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ABSTRACT

Yellow pine and mixed-conifer (YPMC) forests of California’s Sierra Nevada have experienced widespread fire
suppression for over a century, resulting in ingrowth and densification of trees, heavy fuel accumulation, and
shifts in species composition. Under warmer and drier climates, these forests are primed for stand-replacing fires
and severe drought mortality, requiring management interventions to improve their resilience and mitigate
future impacts. Observations from functioning frequent-fire systems (e.g., contemporary reference sites) can
provide key insights about pattern-process relationships in fire-intact systems, which can be used to inform
regional management efforts. In this study, we used airborne lidar data to quantify and compare forest structure
at multiple spatial scales between contemporary reference sites (i.e., forests with a restored frequent, low-
intensity fire regime) and control sites (i.e., typical fire-suppressed forests). We evaluated structures at the
neighborhood- (~1 ha), site- (~100-1,000 ha), and among-site- (~10,000-100,000 ha) levels. In reference sites,
high proportions of individual trees, small clumps of 2-4 trees, and open space formed mostly open canopy
structures at the neighborhood-level, and patches of these neighborhood-level structures were arranged in
heterogeneous spatial patterns within sites. We observed low variability in site-level structures among reference
sites, indicating a stabilizing effect of frequent, low-intensity fire across broad, ecosystem scales. In fire-
suppressed control sites, edaphic factors and other non-fire disturbances occasionally produced heterogeneity
at the neighborhood- and site-level, but the degree of heterogeneity was not consistent across sites. Structural
patterns in contemporary reference sites suggest improved resilience to future disturbances and climate change,
and increased provisioning of ecosystem services relative to control sites. We suggest applying these metrics to
help inform multi-scale and multi-resource management in Sierra Nevada forests.

1. Introduction

2022). Historical YPMC forests represented an archetypical example of
ecosystem resilience by maintaining a stable range of structure and

For centuries, fire has played a key role in shaping the structure and
composition of the yellow pine and mixed-conifer (YPMC) forests of
California’s Sierra Nevada (North et al., 2016; Safford and Stevens
2017). Prior to Euro-American colonization, lightning ignitions and
Indigenous burning practices maintained a frequent (<20-year fire re-
turn interval), low-intensity fire regime, supporting mostly low-density
forest structures and dominance of large fire-tolerant trees (Stephens
et al., 2015; Taylor et al., 2016; Safford and Stevens 2017; North et al.,

composition through centuries of repeat fires, climatic variability, and
other disturbances (Walker et al., 2004; Hessburg et al., 2019; Ziegler
et al., 2021).

Beginning in the late 1700s, Euro-American colonization led to
disruption of Indigenous burning, extensive logging and livestock
grazing, and widespread fire suppression, over time resulting in
increasingly dense and fuel-loaded forests (Knapp et al., 2013; Taylor
et al., 2016; Safford and Stevens 2017; Hagmann et al., 2021). With
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Fig. 1. Conceptual diagram showing the three nested spatial scales explored in this study including neighborhood-level (~1 ha pixel), site-level (~100-1,000 ha),
and among-site-level (~10,000-100,000 ha). True color National Agriculture Imagery Program (NAIP) imagery shown in background for each spatial scale.

warmer and drier climatic conditions in the 21st century, these
contemporary forests are susceptible to uncharacteristically severe
wildfires and droughts (Steel et al., 2015; Restaino et al., 2019; Williams
et al., 2019), often with enormous environmental and social conse-
quences (Coop et al., 2020; Safford et al., 2020; Schulze et al., 2020;
Meigs et al., 2023).

Management efforts across much of the Sierra Nevada are focused on
improving resilience to fire, drought, and climate change, while also
protecting or enhancing key ecosystem services like wildlife habitat and
biodiversity (North et al., 2009, Stephens et al., 2016a; Safford and
Stevens 2017; Stephens et al., 2021; Forest Management Task Force,
2021). Observations of structural patterns from functioning frequent-
fire forests are critical to informing management efforts in pursuit of
these broad objectives (Keane et al., 2009; Hessburg et al., 2015; Collins
et al., 2016; Jeronimo et al., 2019; Wiggins et al., 2019). Such obser-
vations offer important insights about pattern-process relationships in
fire-intact ecosystems which are essential to the successful design and
implementation of resilience-focused and multi-resource management
(North et al., 2009; Larson and Churchill 2012; Churchill et al., 2013;
Hessburg et al., 2015; Jeronimo et al., 2019).

Historical datasets and reconstruction studies have provided many
detailed descriptions of structural conditions in frequent-fire forests
prior to Euro-American colonization (e.g., Collins et al., 2011; Larson
and Churchill 2012; Lydersen et al., 2013; Safford and Stevens 2017).
While these datasets offer extensive information about finer-scale
structures (i.e., neighborhood- to stand-level) they typically lack thor-
ough and quantitative descriptions about coarser-scale structures and
spatial patterns (i.e., site- to watershed-level) (Fig. 1). However, char-
acterizing structural patterns at these coarser-scales is essential, since
pattern-process relationships often unfold across multiple, interacting
scales and because multi-resource management (i.e., fire resistance at
the tree-scale and wildlife habitat across landscapes) is inherently multi-
scaled (Stephens et al., 2016b; Falk et al., 2019; Koontz et al., 2020; Falk
et al., 2022; Loudermilk et al., 2022).

In recent decades, several sites across the Sierra Nevada have expe-
rienced multiple overlapping fires with low- to moderate-severity effects
(<75 % tree mortality). These sites — often termed contemporary
reference sites — represent forests where a frequent, low-intensity fire
regime has begun to reestablish after decades of fire suppression (Collins
et al., 2009; Collins et al., 2016; Jeronimo et al., 2019; Pawlikowski
et al.,, 2019; Wiggins et al., 2019; Ng et al., 2020). Contemporary
reference sites provide important opportunities to measure and analyze
multi-scale structural patterns in 21st century fire-intact systems. These
characterizations are especially enhanced where high-fidelity and
spatially extensive remote sensing datasets, like airborne lidar, are

available (Jeronimo et al., 2019; Wiggins et al., 2019). Contemporary
reference sites also have the advantage of representing forests that have
developed, at least partially, under modern climate conditions; thus,
structural observations from these sites can be used to inform forward-
looking, climate-smart management strategies (Lydersen and North
2012; Churchill et al., 2013; Collins et al., 2016; Jeronimo et al., 2019;
Wiggins et al., 2019).

Ecological resilience can be defined as the capacity of ecosystems to
withstand or recover from common disturbances and climatic variability
while maintaining a relatively stable range of structure and composition
across relevant time scales (Walker et al., 2004). Some researchers
(Westman 1978; Carpenter et al., 2001; DeRose and Long 2014) have
suggested that definitions of resilience must specify resilience of what
and to what, at appropriate spatial and temporal scales. Therefore, in
this study, we define resilience as the ability of YPMC forests to retain
their structure, composition, and functional integrity in response to
stresses common to this forest type (e.g., fire, drought, and insects) at the
ecosystem scale and over the age span of the dominant trees (i.e.,
300-400 years).

Indicators of resilience describe the mechanisms that enable forests
to either withstand or recover from disturbances (Falk et al., 2022). At
the neighborhood-level (Fig. 1), arrangements of individual trees, small
clumps of trees, and open space (an ICO pattern) can indicate increased
resilience in YPMC forests, as these patterns can mitigate fire-induced
mortality of dominant trees while also reducing competition and
increasing drought tolerance (Larson and Churchill 2012; Ziegler et al.,
2017; Ritter et al., 2020; Ziegler et al., 2021; Atchley et al., 2021). At the
within-site-level (Fig. 1), heterogeneity in forest patch densities may
also indicate improved resilience, as variability in forest densities can
reduce the likelihood of large high severity burned areas which can
inhibit post-fire seed dispersal and recovery (Hessburg et al., 2019; Coop
et al., 2020; Francis et al., 2023). Researchers have also theorized that
low-intensity and frequent fire regimes historically represented a strong
top-down control on forest structure across broad spatial scales (e.g.,
Larson and Churchill 2012; Knapp et al., 2017). Thus, resilience among-
sites (Fig. 1) may best be characterized as a consistency in finer-scale
heterogeneity, due to the pervasive top-down influence of low-
intensity and frequent fire regimes.

