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Abstract

Fire is a natural disturbance in many Mediterranean-type ecosystems, but wildfires are
increasing in frequency and severity in many places worldwide, including California. Vegetation
recovery following wildfire is critical for landscape stability and foundational to resilience of
many ecosystem processes in the years and decades that follow fire. While remote sensing
tools are increasingly important for mapping changes in vegetation following fire, to date these
tools have limited application in shrubland systems such as those found in parts of California,
hindering assessments of vegetation recovery timelines and inferences about ecological
impacts. Using a 100-year fire history dataset alongside both field vegetation surveys (2014-
2025) and modeled percent vegetation cover (1986-2025), we analyzed temporal cover
dynamics of dominant vegetation classes in the years leading up to, and following, major
wildfire events in the Santa Monica Mountains of California. Field survey data broadly
corresponded with modeled vegetation cover, particularly for shrubs and
herbaceous/graminoid cover. We identified consistent patterns in vegetation cover classes
among dominant vegetation communities, including reductions in shrub and tree cover
following fire in chaparral and grasslands, and pulses in herbaceous and graminoid cover in
chaparral and upland woodlands, in the initial 2-5 years following fire. Herbaceous and
graminoid cover returned to baseline levels faster than shrubs, which in turn recovered faster
than trees. These results corroborate previous field-based studies of vegetation recovery
following wildfire, and point toward modeled remote sensing products as a feasible tool for

tracking post-fire recovery dynamics in remote and rugged terrain.
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Main body

1. Introduction

Fire is an important process in many ecosystems and influences vegetation structure,
biodiversity, and ecosystem function (He et al., 2019). Because fire maintains successional
communities, fire and the interval of its return are key mediators of landscape-scale patterns of
vegetation cover (Davies et al., 2012; Hanes, 1971; Turner et al., 1998). In seasonally arid
environments such as Mediterranean-type ecosystems, recurrent fire and fire severity are key
selective agents that shape patterns of biodiversity: plant species adapted to Mediterranean
climates have evolved with fire, and plant communities associated with these climates are
particularly species-rich, due in large part to the selective force of recurrent fire (Rundel et al.,
2018). Thus, changing fire regimes stand to impact structure and function for ecosystems with

fire as a formative element of evolutionary history.

Increasingly frequent and severe wildfires modify trajectories of post-fire successional
vegetation cover (Coop et al., 2020). Plant populations can persist after fire via fire resistance,
post-fire resprouting, or post-fire recruitment, but these processes are contingent upon survival
of parent vegetative material or seeds (Midgley et al., 2011; Pausas and Keeley, 2014). Because

plant responses to fire regimes vary by plant functional type (Grau-Andrés et al., 2024),
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changing intervals and severity of fires can have important implications for plant community
composition depending on species-specific persistence strategies, potentially leading to
landscape-scale vegetation type conversion (Miller et al., 2019; Nolan et al., 2021; Syphard et
al., 20193, 2022). Plant species recover following fire at different rates, so increasingly frequent
fire may furthermore interact with species-specific recovery timelines to shape post-fire

trajectories of vegetation cover (Tepley et al., 2018).

Animal life histories and heterotrophic community processes are strongly associated with plant
community composition and vegetation structure. The impacts of fire on vegetation and
timeframes of recovery following fire may therefore have additional implications for higher-
order community dynamics (Doherty et al., 2022), including the resilience and resistance of
wildlife to fire and associated landscape changes (Calhoun et al., 2023). Foraging opportunities
become limited for herbivores immediately following fire when plant material has been lost to
combustion, an immediate and direct impact on primary consumers (Kreling et al., 2021; White
et al., 2023). Animals furthermore rely on vegetation structural complexity for thermal refugia
(Gaudenti et al., 2021), predator avoidance (Kuntze et al., 2023; Wagnon et al., 2020), and
domicile construction (Gjerdrum et al., 2005; Lacroux et al., 2023; Zhang and Liu, 2024). Thus,
recovery of vegetation communities likely also governs broader biotic community recovery

after fire.

