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Abstract

Changing fire regimes have important implications for biodiversity and challenge tradi-
tional conservation approaches that rely on historical conditions as proxies for ecological
integrity. This historical-centric approach becomes increasingly tenuous under climate
change, necessitating direct tests of environmental impacts on biodiversity. At the same
time, widespread departures from historical fire regimes have limited the ability to sample
diverse fire histories. We examined 2 areas in California’s Sierra Nevada (USA) with active
fire regimes to study the responses of bird, plant, and bat communities to a broad spectrum
of temporal, spatial, and severity patterns of fire. Bird and plant species richness peaked in
the first decade following fire. Species richness was highest with moderate burn severity
for birds and with low burn severity for plants. Bat richness increased with longer mean
fire-return intervals and was greatest in landscapes that included predominantly unburned
areas or moderate to high burn severity patches. All taxa responded positively to pyrodiver-
sity, with effect sizes varying with the metric used to assess variation in fire patterns. Our
results suggest that restoring historical fire regimes would benefit biodiversity relative to
most contemporary dry forests in California, but that total species richness would be high-
est under somewhat more frequent and varied severity fires than historical targets would
indicate. Given the variable optima among taxa, managing for a range of complementary
conditions that create local and landscape heterogeneity would best accommodate diverse
flora and fauna and other forest conservation objectives.
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INTRODUCTION

Fire drives the ecology of individual species and greatly influ-
ences biological communities globally (He et al., 2019; Viljur
et al., 2022). When the long-term spatial and temporal patterns
of fires shift, the composition and richness of an ecosystem’s
flora and fauna likely change in response. In many ecosystems,
including the dry forests of the western United States, depar-
tures from the historical fire regimes due to past and ongoing
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forest management and climate change are pervasive (Collins
et al., 2016; Margolis et al., 2022; Stephens et al., 2007; Williams
et al., 2023). The effects of long-term fire exclusion and recent
large and severe wildfires in many western U.S. landscapes are
especially widespread, resulting in major changes in the struc-
ture, composition, and function of ecosystems throughout the
region (Hagmann et al., 2021; Safford et al., 2022; Seidl &
Turner, 2022). As a result, few contemporary reference areas
characterized by the full range of historical fire patterns remain,
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limiting our ability to observe the entirety of fire’s impact on
biodiversity and inform successful conservation management.

Fire predominantly affects populations and biodiversity indi-
rectly through alterations of the abiotic or biotic habitat
conditions (Turner et al., 1998). Whether such changes are ben-
eficial or detrimental to individual species or assemblages is
dependent on the spatial, temporal, and magnitude character-
istics of one or multiple fires (van Wagtendonk et al., 2018).
Often, fire-induced changes benefit species associated with
early-successional conditions to the detriment of those depen-
dent on mature forests (Taillie et al., 2018). Repeated fires create
both a visible mosaic represented by changes evident from the
most recent disturbance and an invisible mosaic where physical
or biological legacies from prior disturbances persist and may
continue to influence biological communities (Brown & York,
2017). When biodiversity is sensitive only to the visible mosaic
and successional processes following the most recent distur-
bance, we may consider the ecological memory of the biological
community to be low. In contrast, if the invisible mosaic that
includes disturbance characteristics from previous events drives
community dynamics, the level of ecological memory in the
system would be considered high (Johnstone et al., 2016). Fur-
ther, groups of species with different life history characteristics
(e.g., sessile plants vs. highly vagile bats) respond to environ-
mental heterogeneity at different spatial scales. Maximizing the
variation in fire regime characteristics (i.e., pyrodiversity) is a
promising approach for accommodating species with diverse
responses to fire (Martin & Sapsis, 1992; Steel et al., 2024).
However, theory and mixed empirical support globally suggest
that the hypothesis that pyrodiversity begets biodiversity is not
universally true or is nonlinear (Jones & Tingley, 2022). For
example, high levels of pyrodiversity may result in habitat frag-
mentation to the detriment of species that need large patch sizes
(He et al., 2019). More generally, for ecosystems that historically
had low levels of pyrodiversity, the native ecological community
may not be adapted to conditions of high pyrodiversity (Steel
et al., 2024).

Conservation and restoration ecology often use historical ref-
erence conditions to inform ecosystem management targets and
improve ecological integrity (McClenachan et al., 2024). Eco-
logical integrity is defined by Wurtzebach and Schulz (2016)
as “The ability of an ecological system to support and main-
tain a community of organisms that has species composition,
diversity, and functional organization comparable to those of
natural habitats within a region.” The use of “natural” or
“historical” (when including Indigenous stewardship) targets
inherently assumes that ecological integrity is maximized or at
least achieves high levels under conditions in which species
evolved and communities assembled prior to broad ecologi-
cal changes associated with Euro-American colonization and
global change (Wiens et al., 2012). However, this predominant
assumption is often untested.