We currently lack a comprehensive analysis of structural patterns
across multiple, hierarchical scales in contemporary reference sites of
the Sierra Nevada. Past studies have proposed a conceptual model of a
nested hierarchical structure in frequent-fire forests prior to Euro-
American colonization — where neighborhood-level tree clump and
opening patterns scaled up to produce heterogeneous patch arrange-
ments within stands and sites, together supporting resilience across
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ecosystems (Bonnicksen and Stone, 1980; Larson and Churchill, 2012;
Reynolds et al., 2013; Collins et al., 2015; Hessburg et al., 2019). Now,
with recent and extensive collections of high-fidelity airborne lidar
covering large extents of the Sierra Nevada, including many contem-
porary reference sites, this hierarchical ecosystem structure can be
empirically quantified and analyzed. Such structural characterizations
will provide essential diagnostics that can be used when managing for
resilience and other ecosystem services across the region (North et al.,
2009; Churchill et al., 2013; Hessburg et al., 2015; Greiner et al., 2020).

In this study, we analyzed forest structural patterns across contem-
porary reference sites (hereafter, reference sites) at multiple spatial
scales in the Sierra Nevada YPMC zone and compared these structures
against control sites representing fire-suppressed forests. Our compari-
sons of structures between fire-intact reference sites and fire-suppressed
controls sites allowed us to identify the effects of frequent-fire while
controlling for topographic, climatic, and productivity influences. We
used airborne lidar data (hereafter ‘ALS’) to quantify a scalable set of
horizontal forest structure metrics at three spatial scales including 1)
neighborhood-level tree clump and opening patterns, 2) within-site
patch arrangements, and 3) among-site variability (Fig. 1).

We sought to address two primary objectives in our analyses:

1) Identify and classify the diversity of horizontal forest structures
across reference and control sites at the neighborhood-level (~1 ha)
and aggregate these measures to quantify site-level (~100-1,000 ha)
and among-site-level structural patterns (~10,000-100,000 ha).

2) Compare structures between reference and control sites at each
spatial scale to discern key structural patterns produced by a
contemporary, frequent, and low-intensity fire regime.

2. Methods
2.1. Study area

California’s Sierra Nevada is characterized by a Mediterranean
climate in which approximately 85% of precipitation falls between
November and May and summer months are consistently dry. Interan-
nual fluctuations in climate are largely driven by El Nino-Southern
Oscillation (ENSO) patterns causing general shifts from wetter to drier
periods every 3-5 years (North et al., 2016). Broad-scale topographic
factors result in higher precipitation, cooler temperatures, and more
persistent snowpack at higher elevations and latitudes, while fine-scale
topography influences variability in plant water availability and solar
radiation (North et al., 2016; van Wagtendonk et al., 2018). Soils in the
western Sierra Nevada are generally young, acidic, and have relatively
deep organic horizons (North et al., 2016; van Wagtendonk et al., 2018).

Yellow pine and mixed-conifer (YPMC) forests cover nearly 3 million
ha of the Sierra Nevada ecoregion (EPA Ecoregions, 2023), and repre-
sent an area of high ecological, social, and economic importance (Saf-
ford and Stevens 2017). Major tree species in the YPMC zone include
ponderosa pine (Pinus ponderosa), Jeffrey pine (Pinus jeffreyi), sugar pine
(Pinus lambertiana), Douglas-fir (Pseduotsuga mengziesii), white fir (Abies
concolor), red fir (Abies magnifica), incense cedar (Calocedrus decurrens),
and black oak (Quercus kelloggii). We used the FVEG dataset to define the
specific boundaries of the YPMC zone. The FVEG dataset provides ‘best
available’ landcover type maps for California for years approximately
1990-2014 (FVEG, 2015). We focused our analyses on the FVEG Wild-
life Habitat Relationship (WHR) classes including Montane Hardwood-
Conifer, Ponderosa Pine, Jeffrey Pine, Douglas Fir, and Sierran Mixed
Conifer, which generally align with YPMC forest types described in
Safford and Stevens (2017).

Prior to Euro-American colonization beginning in the 1700s, YPMC
forests were characterized by a frequent, low intensity fire regime driven
by natural lightning ignitions and Indigenous burning (Anderson and
Moratto, 1996; Safford and Stevens, 2017). The historic mean fire return
interval was 11-16 years with most fire resulting in low- and moderate-
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severity effects and only about 8-15% high-severity effects (Safford and
Stevens 2017). Across broad temporal scales (i.e., millennia), droughts
historically occurred every 80 to 260 years with most droughts lasting
20 to 100 years (Safford and Stevens 2017). Major droughts led to
increased moisture stress on trees which subsequently led to periodic
and isolated insect outbreaks and tree mortality (North et al., 2016;
Safford and Stevens 2017).

Sierra Nevada forests are managed by a variety of private land-
owners and local, state, and federal agencies. Most forests fall under the
jurisdiction of the United States Forest Service (FS) where, outside of
wilderness areas, they are managed for multiple resources including
timber, wildlife, water protection, and recreation (North et al., 2009). A
considerable proportion of the Sierra Nevada is also managed by the
National Park Service (NPS) where management is centered on preser-
vation and recreation (Allen et al., 2019; Wood and Jones 2019). Cur-
rent NPS and FS wilderness policies, as well as federal fire management
policy guidance, permit lightning-ignited fires to be managed for
resource objectives as specified in land or resource management plans,
yet most ignitions are still typically suppressed (van Wagtendonk 2007;
Massip 2020; Young et al., 2020).

2.2. Reference and control sites

Across the Sierra Nevada YPMC zone, we sought to compare forest
structural patterns at multiple scales between reference sites (i.e., sites
with repeat low/moderate-severity fire effects) and control sites (i.e.,
fire-suppressed forests with no recent fire activity). We followed an
approach initially developed by Jeronimo et al. (2019) to identify a set
of reference sites for our study. Here we provide a summary of this
approach, with additional detail provided in an associated Data in Brief
publication (Chamberlain et al., 2023a, in review) and in the metadata
for the archived dataset (https://doi.org/10.2737/RDS-2023-0027;
Chamberlain et al., 2023b). The general approach for identifying
reference and control sites involved 1) scoring rasters across our study
area based on the degree to which each 30 m pixel represented either a
restored fire regime (for reference sites) or fire-suppressed forests (for
control sites), and 2) defining site polygons around clusters of high
scoring pixels using the national catchment dataset (NHDPlusV2, 2021)
along with fire perimeters, burn severity layers, and ESRI imagery.

2.2.1. Datasets

We used fire history datasets to identify areas with a restored
frequent, low-intensity fire regime (reference sites) or areas with no
recent fire history (control sites). We used CALFIRE’s Fire Resource and
Protection Program (FRAP) fire history dataset to map all fires occurring
in the YPMC zone from 1957 to 2020 (FRAP Fire Perimeters, 2021; Cova
et al., 2023). Records for all fires >4 ha including prescribed burns were
included. We used the Parks et al. (2019) Google Earth Engine script to
quantify and map predicted Composite Burn Index (CBI) burn severity
for all fires intersecting our study area (see detailed methods in Cova
et al., 2023). Thresholds recommended by Miller and Thode (2007)
were used to classify continuous CBI rasters into categories of unburned-
, low-, moderate-, and high-severity. Prior to 1985, Landsat data was not
available for modeling burn severity. Thus, for all pre-1985 fires in our
dataset that intersected potential reference sites, we visually examined
imagery and a lidar-derived canopy height layer (more detail below) for
evidence of past stand-replacing fire and excluded all expected high-
severity burn areas from our analyses.

