W) Check for updates

Received: 24 January 2024 Revised: 10 February 2025 Accepted: 26 February 2025

DOI: 10.1002/ecs2.70263

ARTICLE

Severity outweighs pyrodiversity in shaping avian and bat
species distributions following an oak woodland megafire

Kendall L. Calhoun®

Zachary L. Steel> | Phoebe Parker-Shames'® |

Haylee Oyler' | Justin S. Brashares'

1Department of Environmental Science,
Policy, & Management, University of
California, Berkeley, Berkeley,
California, USA

2USDA Forest Service, Rocky Mountain
Research Station, Fort Collins,
Colorado, USA

Correspondence
Kendall L. Calhoun
Email: klcalhoun@ucla.edu

Funding information

National Geographic Society (Early
Career Grant), Grant/Award Number:
EC055045R-20; National Science
Foundation (Graduate Research
Fellowship Program)

Handling Editor: C. Jason Williams

INTRODUCTION

Fire plays a major role in shaping patterns of species
distributions and diversity in many ecosystems across the
world (McLauchlan et al., 2020; Viljur et al., 2022).
The historical and contemporary anthropogenic use of

Abstract

Anthropogenic pressures have altered fire regimes across the western United
States. These altered fire regimes, and the megafires they often produce,
threaten ecologically and economically critical ecosystems and biodiversity
across this region. Oak woodland savannas may be particularly sensitive to
altered fire regimes, but there remains a significant gap in our understanding
of how different characteristics of wildfire impact these ecosystems and the
wildlife species that reside within them. In this study, we used an occupancy
modeling framework to investigate how fire severity and pyrodiversity, the
diversity of severity patches, impact the distributions of bird and bat species
assemblages following a major wildfire in northern California. We used acous-
tic monitors deployed across the Hopland Research and Extension Center fol-
lowing the 2018 Mendocino Complex Fire and compared how patterns of fire
severity and pyrodiversity influence habitat preferences across a diverse com-
munity of woodland bird and bat species. We found that fire enhances habitat
use and increases occupancy for several species and species groups across both
taxonomic groups. Specifically, low-to-moderate severity fire increased occu-
pancy for several species and species groups. Pyrodiversity had smaller, negli-
gible effects on species distributions relative to fire severity. Fires that
reproduce the natural heterogeneity of oak woodland landscapes are likely key
to sustaining high biodiversity across oak woodland ecosystems.
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fire is an important tool for managing ecosystems in
ways that benefit wildlife use and ecosystem services
(Christianson et al.,, 2022). However, researchers con-
tinue to debate the exact mechanisms by which fire pro-
duces some of these observed effects (He et al., 2019;
Jager et al., 2021; Jones & Tingley, 2021). Simultaneously,
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land-use change and climate change have greatly increased
the frequency of fires that exceed 100 km? also known as
megafires (Linley et al., 2022), which greatly surpass the
severity (Williams et al., 2023) and size (Safford et al., 2022)
of historical wildfires. These megafires threaten large land-
scapes, potentially altering resource availability for wildlife
across both space and time by removing critical habitat
(Jones et al., 2016; Ward et al., 2020) and dramatically alter-
ing food resources (Kreling et al., 2021).

Fire severity and pyrodiversity are key mechanisms
that shape biodiversity in fire-prone landscapes. Fire
severity, or the measured change in living vegetation in
response to fire, may play a significant role in driving the
distributions of wildlife species following fire. For exam-
ple, high severity fires remove food, nesting, and other
habitat resources for certain species (Chia et al., 2016;
Franklin et al., 2022; Roberts et al., 2011), but open new
resources for others (Tingley et al., 2018). The presence of
varying burn severities may therefore support the pres-
ence of a broader variety of species (Novoa et al., 2021).
The dynamics of fire severity also vary across time and
space. This variation is measured by pyrodiversity, or the
variation in fire regime characteristics across landscapes
(Martin & Sapsis, 1992; Steel, Collins, et al., 2021).
Variation in fire severity across space (“spatial
pyrodiversity”) and variation in the timing of burns
(“temporal pyrodiversity”) across landscapes may pro-
duce a diverse mosaic of vegetation types. Greater habi-
tat heterogeneity created by pyrodiversity is expected
to support greater species diversity at the community
scale (Beale et al., 2018; Ponisio et al., 2016) and may
even enhance community resistance to future disturbances
(Ponisio, 2020). Theoretically, wildlife communities are
adapted to the historical regimes of an area, and deviations
from these historical patterns (e.g., uncharacteristically
frequent or severe fire or reduced pyrodiversity) may
have negative effects on wildlife communities (Jones &
Tingley, 2021). Understanding how severity and pyrodiversity
shape wildlife communities in burned landscapes will be key
to informing conservation actions that support wildlife
species in our current era of global change (Steel
et al., 2023). These insights are especially critical in
non-forested fire-prone ecosystems, like woodland savannas
and shrublands, where we have relatively limited research
on the impacts of fire on ecological communities (Calhoun
et al., 2021).

A better understanding of the role fire regimes play in
non-forested ecosystems can help guide the implementa-
tion of fire and wildlife management. Amidst ongoing
global change pressures, fire continues to play a key role
in many ecosystems (McLauchlan et al., 2020), including
ecologically diverse oak woodland savannas in the Western
United States. Oak woodlands serve as important working

landscapes by providing critical ecosystem services
to human communities while simultaneously suppor-
ting wildlife (Huntsinger & Oviedo, 2014; Kremen &
Merenlender, 2018). Oak woodland landscapes typically
consist of a patchwork of vegetation types, including oak
woodland savannas, grasslands, and chaparral shrubland
(Eastburn et al., 2017). These mixed-regime landscapes are
characterized by semi-frequent, low severity fires in the
understory of oak savannas and relatively infrequent,
high-severity crown fires in the chaparral (Perry et al., 2011).
Historically, Indigenous communities used fire in
woodland-scrublands to burn the understory in order to facil-
itate hunting and resource acquisition (Anderson, 2006).
Shifting fire regimes caused by the exclusion of Indigenous
burning, a century of fire suppression, and other anthropo-
genic pressures such as climate change may cause significant
damage to the short- and long-term composition and
functioning of these landscapes. These changes lead to
increased fuel loads that contribute to higher severity fires
(Parks et al.,, 2018) which cause mortality of mature oaks
(Williams et al, 2023), exhaust chaparral regeneration
(Syphard et al., 2006), and increase the presence of intro-
duced annual grasses (Keeley, 2000). Furthermore, changes
in fire regimes are predicted to have greater consequences for
biodiversity in savanna-type ecosystems, such as oak wood-
lands, than in other fire-prone ecosystems (Kelly et al., 2020).
Bird and bat communities provide key ecological func-
tions that support broader ecosystem services in oak wood-
land communities, such as agricultural pest removal
(Lépez-Hoffman et al., 2010) and oak regeneration
(Martinez-Baroja et al., 2021). However, the potential
positive and negative effects of wildfire on these spe-
cies’ distributions in these ecosystems remain poorly
understood. The effects of fire on Californian bird and
bat communities are nuanced and vary across specific
environmental contexts. Previous work in conifer forest eco-
systems suggests that large, high severity patches of fire neg-
atively influence the presence of trees and primary cavity
nesting birds (Steel, Fogg, et al., 2021) and certain insec-
tivorous and granivorous birds (Latif et al., 2016).
Simultaneously, the presence of some high severity
patches following fires can create new habitat niches for
fire-specialist species such as the Black-backed wood-
pecker (Picoides arcticus) which uses high severity areas
located near low severity edges preferentially to estab-
lish nesting sites (Stillman et al., 2019). Ongoing work
and theory suggest that the presence of a variety of differ-
ent severity patches can facilitate increased biodiversity
across landscapes by encouraging a diversity of different
vegetation types (Jorge et al., 2022; Steel et al., 2019;
Tingley et al., 2016). For example, pyrodiversity may create
new roosting and nesting habitat in one burned severity
patch and enhance food resources in another nearby
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patch, thereby providing multiple resources for use (Steel
et al., 2023). To date, these dynamics of pyrodiversity and
severity are largely understudied in oak woodland, shrub-
land, and savanna ecosystems (Jones & Tingley, 2021).
Oak woodland ecosystems historically consisted of a
mixed-severity fire regime. Thus, pyrodiversity may under-
lie much of the biodiversity they are able to sustain.
Changes in oak woodland fire regimes, specifically fires
with increasingly large patches of contiguous high severity
burns, could threaten to erase these supposed benefits. This
omission in our understanding of pyrodiversity and novel
fire regimes in oak woodlands leaves a profound gap in our
collective approach to manage both wildlife and wildfire in
oak woodland systems as fire regimes continue to change.

In this study, we compared the roles fire severity and
pyrodiversity play in shaping patterns of diversity in bird
and bat communities following a major oak woodland
megafire in Northern California. We use automatic record-
ing units (ARUs) to survey the presence of bird and bat spe-
cies across a large oak woodland-shrubland savanna in
Mendocino County, USA, following the historic 2018
Mendocino Complex Fire, the edge of which burned a sub-
stantial portion of the Hopland Research and Extension
Center (HREC). We predicted that high severity burns
would decrease the presence of tree nesting and granivo-
rous birds by top-killing oak trees that could be used for
nesting as well as by decreasing overall acorn production
(a major food resource in this system [Koenig et al., 2013;
McShea, 2000]). We predicted that moderate severity fire
would increase the presence of bats and insectivorous birds
by increasing the abundance of insects via the presence of
dead wood (Nappi et al., 2010) and by leaving some rem-
nant habitat structure. We also predicted that moderate
severity fire would increase occupancy of primary and sec-
ondary nesters by weakening trees that could be used for
nesting without removing them from the landscape (Tarbill
et al., 2015). We predicted that increased pyrodiversity, or
the diversity of severity patches, would increase diversity in
bird and bat communities by creating variation in vegeta-
tion types over time that can support a greater diversity of
bird and bat species. In teasing apart how each of these
characteristics of fire (severity and pyrodiversity) influences
bird and bat communities in this system, we help inform
future management objectives in using fire to benefit wild-
life and mitigate the impacts of future megafires.

METHODS
Study site

We conducted our study at the 21.54 km? U.C. HREC in
Mendocino County, northern California (39°00' N,

123°04’ W). HREC is composed of a diverse range of hab-
itat types, including open grassland, oak woodland, and
chaparral shrubland, providing habitat to a diversity of
bird and bat species. HREC is situated at an important
intersection of wildlands and ranchlands; it provides hab-
itat for a diverse group of wildlife and serves as pastoral
land for people and livestock. HREC consists of a combi-
nation of rolling valleys and peaks with its lowest eleva-
tion being 164 m and its highest at 934 m. The region is
characterized by a Mediterranean climate, with mild sea-
sons and rains in the winter.

On July 27, 2018, the River Fire, part of the much
larger Mendocino Complex Fire, burned over 13.76 km?,
or roughly half, of the HREC (Figure 1). At the time,
the Mendocino Complex Fire was the largest fire in
California’s recorded history, burning 1858 km®. The
edge of this megafire was the first wildfire that burned a
significant portion of HREC in over 60 years. The scale
and severity of this fire contrasted with the historical fire
regime in this region, which is characterized by frequent,
lower severity fires in woodlands (5-10 years) and infre-
quent, more severe burns in shrubland habitats (30-80+
years) (Syphard & Keeley, 2020).

