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Abstract
Aim: In Southern California, native woody shrublands known as chaparral support 
exceptional biodiversity. However, large-scale conversion of chaparral into largely 
exotic herbaceous cover is a major ecological threat and serious conservation con-
cern. Due to substantial uncertainty regarding the causes and extent of this vegeta-
tion change, we aimed to quantify the primary drivers of and map potentially 
vulnerable locations for vegetation type conversion from woody into herbaceous 
cover.
Location: Santa Monica Mountains National Recreational Area, Southern California, 
USA.
Methods: We used air photograph image interpretation to quantify the extent to 
which chaparral shrublands transitioned to herbaceous cover from 1943 to 2014 
across nearly 800 randomly located plots. Comparing plots that remained chaparral 
to those that converted to herbaceous cover, we performed hierarchical partitioning 
to quantify the independent contribution of a range of explanatory variables, and 
then used classification trees to explore variable interactions. We also developed a 
spatial model to create a seamless map delineating relative probability of type 
conversion.
Results: Of the original plots that were chaparral in 1943, 284 (36%) changed cover 
by 2014, with 79 completely converting, and 142 mostly converting to herbaceous 
cover. The primary mechanism behind shrubland decline and replacement was short 
intervals between fires (<=10 years), and type conversion was most likely to occur in 
arid parts of the landscape with low topographic heterogeneity and close proximity 
to trails and roads. Predictive maps delineated several hotspots with environmental 
conditions similar to those of type-converted plots.
Main conclusions: Chaparral type conversion is a widespread conservation concern, 
and results here suggest that short-interval fire and landscape disturbance are the 
most likely factors to exacerbate it, particularly in water-limited portions of the land-
scape where chaparral is subject to greater physiological stress and slower recovery. 
Reducing fire ignitions and mapping vulnerable areas may be important strategies for 
prevention.
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1  | INTRODUC TION

The native woody chaparral of California, and similar shrubland eco-
systems in other Mediterranean-climate regions, supports excep-
tional biodiversity and is resilient to periodic wildfire and drought 
(Keeley, Bond, Bradstock, Pausas, & Rundel, 2012). Despite its resil-
ience to occasional disturbance, in many parts of California, chapar-
ral has been invaded, and sometimes completely displaced by exotic 
annual forbs and grasses (Syphard, Brennan, & Keeley, 2018). This 
process known as vegetation type conversion is a major threat to 
the region’s biodiversity and provision of ecosystem services, and 
may alter fire regimes. Although the potential for large-scale vege-
tation change is a widespread concern, there is ongoing uncertainty 
about its extent and primary drivers (Halsey & Syphard, 2015; Park, 
Hooper, Flegal, & Jenerette, 2018).

While much of contemporary vegetation type conversion is 
caused unintentionally, the initial establishment and spread of this 
exotic herbaceous vegetation were due to deliberate type conver-
sion of these shrublands to herbaceous cover. For thousands of 
years, Native Americans living in the region burned woody vegeta-
tion at a high frequency to open the landscape (Anderson & Byrd, 
1998; Anderson & Keeley, 2018; Keeley, 2002), resulting in the 
expansion of native grasses and forbs. When Europeans settled 
about 200 years ago, they brought many aggressive exotic grasses 
and forbs that now dominate grasslands in the state (Keeley, 1990; 
Seabloom et al., 2003). These settlers and their descendants con-
tinued the practice of deliberate type conversion, largely to accom-
modate extensive livestock grazing (Burcham, 1955; Bentley, 1967; 
Keeley & Fotheringham, 2003).

Although deliberate conversion of shrubland into herbaceous 
cover is less common now, vegetation change continues, and part 
of the solution to slowing it is to understand why it is happening. A 
range of potential factors have been proposed to explain chaparral 
type conversion, and many are drivers that have been documented 
in studies of drought-deciduous sage scrub conversion into herba-
ceous cover (e.g., Cox, Preston, Johnson, Minnich, & Allen, 2014; 
Minnich & Dezzani, 1998; Talluto & Suding, 2008). While reasonable 
to assume many of the factors are the same, these two shrubland 
vegetation types include species with differing life history traits, and 
they have different distributions on the landscape (Keeley & Davis, 
2007).