We mapped management history to ensure that neither reference nor
control sites had been impacted by treatments or harvest in recent de-
cades. We used 1) a dataset developed by Knight et al. (2022) for years
1985-2020 and 2) the Forest Service FACTS database for years prior to
1985 (USDA FACTS, 2021). The Knight et al. (2022) dataset provides a
compiled and organized record of treatment history across private, state,
and federal lands for years 1985-2020. Tables provided in the Knight
et al. (2022) supplemental materials (Tables S4-58) were used to classify
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Fig. 2. California’s Sierra Nevada ecoregion defined by the Environmental Protection Agency’s Level IV Ecoregions dataset (EPA Ecoregions, 2023) with all
intersecting National Forest (NF) and National Park Service (NPS) administrative boundaries (smoothed for visualization). Geographic distribution of reference (blue)
and control (orange) sites used in analyses with example of each site type (left). Density curves for climatic water deficit (CWD), canopy height, and 2000 m
topographic position index (TPI) compared between reference and control sites (right). No significant differences (« > 0.05) found in median (Wilcoxon Rank Sum,
WRS) or distribution (Kolmogorov-Smirnov, KS) between climate, canopy height, or topographic indices between reference and control sites.

and discard records representing administrative, monitoring, and pre-
scribed burning tasks. For years prior to 1985, we relied solely on the
USDA Forest Service FACTS dataset to track treatment history on federal
lands and used the same tables from Knight et al. (2022) supplemental
materials to classify and discard administrative-, monitoring-, and fire-
related treatments.

We used the FVEG forest type dataset to ensure that both reference
and control sites represented primarily YPMC forests. The Landscape
Change Monitoring (LCMS) dataset was used to identify and exclude
areas impacted by non-fire disturbances in our control sites (Housman
et al., 2022). Lastly, the national catchment dataset (NHDPlusV2, 2021)
and ESRI imagery (ESRI World Imagery, 2021) were used to delineate
individual site boundaries (more detail provided below).

2.2.2. Identifying reference and control sites

We followed methods initially presented in Jeronimo et al. (2019) to
identify reference sites for our analyses. We implemented a raster
scoring approach in which each 30-m pixel in a representative raster
across our study area was scored based on the degree to which it rep-
resented a restored low-intensity, frequent fire regime in the YPMC
zone. Specifically, each pixel was given a point for 1) at least 2 fires in

the last 60 years, 2) at least one fire in the last 30 years, 3) at least one
fire with moderate-severity effects, 4) no high-severity effects, 5) no
record of late 20th or early 21st century timber management, and 6)
representing one of the desired FVEG YPMC forest types (defined in
Section 1.1.). Specific site boundaries were then defined using the na-
tional catchment dataset (NHDPlusV2, 2021). We selected all catch-
ments that were dominated by ‘score 6 cells and were >100 ha in size.
We then made minor manual adjustments to selected catchment
boundaries using fire perimeters, burn severity rasters, and ESRI imag-
ery to ensure that our sites represented primarily forested areas and
excluded roads, infrastructure, and major rock outcrops. Detailed
methods are provided in an associated Data in Brief manuscript
(Chamberlain et al., 2023a, in review) and the metadata for the archived
dataset (https://doi.org/10.2737/RDS-2023-0027; Chamberlain et al.
2023b). We identified 119 reference sites and described and quantified
their characteristics in the aforementioned paper.

For this study, we reduced and focused the reference site datasets to
sites where ALS data was collected at least 5 years following the most
recent fire (see details on ALS data in Section 2.1.). This selection cri-
terion was applied to improve quantification of live forest structure
metrics (as recent drought and extensive wildfires have driven
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Table 1
Total area, count, and mean, maximum, and minimum size for reference and
control sites.

Site Type Total Area # Mean Size Max Size Min Size
(ha) Sites (ha) (ha) (ha)

Reference 11,850 42 282 841 102

Control 10,031 42 238 692 114

widespread tree mortality across the region (Steel et al., 2022)) and to
ensure more reliable comparisons of structural patterns between refer-
ence and control sites. Five years was selected based on rates of post-fire
mortality identified by van Mantgem et al. (2011) and Jeronimo et al.
(2020). We acknowledge that this criterion did not guarantee removal of
all snags prior to quantifying forest structure metrics; instead, it mini-
mized the impact of snags while maintaining a large sample of sites upon
which we could draw ecological inferences. Nevertheless, we acknowl-
edge that trees that died and/or snags that remained standing >5 years
post-fire had some influence on ALS metrics.

To identify a set of control sites representing typical fire-suppressed
forests, we applied a raster scoring approach similar to that used to
identify reference sites. Specifically, each 30-m pixel across our study
area was given a point for each of the following true statements: 1) no
fire history, 2) no record of late 20th or early 21st century timber
management, and 3) no “Fast Change” detected by the LCMS dataset
(Housman et al., 2022). The LCMS criterion was applied to ensure that
control sites had not been heavily affected by other sudden non-fire
disturbances in recent decades (Housman et al., 2022). Then, using
the same method for defining reference sites, we selected all catchment
polygons (NHDPlusV2, 2021) with majority ‘score 3’ pixels that were
>100 ha, then used fire perimeters, burn severity layers, and ESRI im-
agery to make minor adjustments to polygons to ensure control sites
represented forested areas and excluded roads, infrastructure, and major
rock outcrops.

The reference and control site datasets were further filtered to ensure
that observed differences in forest structure between the site types were
indeed the result of fire and fire-suppression, respectively, rather than
differences in climate, topography, or forest age. Specifically, we
compared distributions of climatic water deficit (CWD) (Flint et al.,
2021), topographic position index (TPI), and ALS-derived canopy height
(a proxy for stand age, more detail provided below) between the site
types. We first observed the distributions of CWD, TPI, and canopy
height between the reference and control sites and removed sites from
our analyses that clearly represented outlier climate, topographic, or
stand age conditions (e.g., mean canopy height <20 m). Then, we used
Wilcoxon Rank Sum (WRS) and Kolmogorov-Smirnov (KS) tests to
confirm no significant differences (a > 0.05) in the median or distri-
bution, respectively, of mean site-level CWD, TPI, or canopy height
between the reference and control sites (Fig. 2) (Gotelli and Ellison
2018). Scatter plots showing the distributions of reference and control
sites across CWD, TPI, and canopy height are also provided in Appendix
Fig. Al. After applying these filters, we had a final set of 42 reference
sites and 42 control sites. Final reference and control site metrics are
provided in Table 1. The lack of reference and control sites in the
southern Sierra is primarily due to the lack of ALS datasets that met the
5-year post-fire criterion. Reference sites are publicly available on the
Forest Service Research Data Archive (https://doi.org/10.2737/RDS-20
23-0027; Chamberlain et al., 2023b), and control site boundaries are
available on the Zenodo Digital Repository (https://doi.org/10.
5281/zen0do.8401035).

2.3. Tree clump and opening metrics with ALS

We used high fidelity airborne laser scanning (ALS) data to quantify
and compare a multi-scale set of forest structure metrics between
reference and control sites. ALS data is currently available for large
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Table 2

Information for six airborne lidar (ALS) acquisitions including acquisition name,
year(s) flown, total area, mean pulse density/m?, and average flight line overlap.
SSARR refers to Southern Sierra All Resource Restoration project area.

Acquisition Years Total Area Mean Pulse Average Flight
Name Flown (ha) Density (pulse/ Line Overlap
m?)
North Plumas 2018 466,774 13.3 >50 %
NF
South Plumas 2018 560,370 12.6 >50 %
NF
Eldorado NF 2019 577,109 28.0 >50 %
Tuolumne 2018/ 694,330 15.3 >50 %
County 2019
Yosemite NP 2019 369,824 235 >50 %
SSARR 2020 569,810 22.0 >50 %

portions of the Sierra Nevada YPMC forests. For this study, we used six
primary acquisitions that were collected between 2018 and 2020
including North and South Plumas National Forest, Eldorado National
Forest, Tuolumne County, Yosemite National Park, and the Southern
Sierra All Resource Restoration (SSARR) project area. These ALS ac-
quisitions were each collected via aircraft during leaf-on months and
provide high fidelity, georeferenced point cloud and ground model
datasets. The ALS data met minimum pulse density and flight line
overlap standards recommended for performing forest structure-based
analyses (Gatziolis and Andersen 2008). Details for each acquisition
are provided in Table 2.