Acoustic monitoring and data
management

To sample bird diversity following the 2018 Mendocino
Complex Fire, we developed a sampling grid across HREC
composed of hexagonal grid cells measuring 750 m across
(Figure 1). Starting 2 years after the Mendocino Complex
Fire, we deployed and randomly rotated a set of acoustic
ARUs (Audiomoths model v1.1.0) across 36 sites near the
centroid of each hexagonal grid from 2020 to 2022 (3 years
total). Of these 36 sites, 25 sites were located within the
burn perimeter of the Mendocino Complex Fire and
11 were located in unburned areas serving as controls. We
conducted acoustic monitoring surveys during the
spring-early summer (March 15-July 6) each year,
which corresponded with the core nesting season when
most passerines sing for the breeding season. ARUs
were placed in a plastic Ziploc bag with a small desic-
cant pack and fastened to a tree or fence post at least
2 m off the ground. As demonstrated by Furnas and
Callas (2015), we programmed ARUs to record three
5-min recording clips: one 30 min before sunrise, one at
sunrise, and one 30 min after sunrise (15 min per day
total, sampling frequency = 32 kHz) to sample the
dawn chorus, when songbirds are most dependably
active. These aggregated 15-min surveys were conducted
at each site for a minimum of 4 days (range = 4-62 days,
median = 8 days).
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FIGURE 1 Map of study region and study site, the University of California Hopland Research and Extension Center (HREC) (39°00" N,
123°04' W) in Mendocino County, CA, USA. (A) The total coverage and severity of the Mendocino Complex Fire and where it overlapped
with HREC (outlined in a dashed black line). (B) Binned categories of fire severity based on the Composite Burned Index (CBI) surrounding
a single site at the 500-m buffer scale used to examine pyrodiversity in this study.

To classify species recorded at each sampling site, we
used BirdNet (Kahl et al.,, 2021) to auto-classify each
detected bird vocalization within our recorded acoustic
data. BirdNet detects and auto-classifies birdsong in 3-s
segments to species-level identifications, which can then
be used as presence/absence data for modeling. To guide
BirdNet auto-classification, we created a custom species
list generated from eBird sightings of birds at HREC
(Appendix S2: Table S1). Consistent point counts of birds
are performed at HREC annually by researchers and
community science activities that support these
up-to-date species lists (Newman et al., 2018; Pascoe
et al., 2023). For initial classification purposes only, we
set the confidence threshold for auto-classifications at
0.01 to include as many detections as possible and left all
other BirdNet settings as default.

For analyses, we followed the established guidance of
Toenies and Rich (2021) and Cole et al. (2022) to process
the collected acoustic data using a set of validation and
tiered filtering methods to remove probable false positive

detections (Cole et al.,, 2022; Toenies & Rich, 2021).
Whereas in bat ultrasonic call validation (see Ultrasonic
monitoring and data management) we were able to con-
servatively validate the presence of species for each sam-
pling night per site, we were unable to vet the presence
of every detected bird species for each site and each occa-
sion due to the much larger number of bird species and
sampling occasions. For the birds, we first removed
all detections with confidence scores <0.50 across
all detected species. We randomly selected 50 of the
remaining 3-s calls annotated by BirdNet from each
detected bird species and validated whether the detection
was a true or false positive. At least two team members
validated a subset of the 50 total auditory detections for
each species. For species with <50 calls, all calls detected
by BirdNet were validated (n = 25 species). We created a
species-specific confidence threshold by selecting the
false positive detection with the highest confidence score
(as generated by BirdNet) and adding a buffer of 0.05,
filtering out all detection calls with confidence scores
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lower than this threshold (Cole et al., 2022). For species
with no false positives in their 50 validated calls, we set
the threshold to be 0.05 greater than the lowest true posi-
tive score for that species. After validation-based filtering,
we only included bird species detected at five or more
sites for modeling to ensure each modeled species had
enough detections to obtain accurate estimates from our
models (n =40 species). Once complete, we produced
a record table of these bird detections for analyses in
R (R Core Team, 2021) using “camtrapR” (Niedballa
et al., 2016) (v.2.2.0).

Ultrasonic monitoring and data
management

To sample bat diversity across HREC following the
Mendocino Complex Fire, we used a similar sampling
method as the bird acoustic study design. We deployed
and randomly rotated ultrasonic ARUs (Wildlife Acoustics
Minibats, model SMU01050) across the same sampling
sites as the Audiomoths from 2020 to 2022. Minibats were
deployed from late May through early July each year,
corresponding to the critical maternal season. Minibats
were programmed to record triggered recordings of pass-
ing bat calls each night, as opposed to continuous record-
ing. Each bat ARU was deployed at a site for a minimum
of three consecutive nights (range =3-10 nights,
median = 4 nights). Minibats were fastened onto trees or
fences 2 m or more above the ground and positioned to
face gaps in tree clutter to facilitate clearer recordings of
ultrasonic calls.

We used SonoBat West (v.4.4.1) and western regional
library with reference calls for all 12 detected bat species
to classify, visualize, and vet recorded bat calls by
species (www.sonobat.com). First, we used the “SonoBat
Batch Scrubber” feature to filter out non-bat ultrasonic
calls from the recorded data. Next, we used the
“SonoBatch” classifier feature to classify detected calls as
recorded bat species. We set the classifier region setting
to “Western US” to guide these classifications. We set the
acceptable quality threshold for bat calls to 0.80, the
sequence decision threshold to 0.90, and allowed a maxi-
mum of eight calls to be considered per file. SonoBat
automated classification is purposefully conservative to
reduce the likelihood of false positive detections across
species. Once classified by SonoBat, we vetted species
classifications at each site, conservatively ensuring that at
least one detected call for each species was a true positive
for each monitoring night at each site. False positive spe-
cies detections during specific monitoring nights were
removed. Once complete, we produced a record table of
all bat species detections across all sites and years.

Fire covariates

To quantify fire severity on the landscape, we used
the Composite Burn Index (CBI) layer of the 2018
Mendocino Complex Fire generated using pre- and
post-fire LandSat imagery following Parks et al. (2019) at
a 30 m resolution. CBI is a characterization of burn sever-
ity based on the impact of fire on aboveground vegetation
(litter, herbs, shrubs, and trees) and thus provides an eco-
logically relevant quantification of fire’s effects on wildlife
habitat. From this raster, we extracted the average severity
value from a 500 m buffer surrounding each acoustic sam-
pling site predicting that fire severity would drive species
occupancy (Figure 1B). We predicted that species’ responses
to fire severity may be non-linear, with some species poten-
tially attracted to moderately burned sites, and therefore
included a quadratic term for CBI in the occupancy
sub-model. To calculate pyrodiversity, we quantified the
diversity of categorical fire severity cells within a 500 m
buffer of each sampling site using the Inverse Simpson’s
Diversity Index in the landscapemetrics (v.1.5.6) package
(Hesselbarth et al., 2019) of R, where D = the diversity
index, n; = the number of cells in each severity category,
and N = the total number of cells within the buffer:

1
Inverse Simpson'’s Diversity Index = D

Categorical patches of severity were binned from the
CBI, where severity of 0 was categorized as “unburned,”
0-1 as “low severity,” 1-2 as moderate severity, and 2-3
as high severity.

Environmental covariates

In addition to fire severity and pyrodiversity, we also
expected that vegetation cover type (woodland and shrub-
land) and elevation would influence bird and bat species
presence. The presence of woodland or shrub cover has
been found to influence bird and bat communities at broad
regional scales by providing specific resources, including
food, nesting, roosting, and microhabitats for different spe-
cies (Fuentes-Montemayor et al., 2013; Herrando &
Brotons, 2002; Mendelsohn et al., 2008).

We estimated vegetation cover surrounding sampling
sites by classifying the study site into broad land cover
categories including woodland, grassland, and shrubland
(chaparral). To do this, we hand-digitized vegetation
layers using high resolution (<1 m) aerial imagery from
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the National Agriculture Imagery Program (2014-2015).
We ground-truthed these digitizations by checking 50 ran-
domly generated points across the study site to validate
classifications (results were 98% accurate). We extracted
percent (%) woodland and chaparral cover within a
500-m buffer of each sampling site. We obtained eleva-
tion for each site using the ASTER Global Digital
Elevation Model at a 10 m resolution (NASA and
METI, 2011) and extracted average elevation values from
a 500 m buffer around each sampling site as well.

We predicted date, wind speed, temperature, and can-
opy cover would affect the detectability of bird and bat
species at recording stations. To account for certain birds
and bats being more or less active during the beginning,
middle, or end of the spring season (Furnas &
McGrann, 2018), we incorporated Julian day and its qua-
dratic term for each detection in our occupancy models.
Similarly, daily temperatures may impact the activity and
call rate of both birds (Puswal et al., 2021) and bats (Jorge
et al., 2021), so we extracted daily temperature data across
HREC to account for this. Detections of bird song and bat
calls may be further influenced by ambient noise caused by
wind or the density of vegetation in the surrounding area

“canopy cover”). HREC contains six weather stations
located across the property that record wind speed and tem-
perature once per hour. We downloaded both logs to calcu-
late average daily temperatures (in degrees Celsius) and
wind speeds (in kilometers per hour) across the property for
each sampling day of our study.

We estimated post-fire canopy cover using 20-m reso-
lution imagery from Sentinel Hub (2022) to create canopy
rasters via object-based image analysis and supervised
classification in ArcGIS Pro (Esri, 2011) for the year 2020
(Calhoun et al., 2023). These rasters were visually verified
using fine scale, 3-m resolution imagery via Planet Labs
(Planet Team, 2017; Sunde et al., 2020; Tilahun, 2015).
We extracted percent (%) canopy cover from a 100 m
buffer surrounding each sampling site to examine how
canopy cover and openness influence detectability.

All continuous covariates were checked for non-
collinearity and standardized to have a mean of 0 and a SD
of 1. Fire severity and pyrodiversity were highly correlated.
We therefore ran separate model parameterizations for
(1) severity-only and (2) pyrodiversity-only to compare the
individual effects of fire severity and pyrodiversity on spe-
cies occupancy. See Table 1 for the mean, range, and resolu-
tion of all covariates and Appendix S2: Figure S1 for a
correlation matrix of all continuous covariates.

Occupancy modeling framework

We use an occupancy modeling framework to describe
species distributions over time, which predicts the proba-
bility of a species occurring at a site (“occupancy”) (y)
given how detectable it is at that site (“detection probabil-
ity”) (p) (MacKenzie et al., 2002). We fit two multi-species
community occupancy models (Devarajan et al., 2020;

TABLE 1 Mean, range, and resolution of covariates included in detection and occupancy sub-models of the multi-species occupancy

model for acoustic data collected at the Hopland Research and Extension Center (HREC) following the 2018 Mendocino Complex Fire.

Covariate Mean
Detection covariates

Julian date

Wind speed (km h™) 4.80
Temperature (°C) 15.45
Post-fire canopy cover (%) 77.23
Sampling effort (days)
Birds 11.13
Bats 4.84

Occupancy covariates

Range Resolution
74-187"
1.93-10.46 Daily average across HREC
4.28-29.06 Daily average across HREC
0-100 100 m buffer
4-62
3-10

Elevation (m) 487.93
Composite Burn Index (CBI) 0.95
Pyrodiversity” 1.77
Woodland Cover (%) 46
Chaparral Cover (%) 16

221.97-878.78

500 m buffer

0.00-1.98 500 m buffer
1.00-2.93 500 m buffer
7-81 500 m buffer
0-78 500 m buffer

Note: An ellipsis indicates not applicable.

*March 15-July 6.
“Inverse Simpson’s Diversity Index.
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MacKenzie et al., 2002; Royle & Dorazio, 2008), one for each
taxonomic group, to investigate the effects of fire severity
and pyrodiversity on patterns of species’ distributions and
species richness. Our acoustic sampling methodology was
designed to sample across a diversity of bird and bat species to
inform our assessment of community composition. We
followed standard practices of ARU deployment to maximize
the detectability of bat and bird species at each monitored site
to reduce model bias (Loeb et al., 2015; Toenies & Rich, 2021).
We defined a binary latent true occupancy variable, z; ,j» where
z;; = 1 indicates that at least one individual of the species (i)
occupied the area covered by the acoustic sampling station in
year (j) and z;; = 0 indicates that no individual of the species
(i) occupied the area covered by the acoustic sampling
site-year (j). We assumed that occupancy was drawn from a
Bernoulli distribution with probability (y;):

Z;j~ Bernoulli (q;l- J-) .