Directly testing what fire regime conditions maximize biodi-
versity and ecological integrity is often challenged by filtering
bias where only a portion of the relevant environmental
variation is observed due to dramatic shifts from historical con-
ditions (Prichard et al., 2017). In historically frequent-fire forests

(fire return interval <35 years) of the western United States,
widespread timber harvest of large, fire-resistant trees and a cen-
tury of exclusion of Indigenous burning and fire suppression
have led to high forest density and reduced landscape hetero-
geneity (Eisenberg et al., 2024; Lydersen & Collins, 2018). The
resulting fuel buildup plus a warming climate are driving unchar-
acteristically large and severe megafires (Stephens et al., 2022;
Williams et al., 2023). Consequently, much of the fire and biodi-
versity research to date has focused on landscapes of extremes
composed of forests in great deficit of fire and areas recently
affected by these megafires (e.g., Steel et al., 2019; Tarbill et al.,
2023). Fire ecology and conservation science are left with few
intact reference sites in which to test the assumption that his-
torical conditions are equivalent to high ecological integrity
and a full relationship between fire and biodiversity. Further,
managing for historical conditions is increasingly challenging
given the large discrepancies between historical and contem-
porary climate. Understanding the conditions that maximize
biodiversity is an important step in defining a desired range
of variability and in determining whether such desired condi-
tions differ from historical references and whether either target
is feasible under shifting disturbance regimes (Jackson & Hobbs,
2009).

For the past several decades, federal land management agen-
cies in the western United States have used managed wildfires
(i.e., naturally ignited fires managed primarily for resource ben-
efits in predetermined areas) to reduce hazardous fuels and
restore fire as an essential and natural ecological process (van
Wagtendonk, 2007). Recent policy changes (i.e., 2009 Guid-
ance for Implementation of Federal Wildland Fire Management
Policy) have increased the number of managed wildfires, but
the total burned area remains largely unchanged because the
practice is constrained to a select number of wilderness areas
and remote landscapes in the western United States (Iniguez
et al., 2022; Young et al., 2020). Yet, in these wilderness
areas, the repeated use of this fire management strategy has
been successful at reestablishing frequent-fire regimes, restoring
ecosystems, building resilience to subsequent fires, and achiev-
ing a broad range of fire histories and pyrodiversity (Miller &
Aplet, 2016; Steel et al., 2021; Stephens et al., 2021; van Wag-
tendonk, 2007). Additionally, these pyrodiverse landscapes serve
as contemporary reference areas that can either supplement or
refine historical understanding, particularly at larger landscape
scales where quantitative historical information is often lacking
(Meyer, 2015). For our purposes, these landscapes also provide
the best available opportunity to test the impacts of a wide range
of fire histories on the diversity of multiple taxonomic groups.

To identify optimal wildfire characteristics for biodiversity, we
leverage 2 wilderness areas in the Sierra Nevada of California
that are the subject of a long-term experiment of restoring the
historical frequent-fire regime of the region. By analyzing mul-
tiyear biodiversity survey efforts in these areas, we considered
the following questions: how do the taxa respond to differ-
ent spatial scales, levels of ecological memory, and measures
of pyrodiversity (Question 1); how does bird, plant, and bat
species richness vary across gradients of burn severity, fire fre-
quency, and pyrodiversity (2); and how does the fire regime that
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FIGURE 1 Yosemite National Park (brown boundaries) and Sierra National Forest (green boundaries) study areas in the Sierra Nevada of California, USA.
Polygons of fires between 1985 and 2020 are shown to illustrate the fire history of the area.

supports the greatest total species richness compare with
historical fire regime (3)?

METHODS

Study areas

Our study areas included 2 landscapes managed as wilderness in
the Sierra Nevada of California (USA) (Figure 1). The first study
area was in Yosemite National Park and included a watershed
where managed wildfire has been employed since the 1970s
and a contiguous area with long-unburned patches. The second
study area was to the southeast in the Ansel Adams Wilderness
in the Sierra National Forest, where the use of managed wildfire
for resource benefit was implemented starting in 2003.

Survey locations in the Yosemite study area had 0–4 fires
since 1985. Locations in the Sierra National Forest study area
had one or 2 fires during this time, most notably the 2018
Lion’s Fire (Figure 1). Study areas were primarily composed
of Jeffrey pine (Pinus jeffreyi), mixed conifer, and red fir (Abies

magnifica) forests intermixed with patches of meadows and
shrublands. Before Euro-American colonization, fire regimes
of yellow pine (including P. jeffreyi and P. ponderosa) and mixed
conifer forests were characterized by frequent fires (5- to 15-
year return intervals), primarily of low to moderate severity.
High severity patches were estimated to occur over 8% of the
landscape on average in a salt-and-pepper pattern in which
patch sizes were typically small (Collins & Stephens, 2010; Saf-
ford & Stevens, 2017). In comparison, red fir forests (occurring
above the mixed conifer zone) historically supported moder-
ately frequent-fire regimes (40- to 50-year mean return intervals)
that burned primarily at low to moderate severity. On aver-
age, 11% of burn areas were of high severity (Meyer & North,
2019). Relative to contemporary fire-suppressed forests, man-
aged wildfires in these landscapes have resulted in increased
fire frequencies, greater structural and landscape heterogeneity,
reduced fuels, improved watershed function, and forest struc-

tural features similar to historical conditions (Boisramé et al.,
2017; Collins et al., 2016; Meyer & North, 2019).