Given the far-reaching importance of vegetation dynamics following wildfire, there is an urgent

and growing need for land managers and decisionmakers to understand timelines of fire-
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associated vegetation recovery, as well as potential tipping points leading to vegetation type
conversion. Post-fire vegetation succession is often monitored using in situ field surveys such as
with point-intercept transects (Barker et al., 2018; Caratti, 2006). Particularly in rugged and
remote regions, management decisions can benefit from proxies for vegetation recovery. For
example, access into burned areas can be difficult but at the same time vegetation status in
these areas may be important for understanding terrain stabilization and wildlife habitat use.
Therefore, remote sensing methods have increasingly been used for landscape-scale
assessments of both burn severity and vegetation recovery. For example, satellite-derived
indices of primary productivity provide valuable time series leading up to and following
outbreaks of fire (Veraverbeke et al., 2012; Viana-Soto et al., 2020). More recently, burgeoning
applications of machine learning and artificial intelligence for computer vision have accelerated
land cover mapping efforts (Allred et al., 2021), and these tools have the potential to reveal
patterns and trends in vegetation response to wildfire across broad spatial extents (Anthony et
al., 2023; Applestein and Germino, 2025; Li et al., 2022). Yet, it remains unclear how timelines
of vegetation recovery in modeled fractional cover data correspond to in situ surveys, and vary
in association among fire histories and plant communities. This is a particularly salient issue in
shrubland systems where spectral variability can mask functional variability in plant species and

their fractional cover (Applestein and Germino, 2021).

These monitoring needs are especially pressing in the wildland-urban interface (WUI), where
dense human populations abut fire-prone vegetation and elevate ignition frequency (Syphard

et al., 2019¢, 2025). Mediterranean climate zones, such as that in Southern California, contain



125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

some of the largest and fastest growing WUI extent in the United States, and human-caused
ignitions here can compress fire-return intervals well below the historical range of variability for
chaparral and sage scrub systems (Safford et al., 2011). Because shortened fire-return interval
is itself a driver of vegetation type conversion and altered recovery trajectories, landscapes
near the WUI represent a critical context for understanding the consequences of changing post-

fire vegetation dynamics.

Here, we track patterns of fractional vegetation cover from the Santa Monica Mountains and
Simi Hills (California, USA), a fire-prone Mediterranean-type ecosystem that is dominated by
shrublands, grasslands, and occasional upland woodland vegetation communities. We combine
data from a century-long spatially resolved fire perimeter history, an annual network of
vegetation monitoring transects, and a satellite-derived fractional vegetation cover dataset, to
explore long-term patterns of vegetation loss and recovery following fire in Mediterranean-type
ecosystems. By tracking pre- and post-fire vegetation cover, we identify baseline conditions and
guantify the time-to-recovery for three plant functional types (shrubs, trees, and annual and
perennial herbs and grasses) across four predominant vegetation communities (coastal sage
scrub, chapparal, grasslands, and upland woodlands), with the goal of evaluating successional
patterns across a frequently-burned landscape and informing management decisions across the

range of vegetation recovery phases.
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2. Methods

2.1 Study area

The Santa Monica Mountains climb from the California Coast to nearly 1000m above sea level,
stretching from the Oxnard Plains to the Hollywood Hills, California, USA (Figure 1). They are a
mix of public and private lands and are managed by the US National Park Service (NPS),
California State Parks, and other regional authorities. The mountain range and the Simi Hills
area to the north are collectively designated as Santa Monica Mountains National Recreation
Area (hereafter, SAMO) by NPS. This rugged mountain range is characterized by a
Mediterranean climate, with the majority of its precipitation occurring as rain between
November and March (Gillespie et al., 2018; Radtke et al., 1981). Most seasonal precipitation
comes in the form of just a few winter storms, leading to considerable interannual variability in
total rainfall depending on the number of atmospheric rivers that make landfall in a given
winter (Mooney and Zavaleta, 2016). Dominant vegetation communities in natural areas of
SAMO include chaparral (dominated by Adenostoma fasciculatum, Ceanothus megacarpus, and
Acmispon glaber), coastal sage scrub (dominated by Acmispon glaber, Encelia californica, Salvia
leucophylla, and Artemisia californica), oak woodlands (dominated by Quercus agrifolia), and
grasslands (dominated by Bromus diandrus, Avena fatua, and Brassica nigra) (Kompella et al.,
2026; Tiszler and Rundel, 2007). Ecosystems with Mediterranean climates are particularly fire-
prone, and recent shifts in fire frequency and severity in the region have been linked to human
activities and land use change, changing thermal and moisture regimes, and changing
vegetation communities (McNorton et al., 2025; Swain, 2021; Syphard et al., 2025, 2017). We

present a focused analysis in a case study of vegetation cover trajectories following the 2013
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Springs Fire (2 May 2013, 9,814 ha), and then extend our approach to assess recovery timelines

across the entire SAMO region and its varied fire history more broadly.

