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Abstract
Purpose of Review Climate change will continue to alter spatial and temporal variation in fire characteristics, or pyrodiver-
sity. The causes of pyrodiversity and its consequences for biological communities are emerging as a promising research area 
with great potential for understanding and predicting global change. We reviewed the literature related to the causes and 
consequences of pyrodiversity over the 3-year period 2019–2021 to identify emerging themes and innovations.
Recent Findings Key innovations include multi-scale analyses of pyrodiversity, a focus on mechanisms underlying single-
species responses to pyrodiversity, investigating how pyrodiversity influences community stability and beta-diversity, and 
novel, integrative approaches for measuring pyrodiversity.
Summary Pyrodiversity research is still maturing, and will benefit from exploration of multi-scale, gradient analysis of 
integrated (multi-measure) pyrodiversity metrics, an increased focus on how climate change may influence pyrodiversity 
across different systems, and a stronger framework for operational pyrodiversity within the context of land management. We 
suggest that research focusing on pyrodiversity could be generalized to include “turbadiversity,” or the cumulative patterns 
of heterogeneity produced by multiple types of disturbances (i.e., not just fire).

Keywords Pyrodiversity · Biodiversity · Climate change · Multi-scale · Fire management · Landscape ecology

Introduction

Fire is a natural and crucial agent of change on Earth [1, 
2]. Every vegetated terrestrial system on Earth has an 
associated fire regime, characterized by variation in the 

seasonality, frequency, size, and severity of fire [3, 4]. 
Across all fire-prone ecosystems, fire acts as a regenerative 
force by releasing nutrients, resetting vegetation dynam-
ics, and creating heterogeneity across scales of biotic 
organization [5]. The selective pressures that fire exerts 
as a natural disturbance and the landscape variability it 
creates helped generate Earth’s biodiversity patterns [6•]. 
Over the course of millennia, many species and biotic 
communities have accumulated adaptations that allow 
them to persist even after fire; some vegetation communi-
ties even depend on fire and are degraded in the absence 
of fire [7, 8].

However, climate change is rapidly altering global fire 
regimes [9–12], thereby sparking concerns about fire-
catalyzed vegetation transition, such as enduring con-
versions from forest to non-forest [13]. Of course, large, 
severe “megafires” are normal in some systems [14, 15], 
but the increasing severity (i.e., fire effects to vegetation) 
observed in megafires is unprecedented from both an eco-
logical perspective and from the perspective of modern 
human society [10, 16, 17, 18•]. Like climate change, the 
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rate at which fire regimes are changing may be outpacing 
the ability of biotic communities to adapt [19]. Likewise, 
human society is not fully prepared to coexist with fire in 
an era of changing fire regimes [20, 21].

In some places, fires are becoming larger and more homo-
geneous in their severity, and these changes are driven  
in part by warmer, drier conditions associated with climate 
change. In the US State of California, for example, recent 
wildfires are more likely to contain large, blocky patches 
of stand-replacing fire, which contrasts with the histori-
cal norm for this bioregion [22, 23]. Moreover, increases 
in annual area burned and fire severity in western North 
America are linked to a warming climate [9, 12, 17, 24].  
Similarly, in southeastern Australia, extreme drought con-
ditions associated with climate change contributed to the  
most significant fire season ever recorded during 2019–2020,  
burning nearly 6 million hectares of temperate forest [25, 26] 
with a record 1.8 million hectares burning at high severity 
[27]. Climate-driven homogenization of post-fire landscapes 
resulting from extensive high-severity fire may have serious  
consequences for biodiversity in many ecosystems.

All fire regimes, whether historical (often influenced by 
Indigenous burning practices; e.g., [28]) or contemporary, 
produce characteristic levels of pyrodiversity (Fig. 1). High 
levels of pyrodiversity have been hypothesized to give rise 
to a wide range of ecological niches that support higher bio-
diversity (i.e., "pyrodiversity begets biodiversity") [29•, 30•, 

31]. The term pyrodiversity was introduced by Martin and 
Sapsis (1992) [32] as the “variety in interval between fires, 
seasonality, dimensions, and fire characteristics, producing 
biological diversity at the micro-site, stand, and landscape 
level.” Indeed, the relationships between landscape diver-
sity and biodiversity have been the focus of research since 
the inception of ecology as a discipline. The intermediate 
disturbance hypothesis (IDH; e.g., [33]) suggests that when 
disturbances occur at intermediate frequencies, they maxi-
mize habitat diversity and within-ecosystem diversity. This 
occurs because competitive interactions are disrupted suf-
ficiently to prevent exclusion of less competitive species, 
but disturbances are not so frequent that they simplify the 
ecosystem and eliminate species associated with late seral 
development and absence of disturbance. Similarly, increas-
ing pyrodiversity might increase landscape diversity, which 
in turn might lead to higher biodiversity. Research examin-
ing the link between pyrodiversity and biodiversity (i.e., the 
"pyrodiversity-biodiversity hypothesis") has been increasing 
rapidly [see 6•,29,30•], but little attention has been given to 
the broader context of pyrodiversity-biodiversity relation-
ships in a changing climate, despite ongoing climate-driven 
changes to fire patterns and characteristics.