Biodiversity surveys and environmental data

Bird, plant, and bat surveys were conducted during the summers
of 2021 and 2022 in both study areas. Plant surveys conducted
in 2012 in Yosemite with the same sampling method were also
included. The bird community was surveyed using a 5-min point
count protocol in which experienced observers recorded each
detected individual bird and its initial distance from the point
center (Ralph et al., 1993). Morning surveys were conducted
during the peak breeding season (late May to early July) in both
years, and repeat surveys were conducted by different observers,
where possible, to reduce the likelihood of observer bias. The
plant community was sampled by a trained botanist using a
timed area search where all plant species were identified when
possible. Bat surveys were conducted using acoustic record-
ing units (SMMBAT—Wildlife Acoustics) with microphones
that provide full-spectrum recordings of bat echolocation calls.
Recorded calls were classified using SonoBat 4.3 and the west-
ern regional library. SonoBat-corrected counts were used to
determine whether a species was observed during each survey
night. Corrected counts exclude low-quality or ambiguous calls
to minimize misclassifications. Recording units were elevated
approximately 2 m above the ground and were located away
from immediate sources of clutter (e.g., branches) and sound-
reflective surfaces that might distort recordings. Detectors were
deployed for approximately 2-week survey periods from May to
September, recording each night.

An interagency fire perimeter database was used to calcu-
late fire frequency (https://www.fire.ca.gov). Burn severity as
measured by the composite burn index (CBI) was estimated
using Google Earth Engine (Gorelick et al., 2017) and the Parks
et al. (2019) model. Pyrodiversity was calculated as the func-
tional dispersion of severity, frequency, and patch size across the
local landscape. Functional dispersion is similar to the median
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absolute deviation statistic when applied to a single variable but
can be calculated for multiple variables (up to 3 in our case)
with equal or differing variable weights (Laliberté & Legendre,
2010). To test the relative importance of different aspects of the
fire regime when calculating pyrodiversity, functional dispersion
was calculated using all unique combinations (10 total) of sever-
ity, frequency, and patch size with weights of 0%, 33%, 67%,
or 100%. Elevation, which correlates with species distributions
(Siegel et al., 2011), was extracted using the elevatr R package
(Hollister & Shah, 2017). Patches of distinct fire effects were
defined by discretizing fire severity into 4 classes—unchanged,
low, moderate, and high—based on thresholds defined by Miller
and Thode (2007) for each fire year. Patch size was subsequently
calculated in log hectares. Habitat structural characteristics and
soil type were collected in the field at each survey point as local
model covariates.

Fire regime variables were summarized at different spatial
extents (radius size) and levels of ecological memory. Ecological
memory, or the strength of the invisible matrix, was measured as
the relative weight of fire characteristics of burns that occurred
prior to the most recent event. When calculating fire regime
traits, values are often averaged across the period of record
(100% memory) or values from only the most recent distur-
bance are used (0% memory). For example, fire frequency can
be calculated as the mean interval between all recorded fires or
as the time since the last fire, respectively. In addition to these
extremes, intermediate levels of ecological memory can be cal-
culated using a recency-weighted average where the weight of
older fires decays in order (Steel et al., 2021).

Site selection

We sought to sample evenly across the range of fire regime char-
acteristics represented in our study area. Initially, a 250-m grid
of potential sample sites was created across the Yosemite and
Sierra National Forest Wilderness areas for 2021 and 2022 sur-
veys. For each grid point and the existing 2012 Yosemite plant
survey locations, values were calculated for fire return interval,
severity, and severity class patch size of the most recent fire. For
each point, the mean and standard deviation of each variable
were calculated within 500 m. The point elevation and domi-
nant forest type were also extracted. These values were used to
characterize the multidimensional environmental space of the
potential sample point population. Starting with all potential
points (n), functional evenness was calculated using the FD R
package (Laliberté & Legendre, 2010), where each environmen-
tal variable was considered a functional trait. Each individual
point was then removed from the sample population, and func-
tional evenness was recalculated for the n − 1 subpopulation.
The removed point for which the n − 1 sample population had
the highest evenness value was dropped, and the removal pro-
cess was repeated i times until n − i was sufficiently small that
functional evenness could no longer be calculated (i.e., when
the number of traits considered exceeded the sample population
size). The reverse point drop order was used as the site sample

priority so that data collection maximized the sampled environ-
mental heterogeneity across the variables of interest (Appendix
S1). This prioritization process was done separately for each
study taxa. For birds, the drop process was done at the tran-
sect level where all points in a transect were dropped together.
The 2012 plant surveys followed a systematic sampling design
that stratified across forest type and number of previous fires.

During the 2012, 2021, and 2022 survey seasons, unique sur-
vey locations totaled 313 for birds, 144 for plants, and 53 for
bats. Of these, 304 bird, 28 plant, and 5 bat locations were
sampled in 2 of the survey years, with the remaining locations
surveyed in only one year. On average, bird locations were sur-
veyed 1.3 times in a season, and bat locations were surveyed
during 9.2 nights per season to aid in detection rate estimation.
The elevational range of all sample points was 1854–2696 m.
Points had experienced 0–4 fires since 1985. For those points
that had at least one burn, the mean time since last fire was
16 years. The full range of fire severity was sampled, from
unburned to high severity (0–3 CBI). No points included 100%
high severity within 1000 m, which resulted in CBI values of <3
mean severity at broader spatial scales.

