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Abstract 
Purpose of Review I aim to contextualize wildfre-disease interactions with the goal of building a better understanding of 
where these may be of ecological importance and problems for sustainable forest management. 
Recent Findings While wildfre-disease interactions have been documented, they are not well represented in the ecological 
literature, probably because they require considerable efort or serendipity to rigorously quantify. Examples of disease-
fre interactions are relatively limited and tend to be clearer in systems where fre and disease are management problems. 
The most resolved systems include Phytophthora pathogens although wildfre-disease interactions are not limited to these 
pathogens. Documented interactions encompass a range of efects which include the magnifcation of problems associated 
with each disturbance. Wildfre-disease interactions are also likely to shape basic ecological function in systems where both 
wildfre and disease are common but not necessarily critical management problems. Climate change has altered the funda-
mental controls on both fre and disease suggesting it will also alter the magnitude and likelihood (occurrence or detection) 
of disease-fre interactions. 
Summary I present a framework for linking wildfre-disease interactions and highlight the importance of host community/ 
fuels structure on linking and mediating these interactions. I provide a series of examples where understanding interactive 
efects, interfacing with climate change, and the magnitude of changes to wildfre and disease intensifcation are of practical 
value and/or advance basic ecological knowledge. While much remains to be understood about these interactions, I make 
the argument that, in some cases, management can address both problems simultaneously. 

Keywords  Disease triangle · Non-additive efects · Disturbance interactions · Management 

Introduction 

Wildfre and forest disease are components of rapidly chang-
ing ecological systems and while both are components of 
healthy ecosystems [1, 2], they are also emerging problems 
alone and in combination. Numerous examples illustrate 
the risk each disturbance poses to a diverse set of timber 
and non-timber forest resources as well as public safety 
[3–5]. We know less about how these events interact, the 
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ecological conditions where interactions should be expected, 
and if those interactions rise to the level that they justify 
intervention [6, 7••, 8]. This uncertainty is a practical prob-
lem. Wildfre is an increasingly costly challenge in natural 
resource management by measures of ecological impact, 
severity, and cost of suppression [3, 9]. At the same time, 
a steady introduction of exotic pathogens to evolutionarily 
naive host communities and reemergent native pathogens 
has decreased forest biomass and often transformed forest 
structure and composition in ways that are likely to interact 
problematically with wildfre [4, 10]. Cutting across these 
problems is the issue of climate change which has potential 
to magnify the impacts of disease and wildfre [5, 6, 11]. 
Wildfre, climate change, and forest disease (both exotic and 
native pathogens) are disturbances with impacts at broad 
spatial scales and all three frequently overlap; thus, inter-
action could become more common in the near future [4, 
10–12]. Given that these changes are occurring in a period 
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of accelerating environmental change and stretched manage-
ment resources, it becomes critical to ask: Do these inter-
actions matter? Put another way, do interactions between 
wildfre and disease in the context of climate change alter 
the magnitude or management challenges associated with 
each disturbance? If so, what mechanisms are responsible 
for these changes? Lastly, do the answers to these questions 
provide guidance to strategizing or prioritizing management 
actions? 

I attempt to inform these questions by leveraging under-
standing of wildfre and forest disease interactions in the 
context of climate change. I largely approach climate change 
as a backdrop upon which wildfre and disease interactions 
emerge or evolve; this limits the scope to one where cli-
mate change is primarily unidirectional in its efects on 
these disturbances, although feedbacks on climate change 
can certainly occur via carbon release or changes in carbon 
sequestration stemming from either or both fre and disease 
[13–15]. I also confront the relative dearth of direct tests of 
wildfre-disease interactions while using a robust literature 
on each disturbance individually to envision the mechanisms 
of their interaction as well as to identify when and where 
these could be important [5, 12]. Furthermore, the implica-
tions of climate change to both disturbances have received 
increasingly robust attention; these advances provide the 
basis for informed speculation on how each and their inter-
actions may change in the future [3, 7••, 11, 16]. Mostly due 
to the practical difculties of measurement, wildfre-disease 
interactions have not been well documented. However, com-
munity structure and compositional changes resulting from 
each disturbance provide the basis to identify systems where 
these interactions are most likely to emerge and where they 
may be the most important on longer timescales. I also pre-
sent reasons for a positive outlook on what can seem like an 
existential threat posed by anthropogenically driven changes 

Fig. 1 The disease and wildfre 
triangle frameworks rendered 
to illustrate overlap between 
the drivers of each disturbance. 
Each framework is depicted as 
fully reciprocal (arrows are two-
directional) although for any 
individual connection between 
components a very broad range 
of causal directions, number 
of interactions, or efects are 
possible 

to the environment: While wildfre, disease, and their inter-
actions can be intractable problems in some systems, the 
tools and approaches for addressing one often overlap or 
foster success in the other. 

Fully Reciprocal Models of Wildfre 
and Disease 

While disease and wildfre ecology have developed on sepa-
rate lines of inquiry, they share a parallel in that each are 
commonly envisioned as a fully reciprocal set of interac-
tions among three broad component categories (Fig. 1). 
The resulting triangular renderings, known as the respective 
disease and fre triangles, are widely employed as teaching 
tools, to organize research, and structure adaptive manage-
ment to emerging fre and disease problems. In order to use 
these models efciently here, we must recognize frst that 
they collapse a wide range of potentially interactive mecha-
nisms that infuence the occurrence and severity of each 
disturbance (Table 1). This kind of simplifcation is of great 
utility for engaging students and structuring mechanistic or 
process-driven inquiry [5, 17, 18]. However, alone these 
simplifed models describe everything and nothing in par-
ticular. This approach risks a glossing over of the complexity 
of emergent processes driven by non-linearity, informational 
and material legacies, and interactions among important dis-
turbances [2, 8]. At the onset, these fully reciprocal models 
are a set of black boxes which encompass a complex network 
of positive and negative feedbacks, hysteresis, and escalating 
orders of interaction limited only by the number of drivers 
and their interdependence. This risks the facilitation of a 
false mechanistic understanding of the interactions and inef-
fcient or inefective management interventions that follow. 
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   Table 1 Some examples of specifc characteristics or dynamics including where an overlapping category (“host,” etc.) includes a 
characteristic which is solely relevant to one disturbance encompassed by the components of the disease and fre triangle at the 

fre environment/fre regime scales. Overlap in these factors is noted 

Wildfre 

Disease 

Pathogen Host/vegetation Environment/climate Landform/topography 

Host range (number of species 
possible to infect) 

Host competency–host capacity to 
transmit infection (disease only) 

Temperature Slope 

Environmental resiliency such as 
dormancy 

Degree of disease impact (mortal-
ity vs. growth reduction) 

Precipitation Aspect 

Organism size vs. colonization 
capacity 

Vertical structural vegetation 
change 

Soil moisture Topographic moisture variation 

Virulence (capacity to infect 
hosts) 

Live and dead organic matter 
dynamics 

Timing and duration of tempera-
ture maximum and minimum 

Topographic solar interception 
variation 

Pathogenicity (capacity to cause 
mortality or morbidity) 

Physiological impacts of infection 
including secondary chemistry 

Relative humidity Topographic infuence on convec-
tive or radiative heating 

Molecular and cellular mecha-
nisms of infection and patho-
genicity 

Species-level fammability charac-
teristics 

Precipitation form (rain vs. snow) Deposition of embers or smoke 
carried spores 

Dispersal constraints (including 
factors infuencing dispersal in 
wind or precipitation) 

Degree of biomass loss (mortality 
and dead fuels) 

Precipitation seasonal timing 
duration of precipitation events, 
frequency of events 

Topographic or regional impacts to 
wind velocity and direction 

Despite their simplicity and limits, these models have a 
track record of success in structuring and organizing inquiry 
that has accelerated development of practical management 
solutions [17, 18]. In light of these successes, it may seem 
odd to criticize an approach which systematically structures 
inquiry and cause-and-efect understanding. However, the 
focus here is on interactions, which can be emergent phe-
nomenon resulting from efects and dependency such as 
feedbacks and non-linearity. These kinds of models repre-
sent a common duality of ecological process: Cause and 
efect directionality can be simple or complex. A helpful 
illustration of this, as well as the risk of oversimplifcation of 
a complex process, can be gleaned from graph theory which 
seeks in part to identify pathways of efects, dependencies, 
and interactions which result in common outputs. These 
insights are especially useful in computer science where they 
can help identify simple computing pathways and restricting 
multi-step procedures that accomplish the same outcome 
[19]. This characteristic of complex systems—both simple 
and complex pathways result in the same outcome—is also 
known as model equivalence and is essential to efcient 
computing. However, restricting an arbitrary universe con-
structed from computer code is possible while the power to 
exert this level of control is rare or impossible in forest man-
agement and other ecological systems. Yet, model equiva-
lence is probably prolifc in ecology. This implies that a sim-
ple set of factors, as much as a complex set of factors, will 
lead to an outcome of interest such as interactions between 

disease or wildfre that infuence the frequency, magnitude, 
or intensity/severity of one or the other [7••, 8]. It is possible 
to use this simple model efectively (Fig. 1), but it is impor-
tant to recognize that it will sometimes obscure convoluted 
pathways of interaction (Table 1). At worst, this would mask 
cause and efect directionality and lead to their confation. 