2.2 Datasets

Because of the extensive history of fire across SAMO, and in the interest of understanding
spatiotemporal dynamics of vegetation communities following fire, a series of 315 vegetation
transects was established in 2014 and is resurveyed annually as part of the National Park
Service Inventory and Monitoring (I&M) program (Kompella et al., 2026). The distribution of
these transects includes the full range of the Santa Monica Mountains’ geography, elevation,
and vegetation communities, and equates to approximately one transect per 137 hectares. At
each site, plant species were identified using a point-intercept approach every 30cm along the
30m transect. Plant species detections were aggregated to the level of growth form, under
umbrella taxonomies of shrubs (shrub and subshrub), trees, graminoid/herbaceous, and other

(ferns, vines, and unknown plants).

The Rangeland Analysis Platform (RAP) provides annual fractional cover estimates for four plant
functional types: shrubs, trees, annual herbs/graminoids, and perennial herbs/graminoids at
30m pixel resolution across the western US (Allred et al., 2021). RAP data are useful for tracking
trends in vegetation cover (Rigge et al., 2021) in the context of wildlife conservation (Berger et
al., 2022; Pilliod et al., 2022), and have been used in conjunction with gridded weather data to
generate fire risk forecasts (Smith et al., 2023). RAP fractional cover estimates are highly

correlated with in-situ data in relevant ecosystems (e.g., r = 0.91 for herbaceous cover in San
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Diego County; (Lee West et al., 2025)). Previous work with this product shows that across the
western US, fractional cover decreases following fire immediately for herbs and graminoids, but
is progressively more delayed for shrubs and trees (Li et al., 2022). Accuracy does vary across
topography, model versions, and year (Applestein and Germino, 2023, 2022), so caution must
be taken in interpreting analyses of long-term change in RAP data. For this study, we
downloaded annual percent cover RAP data for herbaceous/graminoids, shrubs, and trees from
1986-2025 via Google Earth Engine (Gorelick et al., 2017). Because our interest was motivated
by structural characteristics of plant community regeneration following fire with the aim of
informing wildlife ecology, annual and perennial herbaceous/graminoids were combined into a
single class. Across the SAMO study area, RAP vegetation cover data indicate that
approximately 60% of the region is shrub-dominated, 35% of the region is

herbaceous/graminoid dominated, and an additional 5% is tree-dominated (Figure 1).

Fire history for SAMO was generated from the California Department of Forestry and Fire
Protection's Fire and Resource Assessment Program and an internal US National Parks Service
database, to include fires within SAMO that were larger than 30 acres, and which initiated after
3 March 1925 and before 9 January 2025 (FRAP, 2026). Approximately 70% of the study area
has burned since 2010, mostly from the catastrophic Springs (2013; 98km?), Woolsey (2018;
392km?) and Palisades (2025; 95km?) fires, which collectively accounted for 585km? of fire
impacts in SAMO (Figure 1). Historical fire frequency was summarized using the number of fires
at a given point in the 50 years leading up to a focal fire, and fire interval was calculated as the

number of years between a focal fire and the most recent previous fire. Subsequent fire
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frequency was summarized using the number of fires at a given point in the 10 years following a

focal fire.

Elevation was taken from the Shuttle Radar Topography Mission Digital Elevation Model (Farr et
al., 2007). Terrain characteristics were calculated using the 8-neighbor rule with the terra
package v1.9.11 in R (Hijmans et al., 2026). Rugged, remote canyons make accessing much of
SAMO difficult: nearly a third of the park area (32.9%) rests on slopes in excess of 20°, including
over 40km? of terrain steeper than 30°. Vegetation community was defined using land cover
classes from (Benson et al., 2016) and we focused on areas of chaparral, coastal sage scrub,

grasslands, and upland woodlands.

2.3 Remote sensing validation with in situ data

To validate RAP percent cover data, annual fractional cover for shrubs, trees, and
herbaceous/graminoid were extracted from the location of each NPS I&M transect during the
time period of in situ vegetation monitoring (2014-2025). We used mixed effects linear
regression to assess the extent to which RAP percent cover predicts in situ vegetation recovery.
Recovery concordance between RAP and 1&M was assessed using the trajectory of percent
cover following fire, hierarchically within the level of transect (thereby tracking percent cover
across time). In-situ percent cover was used as the response variable, and RAP percent cover
was used as a predictor, in addition to broad-scale vegetation community identity (i.e. coastal

sage, chaparral, grassland, and upland woodland), plant growth form (i.e. shrub, tree, and
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herbaceous/graminoid), and their interaction. The slope between RAP and 1&M cover was

allowed to vary according to transect identity.

