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Mediterranean-climate region (MCR) shrublands have evolved a set of
regeneration strategies in response to periodic, high intensity wildfires:
obligate seeding (OS), obligate resprouting (OR), and facultative seeding (FS)
species. In the North American MCR, data on their spatial and temporal variability
is currently lacking, which is a significant information gap for resource managers.
We developed a multinomial model using dynamic and static variables to predict
the distribution of the three shrub post-fire regeneration strategies, plus trees
and herbs, in southern California. Cross-validation showed 50% of the predicted
values for each of the five plant groups were within 8—-24 percent of the actual
value. We assessed variation in shrub regeneration strategies in three ways. First,
we found the three major shrub community types (mixed chaparral, chamise-
redshank chaparral, and coastal sage scrub) had proportionally greater biomass
of FS (37-43% of total biomass) than OR or OS. Second, we assessed the spatial
variability using (a) moisture availability (climatic water deficit and solar radiation)
and found FS accounted for an increasingly greater proportion of total
aboveground live biomass as water became limited, while OR biomass
decreased; and (b) ecosystem productivity (NDVI) which showed the
proportion of OS, OR, and tree biomass increased with productivity (with a
corresponding dramatic decrease in herb biomass). We also assessed temporal
variability using time since fire and found OS represented an initially small
proportion of total biomass immediately post-fire (8—10%) which increased
with time since fire (13-17%). Third, spatial outputs from the multinomial
model indicated FS dominated pixels were most widely distributed across the
study area (~3.4 million ha, 71%), compared to OR and OS covering 5% each. FS
also occurred more frequently on warmer, south facing slopes and summits
whereas OR preferred cooler, north facing slopes and valleys (p < 0.0001). Better
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understanding the distribution of OS, OR, and FS shrubs is important for resource
management, including quantifying shrubland carbon storage and identifying
areas for post-fire restoration, as described in a case study of the Bobcat Fire on
the Angeles National Forest.

KEYWORDS

biomass, climatic water deficit, national forests, NDVI, resource management, solar
radiation, time since last fire, wildfire

Introduction

All of the world’s Mediterranean-climate regions (MCRs) are
characterized by expansive evergreen, sclerophyllous shrublands
known by a variety of regional names including fynbos in South
Africa, kwongan in western Australia, and case chaparral in the
North American MCR. These shrubland ecosystems are highly
species diverse (Cowling et al., 1996; Rundel, 2018) and - except
in Chile, where fire was largely absent before European settlement —
they are also characterized by a set of shared regeneration strategies
driven by adaptation to intense wildfire (Bond and Midgley, 2001;
Bond and Midgley, 2003; Keeley et al., 2011; Clarke et al., 2015;
Keeley and Safford, 2016). These regeneration strategies include
fire-stimulated germination of soil-stored seeds, serotiny, and
resprouts from apical, basal, epicormic, or underground
structures (Clarke et al., 2013; Lawes et al., 2022).

In the ecological literature, shrub species exhibiting different
combinations of these syndromes are typically placed in three
groups (Keeley, 1991). “Obligate seeders” (OS) are shrub taxa that
have lost the ability to resprout — which is a trait of most woody
angiosperm taxa — but whose seed germination is stimulated by fire
(this group technically includes serotinous taxa, which are not
found in shrubs in the North American MCR but rather in some
associated conifer tree taxa). “Obligate resprouters” (OR) are taxa
that lack fire-stimulated seed germination and rely entirely on
resprouting to regenerate after fire; the OR group includes taxa
with and without specialized underground storage structures. A
third group, “facultative seeders” (FS), is composed of taxa whose
post-fire regeneration occurs via resprouting as well as via fire-
stimulated seedling recruitment. The evolutionary relationships
between these groups are incompletely understood. Resprouting
post-fire is thought to be an ancestral trait across woody plants, with
facultative seeding derived from resprouting species (Bond and
Midgley, 2003; Pausas and Keeley, 2014). Non-resprouting obligate
seeders are hypothesized to be subsequently derived from
facultative seeders within lineages of resprouters experiencing
reliably intense, but relatively infrequent, fires (Pausas and
Keeley, 2014).

Spatial variation of different regeneration strategies is seen at
multiple spatial scales. At a global scale, resprouting has a strong
relationship with productivity (Pausas and Bradstock, 2007; Clarke
etal, 2015). For example, in a study in Australia, Lawes et al. (2022)
recorded an increase in resprouting ability with higher productivity
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(rainfall, primary productivity), albeit mediated by fire regimes.
More productive environments provided ample resources for the
provision and protection of resprouting organs and/or provide a
selective force through relatively frequent disturbance by fires
(Gosper et al,, 2019). Alternatively, obligate seeding is strongly
associated with aridity and vegetation prone to infrequent but
intense crown fires — such as heath in Australia (Bellingham and
Sparrow, 2000; Bond and Midgley, 2001; Bond and Midgley, 2003;
Pausas and Keeley, 2014; Lawes et al,, 2022). At a finer spatial
resolution, within shrubland ecosystems in California,
Meentemeyer et al. (2001) found shrub abundance at the
landscape scale most strongly associated with annual soil
moisture and solar radiation. OR species were found to have a
higher abundance in mesic environments: their non-refractory
seeds generally germinate during longer fire-free intervals on
sheltered, north facing slopes with moist, cool, shaded soil
conditions with ample litter (Gordon and White, 1994;
Meentemeyer et al., 2001). In addition, OR seeds are short-lived,
do not accumulate in the seedbank, and are sensitive to higher
temperatures (Keeley, 1991). OR species develop deep, extensive
root systems to avoid drought stress (Poole and Miller, 1975). In
contrast, OS species have a higher abundance in xeric
environments, with shallow roots which must survive summer
water stress in the first year of growth. In southern Australia, for
example, Clarke et al. (2015) found proportionally more obligate
seeders in drier Mediterranean to semi-arid climates. The ability for
OS to survive dry periods has been attributed to highly
sclerophyllous leaves, cryptic stomata, and the resistance of stem
xylem to water stress-induced embolism (Davis et al., 1999;
Meentemeyer and Moody, 2002; Jacobson et al., 2007).