Perhaps, one reason for the lack of climate contextualiza-
tion is that, despite well-established theoretical underpin-
nings (e.g., the IDH), pyrodiversity-biodiversity research 
is still in its early stages. Considerable gaps remain in the 

Fig. 1  What does pyrodiversity look like? Examples of real land-
scapes showing different degrees and qualities of pyrodiversity at 
various spatial scales. Panels a–c show pyrodiversity (in terms of 
burn severity) across relatively large landscapes, with panels a and c 
showing moderate to high pyrodiversity characterized by high patchi-
ness in burn severity, and panel b showing low pyrodiversity, with 
almost all visible land having been burned at high severity. Panel 

d shows pyrodiversity at a fine spatial scale (a single hillside), and 
panel e shows pyrodiversity at an even finer spatial scale (a patch of 
vegetation). Panel f shows the fine scale juxtaposition of unburned 
and burned areas providing habitat for wildlife. Images a, b, d, e, and 
f are used under a CC-BY-2.0 license. Image c is credited to Sheila 
Whitmore, used with permission
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theoretical development of pyrodiversity as a concept [30•] 
and the role it can, or should, play in conservation [31]. 
Indeed, the pyrodiversity paradigm has been criticized for 
its underdeveloped relevance to land management [34].  
Moreover, thus far, researchers have failed to coalesce 
around exactly what pyrodiversity is and how to meas-
ure it [35••]. This has yielded an extremely wide variety 
of pyrodiversity metrics and mixed empirical support for 
pyrodiversity-biodiversity relationships that challenge 
broader syntheses of the hypothesis [29•]. Therefore, plac-
ing pyrodiversity-biodiversity research in a climate context  
requires developing and clarifying these issues further.

Here, we attempt to further develop some of these key 
questions and issues while placing pyrodiversity research in 
the context of climate change, which we hope will encour-
age further study and thought. We have three objectives in 
this paper. First, we review the recent literature (2019–2021) 
on pyrodiversity to identify emerging research themes and 
innovations. Second, we identify and discuss existing issues 
with pyrodiversity as a conceptual framework, including 
critiques of the paradigm. Third, we propose opportunities 
for pyrodiversity-biodiversity research to address some of 
the key problems we identified and allow better contextu-
alization with climate change, and we provide direction for 
integrating pyrodiversity into land management to improve 
conservation.

The Promise of Pyrodiversity: the Cutting 
Edge and Recent Innovations

The conceptual introduction of pyrodiversity by Martin and 
Sapsis [32], while seminal, lacked empirical evidence and 
was sufficiently vague in definition that it left the door open 
for varied interpretation and application [e.g., 34–38]. In 
the following decades, numerous researchers have sought 
to identify pyrodiversity-biodiversity relationships and have 
done so using a remarkably wide range of approaches and 
techniques [29•]. While the broad original definition [32] 
has challenged the concept’s clarity, it has also spurred inno-
vation in quantifying and interpreting pyrodiversity metrics 
in recent years.

A Review of the Recent Literature (2019–2021)

We reviewed the scientific literature on pyrodiversity and 
the pyrodiversity-biodiversity hypothesis during the period 
2019–2021 to identify emerging themes and innovations. 
We searched Web of Science on 10 January 2022 for “pyro-
divers*” for 2019–01-01 to 2021–12-31, which yielded 54 
results. We read through the abstracts to determine whether 
the paper conducted an analysis relating to pyrodiversity 
or the pyrodiversity-biodiversity hypothesis. Papers that did 

not address pyrodiversity within the text were excluded, as 
were review papers. We found eight papers that dealt with 
the causes of pyrodiversity or ways to quantify pyrodiversity 
and 29 papers that addressed the consequences of pyrodi-
versity in biotic systems. Of the eight papers that dealt with 
the causes of pyrodiversity, five considered pyrodiversity as 
it related to Indigenous cultural burning practices. Of these 
studies, which could be characterized as anthropological 
in their focus, only one formally quantified pyrodiversity 
[39], while the others used it as a framing idea, in that cul-
tural or anthropogenic burning was expected to increase 
pyrodiversity.

Pyrodiversity was not quantified in all papers, and when 
it was, it was rarely quantified in a consistent manner. Of 
the 29 papers concerned with the consequences of pyrodi-
versity, 15 quantified pyrodiversity directly (Table 1), 12 
made indirect inferences about the impacts of pyrodiversity 
by examining among-sample variation in other fire variables 
(e.g., time-since-fire) or using pyrodiversity as a concept 
to interpret findings in the discussion [29•], and two did 
not actually quantify pyrodiversity. Additionally, one paper 
proposed a new pyrodiversity metric [35••] and one quanti-
fied pyrodiversity outcomes from Indigenous burning [39]. 
We identified 10 unique pyrodiversity metrics, not account-
ing for the spatial scale over which metrics were summa-
rized. These were as follows: diversity of post-fire stand 
age classes (n = 5), variance or standard deviation of burn 
severity (n = 3), diversity of burn severity (n = 2), number of 
unique fire histories (n = 2), diversity of unique fire histories 
(n = 1), number of unique values of years since fire (n = 1), 
evenness of discrete burn severities (n = 1), diversity of fire 
frequencies (n = 1), Simpson’s diversity index of fire histo-
ries, weighted for similarity between the unique fire histo-
ries (n = 1), and a convex hull of fire return interval, burn 
severity, burn season, and patch size to represent functional 
diversity (n = 1).