The earliest ecological studies contended that chaparral type 
conversion was largely driven by high frequency of wildfires (Cooper, 
1922; Wells, 1962). Despite the fact that chaparral is a fire-type veg-
etation, indeed even some species are fire-dependent, the natural 
regime is thought to have been between 30 and 130 years (Keeley 
& Syphard, 2018). When fire intervals are shorter, this can threaten 
recovery of some species, in particular, obligate seeding shrubs, 
which are very susceptible because they regenerate entirely from 
long-lived, fire-cued, soil-stored seed banks that require 15 years or 
more to accumulate sufficient numbers for recovery (Zedler, 1995). 
A number of field studies have documented obligate seeder de-
cline or elimination after repeated fire (Haidinger & Keeley, 1993; 

Jacobsen, Davis, & Fabritius, 2004; Keeley & Brennan, 2012; Lippitt 
et al., 2012; Zedler, Gautier, & McMaster, 1983). Although resprout-
ing species are more resilient to frequent fire than obligate seeders, 
even these can be reduced after burning in multiple short-interval 
fires (Haidinger & Keeley, 1993; Keeley & Brennan, 2012). Many sage 
scrub species have life history traits that allow better persistence 
under frequent fire, but even these have an upper limit of tolerance 
(Syphard, Franklin, & Keeley, 2006; Westman & O’Leary, 1986). Due 
to the fact that chaparral shrub species vary in their resilience to 
short fire intervals, often type conversion may progress in stages, 
first, the obligate seeding species are eliminated, and with continued 
short-interval fires, this chaparral /herbaceous cover mixture may 
continue on a trajectory of increasing grass and forb dominance.

Contributing to this trajectory is that once annual grasses and 
forbs establish they provide highly flammable, flashy fuels that ex-
tend the fire season, and typically result in lower-intensity fires that 
also favour exotic species (D’Antonio, 1992; Keeley, Baer-Keeley, 
& Fotheringham, 2005). Thus, grasses themselves alter the fire re-
gime and create a positive feedback process, often referred to as the 
grass-fire cycle, which is recognized as a potential problem in eco-
systems around the world (e.g., Balch, Bradley, D’Antonio, & Gómez-
Dans, 2013; Bowman, MacDermott, Nichol, & Murphy, 2014; Brooks 
et al., 2004; Keeley et al., 2012; Rossiter, Setterfield, Douglas, & 
Hutley, 2003).

Another potential factor effecting type conversion is atmo-
spheric nitrogen deposition. The role of nitrogen in causing con-
version of sage scrub to herbaceous cover has been hypothesized 
and studied for more than a decade and research results suggest 
that a combination of nitrogen deposition, drought, and frequent 
fire have all contributed to this change (Allen, Padgett, Bytnerowicz, 
& Minnich, 1998; Padgett & Allen, 1999; Talluto & Suding, 2008). 
However, as mentioned above, this link has not been established in 
chaparral, despite attempts to associate nitrogen deposition with 
levels of postfire alien invasion (Keeley, Baer-Keeley et al., 2005).

Proximity to direct habitat disturbance via anthropogenic activ-
ities could also facilitate conversion of shrubs to grass. Residential 
and urban land development and road construction provide conduits 
for grass expansion into undisturbed woody vegetation (Gavier-
Pizarro, Radeloff, Stewart, Cynthia, & Keuler, 2010), and recre-
ational trails and mechanical fuel treatments for fire management 
may also facilitate their spread (Merriam, Keeley, & Beyers, 2006). 
Recent investigation into the impacts of masticated fuel treatments 
on vegetation structure and composition (Brennan & Keeley, 2017) 
revealed a significant increase in non-native grasses after treatment, 
which was consistent with other findings in chaparral by Potts and 
Stephens (2009) and Coulter, Southworth, and Hosten (2010).

Finally, it is possible that vegetation change is more or less 
likely depending on the biophysical characteristics of a site. This 
is because some areas may be more suitable for invasion than 
others based on species’ different physiological limitations. A 
number of studies have shown that chaparral species’ composi-
tion and postfire recovery rates vary according to factors such 
as elevation, slope, climate or soil. These act as environmental 
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filters determining composition (Keeley, Fotheringham, & Baer-
Keeley, 2005), and these factors also affect alien success (Keeley, 
Baer-Keeley et al., 2005). In their study of apparent cover change, 
Meng, Dennison, D’Antonio, and Moritz (2014) found that, while 
climatic factors were not significantly associated with vegetation 
change, elevation was a significant correlate, and that reduction 
in woody cover was more likely in lower elevations. On the other 
hand, Park et al. (2018) determined that precipitation and soil 
moisture were the most significant factors in explaining where fire 
or other anthropogenic disturbances are most likely to affect type 
conversion.