We used the USDA Forest Service’s FUSION software to process all
six ALS acquisitions. Primary steps included 1) normalizing return
heights, 2) producing canopy height models, 3) segmenting trees, and 4)
deriving structure metrics from segmented trees (McGaughey, 2020).
Using FUSION’s Lidar Toolkit, we first used vendor-provided ground
models to normalize each ALS acquisition so that Z coordinates repre-
sented vegetation height above ground. The resultant normalized point
clouds were then used to produce 0.75-m resolution canopy height
models (CHMs). CHMs were smoothed using a 3x3-cell mean filter to
reduce the effects of noise on the tree segmentation algorithm (Jeronimo
et al., 2018). CHMs were further filtered to remove all cells <2 m so that
derived structure metrics were representative of overstory tree struc-
tures rather than shrubs or other understory vegetation.

Individual trees were segmented in FUSION using the watershed
algorithm (Vincent and Soille 1991), a computationally efficient algo-
rithm that is widely used in other ALS-based forest structure research
(Jeronimo et al., 2018). After applying the algorithm, FUSION produced
an X and Y coordinate for each tree, a maximum tree height value, and a
polygon representing the approximate crown dimensions of each tree.
Past work has demonstrated that ALS-segmented trees are not fully
representative of on-the-ground trees since many of the subcanopy trees
are not identified in the segmentation process (Richardson and Moskal
2011; Jeronimo et al., 2018; Wiggins et al., 2019). Thus, we hereafter
refer to all ALS-segmented trees as Tree Approximate Objects (TAOs) to
explicitly recognize the limitations of segmentation algorithms while
facilitating the production of ecologically meaningful metrics (Jeronimo
et al., 2018, 2019).

We produced a set of ICO (individual tree, clump, and opening) and
canopy height metrics from the ALS-derived TAOs that are known to be
important metrics related to resilience in historically frequent-fire for-
ests (Larson and Churchill 2012; Churchill et al., 2013; Lydersen et al.,
2013). We followed methods from past work to produce ALS-derived
ICO metrics (Jeronimo et al., 2019; Kane et al., 2019; Wiggins et al.,
2019). All metrics were computed at 90-m resolution (~1-ha) as this is
the approximate scale at which fine-scale tree spatial patterns are known
to emerge in frequent-fire forests (Larson and Churchill 2012). TAOs
were considered part of the same clump if their estimated crown poly-
gons overlapped. Within each 90-m pixel, we computed the percent total
canopy area occupied by individual TAOs and clumps of 2-4, 5-9, and
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Name, abbreviation, description, interpretation, and range for four heterogeneity indices including aggregation index, interspersion-juxtaposition index, area-
weighted mean patch size, and Shannon’s evenness index. Table adapted from Cova et al. (2023) and Singleton et al. (2019).

Metric Abbreviation ~ Description

Interpretation of Low
Values

Interpretation of High
Values

Range (units)

Aggregation Index Al
of the same class

Interspersion- I Describes the degree to which the edge of patches are likely
juxtaposition to be adjacent to all other patch types (high value) or only
Index one other patch type (low value)

Area-weighted AWMPS
mean patch size
Shannon’s Evenness ~ SHEI

Index

within each site
Degree of similarity in proportions of classes

Likelihood that pixels from one class are adjacent to pixels

Mean area of patches weighted by relative patch size

Low clumping of pixels of
the same class

Low intermixing of patch
types

Pixel chosen at random will
belong to small patch
Distributions are not even,
and a few classes dominate

High clumping of pixels of
the same class

High intermixing of patch
types

Pixel chosen at random will
belong to large patch
Distributions are even, and
no single class dominates

0-100
(unitless
index)

0-100
(unitless
index)
0.81-427 (ha)

0-1 (unitless
index)

10 + TAOs. We also computed a percent area gap metric as the per-
centage of area within the pixel not occupied by TAO crowns. Lastly, we
computed the 95th percentile of TAO heights (i.e., ‘canopy height’)
within each pixel.

We applied the above workflow to each of the six ALS acquisitions to
derive a final set of 90-m resolution ICO and height metrics spanning the
reference and control sites. Lastly, we mosaicked rasters across acqui-
sitions into a final set of rasters with uniform spatial resolutions (90-m)
and projections (EPSG: 3310) to enable cross-acquisition comparisons of
structure.

2.4. Neighborhood-level structure

Analysis of individual ICO metrics can be challenging to interpret
and difficult to translate into straightforward, operational management
objectives and evaluation metrics (North et al., 2022). Thus, we used
hierarchical clustering to produce a set of horizontal structure classes
from the ICO structure metrics to 1) produce outputs that could be more
easily interpreted for management applications and 2) could be aggre-
gated to characterize broader site-level structures. We defined a set of
structure classes for all pixels intersecting the reference and control sites
described above (Section 1.2.). Hierarchical clustering algorithms can
quickly overwhelm computer memory when building distance matrices,
so we first performed clustering on a random stratified sample of 27,000
pixels, then produced a Random Forest model to predict the resultant
structure classes for all pixels across the reference and control sites.

We stratified pixels using the percent area gap and the 95th
percentile of TAO height metrics (described above) to ensure that our
sample captured a range of forest conditions. We then applied an un-
supervised agglomerative hierarchical clustering algorithm using a
Euclidean distance measure on all ICO metrics (i.e., % area gap, % single
TAOs, and % 2-4, 5-9, and 10 + TAO clumps) to define a set of hori-
zontal structure classes (Gotelli and Ellison 2018). To determine the
most ecologically meaningful and statistically distinct number of
structure classes (i.e., where to “prune” the resultant dendrogram), we
evaluated a dendrogram (Fig. 1) and scree plot (Appendix Fig. A2) from
the hierarchical clustering analysis and analyzed the distribution of
input metrics in different class combinations. After deciding on the
number of structure classes, we produced a Random Forest classification
model using the ICO metrics as explanatory variables and the structure
classes as a response and applied this model to predict the structure class
of all pixels across the reference and control sites (Cutler et al., 2007).
All analyses were performed in R (R Core Team, 2023) using the terra
(Hijmans et al., 2023) and randomForest (Liaw and Wiener, 2002)
packages and other base R functions. We used default parameters for the
Random Forest model.

2.5. Within- and among-site-level structure

Fine-scale forest structure patterns (i.e., neighborhood-level

structure classes) describe a key spatial scale of forest structures in
frequent-fire forests (Larson and Churchill 2012); however, it is also
useful to quantify and analyze coarser scale structural patterns (i.e.,
within- and among-sites) to better inform management and understand
repeat fire effects at these broader spatial scales (Turner and Romme
1994; Larson and Churchill 2012; Hessburg et al., 2019; Francis et al.,
2023). For example, site-level heterogeneity indices including patch size
or spatial aggregation metrics can provide key information about the
proportions and spatial configurations of finer-scale structures across a
site (McGarigal and Marks 1995; He et al., 2000; Hessburg et al., 2000).
Furthermore, measuring among-site variability in heterogeneity metrics
can provide information about the consistency of patterns across
broader spatial scales (i.e., multiple sites). Thus, to analyze these coarser
spatial scales, we quantified and compared 1) within-site heterogeneity
indices of the finer-scale structure classes (described in section 1.4.) and
2) among-site variability of these site-level indices.

We first derived the proportions of each structure class by site type
(reference vs. control) and compared these distributions to identify
dominant patterns of fine-scale structures. Next, we characterized site-
level heterogeneity and spatial configurations of forest structure using
a parsimonious set of heterogeneity indices (Cushman et al., 2008)
including aggregation index (AI), interspersion-juxtaposition index
(1JI), area-weighted mean patch size (AWMPS), and Shannon’s evenness
index (SHEI) (McGarigal and Marks 1995; He et al., 2000). Aggregation
index describes the likelihood that pixels are adjacent to pixels of the
same class and provides a measure of “clumpiness” across a site (He
et al., 2000). Interspersion-juxtaposition index is referred to as the “salt
and pepper” index and ranges from O to 100. A value of 0 suggests that
classes, on average, are only adjacent to patches of a single other class
type, while a value of 100 suggests that classes, on average, are equally
adjacent to patches of all other class types. Area-weighted mean patch
size describes the average patch size that a randomly selected pixel
belongs to, and thus indicates whether a site is composed primarily of
small or large patches of finer-scale structures. Lastly, Shannon’s even-
ness index describes how similar the proportions of different classes are
across a site (Table 3) (McGarigal and Marks 1995). We computed all
heterogeneity indices using the terra (Hijmans et al., 2023) and land-
scapemetrics (Hesselbarth et al., 2019) packages in R (R Core Team,
2023). We used an 8-neighbor rule for defining patches of classes and
computed site-level indices (i.e., across patches of all structure class
types).