Statistical analyses

Our study objectives required models that maximized predic-
tive performance and statistical inference. Because these 2 goals
often require different model structures (McElreath, 2016), we
fit 2 classes of models for each taxa, hereafter referred to as pre-

diction and inference models. Specifically, prediction models were
used to assess how different taxa respond to variable spatial
scales, levels of ecological memory, and measures of pyrodiver-
sity (Question 1). Inference models were used to test fire effects
on species richness (Question 2). Prediction models were also
used to compare fire regimes in areas of high species richness
to our reference landscapes overall (Question 3). The analy-
ses were carried out in 3 steps (prediction model selection,
inference model fitting, and spatial predictions and comparison)
described below and visualized in Appendix S2.

Prediction models were fit first and were used to compare
different spatial scales and levels of ecological memory. In the
case of birds and bats where detection rates were imperfect,
we fit multispecies occupancy models (MSOMs) consisting of
occurrence and detection submodels with the spOccupancy R
package (Doser et al., 2022). Observation data are binary, and
ys,i , j = 1 when species s was detected at point i and survey j,
or ys,i , j = 0 when a species was not detected. For birds, repli-
cate surveys j consisted of one or 2 visits per year. For bats,
each recording night was considered a replicate survey for a
point. We assumed the detection–nondetection data arose from
a Bernoulli process:

ys,i, j ∼ Bernoulli
(

ps,i, j Zs,i

)
,

 15231739, 0, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/cobi.70079, W

iley O
nline L

ibrary on [24/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



CONSERVATION BIOLOGY 5 of 12

logit
(

ps,i, j

)
= vs,i, j ffs , (1)

where ps ,i , j is the probability of detecting species s at site i during
replicate j. Detection probability was modeled as a function of
site or replicate covariates ν and species-specific coefficients αs.
The latent occurrence variable Zs is assumed to arise from a
Bernoulli process:

Zs,i ∼ Bernoulli
(
Ψs,i

)
, (2)

logit
(
Ψs,i

)
= xifis ,

where Ψs ,i is the probability of occurrence of species s at site i.
This was modeled as a function of site-specific covariates χ and
species-specific coefficients βs. Regression parameters αs and βs

were estimated as random effects arising from community-level
distributions.

Occurrence covariates χ included the fire regime measures of
pyrodiversity, burn severity, fire frequency, patch size, and mean
elevation of a site. Linear and quadratic terms were included for
these variables, allowing the models to find occurrence optima
or nadirs. Because many sites were sampled in both study years,
point identity (ID) was included as a random effect, as we
expect occurrence rates to be similar between survey years at the
same location. This can be considered a correlative multiseason
model because we did not model extinction and colonization
rates as is done in dynamic multiseason models. Bird occur-
rence covariates also included transect ID as a random effect
to account for the spatial structure of our sampling design.
Detection covariates (ν) for the bird model included Julian
day (and its quadratic), time of day, canopy cover, and shrub
cover. The bat detection covariates included Julian day (and its
quadratic), mean temperature during the sampling night, a mea-
sure of noise during the sampling night (number of recordings
of bat passes/number of triggered recordings), lunar illumina-
tion during the sampling night (calculated using the Lunar R
package; Lazaridis, 2022), site canopy cover, and shrub cover.
For the plant prediction models, we fit a generalized linear
model with site species richness as the response variable and
a Poisson error structure. We included the same fixed effects
as the MSOM occurrence submodels above as predictors, plus
point ID and soil type (sensu Wilkin et al., 2021) as random
intercepts.

We used a model selection approach to test whether pre-
diction of richness was sensitive to spatial scale and ecological
memory. For spatial scale, we fit models for each taxa that varied
by the radius in which predictors were summarized (100, 500,
and 1000 m). Additional spatial scales were subsequently added
for the plant (50-m radius) and bat (2500-m radius) model sets
to ensure the optimal scale for each was included within the
range of radii tested. Fire covariates were also calculated at 3
levels of ecological memory where values from only the most

recent fire were included (0%, full amnesia), the weight of older
fires decayed by 50%, and all overlapping fires at a pixel received
equal weight (100%, perfect memory). Models were also fit for
each of the 10 versions of the pyrodiversity metric, resulting in a
total of 90 (birds) or 120 (plants and bats) candidate models per
taxa. Each candidate model was fit with 5-fold cross-validation
(with consistent folds across model runs) to calculate out-of-
sample predictive performance. When running cross-validation
for the MSOMs and plant models, we followed the recommen-
dations of the spOccupancy and BRMS packages, respectively.
As such, for MSOM cross-validation, we used deviance as the
scoring rule (Doser et al., 2022). For the plant models, we used
a k-fold information criterion score (Bürkner, 2017). All model
scores are included in the associated github repository (link
below). The best-performing predictive models were used to
identify the optimal spatial scale and level of ecological memory
(Question 2).