Given that there appears to be an acceleration of type conver-
sion from native shrublands to exotic herbaceous cover through-
out the 20th and 21st centuries (Syphard et al., 2018), there is a 
critical need to understand why and where type conversion is oc-
curring, or is likely to occur, so that strategies can be identified 
to prevent further loss. Also, if the environmental correlates of 
type conversion can be modelled, maps can be made based on this 
information to identify other areas on the landscape that share 
the same characteristics. In this study, we used spatial analysis 
and air photograph image interpretation to identify how and why 
woody chaparral transitioned to herbaceous cover from 1943 
to 2014 across nearly 800 randomly located plots in the Santa 
Monica Mountains of Southern California. In addition to analys-
ing the drivers of change, we also developed probabilistic maps 
highlighting other areas in the landscape that may potentially be 
vulnerable.

2  | METHODS

2.1 | Study area

We conducted our study within the Santa Monica Mountain National 
Recreation Area, an administrative unit encompassing approximately 
60,000 ha of relatively undeveloped coastal mountains bordered by 
the Pacific Ocean and the Los Angeles metropolitan area (Figure 1). 
Approximately half of the land is publicly owned and protected, and 
of the privately owned land, about 25% is developed (ranging from 
sparsely distributed rural communities to densely populated subdivi-
sions). The Santa Monica Mountains are a rugged east–west trending 
range with a Mediterranean climate of cool, wet winters and hot, dry 
summers. Chaparral is the most extensive vegetation type, but it is 
intermixed with sage scrub, oak woodland, riparian woodland, and 
grasslands (Radtke, Arndt, & Wakimoto, 1982). The Santa Monica 
Mountains are highly fire-prone, with the majority of landscape 
having burned at least once and some areas having burned up to 
14 times since record keeping began in the early 20th century. The 
areas of highest fire frequency tend to occur within canyons prone 
to Santa Ana winds. The park contains some of the largest remaining 
areas of intact chaparral in Southern California, as much of the veg-
etation in other parts of the region has been developed. The study 
area is highly representative of the region’s plant community and 
topographic diversity, and also experiences a wide variation in fire 
frequency, development, and other landscape disturbance such as 
trails and roads.

F IGURE  1 Vegetation type (G = grass; M = mixed; W = woody) in 2014 overlaid on historical fire count in the Santa Monica Mountains 
National Recreation Area, CA study area. Small black lines within the study area show locations of trails, and thick grey lines show the 
distribution of primary and secondary roads. Insert shows location of study area within the Southern California region
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2.2 | Generation of random points

Because our objective was to compare the differences between areas 
that had converted from chaparral to grass to those that remained 
chaparral, we used vegetation maps to guide our sampling design. 
We overlaid a vegetation type map from the 1930s (Kelly, Allen-Diaz, 
& Kobzina, 2005) with a recent (2007) vegetation map of the study 
area, created a common vegetation type classification scheme, and 
delineated mapped areas where chaparral remained chaparral and 
where chaparral became grass during that time. Within each of these 
mapped areas, we placed as many randomly located points as possible 
that were at least 30 m apart to minimize the potential for plots to 
overlap. We designed this process of random point selection to obtain 
adequate samples of both converted and unchanged vegetation. After 
generating the points, we pooled them together into one dataset for 
air photograph image interpretation. We also created 30-m buffers 
around all random sample points to ensure we were evaluating areas 
at least as large as the spatial resolution of our explanatory variables. 
Thus, we refer to these 0.28 ha buffers as plots from here on out.

2.3 | Image interpretation

Our historical imagery dated back to 1947, and we tracked each plot 
through time according to years of later available imagery, which 

included 1976/1977, 1989, 1995, 2005 and 2014. The earliest air-
photographs (up through 1995) were available through prior research 
(Syphard, Clarke, & Franklin, 2005), and the more contemporary pho-
tographs were provided by staff at the National Park Service.

We first overlaid the random plots on the 1947 imagery and calculated 
the percentage of woody (shrubland) vegetation in each buffer. Any plots 
that did not begin with 100% woody cover were then eliminated, in addi-
tion to plots for which there was no available imagery in 1977. We overlaid 
the remaining buffered plots on all years of the imagery, and for each one, 
we calculated the percentage land cover of woody shrubland vegetation; 
grass/bare ground; and developed area on a scale of 1 – 4, where 1 = 0%–
25% cover; 2 = 26%–50%; 3 = 51%–75%; and 4 = 76%–100%. In other 
words, each plot was assigned a value of 1–4 for woody (W), grass (G), 
and developed (D) land cover type. We also assigned each plot with one 
class representing the dominant land cover type for each year. For these, 
W—Woody veg >50% with <25% grass & <50% developed area; G—
Grass >50% with <25% woody & <50% developed area; D—Developed 
areas = or >50% with <50% woody & grass; We also created a mixed class, 
where M—woody/grass/dev. mix where veg >50% and dev. is <50%.

