites,
and for the establishment of windbreaks and hedges. In Tuscany, the most important national nursery
district located in Pistoia was the likely entrance of the disease. Then, abundance and spatial continuity
of the pathogen’s main host in the surrounding forests and ornamental plantations promoted its spread.

In the few years after its introduction, the pathogen became a real threat to cypress. During the
1960s, cypress canker disease started to show its destructiveness, causing high mortality. From then
on, the developing epidemics attracted the attention of many specialists. The spread of the disease
was recorded by a series of surveys aimed at planning proper control measures throughout the
regional territory.

A geographical distribution of CCD from 1967 to 1975 in Tuscany was reported by
Bartoloni et al. [41]. The maps in Figure 4 show the evolution of the disease over a period of 8 years,
showing that from initial nuclei of the disease—mainly located in the provinces of Florence, Livorno
and Lucca—the disease quickly spread south-eastward to the provinces of Arezzo, Siena, Grosseto,
and Pistoia.
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(A) (B)

Figure 4. Maps of the incidence distribution of CCD in Tuscany in 1967 (A) and 1975 (B) according to
Bartoloni et al. [41] (modified).

The first systematic survey of the disease was carried out in the province of Florence in 1978 [42].
A total of 235 cypress stands and 3,884,050 trees were examined, covering an area of 3575 ha.
The mean incidence of the disease in the province of Florence was 14.5%, ranging from 1% to 30%.
In woodlands, the incidence was a little lower than in ornamental plantations (12.4% and 16%,
respectively). A negative correlation between elevation and incidence of CCD was found for the
ornamental plantations (r = −0.560, n = 49 sites). A higher mean incidence (20.4%) of CCD was found
in the sites located between 50 m and 200 m, while a lower mean value (9.9%) was recorded in sites
located above 350 m Moreover, a positive correlation (r = 0.286, n = 50 municipalities) was observed
between the abundance of cypress trees in each site and the recorded incidence of the disease.

This survey followed a series of extensive sanitation campaigns that had been conducted since
1973 in an attempt to control the disease, with more than 40,000 trees felled, about 20,000 that were
pruned (to remove the cankered tissues from the crown), and almost 200,000 that were preventively
treated with Bordeaux mixture (the poor effectiveness of copper compounds for protecting cypress
from bark canker was later revealed in [43]) [42,44,45].

Based on the available data, a time course curve of the incidence of the disease in the Province of
Florence from its appearance in 1951 to 1991 was reconstructed by [46] (Figure 5). The plotted data
formed a saturation curve that is typical of the epidemic spread of polyetic diseases. This suggests an
initial phase of spread in which the disease incidence increased relatively slowly (up to the mid-1970s),
followed by a second phase of rapid increase of the rate of diseased plants (until the mid-1980s),
followed by a third phase when the proportion of diseased trees reached a plateau. The threshold
value at which the number of new infections started to increase at a higher rate seems to be around
15%–20%. A mean incidence of the disease of 40% for the entire provincial territory (Figure 5) appeared
to be an overestimate, and could be due to the monitoring network being unevenly distributed
throughout the territory.
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Figure 5. Evolution of the incidence of CCD in the Florence district from its first report in 1951 to 1991
according to Panconesi and Raddi (adapted from [46]).

Among the vectors of the pathogen, the bark beetles Phloeosinus aubei (Perris), P. thuje (Perris),
and P. armatus (Reitter), the cypress seed bug Orsillus maculatus (Fieber) and the cypress bark moth
Cydia cupressana Kearfott may have played a significant role in the spread of the disease, although their
quantitative effect has not yet been defined. In particular, the bark beetle that breeds on infected
crowns and then moves to surrounding healthy trees for feeding is well-known to be a carrier of the
fungal inoculum contributing to the spread of infections to new host trees. This role is presumed
to have been more important during the epidemic phase of the disease, as the number of infected
dead or dying plants was rapidly increasing. The extensive survey carried out in 1994 across the
region [47] by the National Forest Service of Italy (3,577,000 cypress trees in 2657 sampled areas)
showed a mean incidence of 26.4%, ranging from 12.7% to 53.1% in the provinces of Siena and Massa
Carrara, respectively (Table 2). The CCD was found in 93% of the sampled areas, showing that the
disease had spread throughout the entire region, despite the control measures that had been adopted.

Table 2. Mean CCD disease incidence per province in Tuscany in 1994 resulting from a detailed survey
carried out by the Italian National Forest Service, according to Pivi [47].

Province Bark Canker Incidence (%)

Arezzo 32.4
Florence 27.6
Grosseto 26.4
Livorno 24.8
Lucca 25.3

Massa Carrara 53.1
Pisa 18.2

Pistoia 17.1
Siena 12.7

Regional mean 26.4

From 2000 to 2009, the META service (Regional Monitoring Network of Forest Health) of the
Tuscan Regional Administration that is focussed on the monitoring of forests to plan proper protection
measures included S. cardinale as a major forest pathogen. A network of 150 sampling areas distributed
to cover all the provinces of the Tuscan region were used to monitor the evolution of the pathogen
(Table 3) (2009). During this period, a slow decrease in disease incidence was reported in most of
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the provinces, and the regional mean value substantially dropped from 28.0% in 2002 to 20.6% in
2009. When the single provinces were considered, a lower mean value of 8.2% was recorded for
Massa Carrara, whereas the highest mean value of 38.9% was recorded for Arezzo (Figures 6 and 7).
Annual variations of the regional means of incidence can be also ascribed to some changes in the
monitoring network. Since 2009, no other extended monitoring campaigns were conducted in Tuscany.

Figure 6. Maps of CCD incidence in Tuscany according to the Regional Monitoring Network of Forest
Health (META) service in 2004 and 2009. The discrepancy is due to a decrease of new attacks, but also
to a change of the monitoring network (courtesy of Paolo Capretti).

Figure 7. Severe attacks of CCD on Cupressus sempervirens in Guarniente (Arezzo province, Italy) (2003).
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Table 3. Bark canker incidence (%).

2002 2004 2005 2006 2007 2009 Mean for Province
(2002–2009)

Arezzo 36.8 30.3
(7.3–77.3)

55.8
(7.3–100)

34.9
(6.3–94)

40.2
(3.1–85.2)

35.6
(1.8–58.8)

38.9

Florence 20.0
(0–52.9)

18.9
(7.5–29.5)

30.4
(4.8–84)

32.2
(4.8–62)

- 21.2
(2.7–90.5)

24.5

Grosseto - 19.4 - - 28.2
(15.6–47)

19.9
(0–40.7)

22.5

Livorno 18.5 16.7 - - - 14.8 16.7

Lucca - 21.0
(0–38.6)

- 8.9 5.3
(3.1–7.9)

18.1
(5.7–32)

13.3

Massa Carrara - - 8.2 - - - 8.2

Pisa - - 28.6
(13–42.6)

- 28.2 - 28.4

Prato* 42.9 - 25.6 6.1 7.9 13.4 (0–25) 19.2

Siena 21.8
(3.1–32.8)

17.5 28.8 34.1
(12.5–83.9)

23.8
(6–41.2)

21.3
(1.9–74)

24.5

Regional mean 28.0 20.6 29.6 23.2 22.3 20.6 -

Data from META Service (modified). The surveys with maximum and minimum incidence of the disease are
in brackets.

A study using G.I.S. applications was conducted at the local level in Tuscany to relate the presence
of the disease to climatic and environmental parameters [48]. In a north-to-south 70 km transect along
a main road through Florence, 5000 cypress plants were monitored and georeferenced. The main
results showed that the incidence of the disease was generally higher in the southern and western
slopes (22%–24% and 19%–21%, respectively). At higher altitudes (400–500 m), most of the diseased
trees were observed in the south-east, south, and south-west slopes; while at lower altitudes (less than
300 m), the incidence was higher in the north-west, north, and north-east slopes. Excluding the effect
of other local factors, this confirmed that the fungus prefers mild temperatures (its optimum in vitro is
25 ◦C) and that it is less adapted to both colder and warmer sites.

In the same study [48], a higher incidence was recorded in adult rather than young trees (87.3%
and 12.3%, respectively), and the proximity to other cypress plants was significant: with 46.4% of
diseased plants growing in groups, 43.8% in rows, and only 9.6% of the infected trees growing in
isolation. This supports the suggestion that at landscape level, the pattern of distribution of the host
may be a feature driving the epidemiology of CCD.

3.2. CCD in Greece

In a manner similar to California and central Italy, in Greece, cypress canker assumed epidemic
proportions a few years after its introduction in 1962 [18]. In 1975, the disease was reported to
be rapidly spreading throughout the country, affecting trees planted outside the natural range of
C. sempervirens. The incidence was again related to the climatic conditions of the different districts.
In 1985, the most affected areas were the western coast (including the Ionian islands) exposed to humid
winds, where incidences of CCD ranged from 1%–25%, to over 50% recorded in the Peloponnese.
In the eastern part of the country (characterized by a drier climate), the disease was sporadically
reported, with the exception of the island of Eubea. Incidence jumped dramatically in sites where
microclimatic conditions were particularly favorable (small humid valleys or higher elevation exposed
to cold winter winds), reaching values as high as 80% in southern Peloponnese and 95% in Eubea [49]
(Figure 8). The same authors observed in Greece what had already been reported in Tuscany: once an
incidence threshold of 20% had been exceeded, the rate of the spread of the disease increased more
rapidly according to a saturation curve, suggesting the existence of a kind of ecological quorum over
which cypress canker acquires a true epidemic behavior.
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Figure 8. Map of CCD incidence in Greece in 1984 according to Xenopoulos and Diamandis (adapted
from [49]).

4. Landscape Properties Influencing the CCD Epidemic

Landscape ecology focuses on the influence of habitat heterogeneity in space and time on
ecological processes, and hence the impact of the landscape properties on disease dynamics.
A reduction of disease risk (and incidence) is generally empirically observed in highly fragmented and
diversified landscapes.

In some cases, fragmentation may have positive effects on disease dynamics by increasing the
edge-to-surface ratio, thus exposing the host plants that are close to the edge to the inoculum of the
pathogen present in the environment (edge effect) [50,51].

Introduction of S. cardinale in the Mediterranean resulted in the rebuilding of a plant–pathogen
system that had already been established in California in a different geographical area. The fungus
came into contact with a huge population of a susceptible host (four million cypresses in the province
of Florence). The frequent distribution of cypress in patches represented by woods and groves with
the presence of corridors of cypresses planted in rows along the roads acting as strips of habitat for the
fungus likely promoted the movement of the pathogen and favored a large gene flow at a landscape
level [52].

The frequent presence of cypresses planted in rows—an element that strongly characterizes
the Tuscan landscape—has probably contributed to the spread of disease by favoring the exposure
of trees to the inoculum of the fungus, maximizing the edge effect (Figure 9). Host fragmentation
represented by frequent patches connected by strips of habitat (corridors), and the local abundance of
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source habitats (plantations of the hyper-susceptible Leyland cypress) may favor a large gene flow that
facilitates the spread of virulent strains of S. cardinale.

Figure 9. Patches and rows of cypress are key element of the Tuscan landscape: exposure of trees to the
inoculum of the fungus is maximized and favored the spread of the fungus.