In turn, different regeneration strategies, and their relative
proportions, confer different levels of shrub environmental fitness,
influencing the resilience of ecosystems to disturbance from fire
(Bellingham and Sparrow, 2000; Bond and Midgley, 2003). In post-
fire environments with suitable moisture conditions, OR shrubs can
respond with vigorous and aggressive resprouting from surviving
biomass (often belowground). For example, in the California MCR,
OR quickly refill the space previously occupied by the mature plant
and can reach reproductive maturity sooner than OS and even FS
species (which do not resprout as vigorously as OR under good site
conditions), demonstrating little demographic change post-fire
(Keeley, 1986). This post-fire advantage has been attributed to
deep roots, high root-to-shoot ratios, and high nutrient stores in
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the root and root crown (Desouza et al., 1986), which allows for
rapid recovery and resprouting of OR post-fire. Recovery of FS and
OS from seed is typically delayed until the rainy season when
germination is triggered. OS recruitment is largely restricted to the
first-year post-fire which produces an even-aged cohort that suffers
extreme mortality after fire (Keeley, 1986). Seedlings of OS establish
more successfully post-fire than seedlings of FS as OS have greater
tolerance to water stress (Keeley and Zedler, 1978; Jacobson et al.,
2007) and because FS species also resprout, making them more
successful post-fire regenerators under most conditions. Note that
for OS species, the longer time to maturity and slow accumulation
of seed in the seed bank presents an immaturity risk in instances of
short fire intervals (Zedler, 1995; Enright et al., 1998).

Consequently, excessive short interval, frequent fire in
California has a major influence on shrubland dynamics and on
the distribution of regeneration strategies (Syphard et al, 2018;
Safford et al,, 2022). Southern California experiences very high
ignition densities associated with expanding human development
and increasing cover of highly flammable invasive grasses. Short
interval fires (specifically time since last fire) can have major
impacts on the reproductive ability and regeneration potential of
shrubs. For example, most post-fire obligate seeding Ceanothus
species are negatively impacted by time since last fire of <10 years,
while obligate seeding Arctostaphylos species require much longer
fire return intervals (Keeley and Davis, 2007). These negative
impacts of short interval, high frequency fire on OS species are
multiplied as subsequent fires occur, and the seed pool is
progressively reduced, with consequences for population growth
and genetic variability of OS (Zedler et al., 1983; Clarke et al., 2015).
Very high fire frequencies can lead to local extirpation of OS species,
resulting in the increased dominance of (often non-native) grasses
and forbs, which then feeds back into even more frequent fire
(Franklin, 2002; Syphard et al., 2018).

Understanding spatial and temporal variation in the
distribution of OR, OS, and FS species will allow resource
managers to better predict vegetation response and prioritize
management activities that aid the recovery from ecosystem
disturbances and stressors, such as short interval fire and
drought. This is especially valuable in southern California, where
shrublands account for more than half of the vegetation of four
federally-managed National Forests and where resource managers
are actively engaged in managing wildfires, addressing non-native
annual species, planning for a warmer and drier climate, and
attempting to maximize and balance a variety of ecosystem
services (Safford et al., 2018; USFS, 2022). In addition, an
improved understanding of the spatial variation in shrub
regeneration strategies can support the quantification of
belowground, standing dead, and litter carbon pools in
shrublands whose carbon storage and sequestration capacities
have traditionally been ignored or undervalued (Langley et al,
2002; Jenerette et al., 2018; Underwood et al., 2018).

In this study, we describe the development of a multinomial
model to predict the relative biomass proportions of five plant
groups — three shrub regeneration types (OR, OS, and FS), and herb
and tree life forms - across the southern California ecoregion.

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1158265

Previous attempts to determine the distribution of species with
different regeneration strategies have relied on temperature, annual
precipitation, solar radiation, slope, topographic moisture index
and soil type (Syphard and Franklin, 2010), or soil moisture and
substrate rockiness (Meentemeyer et al., 2001). Here, we build on
previous efforts by increasing the number of environmental
variables to consider both static and dynamic predictors, using
field plots with high spatial accuracy to train our model, and
generating data over a larger spatial area.

Using the results from our model, in this contribution we:
(a) describe variation in the proportions of OS, FS, OR, herb and
tree by three shrub community types (mixed chaparral, chamise
redshank chaparral and coastal sage scrub); (b) assess the
influence of two moisture - related variables (climatic water
deficit and solar radiation), productivity (NDVI) and temporal
variation in time since last fire; (c) quantify spatial variation in
regeneration strategies at the landscape scale; and finally (d) to
highlight the implications of our results for resource managers,
we provide a case study of the Bobcat Fire on the Angeles
National Forest describing the use of OS data to support
decision making.