With informed caution in hand, these models can be used 
to contextualize the mechanistic interactions of wildfire 
and disease while highlighting overlap in the structure and 
components of each disturbance. One of the most obvious 
implications of conjoining the wildfre and disease triangles 
is that half the component categories lie within each system 
and that the other half lie solely with one or the other (Fig. 1). 
Forest vegetation has a central importance for both wildfre 
and disease. In the wildfre triangle, vegetation encompasses 
live and dead fuel loading which itself is a function of ver-
tical structure, density, productivity, senescence, mortality, 
and species composition [14, 20, 21•]. Vegetation structure 
and composition at the community level is equally central 
to understanding forest disease dynamics and impacts as it 
determines stand-level host competency (transmission capac-
ity), species identity determines the likelihood of mortality 
or growth reduction, and density, biomass, and or spatial 
arrangement can determine the likelihood of disease emer-
gence [4, 22, 23]. Disease is also a powerful way to transition 
fuels from live to dead pools which can infuence fammability 
[2, 24–27]. Although changes in vegetation can have opposite 
efects on one of these disturbances compared to the other, it 
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is unsurprising that manipulation of vegetation is a central 
focus of management for both fre and disease [2, 27–29]. 
Environmental variation, here also encompassing climate, 
has a similar shared importance and centrality for both fre 
and disease [3, 5, 30, 31]. This category of efects is quite 
diverse for both disturbances although its importance, again, 
is unlikely to surprise the informed reader. Combustion is 
a heat and moisture infuenced process and biological func-
tion—such as the sporulation of a pathogen—is often con-
trolled by temperature and limited by water. A complex and 
dynamic set of climate variations can be critical to emergence 
of both disturbances (Table 1) including the timing, form, 
and range of variance in precipitation, analogous temperature 
variables, and edaphic factors such as soil characteristics that 
determine moisture availability [12, 32, 33•]. 

The second set of components which lie solely within one 
framework or the other encompass topography (landform) 
and pathogens. Topographical efects are not ignored by the 
feld of forest pathology but are traditionally grouped within 
“environment” to refect the importance of water availability 
and temperature on pathogen biological dynamics [4, 30, 
33•]. For example, topographic infuences on vadose zone 
water fow can infuence dispersal for pathogens adapted to 
aquatic life histories, which includes soil-borne Phytoph-
thora, some of the most globally important forest pathogens 
[30, 33•, 34]. But in this case topography is determining 
environmental conditions—moisture levels and fows—criti-
cal to pathogen movement and survival. In fact, for many 
Phytophthora-caused diseases, drainage and contact with 
standing water is a more biologically meaningful measure of 
disease risk [33•, 34]. Treating topography (landform) inde-
pendently for wildfre is important as it is critical to spatial 
patterns of heat exchange and the occurrence of problematic 
weather phenomenon such as katabatic (downslope) winds 
[2, 31]. This landscape factor also infuences smoke dynam-
ics, convective, and/or radiative heating which has potential 
crossover efects on the viability of some pathogen inoculum 
not accounted for in my depiction of the two processes [35, 
36]. Lastly, topographic controls on wildfre dynamics and 
energy transfer can be so strong that they overwhelm damp-
ening characteristics of vegetation or other environmental 
factors making them central to maintaining safety during 
frefghting operations [37]. 

Similarly, the category pathogen lies squarely outside the 
wildfre triangle and encompasses a diverse range of organ-
isms and associated ecologies. Of course, fre can directly 
impact pathogens either by reducing inoculum in living tis-
sues (host/vegetation) or by consuming inoculum reservoirs 
in dead organic matter [36, 38, 39]. A further contextual-
ization of the biological agents of disease (pathogens) with 
wildfre reveals several fundamental diferences between 
the two disturbances. The timeframes in which pathogens 
spread, reduce growth or kill trees, as well as their size, 

capacity to survive climate variability, and dispersal con-
straints often lack simple or accurate analogies to fre [30, 
34, 40, 41]. Within my rendering of the combined fre and 
disease triangles, the mechanisms, evolutionary dynam-
ics, and processes that confer pathogenicity also occur at a 
uniquely small scale (cellular and molecular) which should 
not be ignored as new tools to limit pathogen spread and 
impacts are often developed at the gene or transcription level 
[42–44]. 

Uniting the disease and fre triangles provides a frame-
work to envision how various factors connect, interdepend, 
or potentially interact. However, this rendering does not sug-
gest the possible outcomes of these interactions which, a 
priori, can be positive or negative as well as relatively weak 
or strong [45]. For example, pathogen-driven changes in bio-
mass or species dominance can be expected to dampen or 
increase wildfre depending on what species are favored by 
disease and how disease redistributes biomass [2, 6, 26, 27]. 
Similarly, fre-driven changes in vegetation can be expected 
to have a similar range of efects, both positive and negative, 
on disease dynamics through direct efects on vegetation 
as well as pathogen populations [6, 7••, 38, 45–47]. Fire 
return intervals as well as disease importance vary widely 
across forest systems meaning that either wildfre or disease 
impacts will be irrelevant to a range of forest characteristics 
of interest or whole forest types (Fig. 2). For example, some 
wet tropical and wet sub-boreal systems can have wildfre 
return intervals so long (several centuries to millennia) they 
are much more likely to be structured by other factors such 
as disease, insects, and or anthropogenic factors associated 
with social upheaval and warfare [48, 49]. Equally so, many 
pathogens may not alter equilibrium punctuated by stand-
replacing wildfre (Fig. 2, Pinus muricata and other closed 
cone forests). Wildfre and disease may also overlap on 
timescales which are difcult to reconcile from a manage-
ment perspective. For example, compared to disease human 
actions such as vandalism, irresponsible cutting, or arson 
(which may overcome fuel limitation) may be a much more 
pressing and novel threats to the oldest known living trees 
(Great Basin bristlecone pine—Pinus balfouriana) than their 
endemic pathogens (Fig. 2). Lastly, climate change is not 
explicitly rendered within the combined fre-disease triangle 
framework, yet it directly alters or modifes the efects of 
each category [3, 5, 50]. This creates the likelihood that the 
relative strength of fre and disease interactions, the category 
of efects which drive these interactions when they do occur, 
and/or their ecological impacts will change over time [2, 6]. 

Clearly the potential for wildfre-disease interactions 
appears plausible in a simple rendering of their overlap 
(Fig. 1) as well as in a more detailed examination of the 
components within these broad categories (Table 1). A rea-
sonable argument can be made that these interactions will 
not occur or be important everywhere that either wildfre, 
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Fig. 2    Wildfre and disease dynamics across a wide-ranging set of 
woody plant communities (1–3) along with a set of examples where 
climate change could increase importance of wildfre-disease interac-
tions (I-IV). Examples include Phytophthora cinnamomi in ignition-
limited tropical forests (1.a, near Hanoi, Vietnam), Phoradendron  
sp. mistletoe in fuel-limited Mojave woodlands (1.b, Senegalia greg-
gii, near Barstow, CA); P. cinnamomi-driven canopy mortality and 
increased shrub dominance (2.a, Quercus suber, Algarve region of 
Portugal) sudden oak death changes to live and dead fuels (2.b, Big 
Sur, CA. Photo: K. Frangioso); dominant efects of wildfre in Bishop 

disease, or both occur. However, an equally convincing argu-
ment can be made that these interactions can be masked by 
the inherent complexities of each system and even more so 
via the potential for feedback between these common and 
impactful disturbances. 

Evidence and Mechanisms of Fire‑Disease 
Interactions 

In an ideal world, the feld of forest management could 
rely on a broad set of rigorously quantifed wildfre-disease 
interactions to contextualize and dictate the need to lever-
age resources to address them. Regrettably, this does not 
describe the state of the science. While we have many exam-
ples of fre and disease impacts alone, in only one case are 
the interactions between these disturbances documented 
across multiple spatial scales and from multiple cause and 
efect directions at the system level. In a few other examples, 

Pine (3.a, Pinus murcata, Point Reyes, CA) and Great Basin bristle-
cone pine (3.b, Pinus balfouriana, White Mountain, CA). Examples 
where climate change could magnify impacts include ignition-limited 
wet northern forests (I, Weymount point, ME), humid tropical mon-
tane forests (II, Abies guatemalensis, Cantel, Guatemala), broad-
leaved temperate rainforests (III, Kauri dieback, Waitakere Ranges 
Regional Park, New Zealand), and fuel-limited dry-conifer forests 
(IV, Iztaccíhuatl, Mexico and Yosemite National Park, CA). All pho-
tos are by the author unless otherwise credited. See text for discussion 

we have evidence of consequential interactions for fre, dis-
ease, or vegetation structure, but in most cases, we have 
potential mechanisms of interaction without clear documen-
tation that these occur. 