Inoculum density is considered by plant pathologists as a major factor determining the probability
of occurrence and the severity of disease epidemics. The local abundance of source habitats and refuges
has been proven to strongly influence the prevalence of a disease. This suggests the importance of
landscape composition on the dynamics of at least some diseases [51]. Currently, Leyland cypress
plantations may act as a reservoir of inoculum that may influence the propagule pressure of S.
cardinale in central Italy (Figure 10). Besides being used as an ornamental, in groups or in hedges,
Leyland cypress has been extensively planted throughout the country to screen highways, main roads,
railway lines, infrastructures and industrial buildings. In the last decade, from north to south, severe
diebacks and mortality due to S. cardinale canker have been observed with increasing frequency on
disfigured Leyland cypress plantations. In a survey recently carried out in a representative sample
area around Florence, incidence of bark canker on Leyland cypress was higher than 54%, with more
than 11% of trees killed [28]. Leyland cypress is typically planted in long rows, which could act
as continuous strips of habitat (corridors) facilitating the movement and dispersal of the pathogen.
Leyland cypress was found to be severely affected by bark canker throughout California when planted
at a distance from the coast, and worldwide reports have shown that this tree is prone to attack and
disfigurement by cypress canker in conducive areas. Vulnerability of Leyland cypress is due to its
marked susceptibility to cypress canker and to the genetic uniformity which is perpetuated by the
agamic propagation of few genotypes.

The occurrence of virulent and spreading infections on Leyland cypress is in contrast to the
endemic (or post-epidemic) phase that S. cardinale canker is currently exhibiting on common cypress in
Italy. Since any kind of host specialization or different pathogenicity between S. cardinale isolates from
common and Leyland cypress has been excluded [28], the inoculum of the fungus that is progressively
increasing in the diseased Leyland cypress plantations might favor the spread of the disease to the
local common cypress and foster new outbreaks.
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Figure 10. The hybrid ×Cup. leylandii is a hyper-susceptible host of S. cardinale which could represent
a reservoir of inoculum that may influence the propagule pressure of the pathogen (Rosignano,
Tuscany, 2013).

5. Disease Management of CCD in California and in the Mediterranean

Different approaches are generally required depending on the context in which the host plants
are to be protected from CCD. Plantations with a landscape value, which also may have an historical
and monumental importance, require a more conservative approach to preserve their ornamental and
aesthetic value as much as possible (Figure 11). In cypress woods, the only possibility is the felling and
removal of infected trees due to obvious operational limitations (Figure 12).

Figure 11. Sanitation of plantations with a historical and monumental value required a conservative
approach to preserve their ornamental value, but only repeated interventions were effective to control
the CCD (Monteriggioni, Tuscany, 2012).
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Figure 12. The incidence of CCD in cypress stands was severe in the Florence surroundings in the
1990s (Monte Morello, Tuscany, 1995).

5.1. CCD Control in California: A Drastic Strategy

In California, following the rapid development of epidemics that in less than 10 years had
severely injured most of the Monterey cypress plantations in inland districts, drastic measures were
implemented to control the disease. All the plantations in sensitive areas were dismantled, and as a
preventive measure, planting of susceptible hosts over large surfaces was discouraged. This choice
has enabled optimization of the extinctive mechanical control method, minimizing the build-up of
pathogen inoculum. The beneficial effects of this strategy have led to sustained results, and are still
visible. Cypress canker is currently present as an endemic disease in California, and the lack of
sufficient density and continuity of susceptible hosts has prevented the occurrence of new epidemic
outbreaks. The policy of not planting cypress species susceptible to bark canker over large surfaces has
represented a form of disease control, capable of minimizing the build-up of the pathogen inoculum;
and the lack of continuity of host species has probably limited the spread of disease in the following
years. Host density is recognized as a major factor driving disease epidemics, and some studies
have determined a threshold below which a pathogen cannot invade a population of susceptible
individuals [53,54].

As bark canker continues to be a constraint for cypress cultivation in California,
effective management procedures and the use of resistant host material should help to reduce its
overall impact and to use cypress successfully, although genetic resistance to CCD has been found
exploitable only in C. sempervirens, but not in C. macrocarpa or ×Cup. leylandii [28,55,56].

5.2. CCD Control in the Mediterranean: An Integrated Disease Management Strategy

In the Mediterranean (and particularly in central Italy), the massive and extended presence of
the susceptible host and the unique and irreplaceable ornamental, historic, and recreational value of
cypress have required extreme caution in adopting proper control measures. Besides reducing the
inoculum of the fungus, interventions had to maintain the primary role of cypress in the landscape.

The disease control strategy in Italy has been based on the integration of different methods:
extinctive measures, through extensive sanitation throughout the territory; preventive chemical
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treatments in nurseries and young plantations, and use of selected cypress lines by conducting a
breeding program for resistance.

Sanitation is the main direct method for controlling cypress canker; this consists of the extinction
on a vast scale of sources of the pathogen inoculum through the removal of all infection sources. This is
practically attained by felling all of the compromised or killed trees and pruning the partially affected
crowns, providing that all the resultant infected material is destroyed by fire.

The effectiveness of sanitation is related to the reduction of the inoculum load that careful
and extended interventions are able to attain by removing all sources of infection over a wide area.
In Tuscany, execution of sanitation throughout the entire territory was considered to be difficult, due to
the huge economic and human resources that had to be employed. This discouraged the start of
large-scale sanitation campaigns, so the first interventions supported by public funds were performed
only in 1974, more than 20 years after the first report of the disease.

As it was impossible to protect all the cypress trees in the whole region with sanitation, in the
following decades, a priority program was planned. Sanitation was therefore preferentially focused on
the cypress plantations which had the highest landscape, historical, and biological value.

Sanitation has been performed following two different approaches: in the woods, all affected
cypresses have been felled, irrespective of how they were diseased, as pruning of crowns would
involve obvious operational difficulties. Instead, in plantations that have an ornamental and historic
role (rows, groups, hedges, single trees), only the compromised or killed trees were felled, while crowns
that were affected to a limited extent were subjected to pruning. This has been done in an attempt to
preserve the aesthetic and ornamental appearance of these vegetal structures (conservative sanitation).

These two different approaches to sanitation have shown a quite different effectiveness over the
years. Sanitation has produced good results in the woods, where the removal of all the infected trees
led to a significant and enduring reduction of the incidence of the disease. In ornamental plantations,
however, the results of the pruning interventions were often not as good as expected due to the need
to preserve the affected trees. Indeed, the identification of all current infections is not an easy task,
particularly on large stems and branches, and the proper execution of cuts is not obvious, because it is
necessary to remove all infected tissues and not just the drying organs (branches or stems).

Herein are reported two different cases, outlining the different results obtained by sanitation
following the two different approaches. The adoption of a conservative sanitation in ornamental
plantings has often been moderately effective. Although useful in reducing the inoculum sources
of the pathogen, it has rarely been shown to remove all of the developing infections. The rows of
cypresses have then often continued to be corridors for the spread of the disease, even after being
subjected to sanitation.

5.2.1. Ornamental Plantations: The Case of the “Viale di Bolgheri”

The case of the famous cypresses of the Viale di Bolgheri (Tuscany, Italy) [57] is representative
of how difficult controlling CCD through conservative sanitation may be—particularly in highly
conducive sites. The Viale di Bolgheri is a straight, 5 km long road flanked by two rows of (originally)
2400 century-old cypresses located in the coastal area of Tuscany, south of Leghorn, considered
part of the legally protected artistic and cultural heritage. Here the impact of the disease has
always been severe due to microclimatic conditions particularly favorable to S. cardinale development
(high humidity of the coastal area) and also due to the trees being arranged close to one another in
rows that have promoted the spread of infections throughout the plantation. The Viale di Bolgheri is
the only case (among ornamental plantations) in which a detailed constant monitoring of the spread of
cypress canker has been carried out for years in the course of a long-term project for the preservation
of the Viale. Sanitation here was conducted following a strict conservative approach due to the great
historical and cultural importance of the plantation.

Since 1999, 12 surveys have been conducted (the last in 2015) to monitor the health of each
cypress of the Viale. During this 16-year period, seven sanitation campaigns were carried out (Table 4).
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Based on the extent of diseased crown, sanitation was intended to prune partially affected trees and
to remove all trees where recovery was not possible. As an additional measure, sanitation was also
extended to surrounding areas (within 2 km from the Viale) to create a protective belt by lowering the
fungus inoculum load.

Table 4. Time series of the interventions aimed at the control of CCD in the monumental cypress
tree-lined road “Viale di Bolgheri”.

Number of
Trees in the
“Viale”

Total
Infected
Trees (%)

Trees
Felled
(%)

Trees
Pruned
(%)

Trees Pruned
More than one
Time (%)

Extent of
Damaged
Crown (%)

Newly
Infected
Trees (%)

January 1999 2374 21.7 4.0 17.7 - - -
July 2001 2374 22.0 5.1 16.9 - - -
April 2002 2254 11.4 2.3 9.1 - 9.8 -
January 2005 2203 14.3 3.2 8.5 10.9 6.0 -
September 2006 2172 11.8 1.0 10.8 39.5 10.9 60.5
March 2007 2146 5.6 0.4 5.2 63.9 5.5 36.1
December 2007 2138 6.5 0.1 6.3 68.1 6.5 31.9
November 2008 2135 11.4 0.6 10.9 77.7 8.6 22.3
September 2010 2123 12.8 1.6 11.2 74.6 8.3 25.4
May 2013 2088 12.2 1.4 10.7 80.2 14.1 19.7
November 2013 2058 1.9 0.1 1.8 89.1 8.4 10.9
November 2015 2056 8.2 0.9 7.3 87.0 15.2 5.2

Since January 2016 2027 - - - - - -
(–14.6%)

The repeated sanitation campaigns led to a gradual reduction of disease incidence which decreased
from 22% in 2001 to 8.2% in 2015. Due to the numerous felling, the number of trees in 2015 was 14.6%
lower than in 1999 (more than 347 out of 2374). Both the amount of trees to be felled and the number
of trees to be pruned decreased progressively due to the parallel reduction of disease incidence and
the decrease of the inoculum load in the Viale (Table 4). Similarly, the number of newly infected trees
decreased to 5.2% in 2015, while the number of previously pruned trees showing the recurrence of new
symptoms increased to 87%. These results underline the success of recurrent sanitation in reducing the
spread of infections to healthy trees, and simultaneously, the difficulty of eradicating the disease by
conservative pruning interventions in old and large trees, also evidencing how S. cardinale infections
can remain hidden for years before producing symptoms in large trees.

Generally, a positive correlation was found between the time lapse between two consecutive
sanitation campaigns and the number of diseased trees (r = 0.48), and it clearly shows that regular
surveys and sanitation allowed disease incidence to remain below a “safety” threshold of around 10%
(Figure 13), but that eradication of the disease is difficult. A gap of several years in the sanitation
interventions could lead to a resurgence of CCD, frustrating the positive results previously achieved.

Figure 13. Effect of repeated sanitation campaigns on the CCD incidence in the “Viale di Bolgheri”
(Tuscany, Italy).
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5.2.2. Sanitation in Cypress Woods: The Case of the Florence Surroundings

The effectiveness of sanitation in cypress woods was evident in a trial performed in three pure
cypress stands in the Florence area [58]. In 1982 the mean disease incidence in the three stands was
37.5%. In 1983 a portion in each stand was subjected to sanitation (each infected tree was felled and
removed) while the remaining part was left untreated. Every two years, from 1985 to 1993, the number
of newly infected trees was evaluated in both treated and untreated portions of the three cypress
stands, separately recording the incidence of diseased trees (Figure 14). Results indicated a high degree
of effectiveness of sanitation in all three stands. Ten years after sanitation, the incidence of disease in
the treated plots ranged between 3.4% and 6.2%, while in the untreated area, the percentage of newly
diseased trees ranged between 17.5%–23.5%. A clear difference in the mean annual spread rate of CCD
(as a percentage of newly infected trees) emerged between the untreated stands (4.5%) and the plots
subjected to sanitation (1%). The effect of reduction of the inoculum load through sanitation on the
occurrence of new infections in the following years is clearly demonstrated.