We treated each survey morning or night (depending on
taxa) as a sampling occasion (k) within our occupancy
model. We estimated the probability of detecting a spe-
cies, ¥k as being conditional on the species’ detection
probability at each site, p;;, and the latent occupancy
state of that species, (z;;):

Yijx ~ Bernoulli (pi jX ZiJ) .

We incorporated site-specific fire and other environmen-
tal covariates that were predicted to influence
species-specific  occupancy (y;;) and site- and
species-specific detection probability (p;;) via the follow-
ing equations:

Logit (\pi J-) = a0; + al; X Elevation; + o2; X %Woodland;
+a3; X %Chaparral; + ad; X Severity; + a5;
X Severity; + Site Random Effect;;
+ Year Random Effect; .

Logit (wi J) = a0; + al; X Elevation; + o2; X %Woodland;
+ a3; x %Chaparral; + a4; X Pyrodiversity;

+ Site Random Effect;;
+ Year Random Effect; ,.

Logit (piJ) = p0; + B1; X Date;, + f2; X Datejz,k +B3;
X WindSpeed, , + p4; X Temperature; , + p5;
X PostFireCanopy;  + Site Random Effect;;
+ Year Random Effect; ,.

We treated each site-year as a unique site to allow occu-
pancy and detection to vary across years. We included

species-specific site random effects within the occupancy
and detection sub-models to account for non-
independence between surveys at sites. We chose not to
represent data collected across years as a dynamic occu-
pancy model because we did not need to explicitly esti-
mate extinction and colonization rates, which require
large amounts of data. To control for environmental
differences in annual resource availability caused by
changes in rainfall, acorn masting, and other sources of
variation, we also included species-specific year random
effects (m) within the occupancy and detection
sub-models.

Site Random Effect;; ~ Normal(0,c).

Year Random Effect;; ~ Normal(0,).

To gain community-level inferences on our data, we
modeled the effects of each variable on the occupancy
and detection of each observed species as a random effect
from a normally distributed community-level
hyperparameter with a shared mean of p, and a SD of o,
(Zipkin et al., 2010):

a; ~ Normal(p,,0q).

This multi-species modeling approach enables robust
inference on community-level variables while simulta-
neously examining the effects of covariates on
species-level occupancy and detection (Iknayan
et al, 2014). We wuse the community-level
hyperparameters to assess the relationship between
modeled covariates and species richness across sites.

We fit two additional multi-species occupancy models
using the bird occurrence data and with identical model
parameterizations as the community-level multi-species
occupancy model, this time assigning hyperparameters to
groups of species as defined by nesting (tree, primary cav-
ity, secondary cavity, ground, shrub) and diet (granivore,
insectivore, omnivore, nectarivore) guilds, rather than the
entire community. These guilds were assigned to modeled
species according to their known life histories (Wilman
et al., 2014). Birds whose diets were composed of greater
than 60% of plant material were grouped as “granivores”
and birds whose diets were composed of greater than 60%
of invertebrates were grouped as “insectivores.” Bird spe-
cies whose diets were composed of less than 60% of either
plant material or invertebrates were grouped as “omni-
vores.” Only one observed species was present in the
nectarivore diet group, Anna’s Hummingbird (Calypte
anna), so this diet group was removed from the analysis.
Species-level coefficients for each model (nesting guild
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model and diet guild model) were drawn from group-level
(g) hyperparameters from a group mean of p, and SD of
o, following the community model framework given
above. See Appendix S2: Table S1 for groupings of individ-
ual species into nesting and diet groups.

Across all multi-species models, we used weakly regu-
larizing priors to avoid overfitting. We set priors for the
means and SD hyperparameters of the community’s coef-
ficients for each covariate. Hyperparameter mean coeffi-
cients for each covariate were given normal priors with a
mean of 0 and a SD of 2.5. All random effects and
hyperparameter priors were half-Cauchy with a scale
parameter of 2.5 (Northrup & Gerber, 2018).

Model implementation and fit

We implemented and estimated all multi-species occupancy
models with Markov chain Monte Carlo (MCMC) using the
R packages nimble (v.0.11.1) and nimbleEcology (v.0.4.0)
(de Valpine et al., 2017; Goldstein et al., 2021). We ran all
multi-species models for 60,000 iterations with a 10,000 itera-
tion burn-in for a total of 50,000 samples across three chains
and used nimble custom samplers to increase the efficiency
of MCMC mixing (Gelman et al., 2004). We assessed param-
eter chains for all models for convergence and that R-hat
values for each parameter were estimated to be less than
1.1 (Gelman et al., 2004). We then compared the fit of the
severity-only and pyrodiversity-only parameterizations
using their Watanabe-Akaike information criterion
(WAIC) values (Gelman et al., 2014). We considered a
model to fit significantly better if its WAIC score was <2
points lower than the other model parameterization.

We assessed model fit for both the bat and bird com-
munity multi-species occupancy models using posterior
predictive checks. We simulated a new dataset using the
parameters in each MCMC sampling iteration and sam-
pled the deviance of each from the true model. We com-
pared observed model deviances to these posterior checks
for evidence that the data do not correspond to the fit
models (Gelman et al., 1996; MacKenzie et al., 2017). We
assessed a covariate as being a “significant” predictor of
occupancy or detection if the 90% credible interval for
that variable did not overlap zero and used this definition
to describe significance under Bayesian inference
(McElreath, 2016). By definition, 5% of the posterior dis-
tribution is above and below a 90% credible interval;
thus, a “significant” result has a 5% or lower chance of
representing a false positive or false negative result.
Additionally, we used model posterior samples to esti-
mate exact probabilities of covariates having positive
(P(+)) or negative (P(—)) effects at the species level
by dividing the number of samples with positive

(or negative) coefficients by the total number of
samples taken (n = 50,000).

RESULTS
Bird acoustic survey results

We collected 17,190 h of avian acoustic recordings over the
course of 1146 sampled mornings and across 103 site-years
at 36 locations (2020-2022). From these recordings, BirdNet
annotated over 800,000 individual detections of bird song.
We validated the presence of 67 detected species (listed in
Appendix S2: Table S1). Ultimately, 39 species known to
breed during the study period had enough validated
detections, post confidence-threshold filtering (see
Acoustic monitoring and data management), to be
included in the multi-species occupancy model. Across
modeled species, Acorn Woodpecker (Melanerpes
formicivorus) was the most detected species (n = 8422)
and Brown-headed Cowbird (Molothrus ater) was the
least commonly detected species (n = 10) (Appendix S2:
Table S2).

Bat ultrasonic survey results

We collected over 190,000 ultrasonic bat detections over
1146 sampled nights and across 99 site-years (2020-2022)
at 36 unique locations. Of these detections, we subset a
total of 14,916 bat detections that were vetted to the
species level, which included 13 different bat species
(Appendix S2: Table S3). The Mexican free-tailed bat
(Tadarida brasiliensis) was the most detected species
(n = 5645) and Townsend’s big-eared bat (Corynorhinus
townsendii) was the least detected species (n = 3)
(Appendix S2: Table S3). We ultimately did not include
Townsend’s big-eared bat in multi-species occupancy
models due to too few detections but incorporated the
remaining 12 species into the bat multi-species com-
munity model.

Bird multi-species occupancy community-
and group-level model results

We used the community-level multi-species bird occu-
pancy model to examine the species-specific effects of fire
and other environmental covariates on detection and
occupancy (Appendix S2: Tables S4 and S5). The bird
severity-only model parameterization fit significantly better
than the pyrodiversity-only parameterization (AWAIC =
20.32, Appendix S1: Table S1) and demonstrated
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goodness-of-fit within acceptable bounds (Appendix SI:
Figure S1). We therefore used the better-fitting severity-only
model parameterization to assess the effects of fire on bird
occupancy. Bird community-level occupancy (V) was signif-
icantly (90% CI does not overlap zero) negatively associated
with the quadratic severity term (concave-down) (mean =
—1.54 [-2.52, —0.58]), indicating a peak in occupancy at
low to moderate severity fire (Figure 2). Percent (%)
woodland had a significant positive correlation with
bird community-level occupancy (mean = 0.62 [0.25, 0.97]).

Fire effects influenced species-group habitat prefer-
ences as well (Appendix S2: Tables S6-S9). The quadratic
burn severity term was a significant negative predictor of
occupancy for one bird nesting group, tree nesters
(mean = —2.53 [—4.20, —0.89]) and one diet group, insec-
tivorous birds (mean = —1.88 [—3.00, —0.69]), indicating
both groups were more likely to occupy sites that burned
at low to moderate severities (Figure 2).

As indicated by a significant negative quadratic term,
moderate severity fire was associated with higher rates of
species-specific occupancy for 23 of 39 modeled bird species,
including Violet-green Swallow (Tachycineta thalassina)
(Severity® parameter mean = —1.59 [—2.79, —0.34]),
California Quail (Callipepla californica) (mean = —1.95
[—3.36, —0.63]), and House Finch (Haemorhous mexicanus)
(mean = —2.71 [—4.54, —0.96]) (Appendix S2: Figure S3).
Additionally, occupancy increased linearly with fire severity
for six additional species, including Spotted Towhee (Pipilo
naculatus) (mean = 1.36 [0.01, 2.67]), Dark-eyed Junco
(Junco hyemalis) (mean = 1.44 [0.08, 2.80]), and Blue-gray
Gnatcatcher (Polioptila caerulea) (mean = 1.43 [0.09, 2.69])
(Appendix S2: Figure S2).

Using the pyrodiversity-only model parameteriza-
tion, we found that pyrodiversity was not a signifi-
cant predictor of community-level, group-level, or
species-level occupancy (Appendix S2: Figure S4).
However, pyrodiversity had a greater than 80% proba-
bility of at least being positively associated with the
occupancy of 3 of 39 bird species, including Lazuli Bunting
(Passerina amoena) (P(+) = 92%), Oak Titmouse (P(+)
= 89%), and Mountain Quail (Oreotryx pictus) (P(+) = 82%)
indicating a small effect may be detectable with greater
sample sizes.

FIGURE 2 Model coefficients for the effects of covariates from
the severity-only model on occupancy from the bat and bird
community, bird diet group, and bird nesting group multi-species
occupancy models following the 2018 Mendocino Complex Fire in
Mendocino County, CA, USA.
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Bat multi-species occupancy community
model results

We used the bat multi-species occupancy model to exam-
ine the species-specific effects of fire severity and
pyrodiversity on bat occupancy (Appendix S2: Tables S10
and S11). The bat severity-only model parameterization
fit significantly better than the pyrodiversity-only param-
eterization (AWAIC = 5.10) but had poorer goodness of
fit relative to the bird data (Appendix S1: Figure S2). We
used the better-fitting severity-only model parameteri-
zation to assess the effects of fire on bat occupancy.
Fire severity (Severity and Severity®) was not a signifi-
cant predictor of occupancy for the bat community
mean hyperparameter (90% credible interval overlapped
zero) (mean = —1.31 [—3.38, 0.99]) (Figure 2).

Similarly, we found that fire severity was not a signifi-
cant predictor of bat species-specific occupancy across
sites (Appendix S2: Figure S6). However, 4 of 12 bat
species had a greater than 80% probability of having a
negative association with the quadratic severity term
indicating a likely positive association with moderate
severity fire (Figure 3). These species included the

Canyon bat (Parastrellus hesperus) (mean = —3.29
[—6.77, 0.24]), the Pallid bat (Antrozous pallidus)
(mean = —3.14 [—7.03, 0.63]), the Mexican Free-tailed
bat (T. brasiliensis) (mean = —1.82 [—4.31, 0.57]), and the
Hoary bat (Lasiurus cinereus) (mean = —1.62 [—4.37, 1.07])
(Appendix S2: Figure S5).