To assess differences in heterogeneity indices between reference and
control sites, we first compared the distributions of each index (aggre-
gation index, interspersion-juxtaposition index, area-weighted mean
patch size, and Shannon’s evenness index) using boxplots and violin
plots. Next, we tested for multivariate differences (i.e., across all het-
erogeneity indices) between the reference and control sites. We used
PERMANOVA to test for significant differences in the centroids of het-
erogeneity indices and used PERMDISP to test for significant differences
in dispersion, using an o of 0.05 for both statistical tests. We first scaled
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Closed Dense Intermediate Open
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Fig. 3. Dendrogram illustrating the hierarchical clustering analysis applied to
the five ICO metrics, with the horizontal line depicting the cut in the dendro-
gram defining four distinct structure classes (see Fig. 4). ICO refers to fine-scale
spatial patterns of individual tree approximate objects (TAOs), clumps of TAOs,
and open space.

each heterogeneity index by its range, then produced a Euclidean dis-
tance matrix from the scaled heterogeneity indices. We used the adonis2
function from the vegan package (Oksanen et al., 2022) to run PER-
MANOVA and used the betadisper function from the vegan package and
the base aov function to run PERMDISP in R (R Core Team, 2023). Lastly,
we visualized differences in centroid and dispersion between reference
and control sites using the first two axes of a Principal Coordinates
Analysis derived from the input heterogeneity indices.

3. Results
3.1. Neighborhood-level structures

Our hierarchical clustering analysis produced a distinct set of four
structure classes representing neighborhood-level (~1-ha) ICO patterns
characteristic of the reference and control sites. Cutting the dendrogram
at four classes was most appropriate for our dataset, as further splitting
or grouping would have produced less distinct classes (Fig. 3). We
provide distributions of ALS-derived tree clump and opening metrics
across all pixels within reference and control sites in Appendix Fig. A3;
however, we focus our results and discussion on the derived
neighborhood-level structure classes since structure classes 1) are easier
to interpret from a management perspective and 2) represent the metrics
that were scaled up to quantify site- and among-site structural patterns.

Distributions of ICO metrics comprising each structure class and vi-
sualizations of a representative sample from each class are shown in
Fig. 4. We assigned names to each structure class based on in-
terpretations of the resultant metric distributions. The “closed canopy”
class was characterized by mean 64.0% canopy area of large clumps and
<15.0% mean canopy area of single TAOs and 2-4 and 5-9 TAO clumps.
On the other hand, the dense, intermediate, and open ICO structure
classes were all composed of >35% mean canopy/pixel area of at least
one key ICO structure metric (i.e., single TAOs, 2-4 TAO clumps, or 5-9
TAO clumps). These ICO-dominated structure classes were
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distinguished, however, based on the relative proportion of constituent
ICO metrics. The “dense ICO” class was dominated by 5-9 TAO clumps
(mean 37.5% canopy area); “intermediate ICO” was dominated by 2-4
TAO clumps (mean 63.5% canopy area); and “open ICO” was dominated
by open space (mean 63.3% pixel area) and single TAOs (mean 81.9%
canopy area). The first and second row in Fig. 4 provide top-down vi-
sualizations of the horizontal spatial structures in each class, showing
the decreasing canopy cover and more distinguished ICO structures
moving from closed canopy (left) to open ICO structures (right). In Fig. 5
we provide photographs taken within representative patches (>4
contiguous 90-m pixels) of each structure class within Yosemite National
Park during summer of 2022.

Comparing the mean and variance of the proportions of
neighborhood-level structure classes indicated key differences between
reference and control sites (Fig. 6). Reference sites on average were
characterized by 29.6% open ICO structures, 39.5% intermediate ICO
structures, and only 9.9% closed canopy structures. In contrast, control
sites on average were composed of 48.2% closed canopy structures,
20.1% intermediate ICO structures, and only 9.8% open ICO structures.
Both site types had approximately 21% dense ICO structures (Fig. 6).

3.2. Site-level spatial patterns

Comparisons of site-level heterogeneity indices indicated a more
heterogeneous spatial arrangement of finer-scale structure classes in
reference sites compared to controls (Fig. 7). References sites exhibited
lower aggregation index, higher interspersion-juxtaposition index,
smaller area-weighted mean patch size, and higher Shannon’s evenness
index (median AI = 33.5; median IJI = 87.1; median AWMPS = 22.3;
median SHEI = 0.91) relative to controls (median AI = 41.5; median 1JI
= 85.2; median AWMPS = 37.2; median SHEI = 0.86). (Fig. 7A). Our
multivariate comparisons (i.e., using PERMANOVA to compare all input
heterogeneity indices between reference and control sites) indicated a
significant difference in the centroid of heterogeneity indices between
site types (a < 0.05), suggesting that reference sites exhibited greater
site-level heterogeneity (Fig. 7A/B).

3.3. Among-site variability

Comparisons of among-site variability and dispersion between
reference and control sites indicated that, across the Sierra Nevada
YPMC zone, sites with ongoing fire-suppression (i.e., control sites) were
more variable in terms of their site-level heterogeneity indices. In
contrast, reference sites were more consistently heterogeneous (i.e.,
lower variability in heterogeneity indices) across the Sierra Nevada
YPMC zone. Standard deviations of each heterogeneity index were
higher in control sites (standard deviation Al = 13.2; standard deviation
IJI = 14.1; standard deviation AWMPS = 92.7; standard deviation SHEI
= 0.18) compared to reference sites (standard deviation Al = 3.97;
standard deviation IJI = 9.42; standard deviation AWMPS = 18.6;
standard deviation SHEI = 0.06) (Fig. 7A). Additionally, we observed
significantly higher multivariate dispersion of heterogeneity indices in
control sites compared to reference sites (Fig. 7B).

4. Discussion

Our analyses provide key insights about the effects of a contempo-
rary, frequent, and low-intensity fire regime on multi-scale forest
structural patterns, and how these structures compare against typical
fire-suppressed forests in the Sierra Nevada YPMC zone. Frequent and
low-intensity fires produced distinct horizontal spatial patterns at the
neighborhood-level in reference sites, with structures characterized
primarily by individual TAOs, small clumps of TAOs, and high pro-
portions of open space (Figs. 5 and 6). In contrast, fire-suppressed
control sites were dominated primarily by closed canopy structures at
the neighborhood-level, with only moderate proportions of dense and
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Fig. 4. Visualizations and metrics for representative samples of the four structure classes. Top row shows top-down visualization of TAO clump and opening patterns
within 90x90-m (~1-ha) pixels; middle row shows top-down visualization of 0.6-m resolution National Agricultural Imagery Program (NAIP) true color images; and
bottom row shows distributions of input structure metrics that define each structure class (% area for area gap metric and % canopy for all other metrics). ICO refers
to fine-scale spatial patterns of individual tree approximate objects (TAOs), clumps of TAOs, and open space.

intermediate ICO structures. We observed more heterogeneous spatial
arrangements of neighborhood-level structure classes within reference
sites compared to controls, based on low aggregation of pixels, high
interspersion of patch types, small patch sizes, and high evenness of
patch types (Fig. 7). Furthermore, we found that site-level heterogeneity
indices consistently fell within a relatively small range of variation
among reference sites, while controls exhibited higher among-site vari-
ance (Fig. 7). This consistency in site-level heterogeneity among refer-
ence sites suggests a coarse-scale stabilizing effect of contemporary
frequent-fire regimes, where fire as an active process ultimately leads
to greater consistency of spatial patterns across broad, ecosystem scales.
The multi-scale structural patterns observed in reference sites indicate
improved resilience to future disturbances and climate change and will
likely support other key ecosystem services; therefore, these structures
can be used to help inform management efforts across the Sierra Nevada.