Figure 14. Effect of sanitation on the annual spread rate of CCD (% of newly infected trees) in three
cypress woods (San Lorenzo, Lepricine, and San Silvestro) located in the surroundings of Florence
compared with untreated neighboring areas. The disease incidence was normalized to zero at the
beginning of the experiment (1983) (adapted from [58]).

Sanitation is also capable of increasing the genetic value of forest stands—particularly seed
woods—by the removal of susceptible trees, thus accelerating natural selection and increasing the
proportion of resistant trees.

From the above, it appears that sanitation in Tuscany could not be as drastic and incisive as the
severity of epidemics would have required. Nevertheless, along with the other control measures
adopted on a large scale, in the long-term, it contributed to a reduction in the inoculum of the fungus,
gradually slowing the spread and intensity of epidemics, promoting natural evolution towards an
endemic equilibrium.

5.3. Breeding for Resistance

As a complement to sanitation and chemical prevention, a genetic improvement program of
cypress for resistance to S. cardinale bark canker was begun in the 1970s to tackle the rapidly spreading
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epidemics that were threatening woods, windbreaks, and ornamental plantings, and were spoiling the
landscape in Tuscany and in other Mediterranean regions.

At first, extensive inoculation trials on plants derived from commercial seed (gathered from the
seed woods) and on the half-sib progenies derived from healthy candidates sampled in the foci of
infection of the disease in central Italy revealed that 88% of the trees were susceptible, 10% were
tolerant, and only 1%–2% were resistant [55]. No differences were found between the populations of
individuals derived from commercial seeds and the half-sib progenies of (about 200 families) derived
from seeds gathered from healthy candidates selected in the foci of infection of the disease in Tuscany.
Similar results were obtained from inoculation trials on different provenances sampled in the native
range of C. sempervirens in Greece [59].

Instead, a distinct response to inoculations was clearly evident among the different cypress species.
Cupressus macrocarpa and the other North American species included in the same phylogenetic group,
such as C. ambramsiana Wolf, C. goveniana (Gordon) Bartel, C. pygmaea (Lemmon) Sarg, were found
to be very susceptible. Cupressus sempervirens, C. arizonica Greene, C. sargentii Jeps, C. macnabiana,
C. stephensonii Wolf were found to be susceptible. Instead, C. glabra (Sudw.) Little and C. bakeri,
in addition to the Asian and North-African species, showed a good level of resistance to bark
canker [56–60].

The cypress defense response to S. cardinale infections is known to be based on the formation of
the necrophylactic periderm activated by the host to compartmentalize the damaged tissues, and is
not a specific response to the pathogen. The vigor of this reaction determines the resistance level of
a cypress tree to bark canker, as only plants that are able of setting up effective barriers and then
compartmentalizing the infected tissues can succeed in repairing the lesion. So, the mechanism
which governs the reaction of cypress to S. cardinale infections is under polygenic control, and its
phenotypic expression can be influenced by both the host genotype and environment. On the other
hand, this polygenic resistance based on the additive effects of several genes is more difficult for the
pathogen to overcome [61].

The variability of the response to bark canker estimated in C. sempervirens was thought to be
sufficient for undertaking a genetic improvement program aimed at selecting a wide genetic base of
canker-resistant lines without the need to introduce resistant genes from other cypress species through
interspecific crosses.

Currently, more than 100,000 accessions are included in the Institute for Sustainable Plant
Protection-National Research Council of Italy (IPSP-CNR) germplasm collection (covering more
than 60 hectares) which has been set up by Institute for Sustainable Plant Protection over four
decades in various sites in central Italy and other Mediterranean countries. During this period,
more than 400 canker-resistant C. sempervirens genotypes were selected, including eight patented clonal
varieties [28,62,63]. Four of them have been marketed since 1995, with about 30,000 patented cypresses
sold each year by the nurseries which hold the license for production. Indeed, some hundred thousand
resistant cypress trees have been purportedly planted in central Italy in the last two decades. It is
difficult to infer the actual contribution to reducing the reproduction and spread of the pathogen that
these resistant genotypes might have played, but their role in decreasing the inoculum load of the
fungus has certainly not only been theoretical.

6. Genotypic and Phenotypic Variation of California and Mediterranean S. cardinale Populations

A comparative analysis of the genetic diversity of S. cardinale populations from different
areas was conducted to determine the relationships among these populations and to infer the
source of the pathogen [33]. Source populations are hypothetically more diverse, while derived
(introduced) populations are less diverse and nested within source populations due to bottleneck and
founder effects.

Based on 7 simple sequence repeat (SSR), indices of genotypic and genetic diversity were found
to be always higher for the Californian (Cal) than for the Mediterranean (Med) populations. The
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higher genetic diversity of the Cal population is also supported by sequencing of the β-tubulin region,
which revealed the presence of two distinct haplotypes within the S. cardinale population in Cal,
whereas only one of the two haplotypes was present among isolates from the Med. According to
amplified fragment length polymorphism (AFLP) data, the two β-tubulin haplotype groups of the Cal
population clustered separately in a PCA analysis [34]. This suggests that the two haplotypes are not
simply two different alleles at one locus, but may be associated with two distinct groups of isolates
potentially characterized by genotypic and phenotypic differences.

SSR genotyping also revealed that alleles appeared to be randomly associated in the Cal
population, whereas a significant linkage disequilibrium was found for the Med population, suggesting
that sexual reproduction may be ongoing in California, while a clonal reproduction characterizes the
Mediterranean population [33]. A different way of reproduction seems to be confirmed by the fact
that in Cal, the same genotype was found only twice at significant distances compared to 48 times in
the Mediterranean. It is worth noting that S. cardinale is still considered to be an anamorphic fungus
reproducing agamically, as its perfect stage—ascribed to the ascomycete Leptosphaeria—was reported
on dying and dead cypress trees in north central California only once, but was not fully recognized
because it was only partially described [64].

Network analysis (MSN) based on SSR multilocus genotypes and Neighbour-Joining analysis of
AFLP both suggest that the Cal population of the fungus represented a source for the Med invasion [34].
In fact, isolates from California and the Mediterranean formed two distinct clusters of genotypes.
A single connection between the two clusters through a series of three genotypes exclusively present
in central Italy leads us to infer that a single introduction event from Cal into central Italy likely gave
rise to the Med population of the fungus.

Structure analysis based on AFLP loci modeled the Mediterranean population as containing two
clusters (called Med 1 and Med 2). The Med 1 population would include the founder Mediterranean
population (directly derived from California), while the Med 2 population would derive from Med 1
and may be the result of a genetic process which led to a distinct population that then expanded in the
Mediterranean [34].

Actually, the genotypic identity of isolates coming from locations hundreds kilometers apart
suggests that the movement of infected plant material by humans is mainly responsible for pathogen
expansion in the Mediterranean. As no clustering of Med isolates based on geography has been
observed by PCA analysis, fungal individuals are likely to be moved frequently within this region.
Central Italy as the source of the Mediterranean epidemics is also supported by identical AFLP
genotypes found in Italy and Greece as well as in Italy and Spain, and by a substantial migration from
Italy into Greece. Since no identical genotypes or PCA clustering of isolates from the Mediterranean
and California were detected, intercontinental movement of inoculum is rather infrequent, as also
confirmed by the lack of significant migration between the two areas [33].

Variation of phenotypic traits of the introduced Mediterranean population of S. cardinale
derived from the movement and settlement of the fungus from the California source population
was studied to evaluate the adaptive evolution of the pathogen during the invasive process [35].
Variability (phenotypic plasticity) of a set of characteristics considered important for establishment,
infection, and spread of the pathogenic fungus were studied to determine which characteristics may
favor the invasion and which are in rapid evolution. In the invasive Mediterranean population Med
1, traits associated with increased transmission and spread seemed to be favored in comparison to
traits such as virulence and greater competitiveness. Thus, a smaller size of conidia and abundant
sporulation are favored, while other traits such as virulence, rapid spore production, and germination
are seemingly not selected during the invasive process. The source population (California) and the
invasive (Mediterranean) population were phenotypically distinct (based on PCA analysis). Isolates of
California showed greater aggressiveness (in terms of lesion length), a higher growth rate, a greater
sporulation and germination capacity, and produced conidia of larger size. Nevertheless, in spite of
the reduced genetic variability exhibited by the Med population compared to the Cal population, all
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of the considered characteristics showed a greater plasticity (wider range of variation) in the Med 1
population (i.e., during the first phase of invasion) than in the source Cal population. So, the phenotypic
plasticity would have had a significant role in the first phase of invasion, while it would have been less
important as the invasive population adapted to the new environment, as found in the isolates of the
Med 2 population derived from Med 1.

7. Impacts, Risks of CCD, and Future Research Needs

The impacts attributable to the CCD where it attained an epidemic behavior have been: (a) effects
on growth, survival, and abundance of the host species; (b) impacts on ecological functions of cypress
woods as CCD altered disturbance regimes such as flammability, changes in hydrology, and soil
erosion; (c) impacts on human social life because the presence of trees disfigured by the disease caused
unpleasant feelings of degradation that were highly perceptible in environments of high landscape,
historical and cultural, or recreational value.

As previously described, after its introduction from California, S. cardinale invasion in the
Mediterranean has been subject to an evolution process over a 60-year period. A first epidemic phase
occurred in the first two decades following its introduction, and had central Italy as center of gravity.
Then, starting from the 1980s, epidemics expanded to cover the whole Mediterranean region. From the
beginning of the 21st century, cypress canker gradually reached an endemic equilibrium (based on
high disease incidence), also helped by the control measures extensively adopted in some regions.

Genetic information points to a significant isolation of the two populations, and identifies
California as the center of diversity of the pathogen. Isolation and a separate evolution is also
supported by different reproductive strategies and distinct phenotypic traits of the two populations.
In view of these differences, plant quarantine regulations should be directed toward preventing further
introductions of new strains or different lineages of the pathogen from California.

Introduction of new genetically different genotypes of the fungus in the Mediterranean could
change the course of the epidemic, increasing the level of genetic variability available for selection in
the new environment. Introduction and establishment of genotypes with novel mating alleles might
give rise to sexual reproduction by bringing together different genetic combinations, thus increasing
the pathogenicity and the level of adaptive evolution of the invasive population.

Isolates from California have also demonstrated a higher virulence, an increased growth rate, a
greater adaptability to a wider range of temperatures, and greater reproductive capacity (sporulation
and germination) compared to the Mediterranean isolates [35]. So, new introductions from California
to the Mediterranean could have serious consequences for the local common cypress populations
that survived the previous epidemics, causing a higher mortality rate and eventually new disease
outbreaks. Introduction of genotypes adapted to a wider range of temperatures would cause a further
expansion of the population of the pathogen to warmer and colder areas of Europe.

Shifts in the course of epidemics have been reported in other pathosystems due to intraspecific
genetic recombination or gene flow among different lineages, as occurred in Phytophthora ramorum [65]
and P. infestans [66] via interspecific hybridization, as was observed in the case of Ophiostoma
novo-ulmi [67] and Phytophthora alni [68]. Alternatively, faster evolution and adaptation of newly
introduced isolates to different environments may increase the spread of epidemics, as reported by
Robin et al. [69] for Cryphonectria parasitica.

The regulatory systems of most countries generally do not easily allow for a distinction between
groups of genotypes within a same species, and control regulations are relaxed when the same species
is reported in two different countries. This underlines a considerable weakness of current international
policies aimed at limiting the introduction of invasive species.

