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Abstract

Aim: While chaparral communities have historically been considered resistant to inva-
sion and type conversion into grasslands, interacting global changes such as increased
drought and anthropogenic disturbance may have reduced this resistance. Existing
monitoring methods are not well-suited to evaluate the distribution of invasive herbs
and grasses within chaparral at regional scales. In this study, we determine the extent
of invasions by forbs and grasses into formerly chaparral vegetation and evaluate con-
tributions of moisture, disturbance and anthropogenic activity and topography to the
distribution of herbaceous cover throughout chaparral-dominated communities.
Location: The Angeles National Forest (ANF), California, USA.

Methods: We developed a remote-sensing method to estimate the distribution of her-
baceous cover within chaparral by leveraging intra-annual phenological differences in
normalized difference vegetation index (NDVI) between herbaceous forbs and grasses
and evergreen shrublands using Landsat remote-sensing imagery. The distribution of
herbaceous cover was then related to multiple spatially explicit variables describing
individual and interactive effects of local moisture availability and anthropogenic
disturbance.

Results: Herbaceous cover represents approximately 31% of the ANF within the ele-
vation range typically dominated by chaparral. Disturbance-related and anthropogenic
factors explained 17% of observed variation, while differences in moisture availability
explained 47% of observed variation in herbaceous cover and were associated with
increased invasive cover.

Main conclusions: Landscapes historically dominated by chaparral may exhibit high
degrees of herbaceous cover. While fire frequency and other anthropogenic distur-
bances are likely the primary catalyst for invasion of chaparral by herbaceous species,
this study shows that moisture availability is a more important factor in determining
which locations are successfully invaded. These results indicate that chaparral vulner-
ability to invasion in southern California may increase in the next century due to re-

duced precipitation associated with projected climate change.
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1 | INTRODUCTION

Chaparral shrublands represent a critical and iconic part of the
California landscape that serves not only as a critical habitat for many
native flora and fauna but also as a major carbon sink in semi-arid envi-
ronments (Quideau, Graham, Chadwick, & Wood, 1998; Ulery, Graham,
Chadwick, & Wood, 1995). Unlike many other California ecosystems,
chaparral has historically been considered resistant to invasion and type
conversion to exotic grasslands (Allen et al., 2005; Lambrinos, 2006;
Minnich & Bahr, 1995). Nevertheless, the native perennial grasslands
that historically bordered chaparral have been almost completely re-
placed by exotic invasive grasses, which now make up the majority of
herbaceous cover (D'Antonio, 2017; Hamilton, 1997; Minnich, 2008).
This close proximity of exotic-dominated landscapes, in combination
with increasing drought intensity and anthropogenic disturbance such
as altered fire regimes, encroaching urbanization and increased dissec-
tion of chaparral landscapes, may push many of these systems to tip-
ping points of shrub mortality and possible type conversion (Hamilton,
1997; Keeley & Brennan, 2012; Meng, Dennison, D’Antonio, & Moritz,
2014; Syphard, Regan, Franklin, Swab, & Bonebrake, 2013). However,
current monitoring methods are not well-suited to detecting invasion
and type conversion of chaparral into invasive-dominant grasslands
or other herbaceous cover due to the vast extent of chaparral vegeta-
tion and the steep, often impassable terrain in which chaparral occurs.
Here, we present a remote-sensing method for rapidly evaluating the
distribution of herbaceous cover within perennial shrublands, which
primarily consists of invasive-dominated grasslands (Franklin, 2002)
throughout historically chaparral landscapes. Further, we identify the
factors influencing the distribution of herbaceous cover throughout
areas previously dominated by chaparral shrubs.

Some disturbances, such as fire, are necessary for chaparral to
maintain community composition (Keeley, 2006). However, the nat-
ural fire interval for chaparral can be long, in some cases exceeding
100 years (Keeley, 1992). Rapid fire cycles can reduce both the pop-
ulation of chaparral shrub species and their ability to replace herba-
ceous vegetation during post-fire succession (Haidinger & Keeley,
1993; Lippit, Stow, O’Leary, & Franklin, 2013; Meng et al., 2014).
Additionally, evidence is mixed concerning the frequency and extent
of chaparral type conversion even under extremely rapid fire regimes.
Some studies have found that lowered success of chaparral shrubs
may lead to increased cover by invasive forbs and grasses (Haidinger
& Keeley, 1993; Zedler, Gautier, & McMaster, 1983) and type conver-
sion to more open, invasive-dominant grasslands (Jacobsen & Davis,
2004). However, other evidence indicates that type conversion may
be rare even amidst extremely rapid burn cycles and may be primarily
influenced by site-specific environmental and compositional factors
(Meng et al., 2014).