At the system level, sudden oak death in California is 
arguably the best documented example of disease and wild-
fre interactions in a forest system in that impacts of both 
disturbances are well quantifed, interactions have been 
documented at spatial scales ranging from individual to 
landscape, and mechanisms of interaction are relatively well 
elucidated in each example. Here, wildfre-disease interac-
tions have been demonstrated to alter both disease and fre 
dynamics in distinct ways, although in this case the more 
substantial ecological efects appear to be a magnifcation 
of wildfre impacts [7••, 14, 21•, 51, 52]. In the context of 
Fig. 1, the mechanisms altering wildfre impacts are real-
ized via disease-driven changes to fuels/host dynamics with 
some direct negative efects of fre on the pathogen. Caused 
by the generalist pathogen Phytophthora ramorum, sudden 
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oak death has killed at least 42 million trees in broadleaved 
forests of California and Oregon after if frst emerged circa 
1990 [4]. The pathogen has infected at least 166 million 
more trees but only ~ 2.2% of apparently at-risk biomass has 
been killed as of 2019 suggesting an already consequential 
disease could grow to an even greater problem in a region 
also well known for devastating and costly wildfre [3, 51]. 
My colleagues and I have been serendipitously able to meas-
ure wildfre-disease interactions for the 2008 Basin Fire in a 
landscape-scale survey initially designed to quantify disease 
[7••, 14, 21•, 52]. At the stand level, the disease has been 
shown to increase fre severity during a transient period of 
higher canopy fuels [51]. As these fuels transition to the 
surface, tree mortality increases in species and individuals 
which would otherwise be resilient to wildfre [52]. This 
increase in surface fuel also exacerbates loss of soil carbon 
and nitrogen at the ecosystem scale while increasing avail-
able phosphorus [14] which could shift species dominance 
over the longer term. Lastly at the stand level, disease gen-
erated fuels and associated increases in soil burn severity 
can overwhelm below-ground survival capacity in commu-
nities and species which are highly adapted to fre [21•]. 
These analyses paint a picture—in this case—of interac-
tions between wildfre and disease which primarily, but not 
exclusively, increase the impact of wildfre. There is also 
no epidemiological or pathological reason to expect these 
interactions are specifc to Phytophthora given that these 
kinds of disease impacts co-occur with wildfre in many 
other systems. For P. ramorum, and likely others where 
they may occur, the mechanism of interaction has primar-
ily been fuel-driven changes to fre dynamics which shift 
over time from canopy-fuel efects to those driven by surface 
fuels. This body of work also found evidence of transient 
negative impact to pathogen populations at the stand level 
which recovered to pre-fre levels within a few years [36]. 
Furthermore, for P. ramorum, the frequency or strength of 
wildfre-disease interactions also appear to shift over time 
with changes in host prevalence [7••]. 

While most P. ramorum–wildfre interactions have been 
documented at the stand level, evidence has accumulated 
for their importance at greater spatial extents. During the 
2008 Basin Fire, stand-level disease intensity was positively 
associated with fre impact to adjacent stands, even if these 
adjacent stands were not dominated by susceptible species 
or were not disease impacted [53]. Greater fre impacts also 
appear to slow forest recovery which appeared to suppress 
disease-driven mortality in the 8 years of subsequent for-
est recovery [54•], results which mirror those documented 
at the stand scale [7••]. In both cases, heat, fre dynamics 
such as intensity, and smoke impacts have been invoked as 
possible mechanisms of these spatial dependencies. While 
these mechanisms have not yet been directly quantifed at 
broader spatial extents, the overall patterns of ecological 

impact match those at the stand level where fuel loading, 
distribution, and consumption have been quantifed pre-fre 
and post-fre. 

In each of the aforementioned studies, P. ramorum–wild-
fre interactions are non-additive, that is, they are interactive 
efects which cannot be predicted based on knowledge of 
only one or the other disturbance: The disturbance impacts 
are synergistic. Importantly, these interactions are driven by 
diferent mechanisms, depending on the stand, ecosystem, 
or landscape characteristic in question. As previously noted, 
changes in fre severity can be infuenced by the amount and 
position of fuels in the vertical stand profle [2, 27]. Dead 
foliage in the canopy, and consequently low foliar moisture, 
appears to be important in driving fre severity and the asso-
ciated impacts [20, 26]. However, dead canopy fuels rapidly 
transition to the surface where they appear to be drivers of 
below-ground mortality and soil impacts [14, 21•, 52]. Once 
disease-caused mortality occurs in this system, a fairly pre-
dictable shift of risk from canopy to surface fre impacts 
occurs at the tree-level over a few years [20, 26, 51, 52]. 
Disease, the driver of mortality and thus fuel accumulation, 
is temporally and spatially dynamic with inherent prediction 
complexities [55–57]. Phytophthora ramorum is an airborne 
pathogen of leaves, twigs, and tree boles in this ecosystem 
and is highly sensitive to interannual variation in tempera-
ture and moisture [55, 58, 59]. Host communities also vary 
in their collective capacity to generate inoculum and, for yet 
unknown reasons, tree-level mortality rate increases with 
tree size [25]. As a result, mortality rates vary among years, 
within stands, and across landscapes with variation in spring 
rainfall, host community composition, and stand structure. 
Sudden oak death can be intense and is progressive, but it is 
not uniform and its interactions with wildfre are also likely 
to vary with disease heterogeneity [6, 56]. 

Phytophthora cinnamomi is arguably the next best under-
stood example of wildfre-disease interactions. Similar to P. 
ramorum, the mechanism of interaction appears to be real-
ized by infuences on fuels/host community, but unlike P. 
ramorum, direct efects of fre on pathogen dynamics may be 
more substantial. Phytophthora cinnamomi is widespread in 
Mediterranean and warm temperate forests where its broad 
host range, long-lived survival structures, and high degree 
of pathogenicity cause a range of disease severities across 
many forest communities [33•, 60]. Disease impacts to for-
est structure and species composition can be great enough 
to transform ecosystem types (Fig. 2) [33•, 61]. Mortality 
can increase dead fuels, disease-driven changes in species 
composition can facilitate fre, and fre also directly stimu-
lates pathogen populations by enhancing germination of 
long-term soil survival structures [62, 63]. In a study of 
Australian Eucalyptus/Banskia woodlands, decreasing time 
since fre was found to be associated with greater disease 
impacts, suggesting a positive feedback between disease 
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and wildfre could interact to transform ecosystems from 
forests to a shrub and non-woody plant-dominated commu-
nity [33•, 63–65]. Considering the long survival times of P. 
cinnamomi resting spores and broad pathogen host range, 
these changes are likely a long-term conversion of vegeta-
tion types. Phytophthora cinnamomi-caused mortality can 
be locally intense suggesting the disease could result in 
stand-level accumulations of fuels and potentially increase 
fre severity. This pattern does not appear to have been docu-
mented to date although this type of interaction could infu-
ence wildfre impacts throughout much of the Mediterranean 
basin given the widespread distribution of this pathogen. 

Rigorous analysis of fuel dynamics could be worth-
while across several P. cinnamomi-impacted forests where 
additional environmental factors can modify wildfre and/ 
or disease to result in interactive efects. In the southern 
Iberian Peninsula, P. cinnamomi is widespread, impact-
ful, and actively spreading [30, 61, 66]; this region is also 
simultaneously experiencing shifting rural demographics 
which appear to increase vegetation density and accumulate 
fuel (Fig. 2) [67, 68]. In combination, these two landscape 
changes could result in increased fre impacts. The disease is 
also widespread in many Australian forest ecosystems where 
wildfre impacts have also been increasing, likely in asso-
ciation with intensifed droughts and tree mortality which 
are themselves associated with climate change [50, 64, 69]. 
Lastly, P. cinnamomi is also widespread in the southeast-
ern USA where it perpetuates the extirpation of American 
chestnut (Castanea dentata) in piedmont forests and impacts 
growth of economically important Pinus species; this region 
is also facing some degree of increasing wildfre impact 
[33•, 70] and therefore increasing interactive efects could 
rise to the level of management challenges. As a globally 
distributed pathogen, P. cinnamomi co-occurrence with 
wildfre creates many opportunities for their interaction. 

While wildfre and disease frequently overlap, direct 
investigations of their interactions do not extend beyond 
these two Phytophthora pathogens, at least not for wildfre 
which can have high spatial variation in severity or tem-
poral variability in frequency and severity. While our best 
examples are limited to Phytophthora, there is little eco-
logical or epidemiological reason to expect these interac-
tions are limited to this group of pathogens. This conjecture 
is supported by two examples of prescribed fre-disease 
interactions which inform our understanding of interac-
tions in the context of wildfre and support the expectation 
of these interactions will occur and could be impactful in 
other forest systems. Oak-dominated forests which stretch 
across the eastern margin of the great plains region of North 
America have experienced changes in species composition 
and stand density in response to fre suppression which has 
led to increases in Biscogniauxia pathogens which cause 
bole canker diseases and Bretziella fagacearum (formerly 

Ceratocystis fagacearum) which causes a root and stem dis-
ease [71, 72]. Two experiments applying prescribed fre doc-
umented very diferent outcomes of prescribed fre-disease 
interactions. First, in a study in the cross-timbers region of 
Oklahoma, frequent fre was associated with improved host 
physiological status and lower incidence of Biscogniauxia-
caused disease [71]. In a similar experiment in Minnesota, 
fre suppression appears to have increased stand susceptibil-
ity to the B. fagacearum-caused disease known as Oak Wilt. 
Here, disease-driven loss of canopy cover and shifts in com-
munity-level fre-resiliency along with repeated prescribed 
fre caused a long-term shift in vegetation type [72]. In the 
frst example, loss of fre appears to alter host communities 
and intensify disease impacts, while in the second, fre is 
accelerating, and perpetuating stand structural and composi-
tional changes caused by disease in a fre-suppressed system. 