2.4 | Explanatory variables

Given the potential for soil characteristics to mediate plant develop-
ment and productivity (Franklin, 1995), we evaluated and compared 

TABLE  1 Description and scale of variables used in modelling type conversion in the Santa Monica Mountains, CA

Variable Description and source Scale

Vegetation change (dependent variables)

Full conversion Plot that was fully chaparral in 1943 and fully grass in 2014, compared 
to no vegetation change

30-m buffers around points 
(0.28 ha), binary

Majority conversion Plot that was fully chaparral in 1943 and more than 50% grass in 2014, 
compared to no vegetation change

30-m buffers around points 
(0.28 ha), binary

Explanatory variables

Nitrogen deposition Annual deposition or reduced and oxidized nitrogen (Tonnesen et al., 
2007)

4-km, kilogram of nitrogen 
per hectare

Number of fires Total number of fires that occurred since 1933, Cal Fire perimeter 
database

30 m, calculated at plot 
location

Minimum fire interval Shortest number of years between any two fires from 1933 to 2014 30 m, calculated at plot 
location

Available water holding capacity The amount of available water in the soil that can be absorbed by a 
plant (Shirazi et al., 2001)

1-km, inches of water 
available in soil profile

Elevation US Geological Survey digital elevation model 30-m

Slope Derived from elevation 30-m

Topographic heterogeneity Range of elevation values within 270-m radius of centre cell 90-m, index from 0 to 1

Winter solar insolation Daily insolation for winter solstice, derived from elevation model 
(Syphard & Franklin, 2010)

30-m

Distance to all roads TIGER line, Exclude 4WD and OHV roads; Combine others, including 
RRs. TIGER Roads 2015, US Department of Commerce, US Census 
Bureau

Euclidean distance, 30-m

Distance to primary-secondary 
roads

Exclude all but primary and secondary roads from all roads Euclidean distance, 30-m

Distance to trails Digitized by the National Park Service Euclidean distance, 30-m
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several soil maps that were derived from the California State Soil 
Geographic Database (STATSGO) at 1-km resolution (Shirazi, 
Boersma, Haggerty, & Johnson, 2001). These included the following: 
soil depth (DEPL), depth to water-table (WTDL), soil available water 
capacity (AWCL), salinity (SALL) and pH (PHL). Preliminary results 
indicated that DEPL, WTDL, SALL and PHL had virtually no associa-
tion with vegetation change, so we only considered AWCL through 
the rest of the analysis (Table 1).

We also explored the potential for atmospheric nitrogen depo-
sition to facilitate type conversion using a 2002 map representing 
total annual deposition of reduced and oxidized nitrogen (kilograms 
of nitrogen per hectare per year) for the most polluted parts of 
California (Tonnesen, Wang, Omary, & Chien, 2007). This map was 
produced at 4-km resolution.

In addition to edaphic factors, topographic variables have also 
been predictive of plant species’ distributions due to their effect on 
energy and moisture balance (Franklin, 1995). Therefore, we explored 
potential associations between vegetation type conversion and several 
topographically derived variables. These included elevation and slope 
derived from a 30-m US Geological Survey digital elevation model 
(DEM), a 90-m topographic heterogeneity layer (https://databasin.org/
datasets/1f86100938b544a3b6361eee6ac05945), and a 30-m grid of 
daily insolation for the winter solstice (from Syphard & Franklin, 2010). 
Topo-heterogeneity is an index ranging from 0 to 1 indicating the range 
in elevation values within a 270-m radius from any given cell.

To evaluate the effect of fire frequency on vegetation change, 
we created a 30-m grid in which each pixel represented the number 
of fires that had occurred historically from 1933 to 2014 using the 
Cal Fire perimeter database (http://frap.fire.ca.gov/data/frapgisda-
ta-sw-fireperimeters_download). In addition, using attribute data 
that recorded the year of fires and prescribed fires, we calculated 
the minimum interval between any two fires during the period of 
record. For those plots in which no fires had occurred, we estimated 
the minimum interval to be 10 years older than the first date of the 
imagery through 2014, which is 77 years.

We explored three types of anthropogenic variables, includ-
ing distance to trails, distance to all roads, and distance to primary 
and secondary roads. We additionally evaluated a map of historical 
fuel breaks and treatments, but this map was highly correlated with 
the trails map, so we only used the trails map as it was more spa-
tially extensive. The trails map was provided by the National Park 
Service, and roads came from the 2015 Topographically Integrated 
Geographic Encoding and Referencing System TIGER/Line files 
from the US Census. We also considered evaluating the distance to 
development; however, because the Santa Monica Mountains are 
surrounded by the high-density development of Los Angeles, the 
variation in distance did not capture the finer-scale variation in land-
scape disturbance as did the roads and trails features.