Introduction of new S. cardinale genotypes from California to the Mediterranean could also
frustrate the results of a long-term breeding program which has led to the selection of a series of
canker-resistant cypress genotypes. The selected resistance could be overcome by more aggressive
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genotypes of the pathogen. The durability of the selected resistant lines is crucial to the prevention or
minimisation of the introduction of different genotypes of the fungus from California.

It could be useful to evaluate whether the cypress lines selected in Italy which have shown
resistance against the Mediterranean isolates of S. cardinale are able to maintain their resistance to the
most aggressive isolates from California. Actually, in California, a trial has already been started to
assay the response of some canker-resistant cypress genotypes selected in Italy. If results are successful
(i.e., if the tested cypress clones are confirmed to be resistant even towards the most aggressive isolates
of California), their use for new plantations will be practicable, provided they are well adapted to the
environmental conditions of California. If the greater aggressiveness of the isolates from California will
be able to overcome the resistance of the selected clones, prevention of new introductions from this area
in the Mediterranean will be imperative. This would also mean that the basic level of resistance of the
cypress populations that experienced previous outbreaks in the Mediterranean will not able to prevent
the development of new outbreaks of the disease. The increased aggressiveness and reproductive
capacity exhibited by the isolates from California could enhance their intraspecific competitive ability,
allowing them to establish within the invasive Mediterranean population of the fungus.

In the context of the control of cypress canker, management of hyper-sensitive host species
which may represent a reservoir of fungal inoculum is not a minor issue. The marked worldwide
vulnerability to cypress canker exhibited by Leyland cypress underlines the fact that this tree is
unsuited to areas where conditions are conducive to the spread of S. cardinale. Leyland cypress can be
used successfully in cooler climates not suited for the pathogen. In central Italy, there is the real risk that
the severely cankered plantations of Leyland cypress may represent a source habitat for the inoculum
of S. cardinale and favor a resurgence of epidemics on the local common cypress. Thus, in Italy and
other Mediterranean regions, the use of this tree should be discouraged. Leyland cypress should be
replaced with some autochthonous resistant cypress varieties that also have a crown habit suitable for
barriers and windbreaks, which have shown a good vigor and adaptability to Mediterranean climatic
conditions in the course of previous projects.

Future research should be directed toward monitoring the genetic structure of the pathogen
population to highlight as early as possible the evolution of new clonal lineages with greater fitness
and adaptability [69] that in a climate change scenario could lead to a geographic shift of the
disease [70]. How the expected changes of climatic conditions could influence phenology of cypress
and determine phenotypic changes that might alter its susceptibility [71] to CCD is another major topic
that requires investigation.

To prevent further introductions of S. cardinale, it is important to fully understand through which
routes human activities are promoting the long-range dispersal of the pathogen. Equally important is
verification of whether California actually represents the worldwide source of S. cardinale by further
comparison with populations the fungus from other areas of the world.
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Abstract: Laurel wilt kills members of the Lauraceae plant family in the southeastern United States.
It is caused by Raffaelea lauricola T.C. Harr., Fraedrich and Aghayeva, a nutritional fungal symbiont
of an invasive Asian ambrosia beetle, Xyleborus glabratus Eichhoff, which was detected in Port
Wentworth, Georgia, in 2002. The beetle is the primary vector of R. lauricola in forests along the
southeastern coastal plain of the United States, but other ambrosia beetle species that obtained
the pathogen after the initial introduction may play a role in the avocado (Persea americana Miller)
pathosystem. Susceptible taxa are naïve (new-encounter) hosts that originated outside Asia. In the
southeastern United States, over 300 million trees of redbay (P. borbonia (L.) Spreng.) have been
lost, and other North American endemics, non-Asian ornamentals and avocado—an important crop
that originated in MesoAmerica—are also affected. However, there are no reports of laurel wilt on
the significant number of lauraceous endemics that occur in the Asian homeland of R. lauricola and
X. glabratus; coevolved resistance to the disease in the region has been hypothesized. The rapid
spread of laurel wilt in the United States is due to an efficient vector, X. glabratus, and the movement
of wood infested with the insect and pathogen. These factors, the absence of fully resistant genotypes,
and the paucity of effective control measures severely constrain the disease’s management in forest
ecosystems and avocado production areas.

Keywords: laurel wilt; Lauraceae; redbay; avocado; Raffaelea lauricola; Xyleborus glabratus; ambrosia
beetles; coevolution

1. Introduction

New diseases are developing at an alarming rate on the world’s trees. Diverse forest communities,
pulp and timber plantations, and agricultural production are impacted in tropical, temperate and boreal
environments [1–4]. Host jumps, pathogen hybridization and climate change have been associated
with some of the new diseases [5–8], but other outbreaks have resulted from the invasion of naïve
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ecosystems by exotic pathogens [9–12]. The occasionally catastrophic responses of new-encounter
hosts to alien pathogens are poorly understood, unpredictable and warrant further study [1].

In 2004, stands of redbay, Persea borbonia (L.) Spreng., began to die on Hilton Head Island,
South Carolina, United States [13] (Figure 1A). At the time, the problem was not widespread, and
abiotic factors, such as drought or salt-water damage, were invoked as possible causes for losses of
this native tree. However, as the problem spread a new disease, laurel wilt, was recognized [13].

Figure 1. (A) Devastation caused by laurel wilt in a former stand of redbay, Persea borbonia, in Georgia
in 2009 (photo: R. Ploetz). (B) Adult female of Xyleborus glabratus (PaDIL photo 33462, Justin Bartlett,
http://www.padil.gov.au/). (C) Galleries of X. glabratus in a redbay tree that was killed by laurel wilt
(photo: P. Kendra). (D) Internal staining of the sapwood of a redbay tree that is affected by laurel
wilt (photo: R. Ploetz). Note inconspicuous entrance to a gallery of X. glabratus denoted with an
arrow. During the early development of this disease, evidence for X. glabratus is limited. (E) Laurel
wilt-induced death of redbay trees in Florida (photo: R. Ploetz). Laurel wilt-affected trees of native
Persea spp. in the southeastern United States defoliate, as in A), only several months after dying.

Laurel wilt affects trees and shrubs in the Lauraceae (Laurales, Magnoliid complex). It is caused
by a fungal symbiont, Raffaelea lauricola T.C. Harr., Fraedrich and Aghayeva (Ophiostomatales),
of an invasive Asian ambrosia beetle, Xyleborus glabratus Eichhoff (Curculionidae: Scolytinae) [13]
(Figure 1B,C). Starting in its putative epicenter of Port Wentworth, Georgia, United States (i.e., where
X. glabratus was first detected in 2002) [14,15], the disease had spread by August 2016 as far west as
95◦ W, as far east as 78.5◦ W, as far north as 35◦ N and as far south as 25.5◦ N [16].
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An estimated 300 million redbay trees have been killed by laurel wilt [17], and damage
to the ecosystems that are associated with this important species has been documented or
predicted [18–23]. Other common species in the southeastern United States, such as sassafras
(Sassafras albidum (Nutt.) Nees), silk bay (P. humilis Nash), and swamp bay (P. palustris (Raf.) Sarg.),
are decimated by the disease, as are threatened (pondspice, Litsea aestivalis (L.) Fernald) and endangered
endemics (pondberry, Lindera melissifolia (Walter) Blume) [24–26]. Commercial production of a
crop from MesoAmerica, avocado (P. americana Miller), was affected in Florida beginning in 2012,
and that outbreak poses an increasingly serious threat to commercial production there and in
other, currently unaffected areas [27,28]. Other lauraceous species from Europe and the United
States are also susceptible, including bay laurel (Laurus nobilis L.) and, after artificial inoculation,
California laurel (Umbellularia californica (Hook. and Arn.) Nutt.), gulf licaria (Licaria triandra (Sw.)
Kosterm.), lancewood (Nectandra coriacea (Sw.) Griseb.), Northern spicebush (Lindera benzoin (L.)
Blume) and Viñátigo (P. indica (L.) Spreng.) [13,26,29–32]. An Asian endemic, camphortree
(Cinnamomum camphora (L.) J. Presl.), generally tolerates the disease [33].

2. Origins

Rabaglia et al. [15] indicated that X. glabratus was native to Asia and had been recorded from
Bangladesh, India, Japan, Myanmar and Taiwan. Recently, Hulcr and Lou [34] reported the insect in
mainland China. They confirmed that X. glabratus preferred lauraceous hosts (Phoebe zhennan S. Lee
and F.N. Wei, Machilus nanmu Nees, C. camphora and Phoebe neurantha (Hemsl.) Gamble in China), and
that taxa in other families were rarely colonized (only two of 40 collections).

Harrington et al. [35] recovered R. lauricola from specimens of X. glabratus from Japan and Taiwan.
Since there are no reports of laurel wilt in the United States prior to 2004, X. glabratus probably carried
the pathogen when it was first detected in Port Wentworth [14,15]. The focal and temporal spread
of laurel wilt from that area (see [16]) and the genetically uniform populations of R. lauricola and
X. glabratus that are found throughout the southeastern United States suggest that a single founding
event, in or before 2002, may be responsible for the laurel wilt epidemic [17,36,37].

Non-Asian suscepts in the Lauraceae are all naïve (new-encounter) hosts [1,26]. Despite the wide
geographic range of X. glabratus and the large number of species in the Lauraceae that are endemic
to Asia (see below), there is only one report of laurel wilt in Asia, and that was on the introduced
non-Asian host, avocado [38]. Fraedrich et al. [33] indicated that “there are no reports that indicate
R. lauricola causes a plant disease in Asia”, and Hulcr and Lou [34] doubted that (sic) “X. glabratus
displays tree-killing behavior in its native range.” If laurel wilt occurs in Asia on Asian members of the
Lauraceae, it must be inconspicuous.

3. Coevolution

The term “coevolution” was coined to describe butterfly x plant interactions [39]. However, the
idea that reciprocal evolution occurred between sympatric species was discussed by Darwin [40] and
described in a plant-pathological context in the 1950s. In describing results from his classic research on
flax rust, Flor [41] suggested that “ . . . obligate parasites, such as the rust fungi, must have evolved in
association with their hosts” and that “ . . . during their parallel evolution, host and parasite developed
complementary genic systems”. Gene-for-gene and genetically quantitative/multi-gene systems have
now been identified in many other pathosystems, and the specific adaptation of pathogens to host taxa,
such as those described as formae speciales, is generally accepted as “the outcome of coevolution” [42].
These relationships can be conceived of as arms races in which increased disease resistance develops
in a host in response to increased virulence in a pathogen [43,44].

Although these interactions can be difficult to document [43,45,46], coevolution appears to be
an important factor in the development of many pathosystems [47]. Several criteria can be used to
identify possible coevolved pathosystems [41–43,45,46,48–52]; they include:
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1. A limited, often specific host range for the pathogen;
2. An original geographic distribution of the pathogen that overlaps with that of the host;
3. The occurrence of significant disease resistance in the host’s primary center of origin;
4. Regional overlap of resistance and pathogenicity factors and phenotypes in the respective host

and pathogen populations (i.e., geographic evidence for reciprocal selection);
5. Gene-for-gene relationships (although quantitative, non-gene-for-gene interactions can also

co-evolve); and
6. Tandem speciation (also known as parallel cladogenesis).