Anthropogenic activity may also play a role in the conversion of
chaparral into invaded grasslands or other herbaceous cover. Roads
and other man-made features that dissect the landscape may dele-
teriously impact chaparral not only by direct displacement of native
vegetation but also by increasing the vulnerability of surrounding plant
communities to invasion. Roads have been found to act as invasive

corridors through chaparral and to represent areas of increased sus-
ceptibility to invasion (Davies, Nafus, & Madsen, 2013; Lambrinos,
2006). Even in the absence of fire, roads and pipeline corridors into
intact native chaparral have been found resistant to recolonization by
native species and to act as a vector for further invasions into sur-
rounding native communities (Zink, Allen, Heinde-Tenhunen, & Allen,
1995).

In addition to fires and other anthropogenic disturbances, dif-
ferences in local moisture availability are also critical in determining
the susceptibility of chaparral to invasion. Chaparral shrubs typi-
cally require significantly more water than the invasive grasses that
often replace them under type conversion (Corbett & Crouse, 1968;
Williamson, Graham, & Shouse, 2004). Reduced moisture availabil-
ity can increase the persistence of grasses in invaded coastal sage
scrub communities (Kimball, Goulden, Suding, & Parker, 2014) and
reduce the survival and recruitment of chaparral shrub seedlings
during post-fire vegetation recovery (Frazer & Davis, 1988; Keeley,
Fotheringham, & Baer-Keeley, 2005b). Similarly, local slope and
topography have also been shown to significantly influence type
conversion of coastal sage scrub (CSS) communities (Cox, Preston,
Johnson, Minnich, & Allen, 2014). These various factors may inter-
act to directly or indirectly influence the distribution of herbaceous
cover throughout areas that were historically chaparral shrublands
at organismal to regional scales.

Attempts to map intrusions of invasive-dominated grasslands or
other herbaceous cover into chaparral shrublands have historically
been restricted by the intensive work required to conduct plot-based
forest inventories (Franklin, 1998; Gordon & White, 1994; Warbington,
Levien, & Rosenberg, 2000). There is a need for landscape-scale veg-
etation maps that can be updated at frequent enough intervals to ac-
curately monitor the process of invasion over space and time without
reliance on field intensive methods exclusively. High-resolution imag-
ery captured from fixed cameras on ridgelines has been used at scales
better suited to the highly heterogeneous nature of many chaparral
sites but is still often restricted to limited spatial coverage by the time
required to acquire such imagery (Moody & Meentemeyer, 2001), and
the difficulty of locating and traversing to appropriate vantage points
from which to capture such imagery in the steep, often densely veg-
etated terrain. Some existing vegetation surveys, such as the forest
inventory and analysis, can provide high spatial resolution and ex-
tensive coverage (Franklin, Woodcock, & Warbington, 2000; Pfeffer,
Pebesma, & Borough, 2003; Warbington, Scwind, Brohman, Brewer,
& Clerke, 2002). However, due to their focus on tree species, these
models often undersample shrub or grassland communities (Franklin,
Simons, Beardsley, Rogan, & Gordon, 2001; Franklin et al., 2000).
While high-resolution imagery products such as those produced by
the Worldview, IKONOS or QuickBird platforms may offer a solution,
these products are cost-prohibitive and often cannot be acquired for
the entirety of a broad study area each year. High-resolution imagery
developed through the National Agricultural Imagery Program (NAIP)
circumvents these difficulties but dates back only to 2003 and is pro-
duced only every 5 years, limiting its utility in evaluating long-term
changes in chaparral cover.
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In this study, we develop a remote-sensing approach capable of
addressing the difficulties in mapping grass and herbaceous cover
across wide areas using freely available Landsat TM-based products.
This method leverages phenological differences to map the distribu-
tion of herbaceous cover in historically evergreen shrub-dominated
communities by capitalizing on the extensive record of satellite-based
normalized difference vegetation index (NDVI) data. NDVI represents
a widely used metric associated with leaf area index, per cent cover
by photosynthesizing vegetation and plant biomass (Carlson & Ripley,
1997; Huete, Liu, Batchily, & Leeuwen, 1997) that is well correlated
with leaf dynamics throughout both deserts and grasslands (Choler,
Sea, Briggs, Raupach, & Leuning, 2010; Griffith, Alpert, & Loik, 2010).
Native chaparral shrubs, which are typically evergreen, maintain a rel-
atively constant NDVI throughout the year, while invasive grasses and
forbs are highly drought deciduous or senesce in summer, and exhibit
larger seasonal variations in NDVI (Gamon et al., 1995). In this study,
we build on previous techniques that used phenological differences in
NDVI to characterize local ground cover (Buma, 2012; Shmidt, Luscas,
Bunting, Verbesselt, & Armston, 2014) and develop a technique to de-
termine whether seasonal changes in NDVI can be used to measure
the deciduousness of local vegetation (Costa, Viana, & Ribeiro, 2014;
Cuba et al., 2013) and thereby separate grasslands and herbaceous
cover from intact chaparral and conifer forest. As most grass and her-
baceous communities throughout California chaparral are typically
dominated by exotic species (Keeley, 2001), and native grasses typi-
cally exist within a matrix of exotics (D’Antonio, Malmstrom, Reynolds,
& Gerlach, 2007), no attempt will be made to separate native and
exotic grasses or forbs in this study.