Many of the explanatory variables were provided with different 
native resolutions (Table 1), which captured the differences in spatial 
variation and heterogeneity of each variable. To ensure that this het-
erogeneity was preserved across variables, we resampled all maps to 
the resolution of the finest-scale variable, which was 30 m.

2.5 | Analysis and mapping of vegetation 
type conversion

Because vegetation type conversion typically occurs as a gradual 
transition, we compared two different binary dependent variables, 
one representing full conversion of shrubland into herbaceous (“com-
plete conversion”), and the other representing a later transitional 
stage in which the plot had mostly converted to herbaceous, but still 
contained mixed woody cover (“majority conversion”). To create the 
first variable, we selected all plots where grass had a cover class of 
4 in 2014, that is they fully type converted, to compare to plots that 
were woody class 4 in both 1947 and 2014 (i.e., unchanged vegeta-
tion, or “absence”). We removed those that had become developed 
or converted to agriculture for this analysis because our focus was 
vegetation type change. The second dependent variable added grass 
of cover type 3 to plots with grass of cover type 4 (that is, some plots 
had at least 51% conversion from 1947 to 2014). We performed this 
comparison to determine whether the drivers of partial vegetation 
change were representative of those explaining full type conversion.

To best understand the reasons for vegetation type conversion, 
we used three different analysis techniques that allowed us to (a) 
identify the independent contribution of each explanatory variable; 
(b) assess how interactions among multiple variables drive type con-
version, and identify important thresholds; and (c) map the potential 
for vegetation change across the study area.

To quantify relative variable importance, we performed a hier-
archical partitioning analysis using the hier.part package in r, version 
3.2.3. Based on a hierarchy of regression models using all combina-
tions of explanatory variables, this algorithm produces a measure of 
every variables’ independent influence on the response (MacNally 
& Walsh, 2004; R Core Team 2016). Because we had two binary 
dependent variables, we ran the algorithm using logistic regres-
sion with a “binomial” response and log likelihood as a measure of 
goodness-of-fit.

To visualize data structure and potential interactions among 
the different drivers of vegetation change, we developed classi-
fication trees using the rpart and rpart.plot packages in r, version 
3.2.3, with full or majority conversion as the binary dependent 
variable and unchanged vegetation plots for the absence data. 
Classification trees (Breiman, Friedman, Olshen, & Stone, 1984) 
are nonparametric tools that facilitate interpretation of complex 
relationships via an iterative partitioning algorithm that separates 
data into a series of homogenous classes that divide across dif-
ferent thresholds. The resulting tree represents a hierarchy with 
those variables that best differentiate between classes at the 
top, and lower-importance variables fall to the bottom. To avoid 
overfitting, we pruned the tree using the complexity parameter 
that resulted in the smallest cross-validated error. We quantified 
the performance of the classification tree models using the area 
under the curve (AUC) for receiver operating characteristic (ROC) 
plots (Hanley & McNeil, 1982). The AUC ranges from 0.5 to 1.0 
and represents the probability that for a randomly selected pair of 
observations, the model’s prediction for the presence results in a 

https://databasin.org/datasets/1f86100938b544a3b6361eee6ac05945
https://databasin.org/datasets/1f86100938b544a3b6361eee6ac05945
http://frap.fire.ca.gov/data/frapgisdata-sw-fireperimeters_download
http://frap.fire.ca.gov/data/frapgisdata-sw-fireperimeters_download
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higher value than the prediction for the absence. Interpretation of 
the value can be subjective, but a good model is often assumed to 
have an AUC of 0.70 or higher, and an excellent model is assumed 
to have an AUC of 0.85 or higher.

Finally, we used the MaxEnt statistical software program 
(Phillips, Anderson, & Schapire, 2006) to build probabilistic models 
and maps representing suitable environmental conditions for full 
or majority type conversion based on our explanatory variables. 
MaxEnt uses a machine-learning algorithm to iteratively evaluate 
environmental contrasts between locations of the dependent vari-
able (full or majority type-converted points) and the locations of 
a random sample of 10,000 background points distributed across 
the landscape. Among the large number of probability distribu-
tions that potentially meet the constraints of the presence data, 
the algorithm selects the one with the maximum entropy (i.e., 
most uniform) as the best. The model outputs a map in which each 
grid cell represents the suitability for the modelled condition (i.e., 
type conversion) to occur, ranging from 0 to 1. In addition to its 
most common application, species distribution modelling (Franklin, 
2010), this modelling approach has been successfully used to map 
the distribution of fire probability (e.g., Davis, Yang, Yost, Belongie, 
& Cohen, 2017), structure risk to wildfire (e.g., Syphard, Keeley, 
Massada, Brennan, & Radeloff, 2012), and ignition probability (e.g., 
Syphard & Keeley, 2015).