All of the papers that addressed the consequences of 
pyrodiversity in biotic systems (n = 29) represent geographic 
areas where fire is a major source of disturbance. Fifteen 
were in dry forests of the American West, five in arid regions 
of Australia, four in savannas and grasslands of South Africa 
and Zimbabwe, two in the Mediterranean region of Europe, 
two in the American Midwest, and one in a South American 
savanna. Interestingly, previous work reviewing the pyro-
diversity literature over a broader period (1992–2020) was 
heavily biased toward Australia [29•], perhaps indicating a 
recent uptake of the concept in other regions, particularly 
the American West. This literature (2019–2021) was also 
taxonomically diverse. There were six studies of mammalian 
diversity, four of plant diversity, five of insects, four of bat 
diversity, three of bird diversity, five of individual bird spe-
cies, one of gray long-eared bats (Plecotus austriacus), and 
one covering multiple taxa.
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Emerging Themes in Pyrodiversity Research (2019–
2021)

Recent research has been characterized by several promising 
innovations that advance our understanding of the causes 
and consequences of pyrodiversity. First, many studies are 
embracing a multi-scale analytical paradigm to understand 
the scale at which pyrodiversity operates on biotic commu-
nities. Second, an increasing number of studies are inves-
tigating the relationship between pyrodiversity and the 
occupancy, demography, and behavior of individual species 
to uncover mechanisms. Third, some studies have taken a 
broader view of biodiversity, investigating the effects of 
pyrodiversity on axes of diversity beyond species richness, 
including beta-diversity and functional redundancy.

Most studies summarize their explanatory variables over 
one scale, but several studies from 2019–2021 analyzed 
pyrodiversity-biodiversity relationships over multiple scales. 
Blakey et al. [40] assessed the response of bat species rich-
ness to burn extent, configuration, and diversity of fire sever-
ity in a northern California dry forest. Each fire variable was 
summarized across ten spatial scales (1–10 km radii) around 
each sampling unit, consisting of a passive acoustic recorder. 
Bat richness was positively related to pyrodiversity across all 
scales. Similarly, Radford et al. [41] studied northern Aus-
tralian savanna mammal community response to fire history 
across multiple scales. They summarized their explanatory 
variables over 1, 3, 5, and 10 km scales and found that site 
scale (1 km) was more informative to mammal assemblages 
than landscape (5 km) or meta-landscape (10 km) scales, and 
that pyrodiversity was negatively related to mammal abun-
dance and richness at local and meta-local (3 km) scales. 
Finally, Jones et al. [42] addressed California spotted owl 
occupancy after megafires at 300, 700, 1100, and 1500 m 
scales. Sampling units characterized by higher pyrodiversity 
were more likely to support continued post-fire spotted owl 
site occupancy, but this effect was only apparent at finer 
spatial scales (300 and 700 m). The importance of scale 
differed greatly among these studies, likely reflecting differ-
ences in how each taxon interacts with its environment (e.g., 
mobility, body size; see [29•]). Collectively, these results 
underscore the importance of multi-scale analyses, even in 
cases where there may be a priori reasons to think specific 
spatial scales are important.

Different species prefer habitat exhibiting different 
post-fire characteristics, providing the foundation for the 
pyrodiversity-biodiversity hypothesis [32]. An emerging 
theme in recent literature has been to examine how indi-
vidual species interact with pyrodiversity, thereby allow-
ing deeper exploration of mechanisms that may underlie 
the pyrodiversity-biodiversity hypothesis. While several 
papers we reviewed took this approach [e.g., 42, 43], one 
of the strongest examples has been a series of papers on 

the movement ecology and demography of black-backed 
woodpeckers in post-fire landscapes [44•, 45]. Researchers 
found that both adult and fledgling woodpeckers fitted with 
radio-tracking equipment generally favored using forests 
stands with greater pyrodiversity (measured as the standard 
deviation in burn severity). However, fledglings and adult 
habitat use varied strongly in other ways, as fledglings pre-
ferred using areas with more live trees, fewer dead trees 
(snags), and lower burn severity compared to adults [44•]. 
These space-use patterns were hypothesized to minimize 
predation risk to fledglings by providing greater cover in 
green forest, supporting both the “habitat-complementa-
tion” (e.g., configuration of fire elements supporting life 
history needs) and “habitat-refuge” (e.g., configuration of 
fire elements influencing immediate survival) mechanistic 
sub-hypotheses of the pyrodiversity-biodiversity hypoth-
esis suggested by  Kelly et  al. [30•]. Subsequent work 
confirmed lower survival rates by fledgling woodpeckers 
in high-severity burn patches compared to moderate- or 
low-severity burned patches [45]. We encourage further 
studies that illuminate these underlying mechanisms of the 
pyrodiversity-biodiversity hypothesis.

In some pyrodiversity-biodiversity studies, the use of spe-
cies richness (alpha-diversity) as a response variable implies 
some connection between biodiversity and community and/
or ecosystem stability. However, two recent pyrodiversity- 
biodiversity analyses have investigated community stabil-
ity directly as a response variable. Ponisio [46] examined 
the responses of a pollinator community to extreme drought 
and whether those responses were influenced by fire history 
diversity, using pollinator community resistance, community 
functionality, population resistance, species richness, and 
functional redundancy as response variables. In a similar vein, 
Docherty et al. [47] used functional richness, evenness, and 
dispersion as response variables evaluating the pyrodiversity-
biodiversity hypothesis for an avian community in a South 
African semi-arid savanna. Using community functional met-
rics as response variables is an emerging approach that may 
give better inferences to the long-term persistence of ecosys-
tems than using simpler richness metrics.