4.1. Neighborhood-level structures (~1 ha)

Across our reference and control sites, we observed four ecologically
and statistically distinct structure classes — closed canopy, dense ICO,
intermediate ICO, and open ICO. The closed canopy structure class was
characteristic of fire-suppressed forests, in which key components of the

ICO pattern, including individual TAOs, small clumps of TAOs, and open
space, were absent. This condition is common in fire-suppressed forests
due to infilling of more shade-tolerant species which increases conti-
nuity of surface, ladder, and canopy fuels (Collins et al., 2011; Lydersen
et al., 2013). The three ICO structure classes (dense ICO, intermediate
ICO, and open ICO), however, were characterized by higher proportions
of open space, individual TAOs, and small clumps of TAOs, which
represent the key horizontal structural components that define frequent-
fire forests (Larson and Churchill 2012; Lydersen et al., 2013).

Our results provide evidence that the reintroduction of a frequent,
low-intensity fire regime in previously fire-suppressed forests has begun
to reestablish neighborhood-level ICO patterns that are similar to pre-
Euro-American colonization (Larson and Churchill 2012; Churchill
et al., 2013; Lydersen et al., 2013; Safford and Stevens 2017). Low-
intensity fires can produce open space, single TAOs, and small clumps
of TAOs by iteratively disaggregating larger contiguous clumps of TAOs,
like those found in our fire-suppressed control sites (Kane et al., 2013;
Kane et al., 2019; Ritter et al., 2020). Ultimately, this “breaking up” of
larger clumps likely led to the formation and dominance of intermediate
and open ICO structure classes in our reference sites. Importantly, our
findings of mostly individual TAOs and small clumps of TAOs in fire-
intact forests are consistent with past studies that analyzed TAO
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Fig. 6. Distributions of structure class proportions between reference (top) and
control (bottom) sites. Each data point represents the proportion of a given
structure class for a single site. Reference sites are dominated by open and in-
termediate ICO classes with lower proportions of dense ICO and closed canopy
classes. Control sites dominated by closed canopy and to a lesser extent dense
ICO structure classes, and lower portions of intermediate and open ICO classes.
ICO refers to fine-scale spatial patterns of individual tree approximate objects
(TAOs), clumps of TAOs, and open space.

spatial patterns in contemporary reference sites (Jeronimo et al., 2019;
Wiggins et al., 2019). Additionally, despite the dominance of interme-
diate and open ICO structure classes, we note that reference sites on
average were composed of 9.9% of the closed canopy structure class
which was characterized by large TAO clumps and <10% area gap.
These patches of denser canopy structures in reference sites, likely
concentrated in valleys and areas with higher productivity (Collins et al.,
2016; Jeronimo et al., 2019; Ng et al., 2020), contribute to other
important ecosystem services like wildlife habitat and biodiversity
(Meyer et al., 2007a; Stephens et al., 2016b; Kramer et al., 2021; Ste-
phens et al., 2021; Steel et al., 2022).

Our results suggest that the fine-scale ICO structures produced from
first-entry low- and moderate-severity fires can remain relatively stable
through the occurrence of subsequent fires. Kane et al. (2019) found that
first-entry low- and moderate-severity fires exhibited structures domi-
nated by individual TAOs and 2-4 TAO clumps. Across our reference
sites, which experienced multiple low- and moderate-severity fires, we
found high proportions of individual TAOs and 2-4 TAO clumps, sug-
gesting that the fine-scale ICO patterns produced during first-entry
burns (Kane et al., 2019) persisted through multiple fire events. Han-
kin and Anderson (2022) found stability in tree density and ladder fuel
density through multiple low- and moderate-severity fires in the Sierra
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Nevada; our results provide additional insight about the stability of TAO
spatial patterns, which represent a critical structural component in
frequent-fire systems (Larson and Churchill 2012; Lydersen et al., 2013).
However, it should be noted that without pre- and post-fire data for each
fire, we were unable to know for certain if the neighborhood-level
structures were either present prior to fire or were produced by first
or subsequent burns.

While we found that fire-suppressed control sites were indeed
dominated by closed-canopy structures, we also observed that nearly
half of the area of control sites was characterized by dense and inter-
mediate ICO structures (24% and 19%, respectively). This highlights
that the signal of edaphic-driven structures has persisted, to some extent,
through fire suppression — where edaphic conditions can produce
persistent canopy gaps that do not support tree regeneration or forma-
tion of large tree clumps (North et al., 2004; Meyer et al., 2007b; Fry
etal., 2014). It is also likely that other non-fire disturbances contributed
to the formation of dense and intermediate ICO structures in controls.
While we used LCMS data to partially account for the effects of other
disturbances, it is likely that this dataset did not capture all isolated
drought, insect, and pathogen induced mortality (Housman et al., 2022),
which could theoretically produce dense or intermediate ICO structures
(Steel et al., 2022). Importantly, these lower density ICO structures
observed in control sites could potentially provide anchors for future
resilience-focused treatments in the Sierra Nevada (Larson et al., 2013).

4.2. Site-level structures (~100-1,000 ha)

Within reference sites (~100-1,000 ha), our results suggest that
frequent and low-intensity fires produced a disaggregated and inter-
spersed arrangement of mostly small (<50-ha) patches, primarily rep-
resenting intermediate and open ICO structure classes. We assert that
greater interspersion of neighborhood-level structures, smaller patch
sizes, and higher evenness of patch types (compared to controls) is
indicative of increased heterogeneity at the within-site level in reference
sites (see Fig. 7C). This site-level heterogeneity demonstrates the ca-
pacity of a restored, low-intensity, and frequent fire regime to create
variable structures within previously fire-suppressed forests, like those
found in our control sites.

The spatial variability and stochasticity of recent fire intensity and
resultant severity was likely a driving force of the site-level heteroge-
neity observed in our reference sites. Stochasticity and variability in fire
behavior is driven by variability in fire weather, fuels, topography, and
moisture gradients at fine- to moderate-spatial scales (Parsons et al.,
2017; Sullivan 2017; Jeronimo et al., 2020). As fires burn across a site
they interact with the biophysical environment and the legacies of
recent disturbances (Kane et al., 2015; Harvey et al., 2016; Hessburg
et al., 2019). For example, higher productivity sites may have higher
fuel moisture, which could reduce fire intensity and result in reduced
overstory mortality and therefore patches of denser ICO structures
(Lydersen et al., 2013; Jeronimo et al., 2019; Ng et al., 2020). In
contrast, exposed topographic positions may burn at higher intensities
and result in more intermediate and open ICO structures (Lydersen et al.,
2013; Jeronimo et al., 2019; Ng et al., 2020). Subsequent fires then
interact with this variability in structure and fuels to further increase
heterogeneity across the landscape (Kane et al., 2015; Koontz et al.,
2020), as evidenced by the highly interspersed, disaggregated, and small
patch sizes of forest structure classes observed within reference sites in
our study.

4.3. Among-site-level structures (~10,000-100,000 ha)

We observed lower among-site (~10,000-100,000 ha) variance and
dispersion in heterogeneity indices (i.e., aggregation index,
interspersion-juxtaposition index, area-weighted mean patch size, and
Shannon’s evenness index) for reference sites compared to control sites.
This suggests a possible coarse-scale stabilizing effect of a frequent, low-
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Comparisons of the distributions of heterogeneity indices between the reference (blue) and control (orange) sites (panel A). Heterogeneity indices were

calculated using all four structure classes. Indices include aggregation index (AI), interspersion-juxtaposition index (I1JI), area-weighted mean patch size (AWMPS),
and Shannon’s evenness index (SHEI). Principal Coordinates Analysis (PCoA) ordination derived from the input site-level heterogeneity indices comparing the
multivariate centroid and dispersion between reference and control sites (panel B). PCoA Axis 1 was most strongly correlated with SHEI and Al PCoA Axis 2 was most
strongly correlated with AWMPS and 1JI. Difference in centroids between sites tested using PERMANOVA and differences in dispersion between sites tested using
PERMDISP (o = 0.05). Visualization of representative reference (left) and control (right) sites with mapped forest structure classes showing differences in aggre-

gation, interspersion, patch sizes, and evenness between the sites (panel C).

intensity fire regime. For example, area-weighted mean patch size
ranged from 6 to 91 ha across reference sites but ranged from 7 to 427 ha
across controls. Importantly, reference sites exhibited this relatively
high site-level heterogeneity regardless of variability in other fire regime
and biophysical drivers, such as variability in the intensity and resultant
severity of past fires, past fire frequencies (2 versus 4 recent fires),
topographic conditions, or productivity gradients. Therefore, we
contend that a frequent and low-intensity fire regime represents a strong
driver of site-level heterogeneity, producing consistent patterns across
broad, ecosystem scales. This inference is strengthened by comparison to
reconstructed historical frequent-fire forests in the Pacific Northwest
where Churchill et al. (2013), Churchill et al. (2017), and LeFevre et al.
(2020) all found similar ranges of variation in forest structure and
spatial patterns across relatively disparate ecosystems (eastern Wash-
ington Cascades, southern Blue Mountains, and northeastern Washing-
ton Rockies, respectively).