2.4 Chronosequence generation and temporal dynamics of fractional vegetation cover

To explore timelines of vegetation recovery following fire, we combined the spatially resolved
fire history dataset with vegetation fractional cover from RAP. For a given point, the fire history
was extracted as well as percent cover of trees, shrubs, and herbaceous/graminoids from RAP
(Allred et al., 2021) in each year. Then, for every year, the time since the most recent fire, and
the time to the next fire, was calculated. RAP time series were filtered to only include
point/times that were within 10 years prior to a fire and 30 years following a fire, and centered
on 0 as the year of a given fire (hereafter, “chronosequence”). For each cover type in each
chronosequence, the percent cover time series was normalized so that the pre-fire cover was
scaled to 100%, in order to standardize chronosequences across initial cover percentages and
cover types (hereafter the normalized values are referred to as “relative cover”). In this way, for
a RAP pixel that began with 50% shrub cover prior to a fire, fell to 25% shrub cover immediately
after the fire, and recovered to 48% several years later, the relative cover would run from 100%
to 50% to 96%. Accordingly, increases in fractional cover after fire are indicated by relative
cover values >100%. We removed chronosequences with starting fractional cover less than 10%

in order to avoid radical changes in relative cover associated with minute initial values.

We used the Springs Fire (extent: 98 km?), which burned the western third of the Santa Monica

Mountains in May 2013, as a case study to examine RAP-derived relative cover reductions and
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subsequent recoveries following fire. Multispectral surface reflectance imagery from Landsat-8
was used to contextualize the fire in the broader mosaic of urban landscapes, agricultural
plains, and montane chaparral of our study area. Relative cover was calculated, as described
above, for every pixel in the RAP time series leading up to and following the Springs Fire. The
density distribution of relative cover was plotted by vegetation cover class each year from
2009-2024, and relative cover was projected for each pixel in a segmented time series leading
up to and following the fire (2012-2015, 2020, and 2025, corresponding to the year before, year

of, and two years following the fire; and two 5-year intervals thereafter).

To investigate timelines of recovery more broadly across SAMQ’s history, annual percent cover
data from RAP were collated across the SAMO region from 1986-2025. A spatially random

sample of 1000 points was created within the intersection of SAMO and each of four dominant
vegetation communities: chaparral, coastal sage scrub, grassland, and woodland (Benson et al.,
2016). Relative cover was calculated for each point as above, and vegetation loss and recovery

were visualized using loess curves along the chronosequences.

2.5 Assessing timelines of recovery

To estimate timelines of vegetation recovery following fire, vegetation cover was reclassified by
identifying the first year in which 4 consecutive years demonstrated recovery in the time series.
For shrubs and trees, 80% of pre-fire cover was used as a minimum benchmark for recovery.
Because we found that herbaceous cover initially increases following fire in SAMO (see Results

section 3.3), 120% of pre-fire cover was used as a maximum benchmark for recovery in annual +
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perennial herbaceous/graminoids. The number of years between each fire and vegetation
recovery (or, in the event recovery was not detected, the number of years between the fire and
the end of the chronosequence) were used in a survival analysis with time-to-recovery or time-
to-end as response variables (with time-to-end treated as censorship). Kaplan-Meier plots were
used to visualize differences in recovery timelines by vegetation growth form, and a Cox
Proportional Hazards model was used to investigate direct effects of fire year, historical and
subsequent fire frequency, vegetation community, and plant growth form on recovery
timelines using the R package survival v3.8-6 (Therneau, 2026). Because “recovery” is the focal
event of the analysis, positive log-hazards ratios indicate that recovery is accelerated, and

negative log-hazards ratios indicate that recovery is slowed.

3. Results

3.1 Remote sensing validation with in situ data

Across the full 1&M dataset (2014-2025), RAP was highly effective for predicting temporal
variability in observed fractional vegetation cover, particularly for shrubs and
herbaceous/graminoids (Figure 2 and Table 1). By allowing the slope between I1&M and RAP
data to vary by transect location, our mixed-effects linear model revealed consistently positive
associations between the two datasets across time. RAP percent cover data were also a strong
predictor of observed in-situ variability across space (though again, less so for trees;
Supplementary materials S1). After accounting for plant growth form, vegetation community,

and their interaction, RAP fractional cover data predicted 73.6% of the interannual variation in
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vegetation cover data from the I1&M transects. With transect identity (the hierarchical effect in

our model) included, the model explained 76.8% of in situ variability.