The Problem of Pyrodiversity: Critiquing 
the Concept of Pyrodiversity and Its Use

While the recent literature demonstrates exciting advances 
in pyrodiversity research, the pyrodiversity paradigm is not  
without its issues. In addition to issues raised previously  
(e.g., pyrodiversity is difficult to operationalize, not all fire 
mosaics are ecologically meaningful; see [34]), we briefly dis-
cuss three critiques of pyrodiversity as a concept and research 
area and offer some constructive ways that these critiques 
could be addressed to advance the field.
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Pyrodiversity Is an Unnecessarily Abstract Way 
to Measure Vegetation Diversity

Fire burns vegetation, and after it has burned, regrowth on 
the landscape reflects the legacy of fire. Why do we care 
about measuring and understanding pyrodiversity when, 
really, post-fire vegetation conditions determine the vari-
ety of habitat niches available for animal communities to 
occupy? In fact, we predict that, in some cases, measur-
ing pyrodiversity will underestimate vegetation diversity in 
an area, given that effects of fire on vegetation are highly 
variable within a fire perimeter or even within a single burn 
severity class. Furthermore, the effect of fire on biotic com-
munities depends in part on pre-fire vegetation conditions 
[48, 49]; a mature forest and a young forest plantation that 
both experience fire are likely to host divergent post-fire 
biotic communities. Traditional approaches for measuring 
pyrodiversity (e.g., diversity of fire age or burn severity 
classes) will gloss over much of this variation.

We think this critique of the pyrodiversity concept has 
merit, but also believe that pyrodiversity brings a focus on 
the disturbance agent that is revealing beyond the informa-
tion provided by resulting vegetation patterns [50]. The pri-
mary distinction between examining the diversity of post-fire 
vegetation vs. the diversity of burn severity (or some other 
fire characteristic) is a distinction of pattern vs. process. Fire 
is a mechanism—a process—that drives vegetation change. 
In a highly dynamic world, we are increasingly interested 
in understanding the processes driving change rather than 
just quantifying the patterns themselves. Mechanistic under-
standing of these processes improves prediction, too. For 
example, understanding how disturbance processes shape 
biodiversity can inform process-based predictive models, 
which allow modeling of conditions outside of the range of 
those previously observed [51]. Fire also initiates changes 

in ecosystems that are unique to the combustion process 
(e.g., nutrient release and cycling, [52]) and cannot, for 
example, be reproduced by mechanical vegetation removal. 
Better integration of fire mapping (i.e., the process) and pre- 
and post-fire vegetation conditions (i.e., the pattern) could 
improve understanding of post-fire landscape heterogeneity 
to better explain biodiversity patterns. Simply put, it is dif-
ficult or impossible to understand an ecological pattern with-
out understanding the scale and dynamics of the processes 
that drive it [53, 54].

Pyrodiversity Must Be Considered in a Broader 
Disturbance Context

While fire is a major agent of change in many ecosystems, 
it is not always the dominant disturbance and is likely never 
the only one. In addition to fire, avalanches [55], windthrow 
[56], hurricanes [57], landslides [58], flooding [59], insects 
[60], drought [61], and timber harvest [62] affect patterns 
of vegetation, increase heterogeneity at multiple scales, 
and influence patterns of biodiversity. Moreover, such dis-
turbances occur across underlying variation in the physical 
template (e.g., landform, soils) which itself influences biodi-
versity [63]. Considering pyrodiversity in isolation ignores 
this context. A fire that burns an area that has recently expe-
rienced multiple other disturbance types will not only burn 
differently [64, 65], but will also interact with those other 
disturbances and the underlying physical template to pro-
duce vegetation and habitat heterogeneity in ways that are 
not well understood (Fig. 2).

We think that examining pyrodiversity in isolation from 
other disturbance agents still holds value, especially if 
effects on biodiversity are relatively clear and if the inter-
est is in examining hypotheses related specifically to fire. 
However, we hypothesize that in some systems (particularly 

Fig. 2  Various sources of landscape heterogeneity may produce spatial 
and temporal patterns of biodiversity including (a) spatial variation in 
the physical template (i.e., soils, vegetation, topography), (b) pyrodi-
versity, characterized by heterogeneity in fire characteristics across 
a landscape, and (c) a broader mosaic of other natural and anthropo-

genic disturbances. The cumulative variation produced by multiple 
types of overlapping disturbances (d), or “turbadiversity,” is likely to 
influence patterns of biodiversity. These patterns may be further varied 
depending on how turbadiversity interacts with the underlying physi-
cal template
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those in which fire is less dominant and/or frequent), the 
vegetation diversity generated by other disturbances will 
influence biodiversity patterns more than fire, and it is 
essential that these other agents be examined critically. We 
suggest that the pyrodiversity-biodiversity hypothesis could 
therefore be generalized to include any disturbance type, 
not just fire. The Greek pyro- (relating to “fire”) could be 
exchanged for the Latin turba- (the root of “disturb”) to 
form the “turbadiversity-biodiversity” hypothesis, which 
would postulate that diversity of disturbances (of any kind) 
might influence patterns of biodiversity (Fig. 2). Connec-
tions to the habitat diversity hypothesis (HDH; [66]) and 
the intermediate disturbance hypothesis (IDH; [33, 67]) are 
obvious (see above discussion), but compared to these exist-
ing frameworks, the turbadiversity-biodiversity hypothesis 
focuses more on the diversity and relative impacts of distur-
bance agents and the cumulative effects such agents might 
have on biodiversity than either the HDH or IDH.