Considering the two Phytophthora diseases along with 
the prescribed fre examples, we have evidence for fre-dis-
ease interactions which (1) suppress disease, (2) increase 
disease, (3) intensify fre impacts, and (4) transform eco-
system structure over decadal time scales and plausibly 
centuries [7••, 63, 71, 72]. Why are these diferences in 
interaction outcomes so disparate? Furthermore, in each 
example the primary mechanism of interaction is mediated 
via fuels/host community, and secondarily via direct efects 
of fre on pathogen populations. Will this relative degree 
of importance hold over a greater set of examples? Finally, 
climate change-associated changes in temperature and mois-
ture are likely to modify many aspects of both wildfre, dis-
ease, and their interactions. Climate change impacts may 
also be primarily realized via fuel/host components such as 
fuel moisture or accumulation of dead fuels and secondarily 
via impacts to pathogen dynamics, but relative importance 
between the two categories will also likely be infuenced by 
biological responses to changes in temperature and mois-
ture. We can anticipate with some clarity why, how, and 
to what degree climate change is likely to increase wild-
fre frequency and severity in many forests, including those 
where disease has heretofore been far more consequential 
than fre (Fig. 2; Table 2). At present, we can also conclude 
with confdence that fre-disease interactions do occur but 
also that the implications of these interactions are diverse. 

Where Else May Fire‑Disease Interactions Be 
Important Now or in the Future? 

As previously highlighted, the trend of increasing wildfre 
frequency and severity [3, 12] suggests we can reasonably 
expect more overlap between fre and disease. This increased 
overlap may increase the frequency or importance of these 
interactions to critical natural resources. However, any 
attempt to better understand wildfre-disease interactions 
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must attempt to anticipate where they will occur or be 
important to subsequently quantify their efects. Here, it 
is helpful to recognize several shared components of the 
studies which have thus far documented these interactions. 
First, each disease example is widespread and can be locally 
intense. Second, interactions were documented in sites or 
monitoring networks with either long-term data collec-
tion, or rich background information built from a history 
of research eforts on vegetation dynamics, disease, and/or 
wildfre. Therefore, the general lack of studies document-
ing these interactions may refect limited research resources 
as opposed to a lack of ecological importance. It may also 
refect the complexity inherent to how these interactions 
may emerge, a speculation supported by recent advances 
in understanding wildfre, tree mortality associated with 
insect outbreak, and dynamics in the wildfre environment 
including wind, temperature, and relative humidity during 
fre events [48, 73••, 74, 75]. Over the last several decades, 
interactions between insect outbreak and wildfre have been 
documented in several independent studies which also found 
interactions have variable efects—both intensifcation and 
dampening of wildfre impacts have been documented—but 
the dynamics so far have been primarily mediated by fuel/ 
host community components and secondarily by environ-
ment during wildfre [8, 74–76]. The two disturbances also 
vary in time in a manner which infuences the likelihood 
of their overlap, and thus the potential importance of their 
interactions [48]. The state of understanding gleaned from 
insect outbreak and wildfre suggests at least two broad 
expectations for wildfre-disease interactions. First, when 
interaction efects occur, these could be positive or negative 
and act on disease, fre, or both—a pattern thus far con-
frmed by empirical studies of wildfre-disease interactions 
[36, 52, 71]. Second, we should also expect that a gradient 
of importance between disease and fre (wildfre and pre-
scribed) will infuence the ecological importance of these 
interactions, possibly their occurrence overall, and envi-
ronmental conditions during wildfre could overwhelm and 
mask non-additive interactions (Fig. 2) [48, 75]. Thus, the 
most critical knowledge frontier remains centered on one of 
the motivating questions of this article: When, where, and 
why do these common disturbances interact in an ecological 
meaningful way (Fig. 2)? 

In our examples of Phytophthora wildfre-disease interac-
tions, not only are disease impacts widespread and locally 
intense, these forests are also shaped by frequent or impact-
ful wildfre. If this is a good guide for where interactions will 
occur, then semi-arid conifer systems, such as those which 
dominate the western USA, could be or are likely shaped by 
these efects via several disease systems. Diseases in these 
forests attack and modify a range of plant parts, have vari-
able intensity in time and space, and include both invasive 
and endemic (native) diseases. Invasive Dothistroma and 

foliar Phytophthora pathogens can kill a substantial amount 
of the canopy without necessarily increasing surface fuels 
given that overstory mortality is less intense than the previ-
ous examples I have highlighted [77, 78]. Although these 
pathogens are very sensitive to interannual variability in 
rainfall and precipitation form (rain vs. snow), they can be 
expected to result in lower bulk canopy-fuel moisture in 
some years which could be impactful to interannual varia-
tion in canopy fre potential [2, 26]. 

A likely powerful driver of wildfre-disease interactions is 
represented by the broad body of native mistletoes, a wide-
spread and impactful set of canopy pathogens in both coni-
fer and broadleaved forests [27]. Mistletoes, in the genera 
Arceuthobium (dwarf mistletoes) and Phoradendron (leafy 
mistletoes), are widespread native perennial parasitic plants 
which cause canopy diseases less dependent on interannual 
climate variability compared to Dothistroma and canopy 
Phytophthora; these diseases also tend to intensify over 
decades. Mistletoe diseases can alter canopy architecture, 
reduce growth, and cause mortality, impacts which are 
well-known management problems in the case of dwarf 
mistletoes in conifer forests [16, 27, 79]. Several important 
dwarf mistletoe pathogens have a global distribution in fre-
prone forests as well as forests where fre is expected to 
have increased impacts, making them prime candidates to 
examine for interactive efects (Table 2). Mistletoe patho-
gens attack the woody components of the canopy, compro-
mise growth, can increase water stress, and have been shown 
to increase mortality and surface fuel loading [79–82]. 
Increased mistletoe impacts have been associated with fre 
suppression-associated densifcation of host communities 
and the absence of direct pathogen suppression by fre [79]. 
Furthermore, a body of post-fre surveys (both wildfre and 
prescribed fre) demonstrate diminished mistletoe pathogen 
populations, particularly following fres with relatively high 
levels of mortality or scorching [27, 47, 83]. Given docu-
mented disease-associated changes in fuels, as well as fre-
driven reductions in pathogen populations, these diseases 
appear to hold great potential for a range of non-additive 
ecological interactions and could be fruitful areas for further 
investigation. 

For both mistletoes and canopy diseases restricted to 
leaves (Dothistroma and some Phytophthora), it is plau-
sible that disease-wildfre interactions could increase fre 
severity or alter the spatial patterns and intensity of disease. 
Furthermore, because several of these examples are endemic 
(native) pathogens and represent a range of disease intensi-
ties or outcomes (c.f. dwarf vs. leafy mistletoes), such inter-
actions could represent deeper basic ecological function or 
unanticipated pathways for problematic impacts of global 
change. The set of documented wildfre-disease interactions 
imply that impacts to host density and surface fuels will be 
key drivers. Furthermore, these interactions are likely to be 
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dependent on the severity of disease and impacts of fre on 
pathogen populations in addition to temporal controls on dis-
ease progression and fuel transitions from the canopy to the 
surface [14, 26, 51]. The temporal dynamics of both fuels 
and canopy diseases suggest positive or negative feedbacks 
on fre, disease, or both, and that these interactions may shift 
overtime which may complicate eforts to detect or properly 
attribute them. 

Wildfre-disease interactions are unlikely to be restricted 
to canopy diseases. Several long-lived root pathogens also 
hold potential for wildfre-disease interaction in semi-arid 
conifer systems, although the mechanisms of interaction 
and outcomes may difer substantially from canopy dis-
eases. Several native root diseases, including those caused 
by Heterobasidion, Armillaria, Pseudoinonotus, and Phel-
linus root pathogens, are notable for the substantial size 
of these organisms, their long life spans, and potential or 
realized disease severity [23, 84–88]. Long-lived root dis-
eases are likely to cause surface fuel accumulation which 
could increase wildfre impacts to soils and increase fre-
associated mortality [14, 21•, 89]. However, these diseases 
can develop slowly, sometimes over decades, which has two 
important outcomes: (1) Canopy or surface fuel accumula-
tion will be distributed over time and thus may or may not be 
substantial in any particular year at the landscape scale and 
(2) the canopy gaps created by these diseases are persistent 
for many decades [23, 41], a disease impact which is not 
comparable to the previous examples of canopy diseases. 
Persistent canopy openings may have the greatest implica-
tion for wildfre because they create fuel discontinuity and 
reduce canopy fuels overall. This latter efect is similar to 
some aspects of bark beetle impact although changes in 
canopy continuity from root disease can be persistent over 
much longer time periods [23, 74, 80]. Fire—both wildfre 
and prescribed—is less likely to suppress many of these dis-
eases because they persist via below-ground inoculum on 
deeply buried woody roots or in soil, both reservoirs may 
be protected from heating or combustion [41, 85, 87]. While 
root-disease canopy gap expansion slows over time, root 
pathogens continue to infect the roots of neighboring trees 
which may increase drought stress or predispose individu-
als to insect attack [86, 87] creating the potential for even 
more complex wildfre-disease-insect interactions which at 
times increase fre severity, at times suppress fre, or in other 
cases have no efect. For example, surface fuel accumula-
tion could alter soil burn severities [14], canopy openings 
may weaken fre contagion [74], or environmental conditions 
could overwhelm any potential interactions [75]. Fire sup-
pression appears to be an important factor in the dynamics of 
many of these root pathogens, again primarily via alteration 
of host communities [86–88]. Similarly to mistletoe-caused 
diseases, root diseases are so frequent in fre-prone forests, 
they are probably useful or important disease case studies to 

reexamine through the lens of fre ecology [2, 6]. Further-
more, one well-replicated study demonstrated a reduction in 
disease following prescribed fre, likely due to reduction of 
inoculum in stumps and possibly stimulation of antagonis-
tic soil fungi [39]. This result is counter to several of these 
expectations I have presented and should be considered an 
even stronger argument for investigating wildfre-disease 
interactions in root-disease systems. 