Instead of using an absence dataset (e.g., vegetation that remained 
unchanged), we allowed the model to generate a random sample dis-
tribution of background points across the landscape. However, be-
cause we initially drew our own random sample from areas that were 
mapped to be chaparral vegetation in the 1930s, we used this same 
map as a mask to guide sample selection here. Therefore, the output of 
the model can be interpreted as the probability of type conversion rel-
ative to all areas mapped as chaparral. The primary distinction is that, 
for the “absence” data, we have confirmed that these points remained 
woody through airphotograph interpretation.

We used MaxEnt version 3.3.3k with the default settings, ex-
cept we excluded hinge features and used a regularization multiplier 
of 1.5 to minimize overfitting. We ran the model with five cross-
validated replicates to get a mean fivefold calculation of the AUC 
on test data.

3  | RESULTS

Of the original 1,400 plots we sampled from the 1930s map, 788 
were identified as entirely chaparral (woody 4) in 1947, and these 
were the plots we used for the rest of the analysis. Of these 788 
plots, 534 (64%) were also woody 4 in 2014. For all plots across the 
five dates of historical imagery, the top 10 change classes, included: 
64% no change at all; 18% a combination of woody and mixed cover 
oscillations over time; 14% continued to decline with no period of 
recovery; 3% some recovery after full conversion into grass. In 2014, 
79 plots were completely grass (grass 4) and 142 plots were mostly 
(>51%) grass (grass 3). The mean number of years it took for a plot 
to transition from full woody to full grass was 49.8 (minimum 30, 
maximum 67).

The analysis of independent contribution of explanatory vari-
ables showed multiple important drivers explaining complete and 
majority vegetation type conversion, with soil moisture, terrain, fire 
frequency and landscape disturbance all making substantial contribu-
tions (Figure 2). Available soil water capacity contributed the largest 
independent contribution, with type-converted plots occurring more 
frequently on drier sites. Type conversion was also more likely to occur 
on flatter slopes with lower topographic heterogeneity; and at close 
proximity to major roads, primary/secondary roads and trails. There 
was a positive association with historical fire frequency and negative 
association with intervals between fires. There was relatively little dif-
ference in variable importance depending on whether there was com-
plete or majority type conversion.

F IGURE  2 Per cent independent 
contribution of variables in hierarchical 
partitioning analysis explaining complete 
and majority type conversion of woody 
shrublands to herbaceous cover
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The classification tree analysis that revealed variable inter-
actions for both complete and majority-converted plots showed 
that the variable that best differentiated type converted from 

unchanged vegetation was AWCL, followed by the minimum yearly 
interval between fires, and distance to trail (complete conversion) 
or topographic heterogeneity (majority conversion) (Figure 3). The 

F IGURE  3 Classification tree plots showing the relationship among (a) full and (b) majority vegetation type conversion and explanatory 
variables
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thresholds identified as most important for type conversion were 
to have a low AWCL (<0.04) and fewer than 10 years of minimal 
interval between fires; or to have high AWCL (>=0.04) and short 
distance to a trail (<3.6 m, complete conversion), or high topo-
heterogeneity (>=0.29, majority conversion). The AUC for the 
classification tree was 0.78 for complete conversion and 0.85 for 
majority conversion.

The probabilistic distribution maps of environmental suitability 
for vegetation change were similar for complete and majority type 
conversion (Figure 4). There are clear hotspots in the middle of the 
study area where fires tend to be frequent and there is substantial 
density of roads and trails. There are also hotspots along the north-
ern edge of the study area, closest to the 101 freeway, and at the 
northernmost tip where fires and prescribed fires have historically 

been very frequent. The AUC for the test data of the cross-validated 
model replicates was 0.77 for complete conversion and 0.75 for ma-
jority type conversion.

4  | DISCUSSION

It is clear from studies discussed in the introduction that type con-
version of native shrublands to non-native annual grasslands has 
transformed a substantial portion of the California landscape (Park 
et al., 2018; Syphard et al., 2018). Investigators have long sug-
gested that this process began with anomalously high fire frequency 
(Cooper, 1922; Keeley, 1990; Wells, 1962); however, Jacobsen et al. 
(2004) provided a needed perspective that frequent fires are not 

F IGURE  4 Probabilistic maps representing areas potentially suitable for vegetation type conversion using locations of (a) full and (b) 
majority conversion of chaparral to herbaceous vegetation. Map extent reflects areas with full data coverage for all variables. Small black 
lines within the study area show locations of trails, and thick grey lines show the distribution of primary and secondary roads
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necessarily the key to type conversion; rather, it is occurrence of 
short intervals between fires, which of course are more likely to 
occur when fire overall is more frequent. The mechanism behind this 
effect is that many shrub species, particularly those with an obligate 
seeding life history, require one to two decades to replenish the soil 
seed bank after a fire. The results from the classification tree analysis 
here support this explanation, suggesting a threshold of <=10 years 
between fires as a critical splitting point in the data.