A second set of models were fit specifically for inferring
the influence of burn frequency, severity, and pyrodiversity on
species richness. These inference models differed from the pre-
dictive models in 2 ways. First, to avoid statistical confounding
of related fire regime metrics, separate models were fit for each
of the 3 fire regime metrics of interest (linear and quadratic
terms), and potentially confounding fire regime metrics were
excluded a priori. For example, when seeking to test the effect
of fire frequency on species richness, fire severity was excluded
as it would constitute a posttreatment effect (Grace & Kee-
ley, 2006) because the probability of severe fire increases with
time since fire (Steel et al., 2015). Second, the bird and bat
inference models used estimates of species richness with fully
propagated uncertainty calculated from MSOM posteriors of
each species’ predicted occurrence rates as part of a 2-step
MSOM (Steel et al., 2022; Tingley et al., 2016). Specifically, for
each sample point, the model response included the mean and
standard deviation of MSOM-estimated richness as parameters
in a measurement error model run with the BRMS R package
(Bürkner, 2017). To test the sensitivity of the pyrodiversity effect
to different trait weights, models were run for each of the 10
pyrodiversity metrics, and the linear effect estimates were com-
pared for each taxon. The pyrodiversity metric with the highest
absolute effect was included in the final inference model that
also included a quadratic term to allow for pyrodiversity optima
or nadir. Inference models had predictor variables calculated
with the scale and level of ecological memory selected through
cross-validation of the predictive models. For all models, con-
tinuous covariates were scaled with a mean of 0 and a standard
deviation of 1.

The best-performing predictive models were also used to
make spatially explicit predictions of species richness with
respect to fire across our study area based on the realized fire
conditions as of 2020 (Question 3). Elevation was kept at its
mean value; thus, predictive surfaces were conditional on the
fire histories only. Predicted species richness was normalized
from 0 to 1, where 1 represented the maximum predicted value
for a taxon. The 3 normalized richness rasters were summed to
create an index of multitaxa richness ranging from 0 to 3. Fire
variable values were extracted from the 20% most speciose pix-
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els (i.e., richness hotspots) to assess the fire conditions expected
to create the highest overall richness. The distribution of burn
severity, frequency, and pyrodiversity in these richness hotspots
was compared with the available landscape as determined by the
geographic convex hull of sample points. Additionally, we quan-
tified under which fire regime conditions hotspots occurred
more often than would be expected from a random sampling of
the study areas by calculating the difference in the proportion
of each fire characteristic distribution in 6 quantiles between the
available landscape and the hotspot areas.

Spatial autocorrelation is a potential problem, especially for
wide-ranging species, such as birds and bats. To minimize statis-
tical challenges associated with spatial autocorrelation, we made
the following adjustments: large-ranging birds, such as raptors,
were excluded from the analysis; avian point count transect ID
was included as a random effect to model any residual correla-
tion among clustered point count locations; cross-validation was
used to compare different spatial scales rather than information
criteria approach, which can be sensitive to shared predictor
information when broadscale radii (e.g., 1000 m) around sam-
ple points overlap; and bat survey locations were spaced farther
apart than plants and birds (approximately 500 m at minimum).
Proper mixing of model sampling chains was checked using
traceplots, and community-level parameter estimates had R-
hat values of <1.1, indicating convergence. Posterior predictive
check Bayesian p values (spOccupancy models) and visualiza-
tions (BRMS models) indicated adequate fit. All analyses were
conducted in the R statistical environment (R Core Team, 2024).
Code and data are available at https://github.com/zacksteel/
FireBioOptima.

RESULTS

Spatial scale and ecological memory

The best-performing predictive models for each taxa showed
that plants responded to fire effects at fine scales, whereas
bird and bat communities responded to fire at increasingly
broad scales (Appendix S3). The highest performing plant
model included variables summarized within a 100-m radius,
although models trained on 50-m radii performed nearly as well.
The best-performing bird models included predictor variables
summarized within a 500-m radius, and the best bat mod-
els included predictor variables summarized within a 1000-m
radius. When considering different levels of ecological memory,
the best plant and bird models included information on only
the most recent fire event (0% memory), and the top bat model
included equal weighting of all past fire events (100% memory)
(Appendix S3).

Pyrodiversity effects

The linear relationship between species richness and pyrodiver-
sity was highly sensitive to the choice of fire regime component
included in the pyrodiversity metric. Of the 10 versions of

pyrodiversity assessed for each taxa, the majority had positive
relationships with species richness as well as some instances
of negative or neutral effect estimates. In the case of birds, 5
pyrodiversity effects were positive, 3 were negative, and 2 had
95% credible intervals (CIs) that included 0, indicating weak or
imprecise effect estimates (Figure 2a). The strongest absolute
effect of pyrodiversity for birds was positive and represented by
a functional dispersion metric composed of two-thirds sever-
ity and one-third frequency (βfdis = 0.896, 95% CI 0.645 to
1.143). The strongest negative effect of pyrodiversity for birds
was composed of 100% fire frequency (βfdis = −0.652, 95% CI
−0.863 to −0.420). In the case of plants, 8 out of 10 pyrodi-
versity effects were positive, and 2 showed weak or uncertain
effects (Figure 2b). The strongest absolute pyrodiversity effects
were positive and came from 2 metrics composed of two-thirds
severity and one-third frequency and a fully balanced version
(one-third severity, frequency, and patch size) (βfdis = 0.102,
95% CI 0.068 to 0.137). No pyrodiversity metric resulted in
a clear negative effect on plants. For bats, 6 out of the 10
tests of pyrodiversity showed positive effects, one negative, and
3 weak or neutral effects (Figure 2c). The strongest absolute
effect was positive, resulting from a functional dispersion met-
ric composed of two-thirds patch size and one-third frequency
(βfdis = 0.852, 90% CI 0.548 to 1.145). The strongest negative
effect on bats was a pyrodiversity metric composed of 100%
burn severity (βfdis = −0.642, 95% CI −0.954 to −0.313).