Due to the rigorous criteria that are needed to confirm these relationships, it is not surprising
that relatively few unequivocal examples of host x pathogen coevolution exist [51,52]. Most proposed
coevolved pathosystems possess some, but not all, of the above attributes [10,42,53,54]. For example,
although the first three of the above criteria are met for R. lauricola in Asia, there are no data for
criteria 4–6. Future work may provide additional support for the idea that R. lauricola coevolved
with endemic laurels in Asia. In the meantime, studies of Asian species in the Lauraceae, such as
camphortree, could provide valuable insight into how tolerant hosts respond to this pathogen, and
which attributes should be sought during the development of laurel wilt-resistant genotypes.

4. Ambrosial Symbioses

Xyleborine ambrosia beetles (Curculionidae:Scolytinae:Xyleborini) exhibit a haplodiploid, sibling
mating system, which is also known as arrhenotoky [55–57]. Females are diploid and establish colonies
after dispersion to uncolonized portions of the same or new host trees. Fertilized females can establish
new colonies of females and haploid males, whereas nonfertilized females lay haploid eggs that
become males. Males are flightless and rarely leave their natal galleries [58], where they mate with
their mother and sisters.

Ambrosia beetles carry their fungal symbionts in specialized structures called mycangia [59–61].
In the Xyleborini, paired pre-oral (also known as mandibular) mycangia are small invaginations
at mandible bases, mesothoracic mycangia are single, large invaginations between the meso- and
metanotum, and elytral mycangia are small cavities at elytra bases [61,62]. In the species that have
been examined, only one type of mycangium is present. However, mycangia are absent in some species
that plunder fungal gardens of other species [63].

When adult females disperse to new trees, they bore brood galleries into host tree xylem, in
which they cultivate gardens of the fungal symbionts. The developing colony feeds on these fungi
(not wood), and as the colony matures new females are eventually produced. They then perpetuate
the species by dispersing and establishing new colonies. Although some ambrosia beetle species
(e.g., Xylosandrus compactus Eichhoff) can attack and colonize (establish brood colonies in) healthy
trees [64,65], most reproduce only in stressed or dead trees.

During the early stages of the laurel wilt epidemic, Fraedrich et al. [13,33] examined X. glabratus
x redbay interactions. They indicated that initial attacks by the insect in healthy trees were aborted
and that reproduction by the insect was not observed in such trees. Nonetheless, aborted attacks
were sufficient to infect trees with R. lauricola. Only after laurel wilt began to develop in infected
trees was brood development by X. glabratus observed [13,33]. If this sequence is typical, X. glabratus
may resemble other ambrosia beetle species in that it preferentially colonizes and reproduces in
compromised or dead trees.

Most ambrosia beetles are generalists with wide host ranges. Thus, X. glabratus is unusual as it
displays a strong preference for trees in the Lauraceae. Sesquiterpenes, rather than ethanol, the stress
metabolite to which ambrosia beetles are usually attracted, appear to be a significant component of
the attraction signature of these trees [66]. This difference has been cited when indicating that the
X. glabratus vector relationship is exceptional, but there appears to be no evidence that trees identified
with these signatures then support colonization and brood development before disease develops. Thus,
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indications that the interaction of X. glabratus with its host trees is atypical [61,67,68] should be clarified.
Clearly, better information on, and a distinction between, the early (attack phase) and mid-stage
interactions of X. glabratus with its host trees (colonization and brood development) are needed.

In discussing the appearance of laurel wilt in the United States and its absence in the Asian
homeland of X. glabratus, Hulcr and Dunn [68] proposed that “the sudden emergence of pathogenicity”
was due to “a new evolutionary phenomenon.” A more parsimonious explanation for the emergence
of laurel wilt is that coevolution with R. lauricola eliminated susceptible species in Asia, but not in
the United States. The idea that American strains of R. lauricola became pathogenic after their move
from Asia is not supported by data from studies that detected no differences in pathogenicity to
avocado and swamp bay between isolates of R. lauricola from Asia and the United States [36,38]. Hulcr
and Dunn [68] also suggested that an “olfactory mismatch” may be responsible for the identification
by X. glabratus of nondiseased host trees as suitable for colonization. Since X. glabratus propagates
in compromised host trees, as do other ambrosia beetle species, the attractive sesquiterpenes may
simply enable X. glabratus to identify trees in which its ambrosial symbiont, R. lauricola, will establish,
regardless of the host tree’s health status. In summary, pathological differences have not been evident
between R. lauricola in Asia and the United States, and X. glabratus and other ambrosia beetles appear
to have similar reproductive preferences for compromised or dead trees. However, no other ambrosial
symbiont is known to be a systemic, lethal pathogen. Even when ambrosial symbionts kill trees
(e.g., R. quercus-mongolicae K.H. Kim, Y.J. Choi and H.D. Shin, R. quercivora Kubono and Shin. Ito,
and Fusarium euwallaceae S. Freeman, Z. Mendel, T. Aoki et O’Donnell), mortality is due to localized
(nonsystemic) necrosis and multiple attacks by the associated ambrosia beetle vectors [1].

More work is needed to understand the impact of R. lauricola on naïve American hosts. Host
tree colonization by X. glabratus is incompletely understood, and discerning the role that other
ambrosia beetle species may play in the laurel wilt epidemic has only begun. Several other species
are associated with redbay, avocado and other lauraceous hosts, but they have been considered as
vectors of R. lauricola only recently. The general absence of X. glabratus in avocado orchards that are
affected by laurel wilt, the pathogen’s presence in other species of ambrosia beetle that are recovered
from avocado and other host trees, and the experimental demonstration of pathogen transmission and
subsequent laurel wilt development in redbay and avocado suggest that species other than X. glabratus
could play roles in the epidemiology of this disease [1,69,70].

5. Vectors of Raffaelea lauricola

Although ambrosia beetles have an obligate association with nutritional fungi [59,61,71,72],
these can be promiscuous relationships wherein a given beetle species carries more than a single
symbiont, and the same fungus species is present in more than one species of beetle. The movement of
symbionts amongst ambrosia beetle species had been recognized previously [69,71,73,74]. However,
the magnitude and speed with which this has occurred for R. lauricola is unprecedented [70]. Since its
introduction into the United States in or before 2002, R. lauricola has been horizontally transferred from
X. glabratus to nine additional ambrosia beetle species [1,69,70,75,76].

Reared (from laurel wilt-affected host trees) or trapped individuals (in the proximity of laurel
wilt-affected trees) of 14 species of ambrosia beetle (Ambrosiodmus, Euwallacea, Premnobius, Xyleborus,
Xyleborinus and Xylosandrus spp.) were assayed for R. lauricola by Ploetz et al. [70]. During
10 experiments, the pathogen was recovered from 34% (246 of 726) of the individuals that were
associated with Persea spp. that are native to the southeastern United States, but only 6% (58 of 931) of
those that were associated with avocado. Raffaelea lauricola was recovered from 10 of the ambrosia beetle
species that were assayed, including X. glabratus, but was most prevalent in Xyleborus congeners [70].
Previous reports had suggested that Raffaelea spp. were the primary symbionts of Xyleborus spp. [74,75].
In general, mycangia of X. glabratus contained 10–1000 times more colony forming units (CFUs) of
R. lauricola than the other assayed species. From native Persea spp. and avocado, R. lauricola was
recovered from a respective 91% and 60% of the live specimens of X. glabratus that were assayed [70].
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Although little is known about symbioses that are established between R. lauricola and different
ambrosia beetle species, some of these insects may be involved in the ongoing epidemic in the
southeastern United States [28,70]. In no-choice experiments, Carrillo et al. [69] reported that six and
two species other than X. glabratus transmitted R. lauricola to potted redbay and avocado trees, and
that laurel wilt developed in six and one of these interactions, respectively.

Kostovcik et al. [74] indicated that different types of mycangia may “support functionally
and taxonomically distinct” symbioses. In summarizing a study of microbial communities in
mycangia of Xyleborus affinis Eichhoff, Xyleborus ferrugineus Fabricius and Xylosandrus crassiusculus
Motschulsky, they concluded that the mandibular (pre-oral) mycangium found in Xyleborus enabled the
establishment of a broader array of symbionts than the larger and more exposed mesonotal mycangium
possessed by X. crassiusculus (and Xyleborinus saxesenii Ratzeburg).

Hulcr et al. [77] studied how different ambrosia beetle species responded to R. lauricola.
In olfactometer assays, X. glabratus was significantly attracted to R. lauricola in 54 of 84 assays
(p = 0.004). In contrast, adult females of X. saxesenii and X. crassiusculus were significantly repelled
by the fungus [77], which corresponds with its uncommon recovery from these species (1%–4% of
all assayed individuals in [70]). Interestingly, another beetle that carried R. lauricola more frequently
than X. saxesenii and X. crassiusculus, X. ferrugineus (11%–57% of the individuals in [70]), had a net
nonresponse to the fungus; i.e., was repelled about as often (156 assays) as it was attracted (132 assays)
(p = 0.16) [77].

Although beetle attraction to, or avoidance of, R. lauricola may impact whether it is a factor in the
epidemiology of this disease [28,70], it is unclear whether species that are repelled by R. lauricola in
olfactometers could still be occasional vectors of the pathogen and whether attracted or neutral species
would disseminate the pathogen more frequently. Clearly, the involvement of other ambrosia beetle
species in the laurel wilt epidemic requires more study. Nonetheless, we are beginning to understand
the vector portion of this puzzle. By virtue of their affinity for Raffaelea spp. [70,74,75], species of
Xyleborus might be expected to foster symbioses with R. lauricola more readily than species in other
genera. In contrast, species with mesonotal mycangia, such as X. crassiusculus and X. saxesenii, should
be able to carry greater quantities of the pathogen, based on the larger size of this organ compared to
pre-oral mycangia. Even though they are infested with R. lauricola infrequently and are not attracted to
the fungus in olfactometers, highly infested individuals with mesonotal mycangia could be vectors of
R. lauricola.

6. Vector Chemical Ecology and Host Location

Host-based attractants (kairomones) have been studied most extensively for the primary vector of
R. lauricola, dispersing females of X. glabratus. This beetle is not attracted to ethanol [78], the standard
lure for ambrosia beetle detection [79]. The strongest female attractants identified to date are terpenoid
kairomones, specifically volatile sesquiterpenes emitted from host wood [80–82]. In comparative
studies with nine lauraceous species, emissions of four sesquiterpenes (α-copaene, α-cubebene,
α-humulene, and calamenene) were positively correlated with in-flight attraction of X. glabratus, and
electroantennography has confirmed olfactory chemoreception of these compounds [66]. A succession
of field lures has been developed using essential oils naturally high in sesquiterpenes, including
manuka oil (derived from Leptospermum scoparium J.R. Forst. and G. Forst., Myrtaceae; [80]), phoebe
oil (Phoebe porosa (Nees and Martius) Barroso, Lauraceae; [80]), and cubeb oil (Piper cubeba L. f.,
Piperaceae; [83–86]). Laboratory bioassays with fractionated cubeb oil identified the negative
enantiomer of α-copaene as a primary attractant, sufficient to evoke positive chemotaxis. Currently,
the most effective lure for X. glabratus is an essential oil product enriched to 50% (−)-α-copaene
content [87,88].

Exiting the natal tree to locate and colonize new resources is critical for the reproductive success
of ambrosia beetles, but this brief dispersal event potentially exposes them to predation and adverse
environmental conditions. To minimize risks associated with dispersion, it would be adaptive for
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females to have efficient host-seeking behaviors, guided by reliable cues. Kendra et al. [66] proposed
that host location and acceptance is a multistep process directed by a series of cues presented in
sequential order.