Lastly, many of the most impactful diseases hold little 
potential for these interactions because fre rarely occurs in 
the associated forest ecosystems. Numerous examples from 
temperate forests demonstrate substantial changes in host 
community structure and composition that implicitly alter 
fuel amounts and species-specifc fuel characteristics [90, 
91]. Yet, fre return intervals have, historically, been so long 
in many systems that little or no efect of fre is evident in 
terms of either adaptation or current forest structure [92, 93]. 
To be clear, the modern structure and composition of this 
frequent scenario refects the infrequency of wildfre, but 
this does not shield these forests from deleterious impacts 
of wildfre, or the potential for problematic wildfre-disease 
interactions. For example, montane tropical cloud forests 
such as those dominated by Guatemalan fr (Abies guate-
malensis) and wet temperate rainforests would be expected 
to be shielded from wildfre impacts during climate and 
social eras where fre is uncommon [2, 49]. Here, native or 
invasive diseases are more likely to shape forest structure 
and evolution, and are important conservation or natural 
resource problems (Fig. 2). However, climate change trends, 
including anthropogenically driven warming and ecologi-
cal drought [11], are likely to expand the range of wildfre 
to include areas where wildfre has been uncommon in the 
modern era [70, 93]. Thus, wildfre-disease interactions 
could emerge in many forests where they would otherwise be 
expected to be rare and where forests would be particularly 
vulnerable because of little or no evolutionary adaptation to 
fre. Similar to the Guatemalan fr example, Kauri (Agathis 
australis) is a species of concern threatened by habitat loss 
in a wet ecosystem where wildfre is historically infrequent. 
Kauri is also threatened across its native range by the emer-
gent Phytophthora agathidicida, a pathogen epidemiologi-
cally similar to P. cinnamomi (Fig. 2) [94]. Here, even rela-
tively small changes in wildfre impacts which emerge from 
interactions with disease could be highly consequential due 
to the general lack of adaptation to fre. 

An even wider range of disease examples has shaped 
forest structure and composition in eastern North America, 
with a series of devastating diseases appearing to perma-
nently alter many ecological processes and incur signifcant 
economic impacts (Table 2) [90, 95–97]. A legacy of disease 
impacts, emergence of novel pathogens, and expansion of 
wildfre impacts into historically fre-free ecosystems sets 
the stage for deleterious interaction efects. For even the 
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most conservative estimates of anthropogenically driven cli-
mate alteration [11], increased overlap of wildfre and forest 
disease must be expected including in systems where fre is 
currently relatively unimportant. 

Management: Doing Nothing Is Probably 
the Worst Option 

At the onset of this article, I promised the reader reasons 
for a positive outlook. My optimism is rooted in the impor-
tance, so far, of host community efects on wildfre-disease 
interactions (Fig. 1). Of course, in my rendering, this is syn-
onymous with fuels and the implication is that management 
aimed at host communities and/or fuels could yield benefts 
to both wildfre and disease problems. This is especially the 
case where fuel management alters community-level epide-
miological drivers (and vice versa) [28, 29, 40]. Many char-
acteristics of integrated disease and fre triangles cannot be 
altered by direct management, at least not at the stand level 
or with any degree of practically (i.e., topography). Most 
directly, environmental infuences on disease, wildfre, or 
their interactions can be confdently expected to shift as cli-
mate change scenarios play out and stand-level management 
is unable to address this directly. One cannot make it rain 
or, for that matter, make the rain stop when those outcomes 
are what is most needed to protect a resource. Increased heat 
and drought will increase tree physiological stress which 
may in turn reduce or inhibit defensive responses, including 
to pathogens or insects which would otherwise be expected 
to be relatively inconsequential [11, 29, 98]. Yet, as is the 
case with most of the expected impacts of climate change, 
the worst outcomes may be avoidable, and tools are in hand 
to execute sensible responses. 

To reiterate, the examples at hand point to the primary 
importance of host community composition (fuels) and 
secondarily, pathogens as the mechanisms of fre-disease 
interactions. Both components can be directly managed via 
typical stand alteration of density, community composition, 
or size class distribution [73••]. When designed and exe-
cuted with epidemiological understanding, these kinds of 
stand manipulations can simultaneously address current fuel 
loadings, reduce current disease, and also reduce potential for 
future disease-associated fuel accumulation [28, 79, 99]. Fur-
thermore, pathogen populations can be directly suppressed 
or eradicated via host removal, prescribed fre, or chemical 
pathogen suppression [38, 40, 100, 101]. Breeding of resist-
ant lines or selection of resistant individuals within a popu-
lation to increase resiliency may become more practical in 
the future [42], but any advance through resistance breeding 
will also likely need to be evaluated in the context of wild-
life, wildfre, and climate change. It must also be noted that 
management outcomes which simultaneously address both 

fuels and disease are not preordained. Shifts to community 
or stand composition that address wildfre can create condi-
tions ripe for disease outbreak and vice versa. After all, the 
components of the linked disease and fre triangles can them-
selves be an entangled collection of efects and dependencies 
(Table 1) implying that damaging positive feedback could 
be the outcome of management which otherwise seems wise 
[29]. Identifcation of outcomes which address both problems 
rely on a clear understanding across forest disease ecology 
and fre ecology, disciplines which will need to build a shared 
experimental mission in both research and management to 
make progress on this topic [102]. Deepening collabora-
tions and performing the difcult work of linking what may 
appear as narrow and irrelevant knowledge from the outside 
is critical for successful collective responses. From the strict 
perspective of forest diseases, study of forest insect outbreak 
again provides an informative starting point and wildfre-
disease-focused inquiry would beneft from confronting the 
plausibility of large-scale forest health goals [73••]. But 
likely most importantly, the experimental approach at the 
center of adaptive management will be critical to long-term 
successful management of disease and wildfre because of 
the multi-step processes and non-linearities that will often 
determine the overall outcome [19, 29]. 

Conclusions 

Both wildfre and diseases are part of healthy forests, but 
each can rise to the level where they impact management 
goals and natural resources, through either their individual or 
interactive impacts. Although we have relatively few exam-
ples of wildfre-disease interactions, the current state of the 
science shows that these interactions can result in a range of 
responses which increase or suppress disease and/or wildfre 
and should be expected to occur beyond the Phytophthora 
pathogen systems where they are best documented. To date, 
wildfre and disease processes appear to be most strongly 
linked and mediated by the dynamics of host communities 
and to a lesser degree by direct impacts to pathogen popula-
tions. Furthermore, host communities are largely synony-
mous with fuels when viewed through a purely fre-ecology 
lens. This creates natural potential for management which 
addresses both wildfre and disease problems. In general, the 
best expectation for forest pathogens—particularly invasive 
pathogens—is to expect the unexpected. This is even more 
true for wildfre-disease interactions given the accelerating 
pace and severity of climate change which may increase the 
occurrence, magnitude, and direction of interactive efects 
by increasing the overlap of these disturbances as well as 
the severity of each disturbance individually. This creates 
the potential for intensifed interactions in those systems 
where they are already known to occur as well as systems 
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where one or the other disturbance has not been historically 
at the forefront of importance. Building a better understand-
ing of these interactions, including sensible management 
responses, relies on integration of knowledge on disease and 
wildfre which is wholly achievable given the strong founda-
tion of both felds. Such integration holds potential to better 
elucidate the critical knowledge frontier of when, where, and 
by what mechanisms these common disturbances interact in 
an ecological meaningful way. 

Acknowledgements  I am grateful to Kerri Frangioso and two anony-
mous reviewers for feedback on an earlier version of this manuscript. 

Funding  This work was supported by the USDA Forest Service, Pacifc
Southwest Research Station; the NSF-NIH Ecology and Evolution 
of Infectious Diseases (DEB-1115664 and DEB-0622770) and NSF 
Ecosystem Science (ES-1753965) programs; the California State Uni-
versity Agricultural Research Institute; The California State Board of
Forestry and Fire Protection (Evaluation Monitoring Committee project
9CA04087); and the USDA-NIFA McIntyre-Stennis program. 

Declarations 

Conflict of Interest  The author declares no confict of interest. 

Human and Animal Rights and Informed Consent  This article does not 
contain any studies with human or animal subjects performed by any
of the authors. 

References 

Papers of particular interest, published recently, have 
been highlighted as:
• Of importance  
•• Of major importance 

1. Ostry ME, Lafamme G. Fungi and diseases — natural compo-
nents of healthy forests. Botany. 2008;87:22–5. 

2. McLauchlan KK, Higuera PE, Miesel J, Rogers BM, Schweitzer
J, Shuman JK, et al. Fire as a fundamental ecological process:
research advances and frontiers. J Ecol. 2020;108:2047–69. 

3. Williams AP, Abatzoglou JT, Gershunov A, Guzman-Morales 
J, Bishop DA, Balch JK, et al. Observed impacts of anthropo-
genic climate change on wildfre in California. Earth’s Future. 
2019;7:892–910. 