Materials and methods
Study area

Our study area consists of shrublands within a 31,069 km?
(7,677,317 acres) footprint that encompasses all Level 4 USGS
ecoregions (Omernik and Griffith, 2014) that overlap with the
Angeles, Cleveland, Los Padres, and San Bernardino National
Forests in southern California, USA, ranging from sea level to
3,506 m. National forest lands account for over 50% of the study
area (15,920 km? or 3,933,992 ac). The region is characterized by a
Mediterranean-type climate with a warm to hot dry season and a cool
wet season of three to five months. Vegetation physiognomic types in
the study region are dominated by shrubland [62% (determined using
FVEG; FRAP, 2015)], grassland (16%), broadleaf woodland (8%), and
conifer and mixed conifer-broadleaf forests (8%). We base our
vegetation type delineations on the California Wildlife Habitat
Relations classification (Barbour et al., 2007; https://wildlife.ca.gov/
Data/CWHR/Wildlife-Habitats), which is widely used in California.
In shrublands the major communities are mixed chaparral (29%;
dominated by scrub oak [Quercus berberidifolia], various species of
Ceanothus and manzanita [Arctostaphylos], and other mostly
resprouting shrub species); sage scrub (12%; dominated by
California sagebrush [Artemisia californica], purple sage [Salvia
leucophylla], black sage [Salvia mellifera], and California buckwheat
[Eriogonum fasiculatum]); and chamise/redshank chaparral (6%;
dominated by chamise [Adenostoma fasciculatum] and/or redshank
[Adenostoma sparsifolium]). The chaparral-dominated communities
(evergreen, sclerophyllous shrubs), are found at higher elevations
while coastal sage scrub (drought-deciduous, soft-leaved shrubs) are
found at lower elevations and inland desert margins with lower
precipitation and shorter growing seasons (Gray, 1982).
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Plot data

To estimate the proportion of biomass for shrubs with different
regeneration strategies we used plot data from the USDA Forest
Service Forest Inventory and Analysis (FIA) program (Burkman,
2005). We analyzed 222 of the 434 total FIA plots available omitting
212 owing to incomplete data, occurrence within uncommon
vegetation types (defined as <1% of the study area, FRAP, 2015),
or insufficient sample size (i.e., where there were <10 plots in a
vegetation type). Many of these less common vegetation types were
dominated by trees with limited shrub abundance, e.g, CWHR
types blue-oak foothill pine, Eastside pine, Ponderosa Pine, valley
foothill riparian, redwood, sierra mixed conifer, and coastal oak
woodland. We also removed any plot that had more than 90% of
total biomass comprised of trees to avoid the possibility of including
plots that were misclassified as shrublands. One note, is the FIA
program is designed to measure forest conditions across the US and
therefore does not typically include non-forest plots, but the
National Forests in southern California extended the FIA
sampling to include shrubland plots. Since coastal and desert
scrub communities are not well represented on Forest Service
lands in southern California, OS present in these communities
may be underrepresented in the plots.

FIA plots are comprised of four, 14.64-m diameter circular
subplots arranged triangularly with one subplot at plot center and 3
subplots positioned 36.6 m from plot center at angles of 0°, 120° and
240° (Burkman, 2005). FIA permanent plots are remeasured
periodically with the goal of a complete remeasurement of all
plots every ten years (https://frap.fire.ca.gov/research-monitoring/
forest-inventory-and-analysis/), thus 10% of the plots are visited
each year. The plots used in this study were visited in 2001, 2002,
2004, 2008, 2010 or 2012. Plot measurements included species,
crown diameter, and height of all individual shrubs in each subplot.
To estimate shrub aboveground biomass, we applied species-
specific allometric equations to shrub species where possible
(Wakimoto, 1978; McGinnis et al.,, 2010), otherwise, we used a
generalized shrub-herb biomass equation (Lutes et al., 2006, see
Schrader-Patton and Underwood, 2021 for details).

We assigned each species in the FIA plot to one of three lifeform
categories: shrub, tree or herb (forbs and grasses). Shrub species (the
focus of this current study) were further categorized into one of three
post-fire regeneration strategies: obligate seeder (OS), facultative
seeder (FS), or obligate resprouter (OR) using descriptions of
regeneration strategy and life history reported in primary literature
and public databases (Gordon and White, 1994; Borchert et al., 2004;
CNPS, 20215 FEIS, 2021). For each plot, we calculated the proportion
of aboveground live biomass for each of these five plant groups: OS,
FS, OR, tree, and herb, by dividing the estimated biomass of each by
the summed total biomass across all groups.

Predicting the distribution and variation of
shrub regeneration strategies

To predict the distribution of the three shrub regeneration
strategies (OS, FS, OR), along with trees and herbs, we modeled
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changes in the proportion of biomass within each regeneration
strategy using a multinomial regression model in the statistical
software R (R Core Team, 2016) with the package ‘nnet’ (Ripley and
Venables, 2021).