Initiation of dispersal flight in scolytine beetles is determined by light intensity, temperature,
relative humidity and other environmental cues ([89] and references therein). With X. glabratus, females
engage in host-seeking flight during the late afternoon and early evening, several hours earlier than
other species of Xyleborus in Florida [90]. While in flight, females orient initially toward long-range
olfactory cues; α-copaene appears to be the primary kairomone, but other terpenoids likely contribute
to generate an attractive “signature bouquet” of the Lauraceae [66,82,87]. In addition to sesquiterpenes,
several monoterpenes have been reported as kairomones, including eucalyptol (1,8 cineole) [91] and a
blend of redbay leaf volatiles [92]. There is no evidence that X. glabratus utilizes sex or aggregation
pheromones [78].

As females approach the focal source of host kairomones, visual cues assist in directing flight
toward individual trees. Mayfield and Brownie [93] demonstrated that stem silhouette diameter aids in
host location, but only when presented in an appropriate chemical context (i.e., presented concurrently
with host odors). These experimental data support field observations that the oldest, largest-diameter
trees are typically the first to be attacked by X. glabratus. In addition, there is a higher density of
beetle entrance holes on the trunk and large diameter branches of redbay and swampbay, compared to
smaller diameter branches [10,58,84]. In mature avocado trees, the highest emissions of α-copaene and
α-cubebene are detected on the trunk and larger branches [94]. This chemical gradient may further
assist with location of optimal sites for landing and initiation of a gallery. Even though large hosts are
preferred, once those resources are depleted, smaller diameter trees are utilized, thereby enabling low
populations of X. glabratus to persist for many years [95].

The short-range cues that prompt a shift from host-seeking to host acceptance and boring
behaviors have received scant study. Knowledge in this area could facilitate the development of
effective repellents or boring deterrents. Once a female makes contact with a potential host, she likely
integrates a variety of stimuli, including olfactory, gustatory, contact chemosensory, tactile and visual
cues, all of which must reinforce the message that an appropriate host has been found before a
reproductive effort is initiated. In short-range laboratory bioassays, X. glabratus is attracted to volatiles
emitted from its fungal symbiont [77], and in field tests these volatiles increased beetle captures when
combined with host-based lures [96]. The ability to detect food-based odors may be adaptive in the
host-choice process, confirming that the tree under evaluation is capable of supporting growth of
required (nutritional) fungal resources.

7. Pathogen Attributes

The fungal symbionts of ambrosia beetles typically colonize only the lining of the natal gallery.
In rare cases, these fungi cause serious damage in host trees, for example, R. quercus-mongolicae and
R. quercivora on Quercus spp., and F. euwallaceae on diverse host species [1,97,98]. However, in these
and other cases in which significant damage occurs, the fungal symbiont does not move systemically
in host xylem and causes only localized damage; in these situations, tree mortality is associated with
mass attack by the beetle vectors. Raffaelea lauricola is a unique symbiont, in that it systemically infects
tree xylem and a single infection of susceptible trees can be fatal.

The population of R. lauricola in the United States is genetically uniform, apparently resulting
from a single founding event (perhaps the importation of X. glabratus to Port Wentworth, Georgia).
Little to no genetic variation was detected in isolates of the pathogen across the southeastern United
States when Amplified Fragment Length Polymorphisms (AFLPs) and microsatellite markers were
used [17]. With the same microsatellite markers and sequences of the large subunit of ribosomal (LSU)
DNA, Wuest et al. [37] also concluded that the population of R. lauricola in the United States was quite
uniform, in contrast to far greater diversity that they detected in the pathogen in Japan and Taiwan.
When isolates from Asia were tested on avocado and swamp bay, they were as pathogenic as isolates
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from the United States [36,38]. Thus, although greater genetic diversity in R. lauricola has been found
in Asia, differences in pathogenicity have not been apparent when isolates from the two regions have
been compared.

The role of symbiont pathogenicity in the ecology of ambrosia beetles is not well understood [1,99].
Evident by comparison with other introductions is that the aggressiveness by which the laurel wilt
pathogen systemically colonizes its North American tree hosts and causes lethal vascular wilt is an
extreme scenario [1]. The range of fungal-specific damage observed among ambrosia symbionts in
their native habitats varies from asymptomatic (nonpathogenic) to localized damage and host recovery
(mildly virulent).

From the perspective of fungal pathogenicity, two hypotheses may help to understand the extreme
aggressiveness of R. lauricola on North American Lauraceae. The first of these is that R. lauricola is
an “accidental pathogen”. Adaptations that enable R. lauricola to colonize natal galleries may, when
encountered beyond the coevolved range of hosts, result in a massive host defense response that
ultimately leads to xylem dysfunction and host death. The second hypothesis is that pathogenicity is a
selective force in Asia that is kept in balance by coevolutionary processes; susceptible hosts, such as
the naïve laurels in the southeastern United States, are eliminated, whereas those that tolerate infection
persist and eventually replace their susceptible relatives.

Tests of these hypotheses are underway by comparing genomes of R. lauricola and its close
relatives [100]. These analyses are aided by recently published phylogenies of Raffaelea [101,102], which
have identified the closest, extant relatives of R. lauricola; notably, all other members of the phylogenetic
clade in which R. lauricola resides (Raffaelea sensu stricto) are not plant pathogens. Of particular interest
are genome-wide comparisons between R. lauricola and its close relative R. aguacate D. R. Simmons,
Dreaden and Ploetz. Raffaelea aguacate has only been recovered from avocado [102], but it is neither
systemic nor pathogenic on avocado or redbay [103]. Evidence for the accidental versus adapted
pathogen hypotheses is being sought in comparative analyses between these two genomes and among
genomes of related species. Virulence gene content, including those for putative effectors, elicitors
and toxins, will be assessed, as will the expansion of these pathogenicity-associated gene families, and
evidence for diversifying selection among candidate virulence factors.

Unraveling these fundamental questions may provide significant insight and predictive value
for what might be expected in the future. If all ambrosial symbionts have the potential to be
plant pathogens, is it a matter of time before another beetle–fungus–tree combination facilitates
the emergence of another laurel wilt-like pathogen (“symbiont roulette”)? If, on the other hand,
pathogenicity is a derived character, what are the attributes required for weakly pathogenic symbionts
to be aggressive pathogens when introduced outside their native range?

8. Hosts of Laurel Wilt

The Lauraceae is a large family that includes over 50 genera and 2500 to 3000 species [104].
The family represents some of the earliest angiosperms and has a fossil record dating back to the
Mid-Cretaceous [105]. It is well represented on both sides of the Pacific Basin, and the so-called
“amphi-Pacific tropical disjunction” of the Persea and Cinnamomum groups in the family has been
examined to understand the presence, and the origins and relatedness, of family members in the
Eastern and Western Hemispheres [101,106,107].

Although there are notable exceptions, such as naturalized populations of camphortree in the
southeastern USA and the globally cultivated crop, avocado [108,109], most species in the family have
restricted distributions. In the American tropics, lauraceous taxa comprise significant portions of
lowland forests and montane environments [110,111]. Considering their ecological importance, laurel
wilt could have an even greater impact as it spreads to new areas in the Western Hemisphere.

Of economic concern is the potential impact of the disease in currently unaffected
avocado-production areas [28]. Avocado is a subtropical/tropical tree, and a significant fruit crop.
In 2014, 5 million metric tonnes (MMT) of fruit were harvested worldwide, and Mexico was the

213



Forests 2017, 8, 48

leading producer (1.5 MMT) and exporter (in 2013, 0.6 MMT valued at ca. US$1.1 billion) [112].
Depending on the cultivars that are grown, which vary considerably in cold tolerance, the crop
is grown commercially from United States Department of Agriculture Hardiness Zones 10 to 11,
with moderate urban production of some cultivars occurring into Zone 9. Florida’s avocado industry
is the state’s second-largest fruit industry after citrus, and 85% of the producers have orchards of
less than 13 hectares. In the United States, more than 6600 growers on mostly small farms (less than
45 hectares) produce avocado; annual production worth more $1.6 billion is at risk [112].

Laurel wilt has affected avocado in Florida for at least a decade, but so far only ca. 3% of the
avocado trees in commercial production have been killed [113]. However, the short time laurel wilt
has been in South Florida (where most commercial production occurs), the great susceptibility of
avocado to this disease, and experience with other lethal, invasive diseases [11,114] suggests that
laurel wilt will, in the future, cause increasing damage on avocado in Florida. Laurel wilt imperils
avocado production in other states (e.g., California and Hawaii), USA protectorates (Puerto Rico) and
neighboring countries such as Mexico [28].

Persea americana is divided into Mexican (M), Guatemalan (G) and West Indian (WI) (also known
as Lowland or Antillean) botanical races, respectively vars. drymifolia (Schltdl. and Cham.) S.F. Blake,
guatemalensis (L. O.Williams) Scora, and americana Mill. [115]. Hybridization occurs freely among the
races and is associated with a range of responses to calcareous soil, salinity, high and low temperatures,
and other stresses [109,116]. Different responses to laurel wilt have also been noted among the races
and racial combinations of the species; in general, greater susceptibility occurs in WI cultivars [117,118].

Although the most serious outbreaks of laurel wilt have occurred on lauraceous natives from
the southeastern United States, a few natives from the region, gulf licaria and lancewood, display
moderate tolerance after artificial inoculation [32,119]. They develop vascular symptoms, but do not
die, which is similar to the response of camphortree [33]. Notably, rare tolerance to laurel wilt has been
selected in redbay, and there is hope that these selections could be used to re-establish this tree in the
southeastern coastal plain [36,120].

More data are needed on the susceptibility of American and non-American species in the family,
and how susceptible and resistant hosts respond to infection by R. lauricola. To date, we have only
rudimentary understandings of these processes [33,121–123]. Although natural selection against
susceptibility has probably occurred in camphortree and other Asian Lauraceae [1,33], host attributes
that are associated with laurel wilt tolerance have been studied only recently [121].

9. Host Responses to Infection by Raffaelea lauricola

Vascular wilt diseases typically exhibit wilting, sapwood discoloration (Figure 1D) and vascular
dysfunction associated with physical and histological changes in the host [124]. The production of
gels [125] and tyloses [126] in the xylem are two of the most common attributes of affected woody
plants [127–131].

Tyloses are formed in xylem lumena in response to pathogen infection, embolism, aging, and
injury [131]. They are outgrowths from adjacent parenchyma cells, and even though they can prevent
desiccation, damage, and infection of adjacent cells [131], they also reduce hydraulic conductivity
(water conductance) [132]. Gels induced by pathogens generally arise from host perforation plates,
end walls, and pit membranes of the primary wall and middle lamella [131,133,134]. Breakdown of
these cellular components by the pathogen results in the accumulation of gels [135].

Symptoms of laurel wilt on avocado, redbay, and swampbay include rapid wilting of foliage
and vascular discoloration (Figures 1D,E and 2). Xylem blockage associated with tylose and gel
formation appears to be at least partially responsible for the wilting symptoms [122,123]. Xylem
function (the ability to conduct water) in avocado is impaired as soon as 3 days after inoculation,
before the development of external or internal symptoms of the disease are apparent [123] (Figure 3).
Tree mortality is associated with vascular functionalities of less than 10%.
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Artificial inoculations with as few as 100 conidia of R. lauricola can kill avocado and swamp
bay [136]. After laurel wilt-susceptible (avocado and swamp bay) and tolerant (camphortree)
hosts were inoculated with a green fluorescent protein (GFP)-labelled strain of R. lauricola,
Campbell et al. [120] reported that the pathogen was scarcely visible in microscopic cross sections,
even in dead or dying plants. Although they observed that a maximum of 0.9% of the xylem lumena
of avocado were colonized by the GFP-labelled strain 30 days after inoculation (dai) (Figure 4), about
40% of the lumena of avocado were occluded by tyloses 21 dai in another study [123] (Figure 5).
Mobility of the pathogen or its metabolites in the xylem seems to be related to susceptibility.