3.2 Outcomes of the Springs Fire

The Springs Fire burned during early May 2013 in western SAMO near Camarillo, CA, with
widespread effects on vegetation cover across the region (Figure 3). Both I1&M and RAP
datasets correspond in showing that the fire led to dramatic losses of shrub cover, but
simultaneous increases in graminoid cover, in the first 2-5 years following the fire
(Supplementary materials S2). Thereafter, shrub and tree cover began increasing, and
graminoid cover began decreasing, in a return toward baseline cover conditions. Notably, the
frequency of cases where relative cover dropped to nearly 0 (<1% of pre-fire cover) increased
substantially for woody species during the subsequent decade but not for herbs and graminoids

(Supplementary materials S3).

3.3 Chronosequences of cover and recovery

Across the full RAP dataset (1986-2025), relative cover chronosequences indicate that the
fractional cover of both shrubs and trees initially dropped, particularly in chaparral, coastal sage
scrub, and grasslands of SAMO (Figure 4). Conversely, herbaceous and graminoid cover initially
increased following fire in chaparral, coastal sage scrub, and upland woodland, but remained
consistent in grasslands where they were already dominant under the pre-fire baseline. After
several years, relative cover of all three plant growth forms returned to pre-fire levels, although

recovery rates varied across growth forms and habitat classes (Figure 4).
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3.4 Assessing timelines for recovery

Survival analysis revealed that the median timeline of recovery (estimated as the timepoint at
which the risk of recovery crosses 50%) shown with 95% lower and upper confidence limits in
brackets) was 6 [5,6] years for herbaceous/graminoid cover, 9 [8,9] years for shrub cover, and
16 [14,21] years for tree cover (Figure 5). In addition to plant growth form and vegetation
community, fire year, fire interval, and subsequent fire during recovery, were all important
determinants of recovery timelines (Table 2). In particular, fires that occurred more recently
had longer recovery periods and fires with increased subsequent fire frequency had longer
recovery periods. Fires with a longer preceding fire interval had longer recovery periods,
although this effect was driven by the rapid recovery of herbaceous and graminoid cover
compared to woody plant types (Supplementary materials S4). Grasslands recovered faster
than chaparral and coastal sage scrub. Upland woodlands also recovered faster than either of
the shrublands, but shrubs in this community did not face apparent losses (Figure 4) and their

“recovery” was therefore immediate.

4. Discussion

Our work quantifies timelines of vegetation recovery following wildfire in a shrub-dominated
Mediterranean-type ecosystem in the wildland-urban interface by combining percent cover
data from in-situ vegetation surveys and a fine-scale, modeled remote sensing product. We
found that recovery time varied by plant growth form, vegetation community, and local fire

history. Whereas percent cover of herbs and graminoids increased immediately after fire and
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then decreased over 5-6 years after fire, that of woody plants initially dropped and then

progressively recovered toward higher cover over longer timelines.

In general, fractional cover estimated using the modeled remote sensing product corresponded
with in situ vegetation survey data over space and time. In both datasets, initial pulses of
graminoid cover that followed fire decreased through time, while initial declines in woody
cover increased over a longer time period. Across all vegetation communities except grasslands,
fractional cover of shrubs corresponded strongly between the in-situ and remote sensing data
products. However, fractional cover of trees only showed relationships between in-situ and RAP
data in the upland woodland, a finding that stands in contrast to other work demonstrating
RAP’s strong efficacy at predicting fractional cover of trees across western US rangelands
(Harrison et al., 2025; Savage and Slyder, 2022). This suggests that the utility of some modeled
remote sensing products may be limited under changing environmental conditions or
vegetation communities, such as cases of wildfire and recovery thereafter, and particularly if
modeled products are prone to intraclass confusion, which can happen with woody species in
RAP fractional cover (Allred et al., 2025). However, the strong association between RAP and in-
situ measurements of shrubs and herbaceous/graminoid cover indicate its promise for
understanding post-fire vegetation dynamics in open landscapes such as grasslands and
shrub/scrublands. This approach could be particularly useful for guiding management decisions
in rugged and remote terrain where site accessibility limits decisionmakers’ understanding of

changes taking place on the ground.
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Within the boundary of the 2013 Springs Fire, we identified consistent reductions in shrub
cover and increases in graminoid cover following the fire in both the RAP and I1&M datasets.
Notably, woody cover decreased substantially in many areas after the Springs Fire, with
fractional cover often dropping below 10% of pre-fire cover during the first 3-4 years after fire
for shrubs and across a much longer timeframe for trees (Figure 3). Such dramatic losses in
woody cover can precipitate landscape-scale shifts in ecosystem function, including carbon
sequestration (Moghli et al., 2022; Roche et al., 2024), soil retention (Malkisnon et al., 2011),
and water runoff regulation (Soulis et al., 2021). Thus, understanding timelines of recovery
after loss of woody cover may be critical for management decisions not just regarding the
retention of the local species pool but also for broader processes that govern functioning of the

ecosystem as a whole.