4. Cobb RC, Haas SE, Kruskamp N, Dillon WW, Swiecki TJ, Rizzo
DM, et al. The magnitude of regional-scale tree mortality caused
by the invasive pathogen Phytophthora ramorum. Earth’s Future.
2020;8:e2020EF001500. 

5. Simler-Williamson AB, Rizzo DM, Cobb RC. Interacting
efects of global change on forest pest and pathogen dynam-
ics. Annu Rev Ecol Evol Syst. 2019;50:381–403. 

6. Cobb RC, Metz MR. Tree diseases as a cause and consequence
of interacting forest disturbances. Forests. 2017;8:147. 
 Simler-Williamson AB, Metz MR, Frangioso KM, Rizzo DM.
Wildfre alters the disturbance impacts of an emerging for-
est disease via changes to host occurrence and demographic 

structure. J Ecol. 2021;109:676–91. This empirical study 
documents disease-wildfire interactions and identifies 
mechanisms of interaction caused by pre-disease fire 
regime as well as co-occurring fre and disease. 

8. Johnstone JF, Allen CD, Franklin JF, Frelich LE, Harvey
BJ, Higuera PE, et al. Changing disturbance regimes, eco-
logical memory, and forest resilience. Front Ecol Environ.
2016;14:369–78. 

9. North MP, Stephens SL, Collins BM, Agee JK, Aplet G,
Franklin JF, et al. Reform forest fre management. Science.
2015;349:1280–1. 

10. Fei S, Morin RS, Oswalt CM, Liebhold AM. Biomass losses 
resulting from insect and disease invasions in US forests.
PNAS. 2019;116:17371–6. 

11. Masson-Delmotte V, Zhai P, Priani A, Connors SL, Péan C, 
Berger S, et al., editors. IPCC, 2021: summary for policy-
makers. In: Climate Change 2021: the physical science basis.
Contribution of Working Group I to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press; 2021. 

12. Abatzoglou JT, Williams AP. Impact of anthropogenic cli-
mate change on wildfre across western US forests. PNAS.
2016;201607171. 

13. Healey SP, Raymond CL, Lockman IB, Hernandez AJ, Garrard
C, Huang C. Root disease can rival fre and harvest in reducing
forest carbon storage. Ecosphere. 2016;7:e01569. 

14. Cobb RC, Meentemeyer RK, Rizzo DM. Wildfre and forest
disease interaction lead to greater loss of soil nutrients and
carbon. Oecologia. 2016;182:265–76. 

15. Gonzalez P, Battles JJ, Collins BM, Robards T, Saah DS. 
Aboveground live carbon stock changes of California wildland
ecosystems, 2001–2010. For Ecol Manage. 2015;348:68–77. 
Agne MC, Beedlow PA, Shaw DC, Woodruf DR, Lee EH, Cline
SP, et al. Interactions of predominant insects and diseases with
climate change in Douglas-fr forests of western Oregon and
Washington, U.S.A. For Ecol Manage. 2018;409:317–32. 
Scholthof K-BG. The disease triangle: pathogens, the environment
and society. Nat Rev Micro. 2007;5:152–6. 

18. Scott AC, Bowman DM, Bond WJ, Pyne SJ, Alexander ME.
Fire on earth: an introduction. John Wiley & Sons; 2014. 

19. Moggi E. Notions of computation and monads. Inf Comput. 
1991;93:55–92. 

20. Varner JM, Kuljian HG, Kreye JK. Fires without tanoak: the
efects of a non-native disease on future community famma-
bility. Biol Invasions. 2017;1–11. 
Simler AB, Metz MR, Frangioso KM, Meentemeyer RK,
Rizzo DM. Novel disturbance interactions between fre and 
an emerging disease impact survival and growth of resprout-
ing trees. Ecology. 2018;99:2217–29. This empirical study 
demonstrates mechanistic links between fre severity and 
host dynamics thus shedding light on short and long-term 
consequences of wildfre-disease interactions. 

22. Rosenthal LM, Fajardo SN, Rizzo D. Sporulation potential
of Phytophthora ramorum difers among common California
plant species in the Big Sur region. Plant Disease [Internet].
Scientifc Societies; 2020 [cited 2020 Nov 20]; Available 
from:https://doi.org/10.1094/PDIS-03-20-0485-RE 

23. Rizzo DM, Slaughter GW, Parmeter JR Jr. Enlargement of can-
opy gaps associated with a fungal pathogen in Yosemite Valley,
California. Can J For Res. 2000;30:1501–10. 

24. Cobb RC, Chan MN, Meentemeyer RK, Rizzo DM. Com-
mon factors drive disease and coarse woody debris dynam-
ics in forests impacted by sudden oak death. Ecosystems.
2012;15:242–55. 

https://doi.org/10.1094/PDIS-03-20-0485-RE


Current Forestry Reports 

1 3

 

   

 

   
 

   

              
 

   
 

  
 
 

   
 

   

 
 

   

   
 

   
         

 

  
 
 

   
         

  
 

  
 
 

   
 

   
 
 

   
        

   
 

 

   
 

  
 

  
 

   

 

   

   

  
 

   
 
 

    
 
 

 
 
 

   
         

   

 

  
 

 
 

   
 

   

 

 33.•  

 45  

 54.•  

 57  

25. Cobb RC, Filipe JAN, Meentemeyer RK, Gilligan CA, Rizzo
DM. Ecosystem transformation by emerging infectious dis-
ease: loss of large tanoak from California forests. J Ecol.
2012;100:712–22. 

26. Kuljian H, Varner JM. The efects of sudden oak death on foliar
moisture content and crown fre potential in tanoak. For Ecol
Manage. 2010;259:2103–10. 

27. Alexander ME, Hawksworth FG. Fire and dwarf mistletoes in 
North American coniferous forests. J Forest. 1976;74:446–9. 

28. Cobb RC, Hartsough P, Ross N, Klein J, LaFever D, Frankel SJ,
et al. Resiliency or restoration: management of sudden oak death
before and after outbreak. Forest Phytophthoras. 2017;7:1–14. 

29. Cobb RC, Ruthrof KX, Breshears DD, Lloret F, Aakala T, 
Adams HD, et al. Ecosystem dynamics and management after
forest die-of: a global synthesis with conceptual state-and-tran-
sition models. Ecosphere. 2017;8:e02034. 

30. Cardillo E, Acedo A, Abad E. Topographic efects on disper-
sal patterns of Phytophthora cinnamomi at a stand scale in a 
Spanish heathland. PLOS ONE. Public Library of Science;
2018;13:e0195060. 

31. Kane VR, Lutz JA, Alina Cansler C, Povak NA, Churchill DJ, 
Smith DF, et al. Water balance and topography predict fre and
forest structure patterns. For Ecol Manage. 2015;338:1–13. 

32. Davidson JM, Wickland AC, Patterson HA, Falk KR, Rizzo DM. 
Transmission of Phytophthora ramorum in mixed-evergreen for-
est in California. Phytopathology. 2005;95:587–96. 
Sena K, Crocker E, Vincelli P, Barton C. Phytophthora cin-
namomi as a driver of forest change: implications for conserva-
tion and management. For Ecol Manage. 2018;409:799–807.
This comprehensive review of P. cinnamomi dynamics and 
impacts at the global scale will aid wildfre researchers moti-
vated to follow my call for more study of fre-disease interac-
tions in this system. 

34. Kaufman MJ, Jules ES. Heterogeneity shapes invasion: host size
and environment infuence susceptibility to a nonnative patho-
gen. Ecol Appl. 2006;16:166–75. 

35. Zimmerman GT, Laven RD. Efects of forest fuel smoke on 
dwarf mistletoe seed germination. The Great Basin Naturalist.
Monte L. Bean Life Science Museum, Brigham Young Univer-
sity; 1987;47:652–9. 

36. Beh MM, Metz MR, Frangioso KM, Rizzo DM. The key
host for an invasive forest pathogen also facilitates the patho-
gen’s survival of wildfre in California forests. New Phytol.
2012;196:1145–54. 

37. Page WG, Freeborn PH, Butler BW, Jolly WM. A classifca-
tion of US wildland frefghter entrapments based on coincident
fuels, weather, and topography. Fire. Multidisciplinary Digital
Publishing Institute; 2019;2:52. 

38. Haywood JD. Infuence of herbicides and felling, fertilization,
and prescribed fre on longleaf pine establishment and growth 
through six growing seasons. New For. 2007;33:257–79. 

39. Froelich RC, Hodges CS Jr, Sackett SS. Prescribed burn-
ing reduces severity of annosus root rot in the South. For Sci.
1978;24:93–100. 

40. Morrison DJ, Cruickshank MG, Lalumière A. Control of lami-
nated and Armillaria root diseases by stump removal and tree
species mixtures: amount and cause of mortality and impact on
yield after 40 years. For Ecol Manage. 2014;319:75–98. 

41. Garbelotto M, Gonthier P. Biology, epidemiology, and control
of Heterobasidion species worldwide. Annu Rev Phytopathol.
2013;51:39–59. 

42. Cobb RC, Ross N, Hayden KJ, Eyre CA, Dodd RS, Frankel
S, et al. Promise and pitfalls of endemic resistance for cultural
resources threatened by Phytophthora ramorum. Phytopathology.
2019;109:760–9. 

43. Garbelotto M, Hayden KJ. Sudden oak death: interactions of
the exotic oomycete Phytophthora ramorum with naïve North 
American hosts. Eukaryot Cell. 2012;11:1313–23. 