Symptom development has been associated with reduced water transport in other, similar tree
diseases. Wych elm affected by Dutch elm disease (caused by Ophiostoma novo-ulmi Brasier) [137],
bitternut hickory affected by hickory decline (Ceratocystis smalleyi J. A. Johnson and T. C. Harr. [138],
Quercus spp. affected by Japanese oak wilt (R. quercivora) [139], and Notholithocarpus (formerly
Lithocarpus) densiflorus (Hook. and Arn.) Manos, Cannon and S.H.Oh affected by sudden oak death
(Phytophthora ramorum Werres et al.) [140] all exhibited reduced xylem function which was, in turn,
correlated with symptom development. For example, Park et al. [138] detected an inverse relationship
between xylem sap flow and sapwood infection by C. smalleyi. They proposed that tylose formation
induced by infection was responsible for reduced water transport in affected trees; C. smalleyi caused
multiple cankers and reduced xylem function, resulting in crown wilt and decline of bitternut hickory.

Figure 2. Foliar symptoms of laurel wilt on avocado include (A) wilting and an oily grey discoloration
that rapidly progresses to necrosis; (B) initial symptom development in only a portion of a tree’s canopy,
involving a limited number of vascular traces; and (C) involvement of greater portions of the canopy
followed by defoliation within a month or two of symptom onset (far more rapidly than occurs in
redbay and other native Persea spp.) (photos: R. Ploetz).
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Figure 3. “Simmonds” avocado trees were inoculated with Raffaelea lauricola and xylem function was
assessed with an acid fuchsin stain [122]. In (A), burgundy to pink staining in stem sections indicates
functional xylem, which was quantified in scanned, digital images. From left to right and top to bottom,
xylem in cross sections are: 98% functional (water control, internal symptoms (is) = 1; 86% (3 days after
inoculation (dai)), is = 1; 76% (7 dai, is = 2); 71% (14 dai, is = 3); 32% (21 dai, is = 5); 30% (21 dai, is = 6;
5% (42 dai, is = 9; and 1% (42 dai, is = 9). Arrows (ˆ) indicate the position on a stem that was inoculated,
and the scale bar = 0.5 cm. In the response surfaces, % of functional xylem is graphed on the y-axes
against the distance from the inoculation point on the z-axes and (B) internal and (C) external symptom
development on the x-axes, which was rated on a 1–10 scale, where 1 = healthy, no symptoms, and
10 = dead, totally symptomatic.

Figure 4. Campbell et al. [121] observed that less than 1% of the lumena of avocado, swamp bay
and camphortree were colonized with a GFP-labelled strain of Raffaelea lauricola, even 30 days after
inoculation (dai) (when most plants of avocado and swamp bay had died from laurel wilt).
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Figure 5. “Simmonds” avocado was artificially inoculated with Raffaelea lauricola and xylem lumena
were examined in stem cross sections for tylose formation 7, 14 and 42 days after inoculation (R2 = 0.78,
y = −0.69 + 1.79x − 0.04 (x − 17.4)2, p < 0.0001) [123].

Ploetz et al. [118] hypothesized that an avocado scion’s susceptibility to laurel wilt is related to its
ability to conduct water. They observed that pre-inoculation sap flow rates were greater (p = 0.05) in a
susceptible cultivar, “Russell” WI, compared to the less susceptible cultivars “Brogdon” M × G × WI
and “Marcus Pumpkin” G; however, sap flow plummeted in “Russell” soon after inoculation. Recently,
Campbell et al. [121] reported that cross sections of xylem lumena of “Simmonds”, another WI avocado
cultivar, were nearly 2.5 times larger (3063 μm2 ± 226) than those of camphortree (1250 μm2 ± 221).
Although they indicated that wood chemistry might impede the development of R. lauricola in
camphortree (it contains antifungal compounds [141]), they also observed that smaller lumena in
camphortree could hinder the movement of R. lauricola compared to host trees with larger lumena.

In long-term studies to develop elms that resist Dutch elm disease, vessel size and sap flow
were reported to be key factors associated with the susceptibility of Ulmus minor Mill. and Ulmus
hybrids [142–144]. Susceptible trees had significantly wider and longer vessels than those that resisted
the disease [144]. Solla and Gil [142] hypothesized that vessel diameters and sap flow affected the
dispersal of O. novo-ulmi in the elm host, and Venturas et al. [144] suggested that xylem structure
restricted the pathogen’s spread in resistant elms.

Additional work is needed to understand the relationship between susceptibility to laurel wilt
and sap flow and other xylem-associated attributes, as it may facilitate the identification of laurel
wilt-tolerant genotypes of host trees. Whether sap flow rates and xylem attributes are general predictors
of laurel wilt susceptibility and tolerance in avocado are examined in ongoing work.

10. Ecology and Epidemiology

To date, native Persea spp. (redbay, swamp bay and silk bay, which some refer to collectively
as redbay) have been most severely impacted by laurel wilt. Within a few years of affecting a stand,
most mature trees of these species succumb to this disease [13,21,22,145,146]. Symptoms of laurel
wilt develop soon after host trees are infected by R. lauricola (usually within 2 to 3 weeks of artificial
inoculation) [117]. As the disease develops, host trees increase the production of volatiles that attract
X. glabratus [92], which then promotes mass attack, colonization and brood development by X. glabratus.

The explosive nature of the laurel wilt epidemic is due to the great susceptibility of the native
Persea spp. [26], their attractiveness to X. glabratus [66,78], the rapid increase in X. glabratus numbers
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in affected stands of these trees [58], and the substantial amounts of inoculum that most females of
X. glabratus carry [70]. Furthermore, tree-to-tree spread via interconnected root systems, which has
been suspected in avocado [28] and sassafras [147], and demonstrated in pondberry [148], enables
movement of the pathogen without vector assistance. It is hard to imagine a more efficient means for
killing trees than this disease.

Raffaelea lauricola typically infects avocado only via ambrosia beetle vectors and interconnecting
root grafts (see below), although other avenues of infection have been studied experimentally.
Mechanical transmission of the pathogen was possible with artificially infested handsaws on potted
plants, but the pathogen did not survive on circular saws that are used to prune avocado trees in
commercial groves, presumably due to the high heat that was generated on these blades during
use [149]. Seed and scion transmission of R. lauricola have also been discounted. After potted,
fruit-bearing trees were artificially inoculated with R. lauricola plants were systemically colonized
by the fungus, but in no instance did infection progress further than the hilum of fruit (87 fruit and
their associated pedicles) [150]. Furthermore, when scions from artificially infected trees were used as
grafting material, they did not establish on recipient rootstocks [151].

Most commercial avocado production in the eastern United States is located in Miami-Dade
County in southern Florida; it is bordered on the north and east by metropolitan Miami and on the
west and south by Everglades National Park (ENP) [152,153]. The proximity of a densely populated
urban area and a protected natural area creates significant challenges for managing this disease.

Residential avocado trees are common in Miami. In other pathosystems, residential trees can act
as reservoirs for pathogens from which neighboring agricultural areas are colonized. For example,
residential trees played a significant role in epidemics of citrus canker in Florida and plum pox
in Canada [154,155]. Residential trees are also associated with the regional spread of pathogens
via the nursery trade, as infected asymptomatic plants can be sold and distributed through this
network [156,157]. In this case, the short latent period of laurel wilt on susceptible hosts may be
advantageous, as asymptomatic infection of these species would probably play a negligible role in
spreading the disease. In contrast, tolerant species, such as camphortree, could serve as symptomless
reservoirs of R. lauricola and X. glabratus in the landscape as well as a means by which the disease
could spread; greater understanding of their potential role in the regional dissemination of this disease
is needed.

Natural areas that border avocado production areas in southern Florida may present risks similar
to those of residential avocado trees. Prior to the laurel wilt epidemic, swamp bay occurred throughout
the ENP. Swamp bay is highly susceptible to laurel wilt [26] and is attractive to, and supports significant
egg production of, X. glabratus [158]. An aerial survey of the Everglades in 2011 and 2013 detected
rapid spread of laurel wilt on this host tree [25]. Since source-to-sink dynamics from unmanaged areas
to agricultural areas have played an important role in other diseases with insect vectors [159], there was
concern that swamp bay trees might act as disease and vector refugia in the ENP. However, recent
spatial analyses suggested that laurel wilt outbreaks in the avocado production area are concentrated
there, and that there is little connectivity between laurel wilt in the avocado and natural areas [160].

Once laurel wilt has established in an avocado orchard, it apparently moves among trees through
root grafts [28]. Root grafting (i.e., the establishment of functional unions between the roots of
different plants), is a common phenomenon in trees [161,162], and it plays a significant role in the
movement of similar plant pathogens, such as those that cause oak wilt (Ceratocystis fagacearum
(Bretz) Hunt) and Dutch elm disease (Ophiostoma spp.) [163–165]. In avocado orchards, high densities
of trees are planted in rows in which root grafting occurs among adjacent trees. Previously, the
root-graft movement of herbicides and another avocado pathogen, Avocado sunblotch viroid (ASBVd),
were recognized [117,166–168]. Subsequent evidence that root-graft transmission of R. lauricola occurs
has included the natural infection of roots by the pathogen, rapid expansion of disease foci, and the
fact that prompt fungicide treatment of trees adjacent to diseased trees impedes spread and expansion
of foci [28,117].
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Preventing root-graft spread in avocado orchards is difficult. Since trenching to sever root
grafts stops the spread of oak wilt and Dutch elm disease, it would presumably be useful in laurel
wilt-affected avocado orchards. However, trenching would damage irrigation systems that are typically
in place in avocado orchards. Other techniques to limit root graft spread are being explored, such as
establishing barriers to pathogen movement with fungicide or herbicide treatments [28,169]. Since
root grafts tend to develop in older plants, maintaining younger orchards and smaller trees might also
inhibit transmission among trees.

While root-graft transmission enables rapid movement of the pathogen among trees, transmission
also occurs among and within orchards via ambrosia beetles. As discussed above, X. glabratus is most
important in natural settings, as it predominates in both trapping and rearing assays with these host
trees [26,28,66], carries the greatest amounts of the pathogen [70], and was most consistently associated
with transmission in no-choice assays [69]. However, the role that this species and its relatives play
in the avocado system requires further study. The above spatial analyses [160] suggest that laurel
wilt in swamp bay populations in the Everglades (on which X. glabratus would predominate) plays
an insignificant role in the avocado epidemic. All of these data suggest that a complex of beetles,
which may or may not include X. glabratus, are involved in laurel wilt dissemination in avocado.
These beetles are understudied, and relatively little is known about their habits and roles in the
environment. Understanding the ecological drivers of these insects is critical for future assessments of
disease risk.

An early epidemiological model suggested that X. glabratus would not reach the southern tip of
Florida until approximately 2015 [170]. However, X. glabratus was observed in Miami-Dade County in
early 2010, and laurel wilt was reported in 2011 [153]. While this model accounted for host density
and climatic features that benefit X. glabratus, it likely underestimated the effects of anthropogenic
spread [170].