Ecosystem structural characteristics such as vegetation cover are also important determinants
of wildlife habitat selection (Riley et al., 2021; Smith et al., 2019), migration tactics (Berger et
al., 2022; Deppe and Rotenberry, 2008), and hunting behavior (Blake and Gese, 2016; Dickie et
al., 2017). Fire alters the spatial and temporal configuration of vegetation structure, forcing
wildlife into dynamic decision-making in post-fire landscapes. Some animals demonstrate
behavioral plasticity in navigating complex fire histories, as seen by mule deer (Odocoileus
hemionus) in Washington, USA, that seasonally alter use of burned landscapes in response to
changing forage and predation risk (Ganz et al., 2022). Yet, increasingly frequent and severe
wildfires reshape vegetation communities and upset dominance of plant functional types in

novel ways that persist for years following fire (Linley et al., 2022). By validating RAP data for
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assessing fire recovery in Mediterranean-type ecosystems, our approach allows for insights into

how fire will affect wildlife communities by reliably predicting timelines of vegetation recovery.

Timelines of vegetation recovery following fire in Mediterranean-type systems relate to fire
history, pre-fire plant community composition, and post-fire climatic conditions (Blanco-
Rodriguez et al., 2023; Ermitdo et al., 2024; Storey et al., 2020). However, the frequency of fires
is rising exponentially due to increasing fuel aridity (Abatzoglou and Williams, 2016;
Cunningham et al., 2024) and an increase in housing density at the wildland-urban interface
(Syphard et al., 2019b). Short-interval fire decreases resilience of some shrub species and
delays ecosystem recovery (Turner et al., 2019), and plant reproduction and recruitment are
particularly impacted in cases of recurrent short-interval fires (Nolan et al., 2021). Chaparral
systems in California historically experienced fire every 30-100 years, but reductions in fire
intervals in Coastal California shrublands have led to increases in non-native grasses that rapidly
take advantage of burned landscapes and in turn reduce native woody vegetation (D’Antonio
and Vitousek, 1992; Grupenhoff and Safford, 2024). Similarly, at SAMO, an added interaction
between time since fire and plant growth form (Supplementary materials S4) reveals that
shrubs recover significantly more slowly than grasses when fire interval becomes shorter,
suggesting that the faint but significant pattern of faster recovery with shorter fire intervals we
found in our base model was driven by the rapid recovery of graminoids. SAMO is
representative of the broader wildland-urban interface (WUI) of southern California, where
dense human populations elevate ignition frequency independent of climate driven fire

weather thereby compressing fire return intervals that may accelerate type conversion.
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Understanding recovery timelines in this system through novel remote sensing techniques is
vital for protection of both human and natural resources, and has a direct relevance to fire

management across the Mediterranean climate zone.

Validation of remote sensing techniques for tracking landscape-scale vegetation recovery after
wildfire is critical for understanding how ecosystems recover and designing management
strategies that anticipate differences among plant growth forms and account for spatial
heterogeneity in burn severity. Critically, in rugged and remote ecosystems where site
accessibility limits immediate management response to wildfire, remote sensing tools provide
opportunities to understand where fire impacts are most severe. Creative management
approaches leading up to and following outbreaks of wildfire stand to not only mitigate its costs
(Strabo et al., 2026) but also accelerate recovery of plant communities that burn (Beschta et al.,
2004; Carrari et al., 2022). As intervals between wildfire shrink and intensity of wildfire
increases, it is imperative we develop a clear picture of vegetation recovery timelines and the

factors that influence variation therein.

Data and code availability

Remote sensing data for this publication are publicly available. NPS I&M data are stored on the
Integrated Resource Management Applications portal
(https://irma.nps.gov/DataStore/Reference/Profile/2318437), however access to data is
restricted due to the sensitive nature of species and location data. Non-NPS users can apply to
obtain the data by contacting the author of the dataset (MM), or nps-pwr-
medn@doimspp.onmicrosoft.com. Code to reproduce analyses will be made available at
[placeholder***] upon acceptance of this manuscript for publication.
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706  Figure 1

707  Santa Monica Mountain National Recreation Area (SAMO) is located along the coast in southern
708  California (A). SAMO fire history shows that most of the region has burned within the last

709 decade, but some areas have not burned for over a century (B). Overall mean fractional cover
710 of trees, shrubs, and herbs/graminoids mapped to RGB values reveals spatial variability in