We then use this method to quantify the extent and distribution
of herbaceous cover throughout historically chaparral areas of the
Angeles National Forest, a region traditionally considered to be re-
sistant to invasion. We evaluate the relationship of local disturbance,
climate and moisture availability (as measured by precipitation and
climatic moisture deficit), and topographic conditions to the distribu-
tion of herbaceous cover and grasslands. Specifically, this study will
address the following questions: (1) What is the extent of herbaceous
cover in chaparral-dominated landscapes throughout the Angeles
National Forest, located in southern California? (2) What is the relative
importance of moisture availability, disturbance and local topography
in determining the distribution of herbaceous cover, which consists
primarily of invaded grasslands, (Franklin, 2002)?

2 | METHODS

Our study site is the Angeles National Forest (ANF), a, high-traffic
forest located immediately adjacent to the Los Angeles megacity
which receives over 3.5 million visitors per year (English et al., 2002)
and exhibits a highly diverse topography as well as accelerated fire
intervals (Safford, Van Water, & Clark, 2013), and high atmospheric
nitrogen deposition due to pollution from the Los Angeles megac-
ity (Bytnerowicz & Fenn, 1995; Fenn et al., 2010). The national for-
est covers 2,653 km? and is characterized primarily by chaparral
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shrublands composed of a wide array of species including various
species of Adenostoma, Arctostaphylus and Ceanothus, as well as oak
woodlands and coniferous forests (Parker, Pratt, & Keeley, 2016).
However, the ANF is increasingly threatened by a wide array of in-
vasive herbs and grasses including Bromus tectorum, Bromus madriten-
sis and Spartium junceum (Merriam, Keeley, & Beyers, 2006; Myers,
Stoughton, Walker, & Zylstra, 2009).

The distribution of herbaceous cover throughout the ANF was de-
rived from NDVI estimates produced as part of the Landsat TM 4-5
surface reflectance data (Masek et al., 2006) collected from 1 January
through 31 December 2008. These data combine a 30-metre spatial
resolution with a frequent rate of image capture (15 usable images in
2008, with images typically 3-4 weeks apart) to characterize the min-
imum and maximum local NDVIs throughout the entire year. As cloud
cover, dust and other atmospheric distortions could reduce observed
NDVI in specific images and pixels, estimates of minimum and max-
imum NDVIs for each pixel were derived using the maximum NDVI
across each set of three successive Landsat images to eliminate bad
pixels using a moving window method. The year 2008 was chosen for
this study as it coincided with an aerial imagery campaign that pro-
vided high-resolution (0.3 m) orthoimagery across the entire ANF and
represented a year in which mean annual precipitation was similar to
long-term normals (7.2 mm below 1981-2010 normals) as estimated
from PRISM climate data. To limit this analysis only to areas that were
until recently dominated by chaparral shrublands, only Landsat pixels
that were classified as shrublands based on 2006 National Land Cover
Database (NLCD) data were utilized in this study. From the selected
pixels, all locations that occurred below 500 m or above 1600 m, and
were therefore outside of the elevational range of chaparral (Keeley,
Bond, Bradstock, Pausas, & Rundel, 2012), were also excluded. Pixels
characterized by annual precipitation under 305 mm were also elim-
inated, as such areas often represented desert rather than semi-arid
landscapes (Pase, 1982), and were likely to be dominated by ephem-
eral herbaceous species.