We analyzed the following variables using the function
multinom to predict the distribution of the five plant groups:
average annual solar radiation, actual evapotranspiration (AET),
climate water deficit (CWD), average annual precipitation, the
normalized difference vegetation index (NDVI, using the
maximum composite value from July to August each year),
modeled aboveground biomass (a proxy for productivity),
eastness (a measure of continentality and dryness), slope, flow
accumulation, soil bulk density, soil clay content, and soil percent
carbon (see Table S1). Finally, we included vegetation type from the
CWHR classification system from the FVEG vegetation data
(FRAP, 2015) and time since last fire from the Fire Return
Interval Departure geodatabase (Safford and Van de Water, 2014;
USDA, 2015). We selected time since last fire rather than, for
example, average fire return interval, as we wanted to account for
the transition from early seral fire-following species to the
dominance of other regeneration strategies over time. The time
since last fire temporal variable was calculated for each plot by first
intersecting the plot with the fire perimeter data obtained (https://
frap.fire.ca.gov/frap-projects/fire-perimeters/). Next, we subtracted
the year of the most recent fire from the year the FIA plot
was visited.

To avoid variance inflation, we did not include variables that
were strongly correlated (r > 0.55). We considered the predictor
variables northness and elevation but excluded them because they
were closely correlated (r > 0.57) with other variables (solar
radiation, AET, and CWD). We retained solar radiation, AET,
and CWD because they are more mechanistically linked to water
stress and productivity (Stephenson, 1998). Total aboveground
biomass, flow accumulation, time since fire were natural-log
transformed to improve model fit. To reduce the number of
parameters included, we only tested interactions that were
biologically meaningful, such as an interaction between CWD and
solar radiation.

To select the best model, we started with a full model and
removed predictors sequentially using Akaike Information Criteria
(AIC) to evaluate model fit. Predictor variables remained in the final
model if they improved model fit by a minimum AAIC of -2
(Anderson and Burnham, 2004). For the final model, p-values were
generated with a Wald-z test. Obligate seeder shrubs were selected
as the baseline variable for the multinomial model against which the
other four plant groups are calculated (therefore OS are not
displayed in Results). We chose OS as a baseline because our
focus was on determining differences among different shrub
regeneration strategies and we expected OS to differ most from
FS and OR. The p-values reported (Table 1) for FS, OR, tree and
herb indicate how likely the estimate is different from 0, i.e., relative
to OS. To evaluate the performance of the final model, we
performed leave-k-out cross validation with k = 8 (Hastie et al,
2009, see code in Supplementary Material). To do this, we randomly
withheld eight observations from the dataset, refit the model, and
evaluated the difference between predicted and observed values of
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TABLE 1 Model estimates (log-odds) from the final multinomial model and standard error.

Facultative Seeder

Obligate Resprouter

Std. Std.
Est. Error Est. Error

Intercept <0.0E 3.54E- <0.0E 6.90E-
0.816 0.063 +13 0.069 0.074 01 —-1.745 0.130 +13 0.030 0.074 01

CWHR-Coastal Scrub 2.47E- 3.40E- 6.62E- 5.41E-
0.758 0.136 08 1.167 0.154 14 1.517 0.202 14 0.409 0.147 03

CWHR-Mixed Chaparral 5.86E- 1.31E- <0.0E 8.97E-
0.190 0.069 03 0.515 0.080 10 1.422 0.134 +13 0.011 0.081 01

CWHR-Chamise Redshank 4.02E- 4.44E- 6.46E- 1.89E-
Chaparral 0.541 0.188 03 —-0.439 0.218 02 —0.466 0.252 02 0.288 0.220 01

Time Since Fire (In+1) <0.0E <0.0E <0.0E <0.0E
—-0.477 0.033 +13 -0.572 0.035 +13 —-0.496 0.039 +13 -0.622 0.036 +13

Total Aboveground Biomass (In) 2.48E- 6.36E- <0.0E 2.48E-
0.128 0.035 04 0.105 0.038 03 1.810 0.054 +13 0.312 0.043 13

Average Annual Solar Radiation <0.0E 5.91E- 1.39E- 5.71E-
0.236 0.028 +13 -0.221 0.029 14 0.167 0.035 06 0.019 0.034 01

Average Annual Precipitation 4.44E- 2.09E- 291E- 1.12E-
-0.303 0.039 15 —-0.194 0.041 06 -0.366 0.050 13 -0.147 0.045 03

Actual Evapotranspiration (AET) 2.01E- <0.0E <0.0E 3.55E-
—-0.044 0.034 01 —-0.350 0.037 +13 —-0.439 0.042 +13 0.332 0.042 15

Climate Water Deficit (CWD) 3.57E- <0.0E 2.22E- 3.21E-
-0.037 0.041 01 —-0.372 0.044 +13 —-0.421 0.051 16 -0.323 0.049 11

Normalized Difference Vegetation 1.35E- 8.29E- 6.94E- <0.0E
Index (NDVTI) -0.158 0.036 05 0.009 0.039 01 0.018 0.045 01 -0.777 0.044 +13

Aspect-Eastness 1.03E- 4.43E- <0.0E 1.39E-
0.173 0.024 12 0.095 0.027 04 0.274 0.032 +13 0.175 0.029 09

Slope 2.03E- 6.13E- 1.76E- 1.34E-
0.036 0.028 01 —-0.058 0.031 02 0.221 0.037 09 0.051 0.034 01

Soil Bulk Density 1.21E- 4.81E- 2.45E- 2.22E-
0.062 0.040 01 -0.319 0.044 13 0.267 0.052 07 0.335 0.048 12

% Clay <0.0E 1.22E- <0.0E 2.42E-
-0.250 0.028 +13 -0.201 0.031 10 0.518 0.040 +13 -0.074 0.033 02

%o Carbon 6.50E- 2.53E- <0.0E 5.29E-
0.083 0.045 02 -0.318 0.050 10 -0.539 0.055 +13 0.034 0.053 01

Flow accumulation (In) 5.64E- 4.02E- 3.77E- 9.39E-
0.082 0.030 03 0.093 0.032 03 0.241 0.035 12 0.133 0.034 05

8.30E- 2.74E- <0.0E 1.06E-
Solar Radiation: Precipitation -0.050 0.029 02 —-0.085 0.028 03 -0.412 0.032 +13 -0.085 0.033 02

Obligate seeder (OS) shrubs were selected as the baseline variable for the multinomial model against which the other four classes are calculated against, therefore OS are not displayed.