We found relatively higher variance in aggregation, interspersion,
patch size, and patch type evenness indices in the control sites compared
to the reference sites. While other minor disturbance agents and edaphic
drivers may sometimes result in moderate or high levels of
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heterogeneity in the absence of fire, our results suggest that these drivers
do not consistently produce heterogeneous structures across the region,
especially not to the same extent as a restored, frequent, and low-
intensity fire regime. Nonetheless, it is important to note that nearly
half of control sites were characterized by heterogeneity indices similar
to reference sites, indicating a potential boon for restoration efforts in
the Sierra Nevada. Fire suppressed forests with edaphic or other
disturbance-driven heterogeneity may exhibit improved resilience to
future disturbances and climate change due to their structural vari-
ability (Hessburg et al., 2019). In these sites, perhaps only minimal
restoration treatments or the use of unplanned ignitions to support
resource objectives (i.e., wildland fire use) will be required to improve
resilience (Weatherspoon and Skinner, 1995; North et al., 2021; Ziegler
et al., 2021).

4.4. Management implications

4.4.1. Resilience and ecosystem services
We posit that the neighborhood-level ICO structure classes domi-
nating the reference sites, as well as the increased site-level
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Neighborhood (~1 ha)

Primarily intermediate and open ICO structure
classes dominated by individual TAOs, small
clumps of TAOs, and open space
(Figure 4, 5, and 6)

Site (~100-1,000 ha)
Heterogeneous arrangements of
patches of finer-scale ICO
structure classes
(Figure 6 and 7)
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Fig. 8. A nested hierarchical set of structural patterns observed in reference sites characterized by a frequent, low-intensity fire regime. At the neighborhood-level
(~1 ha), structures are dominated by intermediate and open ICO structures consisting primarily of individual TAOs, small clumps of TAOs, and high proportions of
open space. At the site-level (~100-1,000 ha), patches of ICO structure classes are arranged heterogeneously, with small patch sizes and high interspersion of patch
types. Among-sites (~10,000-100,000 ha) there is low variance of heterogeneity indices; all sites consistently exhibit high interspersion of patches, small patch sizes,
and high evenness of patch types. ICO refers to fine-scale spatial patterns of individual tree approximate objects (TAOs), clumps of TAOs, and open space.

heterogeneity of these ICO structures, will confer greater resilience in
the face of future fires, droughts, and climate change (Moritz et al.,
2010; Hessburg et al., 2015; Hessburg et al., 2019; Newman et al., 2019;
Francis et al., 2023). We define resilience as the capacity of YPMC forests
to maintain a stable range of structure, composition, and functional
integrity through periodic disturbances like fire, drought, and insect
outbreaks (Walker et al., 2004; North et al., 2022). Heterogeneity at the
site-level in reference sites also suggests improvements to other impor-
tant ecosystem services like wildlife habitat, biodiversity, and ecosystem
capacity for climate adaptation (Dudney et al., 2018; Kramer et al.,
2021; Stephens et al., 2021). As such, the multi-scale structural patterns
observed in reference sites can be used by managers as diagnostics when
designing and implementing restoration treatments or when evaluating
the effects of recent disturbances on resilience and other ecosystem
services.

At the neighborhood-level, high proportions of open space in the
intermediate and open ICO structure classes suggests reduced and
discontinuous surface fuels, which will likely minimize crown fire
initiation and subsequent high severity fire (Agee and Skinner 2005;
Ziegler et al., 2021). Additionally, during future fires, convective cool-
ing around single TAOs and 2-4 TAO clumps may increase overstory
tree survival and thus reduce burn severity (Pimont et al., 2009; Ziegler
et al., 2017; Ritter et al., 2020). Higher proportions of sun-exposed gaps
and bare mineral soil will also increase the probability of post-fire
regeneration and recovery, especially for more fire-resistant and
shade-intolerant species like ponderosa pine and Jeffrey pine (Zald
et al., 2008; Bigelow et al., 2011). Additionally, lower tree densities will
lead to reduced competition for water and light which may increase
individual tree health and allow trees to better resist second-order post-
fire mortality (Jeronimo et al., 2020). More vigorous trees may also
exhibit improved defense mechanisms against future drought and insect
disturbances and increased survival under projected warmer and drier
climates (Hood et al., 2015; Koontz et al., 2021; Furniss et al., 2022).
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The site-level heterogeneity observed in our reference sites also
suggests improved resilience to future disturbances and climate change.
First, more heterogeneous patch structures will promote variability in
future fire behavior across these sites (Hessburg et al., 2019). This
variability in fire behavior could theoretically reduce the likelihood of
large contiguous high-severity patches (Koontz et al., 2020; Francis
et al., 2023) which are known to negatively impact non-serotinous
conifer re-establishment and thus post-fire recovery (Coop et al., 2020;
Jeronimo et al., 2020; Steel et al., 2021). Site-level heterogeneity also
indicates a mosaic of microclimates with varying temperature and
moisture gradients, which may provide distinct microsites of cooler and
wetter conditions that promote regeneration success of key conifer
species under a warmer and drier climate (De Frenne et al., 2013; Davis
et al.,, 2019). Some research also indicates that more heterogeneous
structures across sites and landscapes can impede the spread of bark
beetles or other pathogens, which may ensure that these disturbances
remain at endemic levels under increasingly unfavorable climatic con-
ditions (Fettig et al., 2007; North 2012; Pile et al., 2019).

Heterogeneous structures at the neighborhood- and site-level in
reference sites also suggest improvements to other important ecosystem
services like wildlife habitat, biodiversity, and climate adaptive capac-
ity. Variability in structures across sites, ranging from closed canopy to
open ICO structure classes, provide a range of habitat components that
support nesting and foraging for species like the California spotted owl
(White et al., 2013; Stephens et al., 2016b; Kramer et al., 2021; Steel
et al., 2022). Increased heterogeneity at multiple scales will also in-
crease floral and faunal biodiversity (Tingley et al., 2016; Kelly et al.,
2017; Stephens et al., 2021). For example, patches of dense ICO struc-
tures likely have higher proportions of shade-tolerant species like white
and red fir while patches of intermediate and open ICO structures are
likely dominated by shade-intolerant species like Jeffrey pine and sugar
pine (Zald et al., 2008; Bigelow et al., 2011; Stephens et al., 2021). This
variability in vegetation structures in reference sites may also promote
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increased adaptive capacity under climate change (Gunderson 2000;
Dudney et al., 2018). Heterogeneity across different spatial scales pro-
motes redundancy of resilience mechanisms, which supports a wider
range of vegetation responses to shifting climates and disturbance re-
gimes across space and time (Peterson et al., 1998; Dobrowski, 2011;
Hannah et al., 2014).

4.4.2. Hierarchical structures to guide ecosystem management

We quantified a nested, hierarchical set of forest structure metrics in
restored frequent-fire reference sites of the Sierra Nevada YPMC zone,
which provides a scalable set of observations that managers can use to
guide management efforts in the region. Past work has described hier-
archical arrangements of structural patterns in both historical and
contemporary frequent-fire forests (e.g., Larson and Churchill 2012;
Reynolds et al., 2013; Churchill et al., 2017; Hessburg et al., 2019).
However, our study is unique in using lidar data to explicitly quantify
and describe structures at these nested hierarchical scales.