Pyrodiversity Is Difficult to Interpret Because It Can 
Be Non‑directional

One of the more common approaches for quantifying pyrodi-
versity is using a diversity index (e.g., Shannon or Simpson) 
to measure variation in fire age class (i.e., time-since-fire), 
burn severity, or some other variable related to fire charac-
teristics across a defined area [e.g., 42, 68–71]. This yields 
an axis of variation in fire characteristics ranging from low 
to high pyrodiversity. High pyrodiversity is easy enough to 
conceptualize; this would be an area with a relatively equal 
mixture of different fire characteristics (e.g., burn severity 
classes). Low pyrodiversity is more complicated; it reflects 
areas with homogenous fire characteristics, but this could 
mean predominately (or entirely) low or high severity effects 
across an area, for example (Fig. 3). Yet, these extremes 
might be expected to support very different biotic richness  
and/or different community composition. In this way, pyrodi-
versity as a variable—in its current usage—is often a blunt tool.

In our experience, this is indeed problematic and has 
meant that when interpreting pyrodiversity, additional post 
hoc steps are required to understand low pyrodiversity  
(as its meaning will vary among studies). However, such 
solutions—even if illuminating [e.g., 62]—are not ideal and 
post hoc checks will become prohibitive with large data-
sets. Perhaps we need to start thinking about pyrodiversity 
as occurring along more than one axis. Non-metric multidi-
mensional scaling (NMDS) or principal components analy-
sis (PCA) ordination approaches could offer one solution 
by clustering unique qualities of pyrodiverse landscapes  
into multiple axes of variation (Fig. 4). Multiple fire vari-
ables could inform an ordination that would produce two 
axes for each sampling unit. Other approaches could draw 
on methods used to measure beta diversity (differences in  

unique species composition) in biological communities [72];  
metrics of “beta-pyrodiversity” might offer some interest-
ing opportunities for maintaining the identity of fire charac-
teristics in areas of low pyrodiversity.

The Future of Pyrodiversity: Needs, 
Solutions, and Directions

Considering emerging themes in the recent literature and 
critiques of the pyrodiversity paradigm, we highlight three 
opportunities to improve pyrodiversity research and its prac-
tical application to land management in a warming world. 
First, we need to evaluate pyrodiversity within a multi-scale, 
gradient paradigm to improve linkages to its effects on biotic 
communities at the relevant scale. Second, we consider how 
pyrodiversity might change as the climate warms and iden-
tify related research needs. Third, we consider pyrodiver-
sity as a potentially unifying management paradigm (that is, 
unifying multiple resource management objectives that may 
traditionally be at odds) in a changing climate.

Multi‑scale, Gradient, and Integrated Analysis 
of Pyrodiversity

The sensitivity of pattern-process relationships to scale 
has emerged as an organizing principle in landscape ecol-
ogy [53, 66, 73]. Patterns vary in different ways at differ-
ent scales [74, 75]. Likewise, ecological processes operate 
at different scales and interact with landscape patterns to 
drive, limit, and influence them [76, 77]. Fire is a dominant 
disturbance process at landscape scales. Furthermore, fire 
events, behavior, and regimes are all influenced by and, in 
turn, influence landscape patterns. Thus, a scale-dependent 
and multi-scale approach is needed to evaluate pyrodiversity.

Within any extent of a landscape, pyrodiversity metrics 
will be influenced by the grain at which the fire characteristic 
is mapped (e.g., pixel size of burn severity), the thematic 
content of its mapping (a continuous index, categories, or 
other depiction), and the thematic resolution (how finely 
the index or categories are delineated) [76, 78, 79]. Ideally, 
pyrodiversity assessments should evaluate a range of grain, 
thematic content, and thematic resolution, or, at the very 
least, be explicit in defining these landscape parameters and 
justifying them based on the goals, objectives, and processes 
under investigation.

Pyrodiversity will also vary with extent of analysis. Anal-
ysis extent has been shown to strongly influence landscape 
patterns and the ecological processes that create and are 
moderated by them (e.g., [80]). Therefore, in some contexts 
such as mapping, one might consider computing pyrodiver-
sity across a range of extents with a focal moving window 
(e.g., [81•]) using a sensitivity analysis approach. In such 
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an approach, the mean and variance of these pyrodiversity 
surfaces can be plotted as a function of extent to visualize 
the scale-dependency of pyrodiversity. Subsequently, the 
variance-to-mean ratios (also known as dispersion index 
or coefficient of dispersion) can also be plotted across the 
range of extents. The variance-to-mean ratio has additional 
value in measuring a component of landscape pattern: for 

spatially random processes, the variance is equal to the mean 
of a variable (σ2 = μ), while it is greater than the mean when 
the process is spatially aggregated (σ2 > μ) and lower than 
the mean when the process is spatially dispersed (σ2 < μ). 
These approaches provide a means to directly incorporate 
and account for scale dependency and landscape pattern in 
measuring pyrodiversity.