P-values were generated by Wald-z tests.

the excluded observations. This procedure was iterated 3,000 times
to generate a distribution of model accuracy. To fully evaluate the
predictive accuracy and fit of the model, we examined the
distribution of cross-validation errors: mean, standard deviation,
kurtosis, skew, and interquartile range.

We then used the raster surfaces corresponding to each
predictor (Table S1) as model inputs into the ‘predict’ function in
R software (R Core Team, 2016). We created a raster spatial layer
(30 m resolution) with the proportion of biomass for each of the five
plant groups. This process essentially applies the model predictions
of the proportion of each plant group to each pixel in our study area.
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Finally, to investigate distribution patterns of the three types of
shrub regeneration strategies across southern California, we created
three raster outputs based on a query of: shrub proportion in a pixel
is >33% and where OS or FS or OR is >33%, to identify pixels
dominated by shrubs with different regeneration strategies.

Using these data, we report on variation in shrub regeneration
strategies by the following three areas: first, we assessed variation in
the five groups across the three major CWHR shrub communities in
southern California: mixed chaparral, chamise redshank chaparral,
and coastal sage scrub (https://wildlife.ca.gov/Data/CWHR/
Wildlife-Habitats), by estimating the proportion of OR, OS, FS,
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trees, and herbs as predicted from the model while holding all other
variables at their median value. Second, to examine influence of
water availability and time in explaining the variation of shrub
regeneration types across the landscape, we calculated the
proportion of biomass in the five groups in response to two
moisture-related variables (climatic water deficit and solar
radiation) and productivity (NDVI), and time since last fire.
Third, we summarized the distribution of shrub regeneration
types at the landscape scale. We tested for differences in the mean
proportion of shrub reproductive strategy using a linear regression
(using Im function in the ‘stats’ package in R, R Core Team, 2016) to
assess differences in the dominance of OR and OS between warmer,
south facing slopes, summits and ridges, and cooler, north facing
slopes, valleys and depressions by calculating the mean average
value of OS, FS, and OR by topographic facet (vegetation x aspect x
topographic units; Hollander and Underwood, 2021). Model
performance assumptions were checked for residual normality
and homoscedasticity, and P-values were corrected using the
Tukey method.

Results

The final selected model for determining the biomass of the five
plant groups included vegetation type, time since fire), estimated
aboveground live biomass, NDVI, slope, eastness, AET, CWD, flow
accumulation, soil bulk density, percent clay, carbon (grams per kg of
fine earth soil), and the interaction between mean annual solar
radiation and mean annual precipitation (Figure S1; Tables 1, 2).
Cross validation indicated that the model can predict the relative
proportion of biomass represented by each of the five plant groups
(OS, ES, OR, tree and herb) with 50% of predictions falling within 5 to
24 percent of the actual value depending on the type of regeneration
strategy, as shown by the interquartile ranges (Table 3). Of the shrub
regeneration strategies, OS are best predicted, with the narrowest
interquartile range of —4.98-11.42%, while FS and OR showed a
broader range of prediction with interquartile ranges of —19.7-23.3%,
and —14.8-16.5% respectively. Trees and herbs had more narrow
ranges of predictability with interquartile ranges of 0.50-4.83% and
—4.11-10.1%, respectively (Table 3; Figure 1). All five plant groups
had a high level of accuracy, with the error distribution closely
centered around 0 (-0.57 to 1.24, Table 3).

Variation of the five plant groups within
three shrub communities

We found FS biomass dominated in the three shrub
communities — mixed chaparral, chamise redshank chaparral, and
coastal sage scrub - accounting for 37%, 41% and 43% respectively
of the total biomass (Figure 2). There was slightly more OS than OR
biomass (20% versus 16%) in chamise redshank chaparral, and
slightly more OR than OS biomass (20% versus 15%) in mixed
chaparral. However, OR biomass was proportionally greater (25%)
than OS (10%) in coastal sage scrub. Among vegetation types,
model outputs indicated tree biomass is greatest in mixed chaparral
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(13%) and herb biomass greatest in chamise redshank chaparral
(18%, Figure 2) compared to the other two shrub communities.

Influence of time since fire,

water availability, and productivity
on the proportion of each shrub
regeneration strategy

The influence of time since fire across all shrub communities
was most notable for OS species. OS represent a small fraction of
biomass immediately after fire, but this increased steeply (from an
average of 5% to an average of 18%) in the first 25 years post-fire,
and then more gradually as time since fire increased (Figure 3A). A
closer examination of the first 25 years post-fire shows the relative
proportions of OS, FS and OR is similar in the first two decades
post-fire [with the exception of OS biomass in chamise redshank
chaparral, which increased more rapidly than OS in mixed
chaparral or coastal sage scrub (Figure S2)]. All other groups
decreased slightly to account for the increase in OS biomass, and
OR and herb decreased most sharply during the first decade post-
fire. The proportion of FS biomass on the landscape dominated all
time points following fire compared to the other plant groups and
stayed relatively constant over time, accounting for 35%-38% of the
total biomass.