Using the pyrodiversity-only model parameterization,
we found that pyrodiversity was also not a significant
predictor of community-level or species-level occupancy
across bats (Appendix S2: Figure S7). Using our posterior
samples, we found that all bat species had <80% proba-
bility of being positively associated with pyrodiversity
(Figure 3).

DISCUSSION

As in other ecosystems, we found the effects of fire
on bird and bat species in oak woodlands to vary across
individual species, taxonomic groups, and species-trait
groups. Within this variation, we also find a compelling
trend of evidence supporting the overall benefits of fire
for a variety of individual species and species groups.
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FIGURE 3

Species-specific coefficient means of fire covariates on occupancy derived from bird and bat community multi-species

occupancy models following the Mendocino Complex Fire in Mendocino County, CA, USA. Each square represents one of the modeled
species (12 bats, 39 birds, and 51 total species). The color of the square represents the probability that the fire covariate has a positive effect
on occupancy. Coefficients from the pyrodiversity-only and severity-only models are separated by a dashed line.
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At the community level, bird community occupancy
(community-level hyperparameters) was strongly posi-
tively correlated with low-to-moderate severity fire. At
finer species-specific and group-specific scales, we found
that severity did influence habitat preferences positively
for several groups (insectivorous birds, tree nesters, and
several bat species). We did not find compelling evidence
to support the pyrodiversity-biodiversity hypothesis as
pyrodiversity was not a significant predictor of commu-
nity, group, or species-level occupancy, and its model
generally performed poorer than the severity-only param-
eterization. This may be influenced by the overall recent-
ness of this study relative to the fire event or the limited
sample size within our study preventing us from
detecting the full realized effect of pyrodiversity. For
example, Tingley et al. (2016) found the positive effect of
pyrodiversity for montane birds increased over time
within the first decade post-fire. Our results underline
how wildlife communities in oak woodlands remain resil-
ient to, and can even benefit from, a broad range of wild-
fire effects across oak woodland landscapes.

Fire severity was a strong, non-linear predictor of
occupancy for many species. As found across a variety
of other studies examining the impact of fire severity on
wildlife habitat usage (Albanesi et al., 2014; Furnas
et al., 2021), we found species among both the bird and
bat communities were most likely to occupy sites that
burned at low to moderate severities. We found no evi-
dence that unburned patches and low severity fire signifi-
cantly increased the occupancy of any bird or bat species.
Therefore, these low and moderately burned areas may
create new habitat conditions that certain species are able
to take advantage of without excluding species that may
be more sensitive. The majority of birds (37 of 39 species)
likely (>80% probability) had some positive association
with low and moderate severity burning, potentially driv-
ing the community-level mean response across the bird
community specifically.

Occupancy for some bat species (4 of 12) in our
study showed a positive correlation (albeit statistically
non-significant) and large effect sizes with sites that
burned at moderate severities. In more forested ecosys-
tems, studies have found bat species’ occupancy increased
with sites that burned at higher severities in the Sierra
Nevada (Steel et al., 2019). Higher severity fires may intro-
duce greater heterogeneity to the landscape relative to
unburned fire-suppressed forests, thus increasing accessi-
bility to foraging habitat. This preference, however, may
be dependent on the interaction between species-specific
foraging strategies and fire severity (Blakey et al., 2019). In
oak woodlands that are naturally more open, moderate
and mixed-severity fires may be the most appropriate fire
regime to emulate and sustain the natural heterogeneity of

the ecosystem (Agee, 2005; Perry et al., 2011). We found
little variation in bat presence across sites; the majority of
bat species were present across most sampling sites regard-
less of fire severity and other predictor covariates. Our lack
of numerous sample sites may limit our ability to disentan-
gle whether the effects of severity on bat populations and
foraging groups are just weaker in oak woodlands than in
conifer systems or whether we lack the statistical power
to estimate this relationship precisely. Future efforts
expanding the scope of this work to consider additional
burned oak woodland sites at a regional scale could gener-
ate the statistical power needed for greater precision.

Fire severity had varied effects on bird occupancy
depending on species trait groupings. Insectivorous
birds were more likely to occupy sites that burned at
moderate severities. As shown in previous work (Taillie
et al., 2018), moderate severity fires may benefit both
insectivorous bats (all bat species in this study) and insec-
tivorous birds that are able to take advantage of insects
attracted to areas with dead wood following the initial
burn. We did not find support for our hypothesis that pri-
mary and secondary cavity nesters would be more likely
to be present at sites that burned at moderate severities.
Time since burning is likely an important interacting
term with fire severity that influences species’ habitat
preferences over time that we were unable to appropri-
ately model given the short window of our study
(Hutto & Patterson, 2016; Tingley et al., 2016). Over lon-
ger periods of time, primary and secondary nesters may
eventually take advantage of snags and weakened trees to
create nests (Tarbill et al., 2015). Unexpectedly, moderate
severity fire increased occupancy of tree nesting species.
The mechanism of this response remains unclear, but
other underlying trait responses, such as diet, may be
driving this result. For example, 7 of 12, or over half, of
the tree nesting species are also insectivores that were
expected and observed to increase occupancy in moder-
ately burned areas. We did not find support for our hypoth-
esis that granivorous birds would be less likely to occupy
severely burned areas due to an immediate decrease
in plant-based food following high severity burning.
Altogether, these suggest that the effects of fire severity on
potentially vulnerable groups may play out differently in
oak woodlands compared to forest-dominated landscapes.
Pre-existing heterogeneity in landscape composition and
vegetation within oak woodlands may help prevent large,
homogenous burn patches that greatly alter community
assemblages as observed in other studies such as Steel,
Fogg, et al. (2021). Maintaining this natural heterogeneity
could be essential for sustaining the resilience of some of
the species that could be potentially more vulnerable.

We did not find evidence to support our hypothesis
that ground-nesting birds would be more likely to occupy
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higher severity sites. However, we did find that severity
was a significant, linear positive predictor of occupancy
for two bird guilds (insectivores and tree nesters) and
some specific bird species (6 of 39 birds), including
Mountain Quail, a species of increasing conservation
concern. As a limitation of our sampling design, we were
unable to test for the effects of high severity fire (CBI
> 2.4; see Table 1) on occupancy, but these results sug-
gest that moderate to high severity fire could increase
occupancy for these species and species groups. High
severity patches may provide pulses of resources that
are distinct from those found in other burned patches.
Certain species such as Mountain Quail are known to
preferentially select these high severity areas to hone in
on these initial resources and use the shrubs and other
plants that regenerate in high severity patches over time
(Brunk et al., 2023). Future studies that capture the full
extent of severity effects on oak woodland landscapes by
incorporating multiple fires with varying extents and
severities could more accurately estimate the relationship
between high severity fire and optimal occupancy for
these bird and bat communities.

We found important differences in the relative
responses to fire severity across taxonomic groups as well
as life-history trait types (e.g., diet vs. nesting strategies).
Overall, individual bat species showed variable responses
to fire severity, with generally larger model uncertainty.
This level of uncertainty in our estimated relationship
between bat occupancy and fire severity was likely attrib-
utable to a relatively small sample size, which translated
to poorer model fit and larger CIs. Within birds, we
found that severity and pyrodiversity had largely negligi-
ble effects in predicting nesting group occupancy relative
to the diet group results. Certain life-history traits, such
as diet in this case, may be more directly linked to
species’ responses to certain disturbances (Pausas &
Parr, 2018). Developing our understanding of the relative
importance of these different traits in responding to dis-
turbances such as fire (Pocknee et al., 2023) across differ-
ent taxonomic groups such as birds and bats could help
identify potentially vulnerable species and improve our
predictions of the anticipated effects of fire.

Pyrodiversity had generally negligible effects on occu-
pancy for both taxonomic community-level means, all
bird species trait groups, and most individual species.
Both the pyrodiversity hypothesis and the intermediate
disturbance hypothesis (IDH) predict increased biodiver-
sity in landscapes with high pyrodiversity and moderate
levels of disturbance, respectively (Steel et al., 2023).
These predicted impacts, however, are difficult to disen-
tangle due to the fact that moderate severity fire is often
correlated with variation in fire severity across space
(pyrodiversity). Our results suggest that moderate severity

fire (IDH) and not pyrodiversity plays a greater role in
shaping species distributions within the given timescale of
our study. However, the observed impacts of pyrodiversity
may be dependent on the temporal scale and pyrodiversity
metric employed (Jones & Tingley, 2021; Steel, Collins,
et al., 2021). As observed in other work (Stillman
et al., 2023; Tingley et al., 2016), the effects of pyrodiversity
may become more pronounced with time. The limited time-
scale of our own study (3-5 years post-fire) may prevent us
from observing the realized effects of pyrodiversity in shap-
ing species distributions over time. Furthermore, we are
only able to consider a single dimension of pyrodiversity
within our study (“spatial pyrodiversity””) when a combina-
tion of both “spatial” and “temporal” (variance in fire age
classes across landscapes) pyrodiversity likely influences
species diversity and distributions over time (Kelly
et al., 2017). Finally, fire may also have varying impacts on
species presence depending on the vegetation type that is
burned and how that vegetation typically regenerates over
time (Keeley et al., 2006). These differences may contribute
to varying species responses to fire severity immediately
following fire and to varying responses to pyrodiversity
over time.

Our findings in comparing the effects of severity and
pyrodiversity are also likely influenced by the tools available
to measure both fire regime components. The realized eco-
logical effects of these metrics have been thoroughly studied
in systems such as California’s mixed-conifer forests (Miller
et al., 2009; Miller & Thode, 2007), but a large gap remains
in our understanding of how these metrics translate to
non-forested systems such as woodland savannas and
shrublands. The same severity metrics (low, medium, or
high severity burning) may have variable realized effects
across different ecosystem types (Huang et al., 2020;
Stambaugh et al., 2015). For example, green-up in many
oak woodland systems occurs much more rapidly follow-
ing fire than in many forested systems, even in high sever-
ity patches (Huerta et al.,, 2022). Developing improved
tools to quantify both severity and pyrodiversity may help
future studies better discern the effects of fire characteris-
tics on patterns of biodiversity in oak woodland savannas.

Within the timeframe of our study, our findings fur-
ther demonstrate the natural resilience of many bat
(Ancillotto et al., 2021; Loeb & Blakey, 2021) and bird
(Lindenmayer et al., 2022) species to fire, as well as the
ways fire may enhance habitat for several of these spe-
cies, that have been established in past work. No species
in our study exhibited a decrease in occupancy associated
with increasing fire severity or pyrodiversity. In fact, most
species (36 of 39 bird species and 8 of 12 bat species)
appeared to prefer some form of burned habitat relative
to unburned sites. The species that showed no strong pos-
itive or negative preference toward fire effects were likely
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resistant, able to withstand the initial impacts of the
disturbance (Pimm, 1984), or resilient, able to recover
quickly following the disturbance (Holling, 1973), to the
initial impacts of the fire. This resilience may, again, be
dependent on the sustained natural heterogeneity of oak
woodlands to produce pockets of refugia for species that
prefer unburned and/or lower severity burned areas
(Calhoun et al., 2023). Fire management that takes this
into account to produce a diversity of burned effects that
maintain this heterogeneity would be critical for maxi-
mizing species diversity at a broader landscape scale
(Prowse et al., 2017). In this way, considering regional
pyrodiversity would be key in producing these intended
effects with prescribed burning in oak woodland systems.