44. Thrall PH, Barrett LG, Dodds PN, Burdon JJ. Epidemiological
and evolutionary outcomes in gene-for-gene and matching allele
models. Front Plant Sci. 2016;6:1084. 
Buma B. Disturbance interactions: characterization, prediction,
and the potential for cascading efects. Ecosphere. 2015;6:art70. 

46. Kipfmueller KF, Baker WL. Fires and dwarf mistletoe in a
Rocky Mountain lodgepole pine ecosystem. For Ecol Manage.
1998;108:77–84. 

47. Ritter SM, Hofman CM, Stewart JE, Zimmerman T. The infu-
ence of prescribed crown fre on lodgepole pine dwarf mistletoe
(Arceuthobium americanum) populations 33 years post-fre. For-
est Pathol. 2018;48:e12419. 

48. Navarro L, Harvey A-É, Ali A, Bergeron Y, Morin H. A Holo-
cene landscape dynamic multiproxy reconstruction: how do
interactions between fre and insect outbreaks shape an ecosys-
tem over long time scales? PLOS ONE. Public Library of Sci-
ence; 2018;13:e0204316. 

49. Li Z, Saito Y, Dang PX, Matsumoto E, Vu QL. Warfare rather
than agriculture as a critical infuence on fres in the late Holo-
cene, inferred from northern Vietnam. PNAS Natl Acad Sci. 
2009;106:11490–5. 

50. Hartmann H, Moura CF, Anderegg WRL, Ruehr NK, Salmon
Y, Allen CD, et al. Research frontiers for improving our under-
standing of drought-induced tree and forest mortality. New Phy-
tol. 2018;218:15–28. 

51. Metz MR, Frangioso KM, Meentemeyer RK, Rizzo DM. Inter-
acting disturbances: wildfre severity afected by stage of forest
disease invasion. Ecol Appl. 2011;21:313–20. 

52. Metz MR, Varner JM, Frangioso KM, Meentemeyer RK, 
Rizzo DM. Unexpected redwood mortality from synergies
between wildfre and an emerging infectious disease. Ecology.
2013;94:2152–9. 

53. Chen G, He Y, De Santis A, Li G, Cobb R, Meentemeyer RK. 
Assessing the impact of emerging forest disease on wildfre
using Landsat and KOMPSAT-2 data. Remote Sens Environ.
2017;195:218–29. 
He Y, Chen G, Cobb RC, Zhao K, Meentemeyer RK. Forest
landscape patterns shaped by interactions between wildfre and
sudden oak death disease. Forest Ecology and Management.
2021;486:118987. This remote sensing approach to quanti-
fying wildfre-disease interactions is a helpful model of these 
methods in other disease-wildfre interaction investigations. 

55. Cunnife NJ, Cobb RC, Meentemeyer RK, Rizzo DM, Gilligan
CA. Modeling when, where, and how to manage a forest epi-
demic, motivated by sudden oak death in California. PNAS.
2016;201602153. 

56. Meentemeyer RK, Haas SE, Václavík T. Landscape epidemiol-
ogy of emerging infectious diseases in natural and human-altered
ecosystems. Annu Rev Phytopathol. 2012;50:379–402. 
Meentemeyer RK, Cunnife NJ, Cook AR, Filipe JAN, Hunter
RD, Rizzo DM, et al. Epidemiological modeling of invasion in
heterogeneous landscapes: spread of sudden oak death in Cali-
fornia (1990–2030). Ecosphere. 2011;2:art17. 

58. Eyre CA, Kozanitas M, Garbelotto M. Population dynamics of
aerial and terrestrial populations of Phytophthora ramorum in
a California forest under diferent climatic conditions. Phytopa-
thology. 2013;103:1141–52. 

59. Davidson JM, Patterson HA, Wickland AC, Fichtner EJ, 
Rizzo DM. Forest type infuences transmission of Phytoph-
thora ramorum in California oak woodlands. Phytopathology.
2011;101:492–501. 



Current Forestry Reports 

1 3

 

  
 
 

  
 
 

   

       
 

        
 
 

  
 
 

      
 

   

 
 

   

 
 

   
 

  
 
 

   
 

          
 

   

 

   
 

 
 
 
 
 

 
         

 

 

 

   
 

   
 
 

   

 

   
 

   
 

   
 
 

  

   
 

   
 
 
 

   

 

   

   

 

  
 

   

  
         

  
 

 73.••  

 74.  

 75.  

 76  

 85  

60. Shearer BL, Crane CE, Barrett S, Cochrane A. Phytophthora cin-
namomi invasion, a major threatening process to conservation of
fora diversity in the South-west Botanical Province of Western
Australia. Aust J Bot. 2007;55:225–38. 

61. Cardillo E, Abad E, Meyer S. Iberian oak decline caused by Phy-
tophthora cinnamomi: a spatiotemporal analysis incorporating
the efect of host heterogeneities at landscape scale. For Pathol.
2021;51:e12667. 

62. Crone M, McComb JA, O’Brien PA, Hardy GESJ. Survival
of Phytophthora cinnamomi as oospores, stromata, and thick-
walled chlamydospores in roots of symptomatic and asympto-
matic annual and herbaceous perennial plant species. Fungal
Biol. 2013;117:112–23. 

63. Moore N, Barrett S, Howard K, Craig MD, Bowen B, Shearer 
B, et al. Time since fre and average fre interval are the best
predictors of Phytophthora cinnamomi activity in heathlands of
south-western Australia. Aust J Bot. 2015;62:587–93. 

64. Yates CJ, Barrett S, Dilly M, Hopper SD, Stewart B, Wil-
liams MR, et al. Modelling the impact of canker disease and
fre regimes on the population dynamics and extinction risk
of the Critically Endangered and granite endemic shrub 
Banksia verticillata R.Br. Aust J Bot. CSIRO PUBLISHING; 
2021;69:274–84. 

65. Crone M, McComb JA, O’Brien PA, Hardy GESJ. Annual and
herbaceous perennial native Australian plant species are symp-
tomless hosts of Phytophthora cinnamomi in the Eucalyptus
marginata (jarrah) forest of Western Australia. Plant Pathol.
2013;62:1057–62. 

66. Hernández-Lambraño RE, González-Moreno P, Sánchez-Agudo
JÁ. Environmental factors associated with the spatial distribu-
tion of invasive plant pathogens in the Iberian Peninsula: the
case of Phytophthora cinnamomi Rands. For Ecol Manage.
2018;419–420:101–9. 

67. Turco M, Rosa-Cánovas JJ, Bedia J, Jerez S, Montávez JP, Llasat 
MC, et al. Exacerbated fres in Mediterranean Europe due to
anthropogenic warming projected with non-stationary climate-
fre models. Nat Commun. 2018;9:3821. 

68. Ganteaume A, Barbero R, Jappiot M, Maillé E. Understand-
ing future changes to fres in southern Europe and their impacts
on the wildland-urban interface. Journal of Safety Science and
Resilience. 2021;2:20–9. 

69. Burgess TI, White D, McDougall KM, Garnas J, Dunstan WA,
Català S, et al. Distribution and diversity of Phytophthora across
Australia. Pac Conserv Biol. 2017;23:150–62. 

70. Carpenter DO, Taylor MK, Callaham MA, Hiers JK, Loudermilk
EL, O’Brien JJ, et al. Beneft or liability? The ectomycorrhizal
association may undermine tree adaptations to fre after long-
term fre exclusion. Ecosystems. 2021;24:1059–74. 

71. Freeman AJ, Hammond WM, Dee JR, Cobb RC, Marek SM, 
Adams HD. The efect of prescribed fre on Biscogniauxia infec-
tion and δ13C in an upland oak-pine forest. For Ecol Manage.
2019;451:117525. 

72. Pellegrini AFA, Hein AM, Cavender-Bares J, Montgomery RA,
Staver AC, Silla F, et al. Disease and fre interact to infuence 
transitions between savanna–forest ecosystems over a multi-
decadal experiment. Ecol Lett. 2021;24:1007–17.
Kneeshaw DD, Sturtevant BR, DeGrandpé L, Doblas-Miranda
E, James PMA, Tardif D, et al. The vision of managing for 
pest-resistant landscapes: realistic or utopic? Curr Forestry 
Rep. 2021;7:97–113. The mechanisms and challenges 
invoked by the authors are as relevant to management of 
disease as they are to insects, their focus in this review. 
Simard M, Romme WH, Grifn JM, Turner MG. Do mountain 
pine beetle outbreaks change the probability of active crown 
fre in lodgepole pine forests? Ecol Monogr. 2010;81:3–24. 

Sieg CH, Linn RR, Pimont F, Hofman CM, McMillin JD,
Winterkamp J, et al. Fires following bark beetles: factors con-
trolling severity and disturbance interactions in ponderosa
pine. Fire Ecol. 2017;13:1–23. 
Meigs GW, Campbell JL, Zald HSJ, Bailey JD, Shaw DC, Ken-
nedy RE. Does wildfre likelihood increase following insect
outbreaks in conifer forests? Ecosphere. 2015;6:art118. 

77. Woods AJ, Martín-García J, Bulman L, Vasconcelos MW, 
Boberg J, La Porta N, et al. Dothistroma needle blight, weather
and possible climatic triggers for the disease’s recent emer-
gence. For Path. 2016;46:443–52. 