We found a similar response of shrub regeneration strategies to
two indicators of water availability, CWD and solar radiation. As
CWD increased (less available water), FS and OS accounted for an
increasingly greater proportion of the total biomass (Figure 3B),
with the inverse pattern in OR. Similarly, across the gradient of
solar radiation values, ES increased from around 25% to 40% as

TABLE 2 Change in Akaike Information Criteria for each parameter
when each was removed from the biomass model.

Var dAIC
Total Aboveground Biomass (In) —1817.07
WHR —-710.74
% Clay —-576.46
Normalized Difference Vegetation Index (NDVI) —526.31
Actual Evapotranspiration (AET) —479.61
Average Annual Solar Radiation —-396.04
Time Since Fire (In+1) —365.09
Soil Bulk Density —-279.45
Average Annual Solar Radiation:Average Annual Precipitation -255.01
%o Carbon —-243.29
Climate Water Deficit (CWD) -169.75
Aspect-Eastness —-84.38
Average Annual Precipitation -75.58
Slope -63.17
Flow accumulation (In) —48.15
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TABLE 3 Summary of cross validation distributions: mean, standard deviation, 25 percentile, 75" percentile.

Standard deviation

Mean

Obligate Seeder 1.24 17.8
Facultative Seeder -0.10 29.0
Obligate Resprouter -0.08 23.7
Tree -0.57 30.32
Herb -.46 21.7

Skewness Kurtosis 25th percentile 75th percentile
-1.37 528 -4.98 11.42
-0.51 24 -19.7 233
-0.99 3.66 -14.8 16.5
-0.73 4.14 0.50 4.83.
~1.54 6.07 -4.11 10.1

solar radiation increased while OR decreased at a similar rate
(Figure 3C). However, unlike with increasing CWD, an increase
in solar radiation does not impact the proportion of OS biomass,
which remained relatively constant at 15-18% of the total biomass.
Results showed tree biomass decreased with increasing CWD as
conditions became drier, but increased at higher levels of solar
radiation. Herb biomass decreased slightly as both CWD and solar
radiation increased.

There was a notable interaction between solar radiation and
average annual precipitation, most influentially for tree biomass. At
higher precipitation, the proportion of tree biomass did not differ
with solar radiation. In contrast, at lower precipitation, the
proportion of tree biomass strongly increased with solar radiation
(Figure S1). For this reason, we focused on the effect of solar radiation
in general at a median value of precipitation (Figure 3C). Across all
levels of precipitation, as solar radiation increased, the proportion of
OR biomass strongly declined, while the proportion of FS biomass
strongly increased. Trees increased slightly with higher solar
radiation, but the proportions of OS and herbs were unaffected.

The proportion of biomass contributed by OS and OR shrub
species increased with productivity, as captured by NDVI, while FS
biomass increased and then plateaued at higher NDVI. Herb
biomass declined dramatically with increasing NDVI, from 38%
to 2% (likely owing to the closing shrub canopy, Figure 3D), while
trees remained relatively stable across NDVT values.

Obligate Seeder

Facultative Seeder

Variation in shrub regeneration strategies
at the landscape scale

Analyzing the spatial rasters depicting OS-, OR- or FS-
dominated pixels, we found dramatically different spatial patterns
between the three shrub regeneration strategies. FS species covered
the greatest spatial distribution, accounting for 3,372,125 ha (71%)
of shrub dominated pixels in the study area (Figure 4): the FS group
covered a range of productivity gradients and vegetation types
(reflecting findings in Figure 3D), although it was notably absent
from high elevation areas. In contrast, OS-dominated pixels covered
the smallest spatial area (21,899 ha, 5% of shrub dominated pixels)
occurring throughout the study area from coastal Big Sur and the
Santa Ynez Mountains on the Los Padres National Forest to interior
locations including the eastern fringes of the San Jacinto mountains
(desert shrub vegetation) in the south (Figure 4, see case study in
Supplementary Materials). Finally, pixels dominated by OR species
covered 25,075 ha (5% of shrub dominated pixels in the study area),
showing aggregations in the San Bernardino and San Gorgonio
Mountains on the San Bernardino National Forest; San Gabriel
Mountains on the Angeles National Forest, and throughout higher
elevations on the Los Padres National Forest. OR-dominated pixels
were notably absent in lower elevation areas with low water
availability, as indicated in the relationship with CWD and solar
radiation (Figures 3B, C).

Obligate Resprouter
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FIGURE 1

Cross validation distribution of model accuracy. Each histogram represents the observed minus the predicted value for eight randomly selected plots

iterated 3,000 times.
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FIGURE 2

Estimated proportion of biomass by different life history types as predicted from the model of life history types within the three major shrubland
vegetation types: MCH = mixed chaparral, CRC = chamise redshank chaparral; and CSC = coastal sage scrub. Note, all other variables in model are

held at their median value

More specifically, using the mean proportion of each of the
shrub groups on each of 12 topographic facets (Hollander and
Underwood, 2021), we found FS showed statistically significant
higher mean biomass proportions on south facing slopes, summits,
and ridges and lower biomass proportions on north facing slopes,
valleys and depressions across all three shrub community types (p <
0.0001, Figure 5; Tables S2, S3). In contrast, OR had a higher mean
value in cooler topographic facets (i.e., north facing slopes, valleys
and depressions) versus warmer facets Figure 5; Tables S2, S3).