Fig. 3  Examples of pyrodiver-
sity from the 2020 August Com-
plex fire in northern California, 
USA, using remotely sensed 
burn severity metrics. Areas 
characterized by low pyrodiver-
sity might be characterized by 
homogenous areas of either low 
or high severity fire, whereas 
high pyrodiversity is always 
characterized by a mosaic of 
burn severities. Blue represents 
lower severity fire and red rep-
resents higher severity fire
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In addition to adopting a multi-scale approach to meas-
uring pyrodiversity, in some contexts, adopting a “gradient 
paradigm” [82–84], as opposed to a patch-mosaic paradigm, 
may be useful. Certain data types such as fire severity are 
naturally represented as continuously varying quantitative 
variables. Often such variables are categorized into classes 
(which may be arbitrarily defined) and subsequent map-
ping and analysis is applied to the patches in this classi-
fied output [85]. However, information is lost and biases are 
introduced when continuous data are binned into categories 
[86, 87]. Thus, it is often more informative to keep con-
tinuous variables in their original form and analyze them 
as scale-dependent gradient processes. Doing so retains all 
information in the spatial pattern of variation and allows 
flexible multi-scale analysis of those patterns. Numerous 
metrics may be appropriate in multi-scale gradient analyses 
of pyrodiversity, including variance-to-mean ratios, a multi-
tude of surface metrics [84], or measures of configurational 
entropy (e.g., [88–90]). However, we acknowledge that the 
patch-mosaic paradigm has its place; when it makes sense to 
quantify pyrodiversity in a way that involves patches (e.g., 
patch sizes of burn severity classes), then a gradient para-
digm cannot always be used.

Yet, recent approaches have been developed that combine 
multiple fire characteristics to create integrated measures of 
pyrodiversity [35••], which could accommodate conceptual-
izations in both gradient and patch-mosaic paradigms. After 
all, pyrodiversity, as first conceptualized by [32], is much 
more than variation in burn severity—as admittedly has been 
a strong focus of this review—or any other single character-
istic. The variation in numerous fire characteristics, such as 
time-since-fire, number of times burned, burn severity, patch 

size, and others are all important. The generalizable func-
tional diversity approach, introduced by Steel et al. [35••], 
offers a promising opportunity for integrating multiple fire 
metrics in a unified framework for measuring pyrodiversity.

Climate Change and Pyrodiversity

Over the last several decades, warmer and drier conditions 
associated with climate change have resulted in longer fire 
seasons [91], increased annual area burned [9, 24], and 
increased annual area burned at high severity [17]. These 
changes to the fire regime will continue to alter pyrodiver-
sity across spatial and temporal scales. Assuming we can 
adequately measure pyrodiversity and do so at the appropri-
ate scale, how might we expect climate change to influence 
pyrodiversity?

The effect of climate change on pyrodiversity is highly 
contextual and depends on the bioclimatic setting (i.e., veg-
etation and climate) and the timeframe of inference (Fig. 5). 
In regions that have rarely burned historically, such as the 
tussock tundra or cold, high-elevation forests, climate 
change may actually increase pyrodiversity by shortening 
the fire return interval [92]. Yet, it is increasingly being rec-
ognized that climate change has short- and long-term con-
sequences for fire and vegetation (and by extension, pyro-
diversity) and that the short-term consequences may differ 
in direction and magnitude compared to the longer-term. In 
some bioclimatic settings, for example, annual area burned 
is expected to increase in the short-term (approximately the 
next few decades) as climate change results in more fire-
conducive weather and drier fuels but may actually decrease 
over longer timeframes because warming climate conditions 

Fig. 4  Conceptual depictions of pyrodiversity that expand on the 
directional gradient of “low to high pyrodiversity.” In panel a, we 
recognize that low pyrodiversity can arise from homogeneity in fire 
effects, but that the biodiversity outcome is different for low- vs. 
high-severity fire. In panel b, various metrics that define pyrodi-

versity (e.g., time since fire, patch size of low, moderate, and high 
severity, time since fire, number of times burned) could be used in 
a nonmetric multidimensional scaling (NMDS) or other ordination 
frameworks to define axes and differentiate pyrodiversity “clusters” in 
terms of the distinct fire characteristics they contain
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reduce productivity and therefore available fuel to burn [93, 
94]. Indeed, evidence for recent increases in annual area 
burned is mounting [95, 96]. The longer-term consequences 
in terms on annual area burned have yet to play out, but 
it is worth noting that projected longer-term decreases in 
annual area burned are limited to the drier bioclimatic set-
tings (those at the climatic margin between forest and shrub-
land that are expected to be less productive) [12, 97]; regions 
with less moisture stress are projected to experience more 
frequent fire in both the short and long term (cf. [98]).

Climate also influences fire severity and, by extension, 
pyrodiversity. Warmer and drier fire seasons are more con-
ducive to high-severity fire [17, 99], but climate can also 
indirectly influence fire severity through controls on fuel 
amount (i.e., productivity) and vegetation type [100]. Con-
sequently, the short- and long-term consequences of climate 
change on fire severity may differ, in that the short-term 
consequence is higher severity fire, but the longer-term con-
sequence is either lower or higher severity fire, depending 
on the bioclimatic context [97].

The longer-term patterns and trends we have discussed 
so far are extremely general and based on expected biogeo-
graphic shifts in fire regime characteristics associated with 
climate change. However, non-climatic factors (oftentimes 
interacting with each other and climate change) are also 
going to drive changes in pyrodiversity, namely excessive 
fuel loads in forested ecosystems associated with fire exclu-
sion, invasive species, and insect-induced tree mortality. For 