Species richness and fire regime traits

Our inference models showed clear responses of birds, bats,
and plants to different aspects of the region’s fire regime and
often indicated peaks or nadirs at certain levels of severity,
frequency, and pyrodiversity. The 3 taxa responded quite dif-
ferently to burn severity. Bird richness peaked at moderate
levels (approximately 1.5 CBI), as estimated by positive linear
(βsev = 1.384, 95% CI 1.077 to 1.699) and negative quadratic
(βsev2 = −1.107, 95% CI −1.351 to −0.858) parameters. Plant
richness declined as fire severity increased (βsev = −0.069, 95%
CI −0.121 to −0.017), and bat richness showed a U-shaped
response (βsev2 = 0.641, 95% CI 0.126 to 1.129). The lowest
bat species richness was expected at low to moderate sever-
ity sites (approximately 1 CBI) (Figure 3a; Appendices S4 &
S5). Species richness declined as years since fire increased for
birds (βfreq = −1.646, 95% CI −2.000 to −1.259) and plants
(βfreq = −0.187, 95% CI −0.231 to −0.143). For the bird
and plant models, frequency was equivalent to years since fire
because the models were fit with 0% ecological memory. Bird
richness leveled off after approximately 25 years since fire,
reflecting a positive quadratic term (βfreq2 = 1.874, 95% CI
1.450 to 2.323). The bat model showed the opposite effect,
with species richness expected to increase as fire return intervals
lengthened (βfreq = 1.218, 95% CI 0.657 to 1.743) (Figure 3b).
The effect of pyrodiversity was positive for final models of all
3 taxa with no indication of a pyrodiversity maxima. Quadratic
parameters were also positive for both birds (βfdis2 = 0.237, 95%
CI 0.034 to 0.435) and bats (βfdis2 = 0.637, 95% CI 0.319 to
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FIGURE 2 Linear effect estimates of different pyrodiversity metrics for (a) birds, (b) plants, and (c) bats. Circle position along the three axes indicate the
relative weight of the severity, frequency, and patch size in the three-trait measure of functional dispersion. Arrows point to the largest absolute effect for each taxa;
bold numbers and circle outlines indicate estimates where 95% credible intervals do not include zero. For example, the strongest pyrodiversity effect for birds is a
metric that is weighted 67% severity (reading up from the bottom axis), 33% frequency (from the top axis), and 0% patch size (from the right axis). Models were fit
using the scale and level of ecological memory for each species identified during the cross-validation process.

FIGURE 3 Marginal effects of (a) mean burn severity, (b) mean burn frequency, and (c) pyrodiversity (scaled from 0 to 1) for the final bird (purple), plant
(green), and bat (brown) inferential models. The bird and plant models are fit with predictors for which values are from the last fire (i.e., frequency is equal to years
since fire). The bat model was fit with predictors representing the mean of all fires since 1985 (i.e., frequency is equal to the mean fire return interval). For birds and
bats, points represent the median and lines the 95% prediction intervals of richness from the final multispecies occupancy model.

0.949), indicating increasingly positive effects at higher levels of
pyrodiversity (Figure 3c; Appendix S5).

Areas of high overall species richness with respect to fire
regime conditions showed clear spatial clustering across our 2
study areas (Figure 4a,b). The richness hotspots largely encom-
passed low to moderate severity fire areas (Figure 4c). The
median and interquartile range of this optimal severity for bio-
diversity (CBI median = 1.36, IQR = 0.53–1.9) was higher

than the landscapes overall (CBI median = 0.86, IQR = 0–
1.61). Hotspots occurred less often in unburned areas or areas
of very low severity fires and more often in moderate severity
areas than would be expected by random chance (Figure 4d).
Thirteen percent of hotspots fell in high severity (CBI > 2.24)
fire areas, which was somewhat higher than the full landscape
(9%) and historical mean estimates for yellow pine and mixed
conifer (8%) and red fir (11%) forests (Meyer & North, 2019;
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8 of 12 STEEL ET AL.

FIGURE 4 Total species richness across study areas in (a) Yosemite National Park and (b) Ansel Adams Wilderness area; (c) density distributions of burn
severity, frequency, and pyrodiversity (i.e., frequency of each fire regime characteristic) across the combined study areas (gray) and the species richness hotspots
(yellow) (top 20% of pixels) (bars and points represent interquartile ranges and medians of each distribution); and (d) biodiversity hotspot selection relative to
available fire regime conditions (brown, hotspots occurred less often than random [negative values]; green, hotspots occurred more often than random [positive
values]; vertical dashed lines indicate composite burn index [CBI] severity level cutoffs).