CONCLUSION

Fire in oak woodlands played an important role in
enhancing habitat for several bird and bat species across
our study. Mixed-regime fires (at least first-entry fires) in
oak woodlands may sustain the heterogeneity character-
istic of these ecosystems that is able to support high levels
of biodiversity. Therefore, fire and land management that
encourages the sustainability of these mosaic landscapes is
essential to supporting a diversity of bat and bird species
from different functional groups. We believe there is signifi-
cant opportunity to employ these findings in existing struc-
tures of fire and land management in rangelands and
woodland savannas. Fire has and will continue to play a
pivotal role in these landscapes. Thus, finding and maximiz-
ing the co-benefits of using fire management to enhance
wildlife habitat and reduce the risk of more extreme fire
that may change these ecosystems is vital.

ACKNOWLEDGMENTS

We would like to thank Alison Smith, Troy McWilliams,
Greg Solberg, and the rest of the staff at the Hopland
Research and Extension Center for their support in com-
pleting the fieldwork necessary for this project. We would
also like to thank Chuck Vaughn, whose expertise in
local bird ecology and vocalizations greatly assisted our
work. We would also like to thank Chelsea Andreozzi for
her early help and guidance toward supporting our bat
vocalization species vetting. We would also like to thank
Tessa Rhinehart for her support and guidance in pro-
gramming and deploying the Audiomoths used for this
study to record bird detection. This project was made pos-
sible via funding granted by the National Geographic
Society (grant number EC-55045R-20), which supported
the purchase of bat acoustic recorders. We would also
like to thank Benjamin R. Goldstein for his statistics and
modeling advice early on in this project. Kendall L.

Calhoun was supported by an NSF Graduate Research
Fellowship while completing this work.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

Species record tables, detection histories, taxonomic
group information, site metadata, and novel code (Calhoun
et al., 2025) are available from Dryad: https://doi.org/10.
5061/dryad.wwpzgmsqx. Sentinel-2 satellite imagery
was downloaded from USGS EarthExplorer (https://
earthexplorer.usgs.gov).

ORCID

Kendall L. Calhoun @ https://orcid.org/0000-0001-5095-

8004

Phoebe Parker-Shames ® https://orcid.org/0000-0002-

1738-0471

REFERENCES

Agee, J. K. 2005. “The Complex Nature of Mixed-Severity Fire
Regimes.”.  https://www.ltrr.arizona.edu/~ellisqm/outgoing/

dendroecology2014/readings/Agee2005.pdf.

Albanesi, S., S. Dardanelli, and L. M. Bellis. 2014. “Effects of Fire
Disturbance on Bird Communities and Species of Mountain
Serrano Forest in Central Argentina.” Journal of Forest
Research 19(1): 105-114. https://doi.org/10.1007/s10310-012-
0388-4.

Ancillotto, L., L. Bosso, P. Conti, and D. Russo. 2021. “Resilient
Responses by Bats to a Severe Wildfire: Conservation
Implications.” Animal Conservation 24(3): 470-481. https://
doi.org/10.1111/acv.12653.

Anderson, M. K. 2006. Fire in California’s Ecosystems 417-430.
Berkeley, CA: University of California Press.

Beale, C. M., C. J. Courtney Mustaphi, T. A. Morrison, S. Archibald,
T. M. Anderson, A. P. Dobson, J. E. Donaldson, G. P.
Hempson, J. Probert, and C. L. Parr. 2018. “Pyrodiversity
Interacts with Rainfall to Increase Bird and Mammal Richness
in African Savannas Margaret Mayfield.” Ecology Letters 21(4):
557-567. https://doi.org/10.1111/ele.12921.

Blakey, R. V., E. B. Webb, D. C. Kesler, R. B. Siegel, D. Corcoran,
and M. Johnson. 2019. “Bats in a Changing Landscape:
Linking Occupancy and Traits of a Diverse Montane bat
Community to Fire Regime.” Ecology and Evolution 9(9):
5324-37. https://doi.org/10.1002/ece3.5121.

Brunk, K. M., R. J. Gutiérrez, M. Z. Peery, C. A. Cansler, S. Kahl,
and C. M. Wood. 2023. “Quail on Fire: Changing Fire Regimes
May Benefit Mountain Quail in Fire-Adapted Forests.” Fire
Ecology 19(1): 19. https://doi.org/10.1186/s42408-023-00180-9.

Calhoun, K. L., Z. L. Steel, P. Parker-Shames, H. Oyler, and J. S.
Brashares. 2025. “Severity Outweighs Pyrodiversity in Shaping
Avian and Bat Species Distributions Following an Oak
Woodland Mega-Fire.” Dataset. Dryad. https://doi.org/10.
5061/dryad.wwpzgmsqgx.

Calhoun, K. L., M. Chapman, C. Tubbesing, A. McInturff, K. M.
Gaynor, A. Van Scoyoc, C. E. Wilkinson, P. Parker-Shames, D.

95U9D17 SUOWILLIOD aAIERID 9|gedl|dde auy Aq peussnob aJe sajoie YO ‘8sn Jo Sajni 1o} Aeig17 8UljUQ 8|1/ UO (SUOTIPUOD-PUe-SULIB) 0D A8 1M Afe1q 1 puluo//SdNy) SUONIPUOD PUe SWLB 1 8y} 88S *[6Z02/80/70] U Akelqiauliuo |1 ‘€920, Zs39/200T OT/I0p/wod A8 |imAleigjputjuosfeunofesa//sdny wouy papeojumod */ ‘G202 ‘SZ680STC


https://doi.org/10.5061/dryad.wwpzgmsqx
https://doi.org/10.5061/dryad.wwpzgmsqx
https://earthexplorer.usgs.gov
https://earthexplorer.usgs.gov
https://orcid.org/0000-0001-5095-8004
https://orcid.org/0000-0001-5095-8004
https://orcid.org/0000-0001-5095-8004
https://orcid.org/0000-0002-1738-0471
https://orcid.org/0000-0002-1738-0471
https://orcid.org/0000-0002-1738-0471
https://www.ltrr.arizona.edu/~ellisqm/outgoing/dendroecology2014/readings/Agee2005.pdf
https://www.ltrr.arizona.edu/~ellisqm/outgoing/dendroecology2014/readings/Agee2005.pdf
https://doi.org/10.1007/s10310-012-0388-4
https://doi.org/10.1007/s10310-012-0388-4
https://doi.org/10.1111/acv.12653
https://doi.org/10.1111/acv.12653
https://doi.org/10.1111/ele.12921
https://doi.org/10.1002/ece3.5121
https://doi.org/10.1186/s42408-023-00180-9
https://doi.org/10.5061/dryad.wwpzgmsqx
https://doi.org/10.5061/dryad.wwpzgmsqx

14 of 17

CALHOUN ET AL.

Kurz, and J. Brashares. 2021. “Spatial Overlap of Wildfire and
Biodiversity in California Highlights Gap in Non-Conifer Fire
Research and Management Morgan Tingley.” Diversity and
Distributions 28(3): ddi.13394. https://doi.org/10.1111/ddi.
13394.

Calhoun, K. L., B. R. Goldstein, K. M. Gaynor, A. McInturff, L.
Solorio, and J. S. Brashares. 2023. “Mammalian Resistance to
Megafire in Western U.S. Woodland Savannas.” Ecosphere
14(7): e4613. https://doi.org/10.1002/ecs2.4613.

Chia, E. K., M. Bassett, S. W. J. Leonard, G. J. Holland, E. G.
Ritchie, M. F. Clarke, and A. F. Bennett. 2016. “Effects of the
Fire Regime on Mammal Occurrence after Wildfire: Site
Effects vs Landscape Context in Fire-Prone Forests.” Forest
Ecology and Management 363(March): 130-39. https://doi.org/
10.1016/j.foreco.2015.12.008.

Christianson, A. C., C. R. Sutherland, F. Moola, N. Gonzalez
Bautista, D. Young, and H. MacDonald. 2022. “Centering
Indigenous Voices: The Role of Fire in the Boreal Forest of
North America.” Current Forestry Reports 8(3): 257-276.
https://doi.org/10.1007/s40725-022-00168-9.

Cole, J. S, N. L. Michel, S. A. Emerson, and R. B. Siegel. 2022.
“Automated Bird Sound Classifications of Long-Duration
Recordings Produce Occupancy Model Outputs Similar to
Manually Annotated Data.” Ornithological Applications 124(2):
duac003. https://doi.org/10.1093/ornithapp/duac003.

de Valpine, P., D. Turek, C. J. Paciorek, C. Anderson-Bergman,
D. T. Lang, and R. Bodik. 2017. “Programming With Models:
Writing Statistical Algorithms for General Model Structures
With NIMBLE.” Journal of Computational and Graphical
Statistics 26(2): 403-413. https://doi.org/10.1080/10618600.
2016.1172487.

Devarajan, K., T. L. Morelli, and S. Tenan. 2020. “Multi-Species
Occupancy Models: Review, Roadmap, and Recommendations.”
Ecography 43(11): 1612-24. https://doi.org/10.1111/ecog.
04957.

Eastburn, D. J., A. T. O'Geen, K. W. Tate, and L. M. Roche. 2017.
“Multiple Ecosystem Services in a Working Landscape.” PLoS One
12(3): 0166595. https://doi.org/10.1371/journal.pone.0166595.

Esri, R. 2011. ArcGIS Desktop: Release 10. Redlands, CA:
Environmental Systems Research Institute.

Franklin, M. J. M., R. E. Major, M. Bedward, O. F. Price, and R. A.
Bradstock. 2022. “Forest Avifauna Exhibit Enduring
Responses to Historical High-Severity Wildfires.” Biological
Conservation 269(May): 109545. https://doi.org/10.1016/j.
biocon.2022.109545.

Fuentes-Montemayor, E., D. Goulson, L. Cavin, J. M. Wallace, and
K. J. Park. 2013. “Fragmented Woodlands in Agricultural
Landscapes: The Influence of Woodland Character and
Landscape Context on Bats and their Insect Prey.” Agriculture,
Ecosystems & Environment 172(June): 6-15. https://doi.org/10.
1016/j.agee.2013.03.019.

Furnas, B. J., and R. L. Callas. 2015. “Using Automated
Recorders and Occupancy Models to Monitor Common
Forest Birds across a Large Geographic Region: Automated
Recorders Monitoring Common Birds.” The Journal of
Wildlife Management 79(2): 325-337. https://doi.org/10.1002/
jwmg.821.

Furnas, B. J., B. R. Goldstein, and P. J. Figura. 2021. “Intermediate
Fire Severity Diversity Promotes Richness of Forest Carnivores

in California.” Diversity and Distributions 28(3): ddi.13374.
https://doi.org/10.1111/ddi.13374.

Furnas, B. J., and M. C. McGrann. 2018. “Using Occupancy
Modeling to Monitor Dates of Peak Vocal Activity for
Passerines in California.” The Condor 120(1): 188-200. https://
doi.org/10.1650/CONDOR-17-165.1.

Gelman, A, J. B. Carlin, H. S. Stern, and D. B. Rubin. 2004.
Bayesian Data Analysis. Boca Raton, FL: Chapman & Hall.
CRC Texts in Statistical Science.

Gelman, A., J. Hwang, and A. Vehtari. 2014. “Understanding
Predictive Information Criteria for Bayesian Models.” Statistics
and Computing 24(6): 997-1016. https://doi.org/10.1007/
$11222-013-9416-2.

Gelman, A., X.-L. Meng, and H. Stern. 1996. “Posterior Predictive
Assessment of Model Fitness via Realized Discrepancies.”
Statistica Sinica 6: 733-760.

Goldstein, B., B. Turek, L. C. Ponisio, and P. de Valpine. 2021.
“nimbleEcology: Distributions for Ecological Models in
Nimble.” https://cran.r-project.org/package=nimbleEcology.