Given this distinction between minimum fire interval and aver-
age fire interval or frequency, other studies may not have adequately 
captured the mechanism behind the effect of fire (e.g., Park et al., 
2018; Talluto & Suding, 2008). In field studies, however, the detri-
mental effect of short-interval fires has been documented in post-
fire chaparral communities, where native shrub species have been 
extirpated and replaced with extensive establishment of non-native 
grasses(e.g., Haidinger & Keeley, 1993; Keeley & Brennan, 2012; 
Lippitt et al., 2013; Zedler et al., 1983).

While short-interval fire is a primary mechanism that leads to 
shrubland extirpation and replacement, this study also shows that 
the relative probability of this outcome is a function of the under-
lying environmental variation in the landscape, that is factors that 
govern water–energy balance and plant physiological limitations, in-
cluding available soil water capacity, slope, and topographic hetero-
geneity. This is consistent with recent work showing that moisture 
availability was the strongest spatial correlate with herbaceous-
dominated areas in the nearby Angeles National Forest (Park et al., 
2018).

The role of soil moisture in facilitating type conversion is likely 
due as much as or more to its influence on chaparral than its fa-
vourability for herbaceous vegetation. This is because highly arid 
conditions can limit postfire recovery in chaparral and result in the 
thinning of young shrublands (Keeley, Fotheringham, & Baer-Keeley, 
2005). Postfire drought may also promote higher cover and richness 
of herbaceous species at the expense of shrublands, particularly for 
obligate seeding species that are most sensitive to repeat fires (Parra 
& Moreno, 2018). Furthermore, the most fire-sensitive obligate 
seeding species are generally most abundant in xeric environments, 
on hot dry slopes (Meentemeyer, Moody, & Franklin, 2001), so the 
explanation for this relationship is also one of spatial correlation.

To the extent that site aridity is especially prone to dieback and 
mortality under prolonged drought, another complicating issue with 
type conversion is that long drought periods in Southern California 
may cause extensive dieback and mortality of chaparral (Davis et al., 
2002). This dead biomass may in turn facilitate rapid spread and 
growth of large wildfires due to more effective ignition following 
ember production in severe, wind-driven fire weather (Keeley & 
Zedler, 2009). This increase in site flammability, along with the high 
flammability of senescent grassland, may interact to drive the type 
of feedbacks inherent to a fire-grass cycle (Bowman et al., 2014; 
Brooks et al., 2004; D’Antonio, 1992).

In addition to site conditions, close proximity to trails, and to a 
lesser extent roads, was one of the most important correlates of 
type conversion in this study. Given the extensive parkland in the 

study area, there is an extensive trail network for recreational ac-
tivities. Often these trails double as, or are spatially aligned with, 
fuel breaks on the landscape, which are linear strips of vegetation 
modification where shrublands are often purposefully converted to 
grasslands in efforts to control wildfire behaviour. These trails and 
fuelbreaks therefore provide a source and means for herbaceous 
species to enter and disperse throughout an otherwise undisturbed 
landscape.

Landscape disturbance has long been associated with the inva-
sion of exotic species, as it provides openings in the landscape that 
are available for colonization (Gavier-Pizarro et al., 2010). Linear 
landscape features in particular, such as roads and fuel breaks, 
provide effective conduits for exotic species dispersal and spread 
(Gelbard & Belnap, 2003; Merriam et al., 2006). In California, the 
ability for exotic annuals to disperse widely and rapidly colonize dis-
turbed areas has been proposed as the primary reason these grass-
lands have so extensively replaced dispersal-limited native grasses 
(Seabloom et al., 2003).

In terms of chaparral displacement, if herbaceous species suc-
cessfully colonize a burned area where shrub species have been ex-
tirpated, grasslands are likely to persist. This is because, in addition 
to the flammability and reproductive success of grasslands, recoloni-
zation of chaparral species is difficult and slow due to short dispersal 
distances and infrequent recruitment between fires (Keeley, Baer-
Keeley et al., 2005; Keeley, Fotheringham et al., 2005). In fact, the 
trajectory is more likely to move in the opposite direction in that, 
after multiple short-interval fires, chaparral slowly disappears from 
a site that is increasingly invaded by herbaceous cover. In this study, 
the time for chaparral to completely convert to herbaceous cover 
was approximately 50 years. That there were such similar model re-
sults for complete conversion vs. conversion from woody to a mix 
of woody and herbaceous suggests that this slow trajectory of type 
conversion may be occurring extensively.