Discussion

Using FIA plots and a variety of static and dynamic
environmental variables, we modeled the distribution of five plant
groups — three shrub regeneration strategies: obligate seeders (OS),
facultative seeders (FS), obligate resprouters (OR); and trees and
herbs - by estimating the proportion of biomass within each of the
five groups. Overall, model cross-validation showed the accuracy
achieved 50% of predicted value within 8 to 24 percent of the actual
value, with prediction accuracy highest for herb biomass and lowest
for OR. Of the three shrub regeneration strategies, OS biomass was
predicted with the highest accuracy and narrowest environmental
range (Table 3; Figure 1). Our results reinforced findings from
Syphard and Franklin (2010) who studied a subset of our southern
California ecoregion: species distribution models showed obligate
seeding species were mapped with highest accuracy, potentially due
to their limited seed dispersal. In contrast, both Syphard and
Franklin (2010) and this study mapped OR with less accuracy
(incidentally, OR have a variety of seed dispersal mechanisms
including long-distance dispersal by birds [Bullock, 1978; Syphard
and Franklin, 2010]). One caveat to these findings is the bias of FIA
plots to sample upland interior, moister sites which contain trees,
thereby possibly underrepresenting OS species in coastal and desert
scrub communities. In addition, research has shown some shrub
species, such as Ceanothus leucodermis, vary temporarily and
spatially in their post-fire regeneration strategy, changing from
OR to OS with longer fire-fire intervals (Keeley, 2023).

The results reported relating to temporal variation and time
since fire on shrub regeneration strategies reflect our understanding
of chaparral communities and successional pathways. Relative to
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OS, species with resprouting ability (FS and OR) are able to rapidly
dominate post-fire sites (Figure S2). OS represented a small
proportion of the initial post-fire biomass (5-7% depending on
the shrub community type), however OS increased to 17-21% a
century following fire (available fire history data date back 100
years). Studies indicate OS regeneration in California shrublands is
largely resilient after fire when the time since last fire is long enough
to support mature shrub growth and several years of seed set
(Keeley, 1986). For example, in mixed chaparral communities,
which have a higher proportion of OS than chamise redshank
chaparral, stands >30 years old had twice the amount of live OS
biomass (Bohlman et al., 2018). In comparison, the proportion of FS
biomass increases immediately post-fire, reflecting the resprouting
ability of this type, but then decreases slightly over time as OS
species grow and become established. This pattern reflects other
studies which suggest seedlings of OS are more successful post-fire
than seedlings of FS (Keeley and Zedler, 1978). The proportion of
herb biomass decreases dramatically in the first two decades as the
shrub canopy closes.

Our findings highlight notable variation among the five plant
groups with respect to their responses to water availability, as indicated
in our analyses of CWD and solar radiation effects. As CWD increased,
we found a trade-off in the relationship between OS, FS and OR, such
that OR decreased dramatically with increasing CWD, while FS and OS
increased (Figure 3B). These findings reflect the general understanding
in the literature that OS have undergone greater selection for
physiological and morphological tolerances to drought (and higher
insolation) due to the higher frequency of sexual reproduction when
compared to species with the capacity to resprout (Keeley, 1998;
Meentemeyer et al, 2001). Furthermore, seedlings of OS are more
tolerant of water stress and tissue dehydration, and more efficient at
conducting water (Pratt et al., 2010; Vilagrosa et al, 2013).
Consequently, OS (and presumably FS which harbor similar
regeneration traits) can do better in xeric sites with more stressful
drought conditions, while OR predominate in sites with more reliable
moisture (thus lower CWD) (Meentemeyer and Moody, 2002). OR are
less physiologically and morphologically able to tolerate water stress:
their leaves are less sclerophyllous and they have a lower resistance to
water stress-induced cavitation of their stems (Meentemeyer and
Moody, 2002). We also found an increase in CWD resulted in a
decrease in the proportions of herbs and trees.

frontiersin.org


https://doi.org/10.3389/fevo.2023.1158265
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Underwood et al.

10.3389/fevo.2023.1158265

Time Since Fire

Obligate Facultative Obligate
< A Seeder seeder Resprouter Tree Herb 05. FS' OR. T . H
S o
- MCH em— = ——— S A
% CRC e »
Soloscame r—-
9 s - llQ 7
2] ° .
£°7 .~ B
'9 . P d Scecaaa, 2
kol &1 '/ \
S I o il . —-— 9
gaqf’
8_ ’
o © 1
— T T T T T T T T T T T T T T T T T T T T
a 0 50 1000 50 1000 50 1000 50 1000 50 100 0 25 50 75 100

Time Since Fire

o

= . )

Proportion of Total Biomass (%)

600 800 1000 600 800 1000
Climate Water Deficit (mmyr™)

T T
600 800 1000

T T
600 800 1000

8(‘)0 10‘00
Climate Water Deficit

T T
600 800 1000

NDVI

FIGURE 3

]C °

= S

wv -

wv

1]

§ o

Lol 0

o <

=

5] 2

e o

Q- ~

g —\ v

2 LT LY Py --k=t ~

.

9]

5ol —e—-— o

— T T T T T T T T T T T T T

O 4500 2500 1500 2500 1500 2500 1500 2500 1500 2500 1500 2000 2500
Solar Radiation (Whm2yr™) Solar Radiation

< D

& o

ﬁ Pt 8

£2 .