He, T., B. B. Lamont, and J. G. Pausas. 2019. “Fire as a Key Driver
of Earth’s Biodiversity.” Biological Reviews 94(6): 1983-2010.
https://doi.org/10.1111/brv.12544.

Herrando, S., and L. Brotons. 2002. “Forest Bird Diversity in
Mediterranean Areas Affected by Wildfires: A Multi-Scale
Approach.” Ecography 25(2): 161-172. https://doi.org/10.1034/
j-1600-0587.2002.250204-x.

Hesselbarth, M. H. K., M. Sciaini, K. A. With, K. Wiegand, and J.
Nowosad. 2019. “Landscapemetrics: An Open-Source R Tool
to Calculate Landscape Metrics.” Ecography 42(10): 1648-57.
https://doi.org/10.1111/ecog.04617.

Holling, C. S. 1973. “Resilience and Stability of Ecological Systems.”
Annual Review of Ecology and Systematics 4(1): 1-23.

Huang, Y., Y. Jin, M. W. Schwartz, and J. H. Thorne. 2020.
“Intensified Burn Severity in California’s Northern Coastal
Mountains by Drier Climatic Condition.” Environmental
Research Letters 15(10): 104033. https://doi.org/10.1088/1748-
9326/abataf.

Huerta, S., E. Marcos, V. Fernandez-Garcia, and L. Calvo. 2022.
“Resilience of Mediterranean Communities to Fire Depends
on Burn Severity and Type of Ecosystem.” Fire Ecology 18(1):
28. https://doi.org/10.1186/s42408-022-00156-1.

Huntsinger, L., and J. L. Oviedo. 2014. “Ecosystem Services are
Social-Ecological Services in a Traditional Pastoral System:
The Case of California’s Mediterranean Rangelands.” Ecology
and Society 19(1): art8. https://doi.org/10.5751/ES-06143-
190108.

Hutto, R. L., and D. A. Patterson. 2016. “Positive Effects of Fire on
Birds May Appear Only under Narrow Combinations of Fire
Severity and Time-Since-Fire.” International Journal of
Wildland Fire 25(10): 1074. https://doi.org/10.1071/WF15228.

Iknayan, K. J., M. W. Tingley, B. J. Furnas, and S. R. Beissinger.
2014. “Detecting Diversity: Emerging Methods to Estimate
Species Diversity.” Trends in Ecology & Evolution 29(2):
97-106. https://doi.org/10.1016/j.tree.2013.10.012.

Jager, H. I, J. W. Long, R. L. Malison, B. P. Murphy, A. Rust,
L. G. M. Silva, R. Sollmann, et al. 2021. “Resilience of
Terrestrial and Aquatic Fauna to Historical and Future
Wildfire Regimes in Western North America.” Ecology and
Evolution 11(18): 12259-84. https://doi.org/10.1002/ece3.8026.

85U80| 7 SUOWWIOD 3AIER.D 3|qeol|dde 8Ly Ag peusenob 8e ssjole YO ‘@SN JO S3|ni Joj ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 U1 uUO//SdNY) SUORIPUOD PUe Swiie | 8L} 88S *[G202/80/70] U0 A%eiqi auljuo AB|IM ‘€920/ ZS98/200T OT/I0p/wod A8 |1mArelq i pul|uo's feuno fess//sdny wo.y papeojumod ‘. ‘G202 ‘G26805TE


https://doi.org/10.1111/ddi.13394
https://doi.org/10.1111/ddi.13394
https://doi.org/10.1002/ecs2.4613
https://doi.org/10.1016/j.foreco.2015.12.008
https://doi.org/10.1016/j.foreco.2015.12.008
https://doi.org/10.1007/s40725-022-00168-9
https://doi.org/10.1093/ornithapp/duac003
https://doi.org/10.1080/10618600.2016.1172487
https://doi.org/10.1080/10618600.2016.1172487
https://doi.org/10.1111/ecog.04957
https://doi.org/10.1111/ecog.04957
https://doi.org/10.1371/journal.pone.0166595
https://doi.org/10.1016/j.biocon.2022.109545
https://doi.org/10.1016/j.biocon.2022.109545
https://doi.org/10.1016/j.agee.2013.03.019
https://doi.org/10.1016/j.agee.2013.03.019
https://doi.org/10.1002/jwmg.821
https://doi.org/10.1002/jwmg.821
https://doi.org/10.1111/ddi.13374
https://doi.org/10.1650/CONDOR-17-165.1
https://doi.org/10.1650/CONDOR-17-165.1
https://doi.org/10.1007/s11222-013-9416-2
https://doi.org/10.1007/s11222-013-9416-2
https://cran.r-project.org/package=nimbleEcology
https://doi.org/10.1111/brv.12544
https://doi.org/10.1034/j.1600-0587.2002.250204.x
https://doi.org/10.1034/j.1600-0587.2002.250204.x
https://doi.org/10.1111/ecog.04617
https://doi.org/10.1088/1748-9326/aba6af
https://doi.org/10.1088/1748-9326/aba6af
https://doi.org/10.1186/s42408-022-00156-1
https://doi.org/10.5751/ES-06143-190108
https://doi.org/10.5751/ES-06143-190108
https://doi.org/10.1071/WF15228
https://doi.org/10.1016/j.tree.2013.10.012
https://doi.org/10.1002/ece3.8026

ECOSPHERE

15 of 17

Jones, G. M., R. Gutiérrez, D. J. Tempel, S. A. Whitmore, W. J.
Berigan, and M. Z. Peery. 2016. “Megafires: An Emerging
Threat to Old-Forest Species.” Frontiers in Ecology and the
Environment 14(6): 300-306. https://doi.org/10.1002/fee.1298.

Jones, G. M., and M. W. Tingley. 2021. “Pyrodiversity and Biodiversity:
A History, Synthesis, and Outlook.” Diversity and Distributions
28(3): ddi.13280. https://doi.org/10.1111/ddi.13280.

Jorge, M. H., L. M. Conner, E. P. Garrison, and M. J. Cherry. 2022.
“Avian Species Richness in a Frequently Burned Ecosystem: A
Link between Pyrodiversity and Biodiversity.” Landscape
Ecology 37(4): 983-996. https://doi.org/10.1007/s10980-022-
01399-8.

Jorge, M. H,, S. E. Sweeten, M. C. True, S. R. Freeze, M. J. Cherry,
E. P. Garrison, H. Taylor, K. M. Gorman, and W. M. Ford.
2021. “Fire, Land Cover, and Temperature Drivers of Bat
Activity in Winter.” Fire Ecology 17(1): 19. https://doi.org/10.
1186/s42408-021-00105-4.

Kahl, S., C. M. Wood, M. Eibl, and H. Klinck. 2021. “BirdNET: A
Deep Learning Solution for Avian Diversity Monitoring.”
Ecological Informatics 61(March): 101236. https://doi.org/10.
1016/j.ecoinf.2021.101236.

Keeley, J. E. 2000. “Fire and Species  in
Mediterranean-Climate Ecosystems of California.” Proceedings
of the Invasive Species Workshop: The Role of Fire in the Control
and Spread of Invasive Species 11: 81-94.

Keeley, J. E., C. J. Fotheringham, and M. Baer-Keeley. 2006.
“Demographic Patterns of POSTFIRE Regeneration in
Mediterranean-Climate Shrublands of California.” Ecological
Monographs 76(2): 235-255. https://doi.org/10.1890/0012-9615
(2006)076[0235:DPOPRI|2.0.CO;2.

Kelly, L. T., L. Brotons, and M. A. McCarthy. 2017. “Putting
Pyrodiversity to Work for Animal Conservation: Pyrodiversity
and Animal Conservation.” Conservation Biology 31(4):
952-55. https://doi.org/10.1111/cobi.12861.

Kelly, L. T., K. M. Giljohann, A. Duane, N. Aquilué, S. Archibald,
E. Batllori, A. F. Bennett, et al. 2020. “Fire and Biodiversity in
the Anthropocene.” Science 370(6519): eabb0355. https://doi.
org/10.1126/science.abb0355.

Koenig, W. D., M. Diaz, F. Pulido, R. Alejano, E. Beamonte, and
J. M. H. Knops. 2013. “Acorn Production Patterns.” In
Mediterranean Oak Woodland Working Landscapes, Vol. 16,
edited by P. Campos, L. Huntsinger, J. L. O. Pro, P. F. Starrs,
M. Diaz, R. B. Standiford, and G. Montero, 181-209.
Landscape Series. Dordrecht: Springer Netherlands. https://
doi.org/10.1007/978-94-007-6707-2_7.

Kreling, S. E. S., K. M. Gaynor, A. McInturff, K. L. Calhoun, and
J. S. Brashares. 2021. “Site Fidelity and Behavioral Plasticity
Regulate an Ungulate’s Response to Extreme Disturbance.”
Ecology and Evolution 11(22): 15683-94. https://doi.org/10.
1002/ece3.8221.

Kremen, C., and A. M. Merenlender. 2018. “Landscapes that Work
for Biodiversity and People.” Science 362(6412): eaau6020.
https://doi.org/10.1126/science.aau6020.

Latif, Q. S., J. S. Sanderlin, V. A. Saab, W. M. Block, and J. G.
Dudley. 2016. “Avian Relationships with Wildfire at Two Dry
Forest Locations with Different Historical Fire Regimes.”
Ecosphere 7(5): €01346. https://doi.org/10.1002/ecs2.1346.

Lindenmayer, D. B., W. Blanchard, E. Bowd, B. C. Scheele, C.
Foster, T. Lavery, L. McBurney, and D. Blair. 2022. “Rapid

Invasive

Bird Species Recovery Following High-Severity Wildfire but in
the Absence of Early Successional Specialists.” Diversity and
Distributions 28(10): 2110-23. https://doi.org/10.1111/ddi.
13611.

Linley, G. D., C. J. Jolly, T. S. Doherty, W. L. Geary, D. Armenteras,
C. M. Belcher, R. B. Bird, et al. 2022. “What Do You Mean,
‘Megafire’?” Global Ecology and Biogeography 31(10): 1906-22.
https://doi.org/10.1111/geb.13499.

Loeb, S. C., and R. V. Blakey. 2021. “Bats and Fire: A Global
Review.” Fire Ecology 17(1): 29. https://doi.org/10.1186/
$42408-021-00109-0.

Loeb, S. C., T. J. Rodhouse, L. E. Ellison, C. L. Lausen, J. D.
Reichard, K. M. Irvine, T. E. Ingersoll, et al. 2015. A Plan for
the North American Bat Monitoring Program (NABat).
Asheville, NC: U.S. Department of Agriculture, Forest Service,
Southern Research Station. https://doi.org/10.2737/SRS-
GTR-208.

Lépez-Hoffman, L., R. G. Varady, K. W. Flessa, and P. Balvanera.
2010. “Ecosystem Services across Borders: A Framework for
Transboundary Conservation Policy.” Frontiers in Ecology and
the Environment 8(2): 84-91. https://doi.org/10.1890/070216.

MacKenzie, D. I, J. D. Nichols, G. B. Lachman, S. Droege, J. A.
Royle, and C. A. Langtimm. 2002. “Estimating Site Occupancy
Rates When Detection Probabilities Are Less Than One.”
Ecology 83(8): 2248-55. https://doi.org/10.1890/0012-9658
(2002)083[2248:ESORWD]2.0.CO;2.

MacKenzie, D. I., J. D. Nichols, J. A. Royle, K. H. Pollock, L. Bailey,
and J. E. Hines. 2017. Occupancy Estimation and Modeling:
Inferring Patterns and Dynamics of Species Occurence. London:
Elsevier.