example, excessive biomass in many dry forest ecosystems 
in the western US is contributing to higher-severity fire that 
often exceeds that of what is considered characteristic for 
a given ecosystem (e.g., [101, 102]). When these forests 
inevitably burn, the resulting pattern may reflect high pyro-
diversity initially, but in fact, the resulting burn mosaic may 
put the site on a trajectory toward landscape homogenization 
and low pyrodiversity in future decades. There are several 
examples of such fires, particularly if sites burn again, that 
have converted forested landscapes to homogenous non-
forested states that will exhibit extremely low pyrodiversity 
when they burn again (e.g., [13, 103]). Invasive species are 
also leading to altered vegetation and homogenization of 
landscapes with low pyrodiversity. For example, the inva-
sive species cheatgrass has invaded the Great Basin and now 
covers large swaths of former sagebrush ecosystems (histori-
cally infrequent fire); many areas are now in a frequent fire 
state with low pyrodiversity [104]. Lastly, insect-induced 
tree mortality, which has affected millions of acres of for-
est in the western US over the last few decades [105, 106], 
appears to set the stage for higher-severity fire [107]. While 
such areas may exhibit high pyrodiversity as a result of an 
initial fire, their resilience to future fire events is diminished 
and an overall reduction of pyrodiversity can be expected 
over longer time periods. Cumulatively, as climate change 
interacts with uncharacteristically severe fire as a result of 
excessive fuels, invasive species, and insect-induced drought 
mortality, we can expect homogenization of vegetation and 
fire effects through time [108, 109], and as a result, lower 
pyrodiversity will manifest in many ecosystems.

Pyrodiversity: a Unifying Landscape Conservation 
Paradigm in a Warming World?

As we witness the effects of changing wildfire regimes on 
biodiversity, ecosystems, and society, we seek tractable con-
servation and management solutions. How do we mitigate 
the adverse effects of changing fire regimes? Pyrodiversity, 
as a general framing concept, might form a key piece of 
the solution by acting as a unifying conservation paradigm. 
The application of a pyrodiversity paradigm in landscape 
management and conservation might naturally resolve chal-
lenging problems that have led to conflict and inaction under 
existing paradigms.

A greater understanding of the relationships between 
pyrodiversity and biodiversity might unify the divide 
between coarse-grain ecosystem management and fine-
grain species habitat conservation. This divide is character-
ized by the scale at which conservation resources should 
be focused: species, ecosystems, or landscapes [110, 111]. 
On the one hand, there are too many species to manage 
each individually, so ecosystem- and landscape-level man-
agement approaches (coarse-grain) are the only tractable, 
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Fig. 5  How will pyrodiversity change as the climate warms? In sys-
tems that rarely burn, increased fire activity associated with climate 
change might increase pyrodiversity (a). In systems with historically 
frequent fire, climate change might reduce pyrodiversity by generat-
ing more homogenous, severely burned landscapes (c). With climate-
vegetation feedbacks, nonlinear changes in pyrodiversity might also 
be expected to occur in ways that are difficult to predict (b). How 
pyrodiversity changes with climate likely will vary depending on 
ecosystem type, the reference period being used for comparison (e.g., 
recent vs. deep past), and the spatial scale being considered (i.e., tra-
jectories might be scale-dependent)
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cost-effective conservation solution [110]. Yet, such coarse-
grain approaches might end up harming individual species 
with unique habitat requirements (fine-grain) that help sup-
port ecosystem integrity [112]. In some systems, moderate 
to high pyrodiversity generally may be associated with more 
favorable features (from a conservation perspective) at the 
ecosystem- and landscape-level, including structural vari-
ability that is associated with resilience [113, 114•]. These 
same diverse landscape features produced by multi-scale 
pyrodiversity have the potential to support overall wildlife 
diversity [31, 51] as well as individual species of conserva-
tion concern with ecological associations as disparate as the 
black-backed woodpecker and spotted owl in dry western US 
forests [29•, 42, 45]. This is because pyrodiversity generates 
a juxtaposition of various habitats that can fulfill life-history 
needs of individual specialists (i.e., habitat complementa-
tion) [30•].

Yet, high pyrodiversity will not be desirable in all sys-
tems. Whether pyrodiversity is “good” or “bad” for biodi-
versity, individual species, and/or ecosystem processes is 
likely to depend on the system and its ecological history, 
context, and characteristics, as well as the spatial and tem-
poral scales being considered (see [29•]). Systems that 
historically experienced low pyrodiversity would not nec-
essarily be expected to benefit from management that pro-
motes increases in pyrodiversity, such as in ecosystems in 
which fire was historically relatively rare (e.g., temperate 
rainforests in the Pacific Northwest of North America). In 
systems with higher historical pyrodiversity, understanding 
the nature of “good” pyrodiversity is critical. For example, 
some dry forest types may have had relatively high historical 
pyrodiversity (e.g., moderate to frequent fire return interval, 
small patches of high-severity fire), but low pyrodiversity 
over the past century because of fire exclusion. Increasing 
fire activity in these areas may be increasing pyrodiversity 
relative to the past century, but the specific variety of pyro-
diversity may not be appropriate for the system (e.g., very 
large patches of high-severity fire; [22]). Further research is 
needed to quantify “reference” pyrodiversity for a variety 
of systems, which could help compute the degree to which 
modern pyrodiversity is departed from historical baselines 
(i.e., novelty in pyrodiversity; [115]). We encourage a con-
tinued thoughtful exploration of a pyrodiversity paradigm 
within the context of land management, and caution against 
applying the paradigm where it may not be warranted [34].

The integration of the pyrodiversity paradigm into land 
management is not new. But there is a new interest and 
momentum surrounding its application. For millennia, 
Indigenous people in biomes across the globe have used fire 
to generate landscape heterogeneity to support subsistence 
hunting, local economies, communication, and other natu-
ral resource needs [28]. Moreover, evidence suggests that 
past and ongoing Indigenous fire use yields patterns of fire 

characteristics across the landscape that would be consid-
ered “pyrodiverse” [116]. Similarly, patch-mosaic burning 
(PMB)—a management approach based on pyrodiversity—
was a concept applied in South African national parks begin-
ning in the early 1990s that focused on rotating prescribed 
fires throughout the park area to produce the landscape het-
erogeneity that would support habitat for many species [117]. 
PMB burning in South Africa is conducted primarily in 
grassland/savannah systems and is intended to provide forage 
of different ages over space and time; we note that in many of 
our examples, we use burn severity, which is not applicable 
in grassland. In this context, though, PMB has been critiqued 
as having been applied without sufficient empirical evidence 
to support the objectives it claims to achieve, and little clear 
guidance for operational use [34].