Safford & Stevens, 2017). The richness hotspots primarily fell
in recently burned areas (median = 4 years, IQR = 1–30).
This was far more often than was typical across the study
areas (median = 20 years, IQR 1–37) and historical estimates
of 5- to 15-year return intervals for yellow pine and mixed
conifer and 40–50 years for red fir forests (Meyer & North,
2019; Safford & Stevens, 2017). Although some hotspots were
found in areas that had not burned in at least 30 years,
this occurred less often than expected given a random sam-
ple. Areas with moderate burn frequency did not contain
any richness hotspots (Figure 4c,d). Pyrodiversity in hotspot
areas (median normalized value = 0.46, IQR = 0.36–0.55) was
largely characteristic of the landscape overall (median = 0.45,

IQR = 0.30–0.56), but pyrodiversity in hotspots had a slightly
more constricted range.

DISCUSSION

Our results revealed complex relationships between fire regimes
and biodiversity in California’s Sierra Nevada and highlight
some important differences between reference conditions and
areas of realized species richness optima. This work builds on
earlier studies by examining how multiple taxa respond to com-
plex fire patterns across multiple scales. Biodiversity responses
to fire varied among birds, plants, and bats, underscoring the
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challenges in managing fire for multiple taxa simultaneously,
especially under a changing climate and fire regimes. Both bird
and plant richness peaked in recently burned areas, although
birds benefited from moderate severity fire, whereas plant rich-
ness declined with increasing fire severity. In contrast, bat
richness was maximized in areas with longer fire return inter-
vals and was lowest in areas dominated by low Past research has
shown severity fire. Pyrodiversity was beneficial for all 3 taxa,
suggesting a focus on variation in fire history may present a
broadly successful conservation strategy. Predicted biodiversity
hotspots occurred in somewhat more frequently and severely
burned areas than was typical across the 2 reference landscapes
and relative to historical estimates.

Variable fire impacts on biodiversity

The variable responses to fire among birds, plants, and bats
reflect their distinct life histories and habitat requirements. For
birds, the preference for recently burned areas with moderate
severity and high pyrodiversity likely reflects the diverse nest-
ing and foraging requirements of different bird species (Taillie
et al., 2018; Tingley et al., 2016). These fire conditions create a
mix of open forest and early-seral vegetation, including mead-
ows and montane chaparral, as well as diverse structures that
simultaneously support species associated with live canopy, cav-
ities excavated from snags, and understory vegetation (Beedy &
Pandolfino, 2013; Roberts et al., 2021). Plants showed a similar
preference for recently burned areas, which may be attributed
to reduced competition and increased resource availability fol-
lowing fire (Bond & Wilgen, 2012). However, the negative
relationship with burn severity indicates that extreme fire events
can be detrimental to plant diversity, particularly as time since
fire increases (Weeks et al., 2023). This result contrasts some-
what with previous studies that showed a moderate severity
peak in similar forests (Richter et al., 2019). One clear difference
is that Richter et al. (2019) examined single, full-suppression
wildfires (i.e., forests burned once following a period of long-
term fire exclusion) compared with the pyrodiverse landscapes
of this study. Bat preference for areas with longer fire return
intervals and depressed richness levels in low-severity areas
presents an interesting contrast to the other 2 taxa. Past research
has shown a positive relationship between burn severity and
bat richness—with the lowest diversity in unburned areas (Steel
et al., 2019). Steel et al. (2019) hypothesized that fire suppres-
sion and subsequent forest densification decrease habitat quality
to an extent that even “clutter-adapted” bat species prefer more
disturbed areas. Unburned areas in our current study area were
embedded in a more pyrodiverse landscape and forests that
had not experienced extensive harvest of large trees, as is com-
mon outside of wilderness areas (Collins et al., 2017), potentially
making these old-growth forests more appealing bat habitat
than unburned forests elsewhere. The bimodal peak in bat rich-
ness here likely better reflects the diversity of bat functional
groups that forage and roost in both open- and closed-canopy
forested habitats (Blakey et al., 2019, 2021).

Our results support the pyrodiversity–biodiversity hypothesis
(Martin & Sapsis, 1992; Steel et al., 2024). Although we found

positive relationships between pyrodiversity and species rich-
ness across taxa, the specific components of fire regimes that
drove these relationships varied. This highlights the importance
of considering multiple aspects of fire history when assessing
pyrodiversity’s effects on biodiversity (Steel et al., 2021; Wilkin
et al., 2021) and hints at one reason the observed effect of pyro-
diversity varies among studies in the literature (Jones & Tingley,
2022). We found little evidence of diminishing returns or neg-
ative impacts of high levels of pyrodiversity, contrary to some
previous hypotheses (He et al., 2019). This suggests that in
our study areas, which have a wide range of fire conditions,
even high levels of pyrodiversity continue to benefit biodiver-
sity. However, this relationship may not hold true for all taxa or
in landscapes not adapted to frequent fire or in landscapes with
substantial habitat loss (Jones & Tingley, 2022).