Martin, R. E., and D. B. Sapsis. 1992. “Fires as Agents of
Biodiversity:  Pyrodiversity Promotes Biodiversity.” In
Proceedings of the Conference on Biodiversity of Northwest
California Ecosystems, 150-157.

Martinez-Baroja, L., L. Pérez-Camacho, P. Villar-Salvador,
S. Rebollo, A. B. Leverkus, M. B. Pesendorfer, M.
Molina-Morales, J. Castro, and J. M. Rey-Benayas. 2021.
“Caching Territoriality and Site Preferences by a
Scatter-Hoarder Drive the Spatial Pattern of Seed Dispersal
and Affect Seedling Emergence.” Journal of Ecology 109(6):
2342-53. https://doi.org/10.1111/1365-2745.13642.

McElreath, R. 2016. Statistical Rethinking: A Bayesian Course with
Examples in R and Stan, 1st ed. New York: Chapman and
Hall/CRC.

McLauchlan, K. K., P. E. Higuera, J. Miesel, B. M. Rogers, J.
Schweitzer, J. K. Shuman, A. J. Tepley, et al. 2020. “Fire as a
Fundamental Ecological Process: Research Advances and
Frontiers.” Journal of Ecology 108(5): 2047-69. https://doi.org/
10.1111/1365-2745.13403.

McShea, W. J. 2000. “The Influence of Acorn Crops on Annual
Variation in Rodent and Bird Populations.” Ecology 81(1):
228-238. https://doi.org/10.1890/0012-9658(2000)081[0228:
TIOACO]2.0.CO;2.

Mendelsohn, M. B., C. S. Brehme, C. J. Rochester, D. C. Stokes, S. A.
Hathaway, and R. N. Fisher. 2008. “Responses in Bird
Communities to Wildland Fires in Southern California.” Fire
Ecology 4(2): 63-82. https://doi.org/10.4996/fireecology.0402063.

Miller, J. D., E. E. Knapp, C. H. Key, C. N. Skinner, C. J. Isbell,
R. M. Creasy, and J. W. Sherlock. 2009. “Calibration and

85U80| 7 SUOWWIOD 3AIER.D 3|qeol|dde 8Ly Ag peusenob 8e ssjole YO ‘@SN JO S3|ni Joj ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 U1 uUO//SdNY) SUORIPUOD PUe Swiie | 8L} 88S *[G202/80/70] U0 A%eiqi auljuo AB|IM ‘€920/ ZS98/200T OT/I0p/wod A8 |1mArelq i pul|uo's feuno fess//sdny wo.y papeojumod ‘. ‘G202 ‘G26805TE


https://doi.org/10.1002/fee.1298
https://doi.org/10.1111/ddi.13280
https://doi.org/10.1007/s10980-022-01399-8
https://doi.org/10.1007/s10980-022-01399-8
https://doi.org/10.1186/s42408-021-00105-4
https://doi.org/10.1186/s42408-021-00105-4
https://doi.org/10.1016/j.ecoinf.2021.101236
https://doi.org/10.1016/j.ecoinf.2021.101236
https://doi.org/10.1890/0012-9615(2006)076%5B0235:DPOPRI%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(2006)076%5B0235:DPOPRI%5D2.0.CO;2
https://doi.org/10.1111/cobi.12861
https://doi.org/10.1126/science.abb0355
https://doi.org/10.1126/science.abb0355
https://doi.org/10.1007/978-94-007-6707-2_7
https://doi.org/10.1007/978-94-007-6707-2_7
https://doi.org/10.1002/ece3.8221
https://doi.org/10.1002/ece3.8221
https://doi.org/10.1126/science.aau6020
https://doi.org/10.1002/ecs2.1346
https://doi.org/10.1111/ddi.13611
https://doi.org/10.1111/ddi.13611
https://doi.org/10.1111/geb.13499
https://doi.org/10.1186/s42408-021-00109-0
https://doi.org/10.1186/s42408-021-00109-0
https://doi.org/10.2737/SRS-GTR-208
https://doi.org/10.2737/SRS-GTR-208
https://doi.org/10.1890/070216
https://doi.org/10.1890/0012-9658(2002)083%5B2248:ESORWD%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B2248:ESORWD%5D2.0.CO;2
https://doi.org/10.1111/1365-2745.13642
https://doi.org/10.1111/1365-2745.13403
https://doi.org/10.1111/1365-2745.13403
https://doi.org/10.1890/0012-9658(2000)081%5B0228:TIOACO%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5B0228:TIOACO%5D2.0.CO;2
https://doi.org/10.4996/fireecology.0402063

16 of 17 |

CALHOUN ET AL.

Validation of the Relative Differenced Normalized Burn Ratio
(RANBR) to Three Measures of Fire Severity in the Sierra
Nevada and Klamath Mountains, California, USA.” Remote
Sensing of Environment 113(3): 645-656. https://doi.org/10.
1016/j.rse.2008.11.009.

Miller, J. D., and A. E. Thode. 2007. “Quantifying Burn Severity in
a Heterogeneous Landscape with a Relative Version of the
Delta Normalized Burn Ratio (dNBR).” Remote Sensing of
Environment 109(1): 66-80. https://doi.org/10.1016/j.rse.2006.
12.006.

Nappi, A., P. Drapeau, M. Saint-Germain, and V. A. Angers. 2010.
“Effect of Fire Severity on Long-Term Occupancy of Burned

Forests by Saproxylic
Wood-Foraging Birds.” The International Journal of Wildland
Fire 19(4): 500-511. https://doi.org/10.1071/WF08109.

NASA and METI (National Aeronautics and Space Administration
and Ministry of Ecnonomy, Trade and Industry of Japan).
2011. ASTER Global Digital Elevation Model. Sioux Falls, SD:
USGS Earth Resources Observation and Science (EROS)
Center, National Aeronautics and Space Agency ESODIS Land
Processes DAAC.

Newman, E. A,, J. B. Potts, M. W. Tingley, C. Vaughn, and S. L.
Stephens. 2018. “Chaparral Bird Community Responses to
Prescribed Fire and Shrub Removal in Three Management
Seasons.” Journal of Applied Ecology 55(4): 1615-25. https://
doi.org/10.1111/1365-2664.13099.

Niedballa, J., R. Sollmann, A. Courtiol, and A. Wilting. 2016.
“camtrapR: An R Package for Efficient Camera Trap Data
Management.” Methods in Ecology and Evolution 7(12):
1457-62. https://doi.org/10.1111/2041-210X.12600.

Northrup, J. M., and B. D. Gerber. 2018. “A Comment on Priors for
Bayesian Occupancy Models.” PLoS One 13(2): e0192819.
https://doi.org/10.1371/journal.pone.0192819.

Novoa, F. J.,, T. A. Altamirano, C. Bonacic, K. Martin, and J. T.
Ibarra. 2021. “Fire Regimes Shape Biodiversity: Responses of
Avian Guilds to Burned Forests in Andean Temperate
Ecosystems of Southern Chile.” Avian Conservation and
Ecology 16(2): art22. https://doi.org/10.5751/ACE-01999-
160222.

Parks, S. A., L. M. Holsinger, M. J. Koontz, L. Collins, E. Whitman,
M. A. Parisien, R. A. Loehman, et al. 2019. “Giving Ecological
Meaning to Satellite-Derived Fire Severity Metrics across
North American Forests.” Remote Sensing 11(14): 1735.
https://doi.org/10.3390/rs11141735.

Parks, S. A., L. M. Holsinger, M. H. Panunto, W. M. Jolly, S. Z.
Dobrowski, and G. K. Dillon. 2018. “High-Severity Fire:
Evaluating its Key Drivers and Mapping Its Probability across
Western US Forests.” Environmental Research Letters 13(4):
044037. https://doi.org/10.1088/1748-9326/aab791.

Pascoe, E. L., C. E. Vaughn, M. L. Jones, R. H. Barrett, J. E. Foley,
and R. S. Lane. 2023. “Recovery of Western Black-Legged Tick
and Vertebrate Populations after a Destructive Wildfire in an
Intensively-Studied Woodland in Northern California.”
Journal of Vector Ecology 48(1): 19-36. https://doi.org/10.
52707/1081-1710-48.1.19.

Pausas, J. G., and C. L. Parr. 2018. “Towards an Understanding of
the Evolutionary Role of Fire in Animals.” Evolutionary
Ecology 32(2-3): 113-125. https://doi.org/10.1007/s10682-018-
9927-6.

Boreal Conifer Insects and

Perry, D. A., P. F. Hessburg, C. N. Skinner, T. A. Spies, S. L.
Stephens, A. H. Taylor, J. F. Franklin, B. McComb, and G.
Riegel. 2011. “The Ecology of Mixed Severity Fire Regimes in
Washington, Oregon, and Northern California.” Forest Ecology
and Management 262(5): 703-717. https://doi.org/10.1016/].
foreco.2011.05.004.

Pimm, S. 1984. “The Complexity and Stability of Ecosystems.”
Nature 307(5949): 321-26.

Planet Team. 2017. Planet Application Program Interface: In Space
for Life on Earth. San Francisco, CA: Planet Labs.

Pocknee, C. A., S. M. Legge, J. McDonald, and D. O. Fisher. 2023.
“Modeling Mammal Response to Fire Based on Species’
Traits.” Conservation Biology 37(4): cobi.14062. https://doi.org/
10.1111/cobi.14062.

Ponisio, L. C. 2020. “Pyrodiversity Promotes Interaction
Complementarity and Population Resistance.” Ecology and
Evolution 10(10): 4431-47. https://doi.org/10.1002/ece3.6210.

Ponisio, L. C., K. Wilkin, L. K. M’Gonigle, K. Kulhanek, L. Cook, R.
Thorp, T. Griswold, and C. Kremen. 2016. “Pyrodiversity
Begets Plant-Pollinator Community Diversity.” Global Change
Biology 22(5): 1794-1808. https://doi.org/10.1111/gcb.13236.

Prowse, T. A. A, S. J. Collard, A. Blackwood, P. J. O’Connor, S.
Delean, M. Barnes, P. Cassey, and H. P. Possingham. 2017.
“Prescribed  Burning Impacts Avian Diversity and
Disadvantages Woodland-Specialist Birds unless Long-Unburnt
Habitat Is Retained.” Biological Conservation 215: 2638-276.
https://doi.org/10.1016/j.biocon.2017.09.005.

Puswal, S. M., M. Jinjun, and F. Liu. 2021. “Effects of Temperature
and Season on Birds’ Dawn Singing Behavior in a Forest of
Eastern China.” Journal of Ornithology 162(2): 447-459.
https://doi.org/10.1007/s10336-020-01848-8.

R Core Team. 2021. R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.
https://www.R-project.org/.

Roberts, S. L., J. W. Van Wagtendonk, A. K. Miles, and D. A. Kelt.
2011. “Effects of Fire on Spotted Owl Site Occupancy in a
Late-Successional Forest.” Biological Conservation 144(1):
610-19. https://doi.org/10.1016/j.biocon.2010.11.002.

Royle, J. A., and R. M. Dorazio. 2008. Hierarchical Modeling and
Inference in Ecology: The Analysis of Data from Populations,
Metapopulations and Communities. London: Elsevier.

Safford, H. D., A. K. Paulson, Z. L. Steel, D. J. N. Young, and R. B.
Wayman. 2022. “The 2020 California Fire Season: A Year like
No Other, a Return to the Past or a Harbinger of the Future?”
Global Ecology and Biogeography 31(10): 2005-25. https://doi.
org/10.1111/geb.13498.

Sentinel Hub. 2022. Sentinel-2. Sinergise Ltd. https://www.sentinel-
hub.com.

Stambaugh, M., L. Hammer, and R. Godfrey. 2015. “Performance of
Burn-Severity Metrics and Classification in Oak Woodlands
and Grasslands.” Remote Sensing 7(8): 10501-22. https://doi.
0rg/10.3390/rs70810501.