Operational Pyrodiversity: Future Research Needs

We think that developing rules for “operational pyrodiver-
sity” is one of the concept’s most urgent needs moving for-
ward. While we do not resolve this issue here, we raise some 
questions that we hope will lead to future research. What 
is the appropriate scale at which to apply a pyrodiversity 
paradigm? Specifically, should managers aim to promote 
pyrodiversity across tens of hectares, thousands, or tens of 
thousands? Above we argued for multi-scale assessments 
of pyrodiversity impacts to biodiversity. In the same way, 
pyrodiversity should also be managed at multiple scales, 
and relevance of different scales to management will vary 
across ecosystems. Should managers aim for promoting cer-
tain pyrodiversity “targets,” i.e., a specified minimum degree 
of variation in fire characteristics that is associated with their 
objective? Can you produce “too much” pyrodiversity in a 
given ecosystem and, if so, how do we identify this thresh-
old? What is the optimal amount of pyrodiversity, and scale 
at which it must occur, and how does this vary among eco-
systems? Developing reference frameworks for ecological 
systems based on historical, ecological, management, and 
other considerations is needed; these frameworks can then 
be used to help define desired conditions with respect to 
pyrodiversity [118–120].

Perhaps the most relevant to the question of developing 
an operational pyrodiversity is whether the concept (as it is 
currently used and measured in the literature) is even mean-
ingful or realistic as a prescriptive objective within the con-
text of land management. For example, when instructing a 
prescribed fire team to produce “pyrodiversity,” what does 
this look like on the ground? What are the levers (i.e., spe-
cific management actions and decisions at different scales) 
that can be used to control pyrodiversity given other stated 
resource management objectives? And how much control do 
operators really have in producing desired patterns? Presum-
ably, some aspects of pyrodiversity can be controlled better 
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than others with prescribed fire (fire intervals/seasonality 
vs. variation in severity), but it is unclear what variability 
in control could mean for implementing desired patterns in 
pyrodiversity. Fire has always been a “blunt” tool for man-
agement because it is difficult to control and impossible to 
predict the patterns it will yield with precision. Beyond pre-
scribed fire operations, should unplanned wildfires managed 
for resource benefit be guided to produce pyrodiversity? If 
so, how? Often, managed wildfires naturally generate pyro-
diversity (e.g., [121]), so does the concept add any value in 
this context?

Developing an operational pyrodiversity will also require 
developing “reference” targets that are system-specific and 
describe the deviation of desired conditions from current 
conditions [115, 118]. This deviation of desired conditions 
from current conditions informs resource managers ability 
to “resist, accept or direct” ecological changes (RAD frame-
work; [122]). Ecosystem types vary in their historical fire 
regimes and will differ in their trajectory when fire is applied 
to the system. Biodiversity patterns arising from pyrodiver-
sity could be expected to respond differently based on if cur-
rent and historical fire regimes are consistent or divergent, 
regardless of if there is a fire deficit or fire surplus [123]. For 
example, an area that historically experienced infrequent, 
high-severity fire (i.e., cold, high-elevation forests) but is 
now experiencing a fire surplus because of increasing fire 
frequency [124] may lose biodiversity due to a mismatch 
between historical and contemporary fire regimes.

In general, we think that the concept of pyrodiversity 
could engender creativity and flexibility in fire manage-
ment, but better guidelines are needed. We are not the first 
to express concern about our current inability to develop 
guidance for operational pyrodiversity. Several studies we 
reviewed noted that a goal of pyrodiversity may be too vague 
a directive for management [41, 47, 125], echoing one of the 
early critiques of the pyrodiversity paradigm [34]. Studies 
that call for management using pyrodiversity often place 
bounds on pyrodiversity in some way, such as limiting high-
severity fire [35••] or setting aside unburned areas [126]. 
We are a long way off from operationalizing the concept 
of pyrodiversity, and doing so will require close feedback 
between scientists and land managers moving forward.

Concluding Remarks

Research on the causes of pyrodiversity and its conse-
quences for biotic communities is entering a period of rapid 
growth, with promising innovations in the most recent lit-
erature. Those that stand out to us include the application 
of multi-scale analyses (e.g., [40]), the exploration of pyro-
diversity effects on single species (e.g., [45]), measurement 

of beta-diversity (e.g., [127]), functional redundancy (e.g., 
[47]) and related community metrics (e.g., [46]), and 
research developing novel, integrative methods for meas-
uring pyrodiversity (e.g., [35••]). These works push the 
boundaries of the concept and illuminate unknowns, and 
we encourage more similar work. Yet like any emerging, 
still-immature research topic, the pyrodiversity paradigm 
has several theoretical and practical “rough spots.” Future 
research will address these issues over time. Nevertheless, 
the pyrodiversity idea has the potential to be a unifying 
conservation paradigm—a paradigm that achieves multi-
ple resource objectives and resolves previously intractable 
resource management problems—and particularly so in a 
warming world that will be characterized by more fire.
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