78. Dick MA, Williams NM, Bader MK-F, Gardner JF, Bulman 
LS. Pathogenicity of Phytophthora pluvialis to Pinus radiata
and its relation with red needle cast disease in New Zealand. 
NZ J For Sci. 2014;44:1–12. 

79. Shaw DC, Agne MC. Fire and dwarf mistletoe (Viscaceae:
Arceuthobium species) in western North America: contrast-
ing Arceuthobium tsugense and Arceuthobium americanum.
Botany NRC Research Press. 2017;95:231–46. 

80. Hofman C, Mathiasen R, Sieg CH. Dwarf mistletoe efects on
fuel loadings in ponderosa pine forests in northern Arizona.
Can J For Res. 2007;37:662–70. 

81. Klutsch JG, Beam RD, Jacobi WR, Negrón JF. Bark beetles
and dwarf mistletoe interact to alter downed woody material,
canopy structure, and stand characteristics in northern Colo-
rado ponderosa pine. For Ecol Manage. 2014;315:63–71. 

82. Agne MC, Shaw DC, Woolley TJ, Queijeiro-Bolaños ME.
Efects of dwarf mistletoe on stand structure of lodgepole
pine forests 21–28 years post-mountain pine beetle epidemic
in central Oregon. PLoS ONE. 2014;9:e107532. 

83. Conklin DA, Geils BW. Survival and sanitation of dwarf mis-
tletoe-infected ponderosa pine following prescribed under-
burning. West J Appl For. 2008;23:216–22. 

84. Worrall JJ, Sullivan KF, Harrington TC, Steimel JP. Incidence,
host relations and population structure of Armillaria ostoyae in
Colorado campgrounds. For Ecol Manage. 2004;192:191–206. 
Baumgartner K, Rizzo DM. Ecology of Armillaria spp. in mixed-
hardwood forests of California. Plant Dis. 2001;85:947–51. 

86. Lalande BM, Hughes K, Jacobi WR, Tinkham WT, Reich R,
Stewart JE. Subalpine fr mortality in Colorado is associated
with stand density, warming climates and interactions among
fungal diseases and the western balsam bark beetle. For Ecol 
Manage. 2020;466:118133. 

87. Parker TJ, Clancy KM, Mathiasen RL. Interactions among
fre, insects and pathogens in coniferous forests of the inte-
rior western United States and Canada. Agric For Entomol.
2006;8:167–89. 

88. Hawkins AE, Henkel TW. Native forest pathogens facilitate
persistence of Douglas-fr in old-growth forests of northwest-
ern California. Can J For Res. 2011;41:1256–66. 

89. Hood SM, Varner JM, Mantgem P van, Cansler CA. Fire and
tree death: understanding and improving modeling of fre-
induced tree mortality. Environ Res Lett. IOP Publishing;
2018;13:113004. 

90. Garnas JR, Ayres MP, Liebhold AM, Evans C. Subcontinen-
tal impacts of an invasive tree disease on forest structure and
dynamics. J Ecol. 2011;99:532–41. 

91. Kane JM, Varner JM, Saunders MR. Resurrecting the lost
fames of American chestnut. Ecosystems. 2019;22:995–1006. 

92. Foster DR, Clayden S, Orwig DA, Hall B, Barry S. Oak, chest-
nut and fre: climatic and cultural controls of long-term forest 
dynamics in New England, USA. J Biogeogr. 2002;29:1359–79. 

93. D’Amato AW, Orwig DA, Foster DR, Barker Plotkin A, Schoon-
maker PK, Wagner MR. Long-term structural and biomass
dynamics of virgin Tsuga canadensis–Pinus strobus forests after 
hurricane disturbance. Ecology. 2017;98:721–33. 



Current Forestry Reports 

1 3

 

  
 

      
          

   

 

  

           
 
 

   

   
 
 

  

 

   

 

   
 

   
 
 

   
 
 

   
 
 

     
  

   
 

        

   
 

 

   
 

   
 
 

  
 

  

   
 
 

  
 

 

94. Bellgard S, Pennycook S, Weir B, Ho W, Waipara NW. Phytoph-
thora agathidicida. Forest Phytophthoras [Internet]. 2016 [cited
2017 Jan 18];6. Available from: http://journals.oregondigital.
org/index.php/ForestPhytophthora/article/view/3748 

95. Brasier CM. Rapid evolution of introduced plant pathogens via
interspecifc hybridization: hybridization is leading to rapid evo-
lution of Dutch elm disease and other fungal plant pathogens.
Bioscience. 2001;51:123–33. 

96. Kane JM, Varner JM, Stambaugh MC, Saunders MR. Recon-
sidering the fre ecology of the iconic American chestnut. Eco-
sphere. 2020;11:e03267. 

97. Lovett GM, Weiss M, Liebhold AM, Holmes TP, Leung B, 
Lambert KF, et  al. Nonnative forest insects and pathogens
in the United States: impacts and policy options. Ecol Appl.
2016;26:1437–55. 

98. Bostock RM, Pye MF, Roubtsova TV. Predisposition in plant
disease: exploiting the nexus in abiotic and biotic stress percep-
tion and response. Annu Rev Phytopathol. 2014;52:517–49. 

99. Valachovic YS, Twieg BD, Lee C, Cobb RC, Stark D. Forest
stand conditions after Phytophthora ramorum management in
northern California: post-treatment observations inform future
responses. For Phytophthoras. 2017;7:54–66. 

100. Barrett S, Rathbone D. Long-term phosphite application main-
tains species assemblages, richness and structure of plant com-
munities invaded by Phytophthora cinnamomi. Austral Ecol.
2018;43:360–74. 

101. Hansen E, Reeser P, Sutton W, Kanaskie A, Navarro S, Goheen 
EM. Efcacy of local eradication treatments against the sud-
den oak death epidemic in Oregon tanoak forests. For Pathol.
2019;49:e12530. 

102. Enquist CA, Jackson ST, Garfn GM, Davis FW, Gerber LR,
Littell JA, et al. Foundations of translational ecology. Front Ecol
Environ. 2017;15:541–50. 

103. Valachovic YS, Lee CA, Scanlon H, Varner JM, Glebocki R, 
Graham BD, et al. Sudden oak death-caused changes to surface
fuel loading and potential fre behavior in Douglas-fr-tanoak
forests. For Ecol Manage. 2011;261:1973–86. 

104. Bergot M, Cloppet E, Pérarnaud V, Déqué M, Marccais B, 
Desprez-Loustau ML. Simulation of potential range expansion
of oak disease caused by Phytophthora cinnamomi under climate
change. Glob Change Biol. 2004;10:1539–52. 

105. Acácio V, Dias FS, Catry FX, Bugalho MN, Moreira F. Canopy
cover loss of Mediterranean oak woodlands: long-term efects
of management and climate. Ecosystems [Internet]. 2021
[cited 2021 Jul 28]; Available from https://doi.org/10.1007/ 
s10021-021-00617-9 

106. Burgess TI, Scott JK, Mcdougall KL, Stukely MJC, Crane C,
Dunstan WA, et al. Current and projected global distribution of
Phytophthora cinnamomi, one of the world’s worst plant patho-
gens. Glob Change Biol. 2017;23:1661–74. 

107. Maloney PE, Smith TF, Jensen CE, Innes J, Rizzo DM, North
MP. Initial tree mortality and insect and pathogen response to
fre and thinning restoration treatments in an old-growth mixed-
conifer forest of the Sierra Nevada. California Can J For Res. 
2008;38:3011–20. 

108. Whiting EC, Rizzo DM. Efect of water potential on radial
colony growth of Armillaria mellea and A. gallica isolates in
culture. Mycologia. 1999;91:627–35. 

109. Choudhury RA, Er HL, Hughes MA, Smith JA, Pruett GE,
Konkol J, et al. Host density dependence and environmental
factors afecting laurel wilt disease incidence. Plant Pathol.
2021;70:676–88. 

110. Forrestel AB, Moritz MA, Stephens SL. Landscape-scale vegeta-
tion change following fre in Point Reyes, California, USA. Fire
Ecol. SpringerOpen; 2011;7:114–28. 

111. Gordon TR. Fusarium oxysporum and the Fusarium wilt syn-
drome. Annu Rev Phytopathol. 2017;55:23–39. 

112. Dudney JC, Nesmith JCB, Cahill MC, Cribbs JE, Duriscoe DM,
Das AJ, et al. Compounding efects of white pine blister rust,
mountain pine beetle, and fre threaten four white pine species.
Ecosphere. 2020;11:e03263. 

113. Dudney J, Willing CE, Das AJ, Latimer AM, Nesmith JCB, Bat-
tles JJ. Nonlinear shifts in infectious rust disease due to climate 
change. Nat Commun. 2021;12:5102. 

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional afliations. 

http://journals.oregondigital.org/index.php/ForestPhytophthora/article/view/3748
http://journals.oregondigital.org/index.php/ForestPhytophthora/article/view/3748
https://doi.org/10.1007/s10021-021-00617-9
https://doi.org/10.1007/s10021-021-00617-9

	The Intertwined Problems of Wildfire, Forest Disease, and Climate Change Interactions
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Fully Reciprocal Models of Wildfire and Disease
	Evidence and Mechanisms of Fire-Disease Interactions
	Where Else May Fire-Disease Interactions Be Important Now or in the Future?
	Management: Doing Nothing Is Probably the Worst Option
	Conclusions
	Acknowledgements 
	References