Although assigning an anthropogenic role to an outbreak of laurel wilt can be difficult, large
geographic jumps in the disease’s distribution and the close proximity of an outbreak to parks or
other places where firewood is used, or where wood or wood products are handled, are attributes
that suggest human agency. For example, Cameron et al. [171] reported outbreaks of laurel wilt in
Georgia near a pulp mill and mulch plant. They also noted an apparent firewood-related outbreak
near a campsite 120 km from the nearest outbreak. As this disease has spread, others have noted
large jumps in its distribution. Riggins et al [172] reported a laurel wilt outbreak in Mississippi,
over 500 km from the nearest known outbreak, and a recent finding in Texas was 300 km from the
nearest known occurrence [16]. The above findings have been on redbay, but sassafras has also been
impacted. Bates et al. [173] noted an outbreak on sassafras in Alabama, 160 km from the nearest
outbreak, Fraedrich et al. [174] described an outbreak in Louisiana, 400 km from the nearest outbreak,
and Olatinwo et al. [175] described a subsequent finding in Arkansas, 134 km north of the Louisiana
outbreak. These range expansions suggest that anthropogenic spread is an important factor in the
epidemiology of this disease. In addition, the increased prevalence of laurel wilt on sassafras, a common
species that extends into Canada and which supports propagation of X. glabratus, indicates that the
disease has the potential to continue its northward movement.

Effective landscape modeling of laurel wilt will need to account for biological (e.g., host range,
host density and vector competency) and social factors (e.g., proximity to campgrounds and areas in
which wood or wood products are handled). Integrating these factors is critical for understanding
long-term disease prevention and control. Shearman et al. [176] used forest inventory and analysis
data to estimate risk factors for redbay. They determined that the presence of laurel wilt in a county
increased the odds that a given tree would be killed by approximately 154%, for every year after the
initial outbreak, and that mortality rates increased by 5% for increases of 1 cm diameter breast height
(DBH) in a tree’s trunk diameter.

Epidemic network analysis is becoming a common part of the epidemiological toolbox [177,178].
Harwood et al. [179] used network analysis to evaluate likely outcomes for epidemics caused by
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P. ramorum and P. kernoviae in the United Kingdom, as influenced by inspection strategies. These
pathogens can spread through natural systems, as well as the nursery trade. They concluded that if
the rates at which these pathogens were introduced increased, inspection activities could not keep up
with the influx. Network analysis has also been used to identify key sampling locations for tracking
epidemic progress [180,181]. For laurel wilt, spread via infested wood is a key vulnerability for
long-distance movement, but this activity is difficult to monitor. To the extent that epidemic network
structures can be characterized for a disease such as laurel wilt, strategies may be implemented to
make inspection more efficient.

Impact Network Analysis [182] is a multilayer network analysis that uses agent-based
modeling [183] to evaluate the likely system-level effects of regional management implementation.
Multilayer networks integrate linked processes, such as networks of the spread of information about
disease and linked networks for the spread of the disease and/or its vectors [180,184–186]. Multilayer
networks can provide analyses about how networks interact to produce system level outcomes.

In Impact Network Analysis, three components are emphasized [182]. The first is a management
concept or tool, such as a recommended cultural practice, a resistant variety, or effective pesticide,
which is associated with a level of efficacy, a level of confidence in the estimated efficacy, and the cost
of implementation. The second component is the network of communication and influence among
managers who decide whether to implement the management tool [187], as well as the management
landscape (e.g., natural or agro-ecosystem) in which management is or is not applied. The third
component incorporates information on the epidemic network. Notably, establishment of a given
disease in a new location may be strongly influenced by the management landscape. Impact Network
Analysis is a platform for evaluating how a proposed management type or portfolio of management
types is likely to influence regional epidemics, including the effects of manager decision-making [182].

An Impact Network Analysis is being developed for the laurel wilt epidemic in Florida and
beyond. When the first component of the analysis is considered, the tools that are available for
management are somewhat disheartening (see below). Currently, in natural systems that are populated
by highly susceptible host species, there are no viable measures. Furthermore, although there are
effective tools for avocado production, they are not consistently adopted by producers. The second
component of the analysis, the network of communication and influence among managers, presents
additional challenges. For example, some avocado managers may not be convinced of the importance
of management, or may be motivated to manage only minimally until land is diverted for other
purposes. The third component, the epidemic network, indicates that unmanaged outbreaks of laurel
wilt are important risk factors in the avocado system. Growers who do not effectively manage laurel
wilt may increase the difficulty with which the disease is managed by other avocado producers.
Additionally, the impact of residential avocado production is a poorly understood, but potentially
important facet of the epidemic network.

Serious challenges exist for managing laurel wilt in most situations. However, if laurel wilt
epidemics in natural systems are shown to exert little or no influence on the avocado system, regional
avocado management strategies could be simplified. Understanding the regional system will be a
first step toward scaling up [188] risk assessment and management strategies in Cuba, Mexico and
neighboring avocado-production areas.

Early detection of laurel wilt (ideally R. lauricola-infected trees before they develop symptoms) is
critical to the containment of laurel wilt and the success of disease management efforts in avocado
orchards. Since symptoms of laurel wilt can be confused with those associated with other biotic and
abiotic factors, the presence of R. lauricola should be confirmed when a laurel wilt diagnosis is in
doubt [26,28]. Currently, a taxon-specific method can be used to identify the pathogen and distinguish
it from its closest relative, R. aguacate [102,189].

Visible–near infrared spectroscopy has been tested for the nondestructive detection of laurel
wilt on avocado [190]. Classification studies were conducted with visible near infrared spectra of
asymptomatic and symptomatic leaves from plants artificially infected with R. lauricola, as well
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as leaves from noninfected freeze-damaged and healthy plants. Scores from principal component
analyses were used as input features in four classifiers: linear discriminant analysis, quadratic
discriminant analysis, Naïve-Bayes classifier, and bagged decision trees. All of the classifiers were
able to discriminate leaves from plants with laurel wilt from freeze-damaged leaves. False negatives
resulted mainly from asymptomatic leaves from infected plants being classified as healthy.

In subsequent work, spectral data were used to distinguish healthy, laurel wilt-affected, and
Phytophthora root rot-affected avocado trees [191]. With a modified camera, spectral images were
taken during helicopter surveys of commercial avocado orchards [192]. RmodGB digital data were
used to calculate vegetation indices (VIs), band ratios, and VI combinations for healthy and laurel
wilt-affected trees. Significant differences were observed in all VIs calculated among laurel wilt
affected and healthy trees, although the best results were achieved with Excess Red, (Red–Green) and
Combination 1. These results were used to modify a MCA-6 Tetracam camera with different spectral
filters (580–10 nm, 650–10 nm, 740–10 nm, 750–10 nm, 760–10 nm and 850–40 nm), which was then
used to take multispectral images of avocado trees at early, intermediate and late stages of laurel wilt
development at three altitudes (180, 250 and 300 m) [191]. Inexpensive devices that use this technology
need to be developed.

Canine detection was recently promoted for detecting avocado trees infected with R. lauricola,
prior to the development of laurel wilt symptoms [193]. Although there has been some success in
detecting other diseases under controlled settings [194], data for canine detection of laurel wilt has only
been presented in seminars (no peer reviewed publications are available). Recently, canine detection
was reported in avocado trees that displayed no obvious symptoms of laurel wilt [195]. Although
R. lauricola was not isolated from 42% of the “detected” trees, in another avocado orchard, laurel wilt
subsequently developed in most of the detected trees. Thus, trees from which the pathogen had not
been isolated were, presumably, infected with R. lauricola when detected by dogs.

The reliability of canine detection requires additional evaluations. For example, the ability of
dogs to distinguish infection in root-grafted trees, detect the pathogen prior to symptom development
(see [196]), and distinguish R. lauricola from its close relatives, many of which are prevalent in ambrosia
beetles that infest avocado [102,197], should be determined. Nonetheless, the available evidence
suggests that canine detection could be a useful tool for managing laurel wilt in avocado orchards.

As alluded to above, the spread of laurel wilt is affected by poorly understood social factors.
For example, even though early detection could help stem its spread the avocado system, producers
might not adopt the available techniques (the second component in the above Impact Network
Analysis). Furthermore, early detection would only be effective if detected trees were then promptly
removed (sanitation) or treated with fungicide. Agricultural producers respond to uncertainty in
different ways, and only a subset of all producers will adopt a given technology, no matter how
effective it might be. Better understandings are needed for the impacts of different social, economic,
and cognitive factors on the decision making process [183,198].

Laurel wilt management in commercial avocado orchards is possible, but difficult [199]. Effective
fungicide treatments have been described, but they are expensive and their use may not be sustainable.
Annual retreatment is indicated for even the best fungicide treatments. It becomes increasingly difficult
to retreat trees as they heal from previous applications (wound tissue impedes fungicide uptake in
previously treated sites). Subsequent applications are forced to move above the root collar, which is the
most effective application site. Early detection and the rapid removal and destruction of affected trees
is a more effective measure for managing this disease, but its adoption varies widely among producers.
Retaining infected trees in an orchard is a dangerous, but common practice, as many producers are
averse to removing trees that might produce fruit. Once focal development of the disease (root-graft
movement of the pathogen) begins, laurel wilt becomes incredibly difficult to manage. In general,
avocado producers who have been forced out of production by laurel wilt have practiced tardy and
insufficient management.
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In natural environments that are impacted by laurel wilt, the above management strategies are not
useful; in these situations, eradication of the disease is not possible, sanitation has been ineffective when
it has been used, and fungicide treatment is far too expensive [26,200]. Nonetheless, laurel wilt-tolerant
individuals of redbay have been identified [120]. Although it would be a long-term proposition, these
selections might be useful for re-establishing devastated populations of this important species.

11. Outlook

Laurel wilt has changed the composition of forests throughout the southeastern United States [26].
It has eliminated redbay and swamp bay, two keystone species, from major portions of the region,
and other important species, such as sassafras, will be increasingly impacted as the disease spreads.
Other rare suscepts, such as pondberry, are threatened with extinction [24].

Time will tell when and whether new areas are affected by this destructive tree disease [28].
The ultimate impact of laurel wilt will be determined by which areas are invaded, the susceptibility
of hosts that occur in these areas, the suite of vectors that are involved in new outbreaks and their
effectiveness in transmitting R. lauricola. Clearly, ecosystems in the western United States and tropical
America that are populated by suscepts are at risk [26,28].

Laurel wilt has begun to cause alarming losses in avocado production in Florida [28]. The state’s
primary commercial production area was first affected in 2012, and losses will continue to increase as
the disease consolidates and spreads in the area. The economic impact of laurel wilt could increase
dramatically when and if it spreads to California, Mexico and other major production areas.

Much remains to be learned about this enigmatic disease. Basic information is lacking on vector
x host x pathogen interactions, vector identity and ecology in the avocado system and the disease’s
epidemiology in natural and agricultural environments. More data are needed on the disease’s host
range and the nature of resistance and susceptibility. Until better information is available in these and
other areas, laurel wilt will remain a destructive disease for which we have few management options.

12. Conclusions

Laurel wilt is caused by the only known systemic and lethal ambrosia beetle symbiont, R. lauricola.
To date, all suscepts are naïve trees in the Lauraceae plant family that do not have an evolutionary
history with this pathogenic symbiont. In little more than a decade, laurel wilt spread throughout
the southeastern coastal plant of the United States. Significant populations of native trees have been
eliminated by the disease, and an important fruit crop, avocado, is affected in southern Florida and
threatened in other production areas. Advances have been made in understanding the interactions of
the pathogen with various host trees, as well as how the host responds to the disease. The disease’s
epidemiology is generally understood, but important gaps remain in what is known about the ambrosia
beetle vector portion of the puzzle, especially in the avocado system. Although progress has been
made in the management of laurel wilt, successful control in avocado production is still difficult, and
in natural systems is all but impossible. An increasing impact of laurel wilt is predicted as it spreads
within and beyond its present range.
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