Given that short-interval fires are such a critical driver of chap-
arral type conversion, some may argue that fuel breaks and other 
types of vegetation treatment are a needed resource sacrifice to 
control wildfire. Fires are so frequent now in Southern California 
that the region is burning far beyond what historical return intervals 
used to be (Safford & Van de Water, 2014). However, recent stud-
ies have documented lower cover and density of shrubs and higher 
cover and density of exotic herbaceous plants in areas treated for 
fire management (Brennan & Keeley, 2017). These results, and the 
strength of the relationship documented here, suggest that the neg-
ative ecological impact of these treatments may exceed whatever 
benefit they may provide in areas where they do not serve to benefit 
the protection of residential communities. In undeveloped wildland 
areas, fuel breaks have limited effectiveness in stopping fires when 
firefighters are not present (Syphard, Keeley, & Brennan, 2011).

One variable that has been hypothesized to be important for 
shrubland type conversion is nitrogen deposition (Allen et al., 1998; 
Padgett & Allen, 1999), which was not supported in this study. Many 
prior studies have shown that nitrogen favours annual plants, but 
the extent to which this drives type conversion of shrublands has 
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not been documented in the field. In one field study, conclusions 
regarding the importance of nitrogen (Talluto & Suding, 2008) were 
partly based on the fact that they could not show fire as an im-
portant factor. However, the database of fire they used has been 
shown to miss fire events (Syphard & Keeley, 2015). We believe the 
evidence is clear that nitrogen deposition can enhance non-native 
herbaceous growth in woody vegetation when it is in an open com-
munity such as desert communities (Syphard, Keeley, & Abatzoglou, 
2017). However, there is no evidence that nitrogen deposition alone 
can convert closed canopy chaparral or sage scrub to invasive cover. 
Evidence to date indicates that for nitrogen deposition to alter the 
balance between native shrublands and non-native herbaceous 
communities, there is a need for prior disturbance that diminishes 
shrub recovery (Keeley & Davis, 2007).

In conclusion, replacement of woody shrublands with annual 
herbaceous cover is becoming a widespread and serious concern 
in Southern California and other Mediterranean-climate and non-
forested ecosystems (Balch et al., 2013; Park et al., 2018; Syphard, 
Radeloff, Hawbaker, & Stewart, 2009). The model results here sug-
gest that short-interval fire is a critical mechanism contributing to 
shrubland extirpation; and landscape disturbances, such as trail 
construction, provide the means for herbaceous species to colonize 
open areas. Furthermore, the likelihood of these processes effect-
ing change is strongly dependent upon environmental character-
istics. The AUCs for the classification trees and MaxEnt analysis 
were fair to good, but also indicate that the models contain some 
degree of uncertainty. This may in part be due to potential inac-
curacies of the mapped predictor variables; or it may suggest that 
additional variables may be important in describing the changes. 
Further studies in other parts of the region could illuminate these 
uncertainties.

Although the true extent or rate of chaparral vegetation type 
conversion has not been completely mapped or quantified, Meng 
et al. (2014) questioned how extensive type conversion could be 
due to repeat fires, but this conclusion may have resulted from 
factors not accounted for in that study (Halsey & Syphard, 2015).
Because we deliberately sampled the landscape to identify areas 
where chaparral type conversion occurred, we cannot provide 
true estimates of the extent to which shrubland decline has oc-
curred over the last 60 years. Nevertheless, more than 30% of the 
woody plots in 1943 had either partly or completely converted 
to herbaceous cover by 2014, which is a substantial amount of 
vegetation change over a relatively short time period. Recent work 
by Park et al. (2018) and Syphard et al. (2018) also suggests that 
widespread vegetation change has already occurred. To reduce 
further landscape degradation, preventive steps should be taken 
now to conserve the regions’ natural heritage and biodiversity. In 
addition to steps that may be effective in reducing fire ignitions 
(Syphard & Keeley, 2015), conservation decision-makers may ben-
efit from the type of map produced here, delineating the areas on 
a landscape that have the most similar conditions as those that are 
known to have already type converted. These maps could guide 
management priorities or could even by overlaid with ignition 

maps developed using a similar methodology (e.g., Syphard et al., 
2008; Syphard & Keeley, 2015).
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