Steel, Z. L., B. Campos, W. F. Frick, R. Burnett, and H. D. Safford.
2019. “The Effects of Wildfire Severity and Pyrodiversity on
Bat Occupancy and Diversity in Fire-Suppressed Forests.”
Scientific Reports 9(1): 16300. https://doi.org/10.1038/s41598-
019-52875-2.

Steel, Z. L., B. M. Collins, D. B. Sapsis, and S. L. Stephens. 2021.
“Quantifying Pyrodiversity and Its Drivers.” Proceedings of the

85U80| 7 SUOWWIOD 3AIER.D 3|qeol|dde 8Ly Ag peusenob 8e ssjole YO ‘@SN JO S3|ni Joj ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 U1 uUO//SdNY) SUORIPUOD PUe Swiie | 8L} 88S *[G202/80/70] U0 A%eiqi auljuo AB|IM ‘€920/ ZS98/200T OT/I0p/wod A8 |1mArelq i pul|uo's feuno fess//sdny wo.y papeojumod ‘. ‘G202 ‘G26805TE


https://doi.org/10.1016/j.rse.2008.11.009
https://doi.org/10.1016/j.rse.2008.11.009
https://doi.org/10.1016/j.rse.2006.12.006
https://doi.org/10.1016/j.rse.2006.12.006
https://doi.org/10.1071/WF08109
https://doi.org/10.1111/1365-2664.13099
https://doi.org/10.1111/1365-2664.13099
https://doi.org/10.1111/2041-210X.12600
https://doi.org/10.1371/journal.pone.0192819
https://doi.org/10.5751/ACE-01999-160222
https://doi.org/10.5751/ACE-01999-160222
https://doi.org/10.3390/rs11141735
https://doi.org/10.1088/1748-9326/aab791
https://doi.org/10.52707/1081-1710-48.1.19
https://doi.org/10.52707/1081-1710-48.1.19
https://doi.org/10.1007/s10682-018-9927-6
https://doi.org/10.1007/s10682-018-9927-6
https://doi.org/10.1016/j.foreco.2011.05.004
https://doi.org/10.1016/j.foreco.2011.05.004
https://doi.org/10.1111/cobi.14062
https://doi.org/10.1111/cobi.14062
https://doi.org/10.1002/ece3.6210
https://doi.org/10.1111/gcb.13236
https://doi.org/10.1016/j.biocon.2017.09.005
https://doi.org/10.1007/s10336-020-01848-8
https://www.R-project.org/
https://doi.org/10.1016/j.biocon.2010.11.002
https://doi.org/10.1111/geb.13498
https://doi.org/10.1111/geb.13498
https://www.sentinel-hub.com
https://www.sentinel-hub.com
https://doi.org/10.3390/rs70810501
https://doi.org/10.3390/rs70810501
https://doi.org/10.1038/s41598-019-52875-2
https://doi.org/10.1038/s41598-019-52875-2

ECOSPHERE

| 17 of 17

Royal Society B: Biological Sciences 288(1948): rspb.2020.3202.
https://doi.org/10.1098/rspb.2020.3202.

Steel, Z. L., A. M. Fogg, R. Burnett, L. J. Roberts, and H. D. Safford.
2021. “When Bigger Isn’t Better—Implications of Large
High-Severity Wildfire Patches for Avian Diversity and
Community Composition.” Diversity and Distributions 28(3):
ddi.13281. https://doi.org/10.1111/ddi.13281.

Steel, Z. L., J. E. D. Miller, L. C. Ponisio, M. W. Tingley, K. Wilkin,
R. Blakey, K. M. Hoffman, and G. Jones. 2023. “A Roadmap
for Pyrodiversity Science.” Journal of Biogeography 51(2): 1-14.
https://doi.org/10.1111/jbi.14745.

Stillman, A. N., R. B. Siegel, R. L. Wilkerson, M. Johnson, C. A.
Howell, and M. W. Tingley. 2019. “Nest Site Selection and Nest
Survival of Black-Backed Woodpeckers after Wildfire.” The
Condor 121(3): duz039. https://doi.org/10.1093/condor/duz039.

Stillman, A. N., R. L. Wilkerson, D. R. Kaschube, R. B. Siegel, S. C.
Sawyer, and M. W. Tingley. 2023. “Incorporating Pyrodiversity
into Wildlife Habitat Assessments for Rapid Post-Fire
Management: A Woodpecker Case Study.” Ecological
Applications 33(4): e2853. https://doi.org/10.1002/eap.2853.

Sunde, M. G., D. D. Diamond, L. F. Elliott, P. Hanberry, and D. True.
2020. “Mapping High-Resolution Percentage Canopy Cover
Using a Multi-Sensor Approach.” Remote Sensing of Environment
242(June): 111748. https://doi.org/10.1016/j.rse.2020.111748.

Syphard, A. D., J. Franklin, and J. E. Keeley. 2006. “Simulating the
Effects of Frequent Fire on Southern California Coastal
SHRUBLANDS.” Ecological Applications 16(5): 1744-56. https://
doi.org/10.1890/1051-0761(2006)016[1744:STEOFF]2.0.CO;2.

Syphard, A. D., and J. E. Keeley. 2020. “Mapping Fire Regime
Ecoregions in California.” International Journal of Wildland
Fire 29(7): 595. https://doi.org/10.1071/WF19136.

Taillie, P. J., R. D. Burnett, L. J. Roberts, B. R. Campos, M. N.
Peterson, and C. E. Moorman. 2018. “Interacting and
Non-Linear Avian Responses to Mixed-Severity Wildfire
and Time since Fire.” Ecosphere 9(6): €02291. https://doi.org/
10.1002/ecs2.2291.

Tarbill, G. L., P. N. Manley, and A. M. White. 2015. “Drill, Baby,
Drill: The Influence of Woodpeckers on Post-Fire Vertebrate
Communities through Cavity Excavation.” Journal of Zoology
296(2): 95-103. https://doi.org/10.1111/jz0.12220.

Tilahun, A. 2015. “Accuracy Assessment of Land Use Land Cover
Classification Using Google Earth.” American Journal of
Environmental Protection 4(4): 193. https://doi.org/10.11648/j.
ajep.20150404.14.

Tingley, M. W., V. Ruiz-Gutiérrez, R. L. Wilkerson, C. A. Howell,
and R. B. Siegel. 2016. “Pyrodiversity Promotes Avian
Diversity over the Decade Following Forest Fire.” Proceedings
of the Royal Society B: Biological Sciences 283(1840): 20161703.
https://doi.org/10.1098/rspb.2016.1703.

Tingley, M. W., A. N. Stillman, R. L. Wilkerson, C. A. Howell, S. C.
Sawyer, and R. B. Siegel. 2018. “Cross-Scale Occupancy

Dynamics of a Postfire Specialist in Response to Variation
across a Fire Regime.” Journal of Animal Ecology 87(5):
1484-96. https://doi.org/10.1111/1365-2656.12851.

Toenies, M., and L. Rich. 2021. “Advancing Bird Survey Efforts
through Novel Recorder Technology and Automated Species
Identification.” California Fish and Wildlife Journal 107(2):
56-70. https://doi.org/10.51492/cfwj.107.5.

Viljur, M.-L.,, S. R. Abella, M. Adamek, J. B. R. Alencar, N. A.
Barber, B. Beudert, L. A. Burkle, et al. 2022. “The Effect of
Natural Disturbances on Forest Biodiversity: An Ecological
Synthesis.” Biological Reviews 97(5): 1930-47. https://doi.org/
10.1111/brv.12876.

Ward, M., A. I. T. Tulloch, J. Q. Radford, B. A. Williams, A. E.
Reside, S. L. Macdonald, H. J. Mayfield, et al. 2020. “Impact of
2019-2020 Mega-Fires on Australian Fauna Habitat.” Nature
Ecology & Evolution 4(10): 1321-26. https://doi.org/10.1038/
$41559-020-1251-1.

Williams, J. N., H. D. Safford, N. Enstice, Z. L. Steel, and A. K.
Paulson. 2023. “High-Severity Burned Area and Proportion
Exceed Historic Conditions in Sierra Nevada, California, and
Adjacent Ranges.” Ecosphere 14(1): e4397. https://doi.org/10.
1002/ecs2.4397.

Wilman, H., J. Belmaker, J. Simpson, C. de la Rosa, M. M.
Rivadeneira, and W. Jetz. 2014. “EltonTraits 1.0: Species-Level
Foraging Attributes of the World’s Birds and Mammals:
Ecological Archives E095-178.” Ecology 95(7): 2027. https://
doi.org/10.1890/13-1917.1.

Zipkin, E. F., J. Andrew Royle, D. K. Dawson, and S. Bates.
2010. “Multi-Species Occurrence Models to Evaluate the
Effects of Conservation and Management Actions.” Biological
Conservation 143(2): 479-484. https://doi.org/10.1016/j.biocon.
2009.11.016.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Calhoun, Kendall L.,
Zachary L. Steel, Phoebe Parker-Shames,

Haylee Oyler, and Justin S. Brashares. 2025.
“Severity Outweighs Pyrodiversity in Shaping
Avian and Bat Species Distributions Following an
Oak Woodland Megafire.” Ecosphere 16(7): €70263.
https://doi.org/10.1002/ecs2.70263

85U80| 7 SUOWWIOD 3AIER.D 3|qeol|dde 8Ly Ag peusenob 8e ssjole YO ‘@SN JO S3|ni Joj ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 U1 uUO//SdNY) SUORIPUOD PUe Swiie | 8L} 88S *[G202/80/70] U0 A%eiqi auljuo AB|IM ‘€920/ ZS98/200T OT/I0p/wod A8 |1mArelq i pul|uo's feuno fess//sdny wo.y papeojumod ‘. ‘G202 ‘G26805TE


https://doi.org/10.1098/rspb.2020.3202
https://doi.org/10.1111/ddi.13281
https://doi.org/10.1111/jbi.14745
https://doi.org/10.1093/condor/duz039
https://doi.org/10.1002/eap.2853
https://doi.org/10.1016/j.rse.2020.111748
https://doi.org/10.1890/1051-0761(2006)016%5B1744:STEOFF%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B1744:STEOFF%5D2.0.CO;2
https://doi.org/10.1071/WF19136
https://doi.org/10.1002/ecs2.2291
https://doi.org/10.1002/ecs2.2291
https://doi.org/10.1111/jzo.12220
https://doi.org/10.11648/j.ajep.20150404.14
https://doi.org/10.11648/j.ajep.20150404.14
https://doi.org/10.1098/rspb.2016.1703
https://doi.org/10.1111/1365-2656.12851
https://doi.org/10.51492/cfwj.107.5
https://doi.org/10.1111/brv.12876
https://doi.org/10.1111/brv.12876
https://doi.org/10.1038/s41559-020-1251-1
https://doi.org/10.1038/s41559-020-1251-1
https://doi.org/10.1002/ecs2.4397
https://doi.org/10.1002/ecs2.4397
https://doi.org/10.1890/13-1917.1
https://doi.org/10.1890/13-1917.1
https://doi.org/10.1016/j.biocon.2009.11.016
https://doi.org/10.1016/j.biocon.2009.11.016
https://doi.org/10.1002/ecs2.70263

	Severity outweighs pyrodiversity in shaping avian and bat species distributions following an oak woodland megafire
	Abstract
	INTRODUCTION
	METHODS
	Study site
	Acoustic monitoring and data management
	Ultrasonic monitoring and data management
	Fire covariates
	Environmental covariates
	Occupancy modeling framework
	Model implementation and fit

	RESULTS
	Bird acoustic survey results
	Bat ultrasonic survey results
	Bird multi‐species occupancy community‐ and group‐level model results
	Bat multi‐species occupancy community model results

	DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