711 predominant vegetation cover classes across the region (C).
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713  Figure 2

714  Regressions linking RAP to I&M data in the three plant growth forms by transect over time,

715  across the full SAMO study area in the four main vegetation communities. In each panel, fine
716 lines are linear regressions for individual transects over the full time series for which in-situ

717  point-intercept data were collected. Fine lines are drawn with an intensity corresponding to the
718 number of years of data available in that transect’s time series. Bold lines show the overall

719 linear relationship between RAP and I1&M percent cover. The diagonal is a 1:1 line.
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Figure 3

The Springs Fire burned from May 2-11, 2013 in the western Santa Monica Mountains near
Camarillo, CA. Pre-fire and post-fire imagery from Landsat-8 shows a clear burn scar in RGB and
multispectral bands; the hashed and solid red line denotes the fire perimeter (A; Landsat-8
images courtesy of the U.S. Geological Survey). Fractional tree and shrub cover, normalized to
pre-fire baseline, dipped in the years following the fire, whereas herbaceous and graminoid
fractional cover increased following the Springs Fire before tapering back (density plots in B

with Springs Fire emphasized in red shaded bar, and shown spatially in C).
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Figure 4
Chronograms of vegetation recovery across SAMO, with mean * 2 standard errors illustrated as
whiskers, and loess curve showing recovery scaled to pre-fire cover by vegetation community

and plant growth form.
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Figure 5

Kaplan-Meier plot illustrating timelines of recovery following fire, including censure of points
that did not recover before the end of the analysis. Recovery is indexed using the first year in
which 4 consecutive years had relative cover > 80% pre-fire levels for Shrubs and Trees, or
relative cover < 120% pre-fire levels for Herbaceous/Graminoids (see Methods section 2.5).
Early in chronosequences, no points have achieved recovery (unrecovered probability is 100%),
and over time vegetation progressively recovers following fire (unrecovered probability goes
down). Herbaceous/Graminoid cover returns to baseline first, with a median recovery time of 6

years, followed by Shrubs (9 years), and finally Trees (16 years).



744  Table 1

745  Summary of main effects from the mixed-effects linear regression model fit with NPS 1&M

746  transect data as a response to RAP percent cover (both log+1 transformed), plant community ,
747  plant growth form, and their interaction. The model was fit with a random slope between |I&M

748  and RAP cover for each transect (see Fig 4 for visualization of transect-specific slopes).

Predictor Beta 95% CI p-value
RAP 0.39 0.34,0.43 <0.001
Vegetation community
Chaparral - -
Coastal sage scrub 0.17 0.05, 0.28 0.004
Grassland 1.1 0.94,13 <0.001
Upland woodland 0.23 0.03,0.43 0.025
Other 0.75 0.53, 0.98 <0.001
Plant growth form
Herb/Gram - -
Shrubs 0.51 0.41, 0.61 <0.001
Trees -2.4 -2.6,-2.3 <0.001
Vegetation community x Plant growth form
Coastal sage scrub x Shrubs -0.32 -0.48, -0.17 <0.001
Grassland x Shrubs -3.4 -3.6, -3.1 <0.001
Upland woodland x Shrubs -0.96 -1.2,-0.68 <0.001
Other x Shrubs -1.5 -1.8,-1.2 <0.001
Coastal sage scrub x Trees -0.05 -0.22,0.12 0.6
Grassland x Trees -0.85 -1.1,-0.59 <0.001
Upland woodland x Trees 1.6 1.3,1.8 <0.001
Other x Trees 0.11 -0.24, 0.46 0.5

Abbreviation: Cl = Confidence Interval

Marginal R2: 0.736 | Conditional R2: 0.768
749
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Table 2

Summary of Cox Proportional Hazards model relating fire history, plant growth form, and

vegetation community to timelines of vegetation recovery following fire, indexed using hazards

ratios (HR). Because HR here is based on the “risk” of vegetation recovering after fire, log(HR) >

0 indicates the variable hastens recovery timelines relative to the intercept, and log(HR) <0

indicates the variable delays recovery timelines.