K] 2 24

o g 0

— 04

3 3 3

[ Lo .

t ’ -

P4 -

S - - 0 4

.0 e

t o

9]

Q

o e = o = oA

~ T T T T T T T T T T T T T T T T T T

O 02 04 06 0802 04 06 0802 04 0.6 0802 04 0.6 0802 04 0.6 08 02

o
~

0.6

NDVI

Proportion of biomass by life history type in response to differences in (A) time since fire, (B) climatic water deficit, (C) solar radiation, (D) normalized
difference vegetation index (NDVI). Proportions are generated from marginal effects for each variable with all other variables in the model held at median
values. Right panel displays the proportions of life history types from the most common vegetation type represented in FIA plots: mixed chaparral.

As solar radiation increased, we found the same tradeoff in OR
and FS as with CWD, with decreased OR biomass. The lower
abundance of OR on hotter slopes and ridges with high solar
exposure may be reflecting the sensitivity of OR seed viability to
drought and high soil temperatures, as has been suggested in other
studies in California (e.g., Meentemeyer et al., 2001). In contrast to
CWD, increasing solar radiation drove a slight decrease in OS
(Figure 3C), which is counter to the increase with higher insolation
suggested by Keeley (1998). Also, somewhat counterintuitive, is the
increase in the proportion of tree biomass at higher levels of
solar radiation.
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The variation found in the proportion of biomass in the five plant
groups and productivity (NDVI) was intuitive. Herb biomass was
influenced most strongly and drastically declined (38% to 2%) as
productivity increased, while OR, OS, and tree biomass increased
with productivity. The pattern for OR reflects findings in the
literature: resprouting is optimal in moist and fertile environments
(Pausas and Keeley, 2014). Of note is the response of FS, whose
biomass is relatively stable across the range of NDVI values
(Figure 3D). One reason is that FS shrubs are benefitting from
both seeding traits (better able to cope in water stressed
environments) and resprouting traits (e.g., deep roots and higher
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FIGURE 4

Maps depicting the proportion of shrub regeneration strategies:
obligate seeders (OS), facultative seeders (FS), and obligate
resprouters (OR). ANF = Angeles National Forest, CNF = Cleveland
National Forest, LPNF = Los Padres National Forest, SBNF = San
Bernardino National Forest. Inset map shows study area in the grey.

root to shoot ratios). Levin (1990) suggested that seeding traits make
a species better suited to changing environments as seed banks are a
source of genetic variation, which might explain the widespread
distribution of OS over a range of productivity values.

The three shrub regeneration strategies showed notable spatial
variation at the landscape scale. FS species accounted for over a
third of the biomass in all three shrub communities and FS
dominated pixels were much more broadly distributed than OR
or OS, reflecting findings relating to the influence of productivity
(NDVI) on the proportion of FS biomass (Figure 3D). OR
dominated pixels occurred in loose aggregations including in
higher elevation areas of the San Bernardino and Angeles
National Forests. OS dominated pixels occupied the smallest
spatial area and occurred in scattered pixels throughout the
ecoregion. Our findings reflect suggestions that in many
Mediterranean-type climate regions, there is some spatial

10.3389/fevo0.2023.1158265

segregation between OS and OR, where OS occupy parts of the
landscape where water is more susceptible to strong oscillations,
and OR occupy areas where water is more reliable (Pausas and
Keeley, 2014). The analysis using topographic facets supports our
understanding from the literature (e.g., Gordon and White, 1994):
the mean proportion of FS and OS in mixed chaparral and chamise
redshank chaparral was higher in warmer, south facing slopes,
summits and ridge facets (except for OS in coastal sage scrub), while
the mean proportion of OR was higher in cooler, north facing
slopes, valleys and depression facets (Figure 5; Tables 52, S3).

Implications of study

Modeling the distribution of shrub regeneration strategies can
support resource management in a number of ways. First, spatial
data outputs lay the foundation for improved estimates of carbon
storage across multiple shrub biomass pools. Existing regional data
on aboveground live biomass (Schrader-Patton and Underwood,
2021) can be used in conjunction with the proportion of OS, FS, and
OR to estimate belowground biomass using root to shoot ratios,
standing dead biomass, and litter, which differ by species with
different post-fire regeneration strategies (e.g., Green, 1970;
Kummerow et al., 1977; Miller and Ng, 1977; Riggan et al., 1988;
Schrader-Patton et al., 2023). In turn, for resource managers this
provides a powerful dataset for carbon accounting and monitoring.

Second, information on the proportion of OS versus
resprouting species can help identify areas at risk of conversion to
non-native grasslands owing to high frequency fire (Syphard et al.,
2013; Syphard et al., 2018), and contribute to prioritization of areas
for post-fire restoration (see case study on Bobcat Fire in
Supplementary Materials). Although resprouting shrubs can also
decline when experiencing (very) short fire return intervals, they are
much more resilient than the OS group (Zedler et al., 1983; Pausas
et al., 2016).

The results we report used field data and static and dynamic
variables to assess spatial and temporal variation in shrub post-fire
regeneration strategies at the ecoregional scale in California. This
study provides a contribution from the North American
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Mediterranean-Climate Region which joins studies of spatial
variation in post-fire regeneration types from other MCRs
including Australia (Clarke et al., 2015; Lawes et al., 2022), South
Africa (Bond and Midgley, 2003; Cowling et al., 2018), and the
Mediterranean Basin (Parra and Moreno, 2018).
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