Our analyses revealed important differences in how birds,
plants, and bats respond to spatial scale and ecological mem-
ory. Predictive model performance improved with increasingly
broader spatial scales for plants, birds, and bats, respectively.
This ordered result aligns with the life histories of these taxa.
Plants, being sessile, are most affected by local fire conditions
(Wilkin et al., 2021). Birds and bats, being mobile, respond to
habitat features across broader landscapes, with bats showing
the largest scale of response. The concept of ecological mem-
ory, or the lasting effects of past disturbances, also varied among
taxa. Plants and birds showed little sensitivity to fires prior to
the most recent event, suggesting a relatively limited memory
of fire effects. In contrast, bat models performed best when
incorporating the full fire history, indicating a stronger ecologi-
cal memory. This may reflect the importance of habitat features
created by earlier fires, such as high-quality snag or injured
tree roost sites, which maintain or increase in value through
subsequent burns (Campos et al., 2020; Loeb & Blakey, 2021).

We tested fire regime components, which are indirect drivers
of biodiversity. Many factors determine habitat quality, including
vegetation structural and compositional characteristics. These
characteristics are directly influenced by fire, but they are also
a product of the underlying edaphic and biophysical environ-
ment (Collins et al., 2016). The ability to manage for conditions
that optimize biodiversity would benefit from additional studies
assessing these direct drivers—perhaps by taking advantage of
advances in remotely sensed data acquisitions (lidar, Unmanned
Aircraft System imagery). Further, to gain a fuller understanding
of ecological integrity, other aspects of biodiversity (e.g., even-
ness, functional diversity, and beta diversity) should be assessed,
along with the responses of individual species of conservation
concern (Miller-ter Kuiler et al., 2025).

History as an imperfect surrogate for ecological
integrity

Conditions maximizing species richness across the 3 taxa stud-
ied represent somewhat more frequent and severe fire patterns
than the estimated historical fire regime. These results perhaps
represent some good news for biodiversity in this system, as
fire regimes are trending toward higher frequency and greater
severity. However, much of the recent megafires experienced in
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fire-suppressed forests overshoot these optima with very large
high severity patches that result in low local pyrodiversity and
lower biodiversity (Steel et al., 2022), large-scale vegetation type
conversion (Guiterman et al., 2022), and diminished ecosystem
integrity and services (Stephens et al., 2020). Our results, show-
ing greater bird and plant diversity in recently burned areas, may
reflect historical filters of the species pool whereby early succes-
sional species are represented by more species-rich clades (Betts
et al., 2019). Management efforts that push conditions toward
historical targets appear to benefit biodiversity relative to the
contrasting landscapes of fire-suppressed forests and megafires
that dominate dry forests of the western United States (Fontaine
& Kennedy, 2012). However, by examining biodiversity maxima
in these landscapes, one can refine and update the understand-
ing of desirable fire patterns beyond what is inferred from
historical estimates alone. Importantly, our results and those of
others (e.g., Fontaine & Kenney, 2012) suggest that biodiversity
conservation may require greater flexibility in fire management,
potentially accepting somewhat more frequent and severe fires
than occurred historically, at least during initial, first-entry fires
(i.e., fires that followed a long period of exclusion) (Meyer,
2015). This is particularly relevant as land management agen-
cies work to reestablish primarily low to moderate severity fire
regimes at broad scales and increase the pace of beneficial wild-
land fire (especially managed wildfires) on the landscape (North
et al., 2021; USDA, 2022). Management frameworks that focus
on ecosystem resilience and direct measures of biodiversity may
be necessary supplements to traditional ecosystem restoration
under changing disturbance regimes (Falk, 2017).

Managing frequent-fire forests for biodiversity presents a
complex challenge that requires balancing the needs of mul-
tiple taxa and practical barriers. Our results indicated that
frequent moderate severity fire creating pyrodiverse landscapes
maximizes species richness, but this condition alone may not
benefit all species. Patches of infrequently burned mature forest
embedded in a heterogeneous frequent-fire landscape appear
important for part of the montane bat community as well as
other mature forest specialists, such as the California spot-
ted owl (Strix occidentalis occidentalis) and pacific fisher (Pekania

pennanti) (Doty et al., 2023; Kramer et al., 2021; Thompson
et al., 2021). Frequent moderate severity fire may also appear
at odds with other management objectives, including main-
taining large amounts of vegetative carbon on the landscape
(Bernal et al., 2022) to partially offset fossil fuel emissions and
mitigate climate change. However, continued exclusion of fire
makes mature forest habitats and carbon stocks increasingly
susceptible to loss from severe disturbance (Steel et al., 2023).
Managers are faced with the difficult but necessary task of build-
ing resilience of mature forests and carbon stocks through the
careful use of fire or fire surrogates (Stephens et al., 2024) while
minimizing negative impacts on sensitive species (Eisenberg
et al., 2024; Halofsky et al., 2024). Our results support continued
and expanded use of managed wildfire and a broader acceptance
of mixed-severity fire effects in prescribed burning where appli-
cable. Further, pyric landscapes conducive to high biodiversity
can be maintained or enhanced in low to moderate severity areas
of unplanned wildfires.

Although historical fire regimes provide valuable context, our
results demonstrated that tying ecological integrity directly to
observed biodiversity optima offers a more nuanced and poten-
tially more effective approach for setting conservation targets.
This method allows the adaptation of management strategies
to current ecological realities, including changing climate and
fire regimes, rather than relying solely on historical estimates
that may no longer be achievable or optimal. By embracing
this outcome-centric approach to ecological integrity, managers
can develop more flexible, data-driven strategies that promote
resilient, diverse ecosystems while navigating the challenges of
contemporary forest management.
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