Predictor log(HR) 95% CI p-value
Focal fire year -0.03 -0.04, -0.03 <0.001
Fire interval -0.01 -0.01, -0.01 <0.001
Number of upcoming fires -1.3 -1.6, -1.1 <0.001
Vegetation community

Chapatrral - -

Coastal sage scrub 0.08 -0.04, 0.19 0.2

Grassland 0.84 0.73, 0.95 <0.001

Upland woodland 0.37 0.24, 0.50 <0.001
Plant growth form

Herb/Gram - -

Shrub 0.17 0.05, 0.29 0.007

Tree -0.91 -1.1,-0.73 <0.001
Vegetation community x Plant growth form

Coastal sage scrub x Shrub -0.28 -0.43,-0.12 <0.001

Grassland x Shrub -1.1 -1.3,-0.95 <0.001

Upland woodland x Shrub 0.22 0.04, 0.40 0.014

Coastal sage scrub x Tree -0.42 -0.72, -0.11 0.007

Grassland x Tree -0.74 -1.3,-0.17 0.011

Upland woodland x Tree -0.19 -0.43, 0.05 0.12

Abbreviations: Cl = Confidence Interval, HR = Hazard Ratio

R2:0.737
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4  Spatial comparison of in-situ measurements (Inventory and Monitoring; 1&M) and RAP
5  predictions of fractional cover of shrubs, trees, and herbaceous/graminoids. Here, percent
6 cover of each transect is averaged across time to generate a single overarching estimate of

7  tree, shrub, and graminoid cover for each location.
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Comparison of in-situ measurements (Inventory and Monitoring; 1&M) and RAP predictions of
fractional cover of trees, shrubs, and herbaceous/graminoids following the Springs Fire of 2013.
Point fill color and line color is based on year of sampling (2014-2025), and paths follow the
temporal trajectory of individual transects. While percent cover from I&M data do not
correspond with RAP for trees, they are highly correlated for shrubs and
herbaceous/graminoids. Notably, fractional cover of shrubs is initially low in the early years
following the fire, and increases across time; whereas fractional cover of
herbaceous/graminoids is initially high in the early years following the fire, and decreases
across time. Inset statistics show R?, adjusted R?, and p values for panel data estimators fit with

transects as individuals and years as time using the plm package v2.6-7.
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22 Frequency of percent cover falling below 1% of the baseline pre-fire cover following the Springs
23 Fire of 2013, revealing a stronger catastrophic response in woody plant cover than in

24 herbaceous/graminoid cover.
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Predictor log(HR) 95% CI p-value
Focal fire year -0.03 -0.04, -0.03 <0.001
Fire interval -0.02 -0.083, -0.02 <0.001
Number of upcoming fires -1.3 -1.6,-1.1 <0.001

Vegetation community

Chapatrral - -

Coastal sage scrub -0.23 -0.49, 0.03 0.079

Grassland 0.06 -0.18, 0.30 0.6

Upland woodland -0.01 -0.31,0.28 >0.9
Plant Growth Form

Herb/Gram - -

Shrub -0.15 -0.45,0.15 0.3

Tree -1.7 -2.2,-1.2 <0.001
Fire interval x Vegetation community

Fire interval x Coastal sage scrub 0.01 0.00, 0.02 0.072

Fire interval x Grassland 0.03 0.02, 0.04 <0.001

Fire interval x Upland woodland 0.01 0.00, 0.02 0.007
Vegetation community x Plant growth form

Coastal sage scrub x Shrub 0.12 -0.24,0.48 0.5

Grassland x Shrub -0.50 -0.91,-0.10 0.015

Upland woodland x Shrub 0.25 -0.15, 0.65 0.2

Coastal sage scrub x Tree 0.51 -0.25,1.3 0.2

Grassland x Tree 0.79 -0.64,2.2 0.3

Upland woodland x Tree 0.67 0.08,1.3 0.041
Fire interval x Plant Growth Form

Fire interval x Shrub 0.01 0.00, 0.02 0.022

Fire interval x Tree 0.03 0.01, 0.04 <0.001
Fire interval x Vegetation community x Plant Growth Form

Fire interval x Coastal sage scrub x Shrub -0.01 -0.03, 0.00 0.034

Fire interval x Grassland x Shrub -0.03 -0.04, -0.01 <0.001

Fire interval x Upland woodland x Shrub 0.00 -0.01, 0.01 >0.9

Fire interval x Coastal sage scrub x Tree -0.03 -0.06, 0.00 0.026

Fire interval x Grassland x Tree -0.06 -0.12, 0.00 0.038

Fire interval x Upland woodland x Tree -0.03 -0.05, -0.01 0.005
Abbreviations: Cl = Confidence Interval, HR = Hazard Ratio
R2:0.742

26

27  Summary results of coxph model fit with an interactive term for fire interval, revealing a
28  significant effect in which a shorter recent fire interval slows the recovery timeline of shrubs
29  and trees compared to herbaceous/graminoids (note that VIF > 4 so multicollinearity may

30 impact modeling results).
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