We suggest conceptualizing ecosystem structures of frequent-fire
forests as a hierarchy of structural components — beginning with trees
and open space and scaling these components up to the neighborhood-,
site-, and among-site-level (Fig. 8). At the finest scale, individual trees,
small clumps of mostly 2-4 trees, and open space represent the primary
structural components, with only moderate representation of larger tree
clumps. At the neighborhood-level (~1 ha), individual trees and small
clumps of trees are arranged within a matrix of open space. At the site-
level (~100-1,000 ha), these neighborhood structures can be grouped
into small patches (mostly < 50 ha in size) of similar structures and
arranged in heterogeneous and intermixed patterns across the site. Ar-
rangements of structure class patches can be guided by topographic
position and productivity gradients (i.e., dense ICO and small patches of
closed canopy structures in more productive sites and open and inter-
mediate ICO structures in less productive sites) (Collins et al., 2016;
Jeronimo et al., 2019; Ng et al., 2020). Lastly, at the among-site-level,
for example across a watershed or Forest Service district, all sites
should fall within a narrow range of site-level heterogeneity indices (i.e.,
patch sizes ranging from ~ 5-90 ha, or aggregation indices ranging from
~28-46) and should be representative of a diversity of neighborhood-
level structures (Fig. 8).

An important outcome of our work is that our within-site analysis
fills a critical information gap between fine- and broad-scale spatial
patterns in a way that is applicable to operational forest landscape
restoration. Frameworks have been proposed and applied for both
landscape-scale prioritization and planning (Manley et al., 2020; Larson
et al., 2022) and within-stand treatment guidelines (North et al., 2009;
Churchill et al., 2013; Knapp et al., 2017) but linking these two scales
has been a challenge in practice. Our analyses suggest that a relatively
simple set of fine-scale structural components — proportions of individ-
ual trees, clumps of trees, and open space — can be scaled up to char-
acterize reference site structures at the neighborhood-, within-site, and
among-site-levels. These structural patterns thus provide guidelines for
landscape restoration that 1) capture the hierarchical and cross-scale
structure of ecosystems and 2) can be operationalized at each spatial
scale by aggregating metrics from finer-scales (Hessburg et al., 2015).

4.5. Study limitations and future research

We acknowledge several limitations to the present study that should
be considered by managers and ecologists when interpreting our results.
These limitations present opportunities for future research in active-fire
landscapes of the Sierra Nevada.

Structural conditions observed in the reference sites only represent a
snapshot in space and time and may continue to change as additional
fires burn through these sites and structures are influenced by both
direct and indirect effects of climate change. While recent research
suggests that continued occurrence of low-intensity fires in these sites is
unlikely to substantially alter structural patterns beyond their current
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conditions (Hankin and Anderson 2022), other work suggests that long-
term shifts in climate and its influence on future fire intensities may
indeed lead to considerable shifts in structures in these sites (Crompton
et al., 2022). As such, we recommend that managers use the reference
conditions defined in our analyses as a baseline for designing and
evaluating treatments in the 21st century in combination with adaptive
management frameworks that update management strategies to account
for uncertainty and changing conditions (Gunderson 2000; Stephens
et al., 2010; Millar et al., 2007). Additionally, managers could consider
designing treatments based on reference conditions from future, rather
than current, climate conditions, as described in Churchill et al. (2013).
Further research that explicitly tests the resilience of these reference
sites based on the capacity of structures to persist and recover under
future disturbances and climate change is also needed (e.g., Lydersen
et al., 2014; Hankin and Anderson 2022).

We focused our analyses on horizontal forest structures since these
structures are known to be important mechanisms of resilience in his-
torically frequent-fire forests and since they can more easily be aggre-
gated to characterize coarser resolution structures (Larson and Churchill
2012). Yet, we recognize that vertical canopy arrangements are
important structural features in frequent-fire systems as well (North
et al., 2009; Ziegler et al., 2017). For example, reduced fuel laddering
can reduce the likelihood of crown fire initiation (Agee and Skinner
2005), while within clump variability in tree heights can be a proxy for
uneven aged distributions which may engender greater resilience to
insect outbreaks (Restaino et al., 2019). While not explicitly evaluated in
our analyses, past research suggests that the ICO patterns observed in
contemporary reference sites in the Sierra Nevada are indeed charac-
terized by reduced lower strata canopy cover and higher variability in
tree heights both within and among tree clumps (Kane et al., 2014; Kane
et al., 2015; North et al., 2017; Kane et al., 2019). Therefore, we expect
similar patterns in the reference sites analyzed in the present study.
Additional summaries of vertical structure metrics across reference sites
are also provided in the associated Data in Brief paper (Chamberlain
et al., 2023a, in review).

While ALS data enables high fidelity and extensive characterization
of overstory canopy structures across reference sites, these ALS datasets
also have several limitations. For example, a single tree segmented from
ALS data may realistically represent multiple on-the-ground trees if the
segmentation algorithm fails to separate interlocked canopies and sub-
ordinate trees, hence our use of the term ‘tree approximate objects’
(TAOs) (Jeronimo et al., 2018). Because of this, our metrics related to
tree clumping patterns should be interpreted as broad trends. Since one
TAO may represent several on-the-ground trees (especially those falling
under the canopy of larger trees), we expect that our clumping metrics
tend to report smaller clump sizes than would be expected from in situ
field measurements that include lower-canopy trees (Jeronimo et al.,
2018; Wiggins et al., 2019). This assertion is justified by comparing our
clumping metrics against tree spatial patterns recorded in historical
datasets which generally reported larger clump sizes (Lydersen et al.,
2013).

We also acknowledge the inability of ALS data to characterize and
quantify species composition and surface fuel conditions, which are
certainly important factors that influence forest resilience (Lydersen
et al., 2013; Prichard et al., 2017; Bernal et al., 2022). Based on the
occurrence of multiple low-intensity fires in the contemporary reference
sites, we contend that these sites are likely dominated by more fire-
resistant species like ponderosa pine, Jeffrey pine, and Douglas-fir
(Safford and Stevens 2017), and that surface fuel loading is reduced
compared to control sites. Still, we encourage future research that
explicitly maps and quantifies species and surface fuels in contemporary
reference sites, especially as climate change continues to influence post-
fire tree recruitment and overstory tree survivorship (Liang et al., 2017;
Davis et al., 2023).
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Fig. Al. Scatterplots showing mean canopy height (m) vs. climatic water deficit (mm) vs. topographic position index for reference and control sites. Canopy height
represents lidar-derived 95th percentile of tree approximate object (TAO) heights.

5. Conclusion

In yellow pine and mixed-conifer (YPMC) forests of California’s Si-
erra Nevada, more than a century of fire suppression and long-term
shifts in land management practices have led to considerable changes
in forest processes and structures (Collins et al., 2011; Knapp et al.,
2013). In recent years, these altered conditions, coupled with climate
change, have brought a new fire regime to the Sierra Nevada, charac-
terized by larger and often more severe fires than historical conditions
(Stevens et al., 2017; Williams et al., 2019; Williams et al., 2023).
However, this changing fire landscape has also enabled the formation of
several contemporary reference sites across the Sierra Nevada where
repeated low/moderate-severity fires have occurred in recent decades,
and thus a frequent, low-intensity fire regime has begun to reestablish in
the modern era (Jeronimo et al., 2019; Cova et al., 2023). In this study,
we analyzed forest structural patterns at multiple scales in contempo-
rary reference sites and compared structures against typical fire-
suppressed control sites to identify key structures produced by a
contemporary, low-intensity, and frequent fire regime.

We observed a nested and hierarchical set of structural patterns
across reference sites that indicate a stabilizing effect of a frequent, low-
intensity fire regime across broad, ecosystem scales. High proportions of
individual TAOs, small clumps of TAOs, and open space formed inter-
mediate and open ICO structures at the neighborhood-level, and these
structures were consistently arranged in heterogenous spatial patterns
across all reference sites. In fire suppressed control sites, edaphic factors
and other non-fire disturbances produced variability in structures at
different spatial scales, but this structural variability was not as
consistent compared to reference sites. Importantly, control sites with
higher proportions of closed canopy structures and low site-level het-
erogeneity indices could be prioritized in regional restoration planning
efforts to ensure treatment of higher-risk areas. We encourage forest and
fire managers in the Sierra Nevada to use the multi-scale and hierar-
chical structural patterns identified in reference sites to inform and
guide management across the region.
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