As this study evaluated herbaceous cover only in a single year, we
eliminated sites that were likely still in the process of immediate post-
fire recovery, and thus in which the cover could not be assumed to be
stable even over a short span of years. Although previous research has
determined that chaparral shrubs reassert themselves as the dominant
cover as rapidly as 4-5 years post-fire (Keeley, 1986), NDVI-based LAI
studies have determined that LAl typically takes 15 years to recover to
pre-fire levels, with approximately 85% recovery of LAl within the first
10 years (McMichael, Hope, Roberts, & Anaya, 2004). Therefore, all
pixels that had burned from the years 1998 through 2008 (represent-
ing 14.4 km? across the study area) were excluded from this study. The
remaining dataset consisted of 1.93 million individual 30-metre pixels,
covering an area of approximately 858 km?, which represents 32%
of the total area enclosed by the Angeles National Forest. While this
dataset includes all recent fires of >4 ha, small fires were not always
recorded and may be overlooked in this analysis (Safford et al., 2013).

Digital elevation data used in this study consisted of 3.05 m dig-
ital elevation model (DEM) data acquired as part of the Los Angeles
Regional Imagery Acquisition Consortium in 2006. Slope and mean
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annual insolation were calculated for each pixel using the slope and
area solar radiation (irradiation) functions in ArcGIS. Mean irradiation
was used in preference to aspect, as it incorporates information as to
both the direction of slope facings as well as shade from surrounding
features and solar geometry, thereby representing a better metric of
exposure to water limitation (Boyko, 1945; Sears, 1947). Precipitation
data were derived from 800 m PRISM climate data (PRISM 2010),
while climatic moisture deficit data were estimated using the
ClimateNA v5.10 software package (Wang, Hamann, Spittlehouse,
& Carrol, 2016). All climate data were based on 1980-2010 climate
normals. Fire return interval data were computed from data produced
by the United States Forest Service using records of past fires from
1908 to 2008 (Safford et al., 2013) and included all fires of >4 hectares
in area. Water, roads, and urban or residential features were identi-
fied using 2006 NLCD land cover classification data (Fry et al., 2011).
Forest boundaries were derived from USFS forest perimeter data.
Euclidean distance of each pixel from roads or urban features was then
calculated using ArcGIS.

2.1 | Manual cover assessment using
high-resolution imagery

Throughout the study area, 275 pilot sites, each of which corresponded
to an individual Landsat pixel, were identified (Figure 1b). These cali-
bration pixels were dispersed across the ANF and were chosen from
locations that included both intact chaparral, highly invaded grass-
lands and mixed chaparral and herbaceous cover. Herbaceous cover

within each pixel was assessed relative to manual cover assignment of

Manual calibration points

© Bare Soil ® Grass © Shrub
ixel boundary
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50 randomly placed points within each pixel (Figure 1a) through visual
assessment of 0.3 metre (1 foot) resolution, three-band true-colour
orthoimagery collected in January 2008.

Each point was assigned a cover classification of either woody,
herbaceous or bare soil. Dirt roads and firebreaks were present in
some calibration pixels, although no pixels containing paved roads or
structures were included.

2.2 | Determining and validating estimates of
herbaceous cover

For each 30-metre pixel, the annual minimum and maximum NDVI
(NDVI_;, and NDVI__ respectively) were calculated using the NDVI
estimates previously developed. The magnitude of annual fluctuation
in NDVI (ANDVI) was calculated as NDVI_, - NDVI_. . Similarly, the
ratio of ANDVI/NDVI_,
separating herbaceous and woody cover, was also calculated

o, which was empirically found to be useful in

Optimal parameters for estimating % cover by herbaceous species
from min, max and ANDVI were calculated using stepwise regres-
sion analysis. Parameters were added to the model using a minimum
threshold of p <.05 and removed if p > .10 upon addition of subse-
quent parameters.

Using the model parameters selected through stepwise regression,
the accuracy of the index was validated using 10-fold cross validation
(Hastie, Tibshirani, & Friedman, 2009). Pilot sites (Landsat pixels) were
randomly divided into ten equally sized subsamples. In iterative fash-
ion, nine of these subsamples (representing 90% of Landsat Pixels)

were used to calibrate an estimate of the per cent cover by grasses and

(b)

° Calibration sites

|:| Forest boundary

Elevation (m)

. B
3,000 0

FIGURE 1 (a) Example subset of calibration sites and site locations. Circles indicate points of manual cover calibration, while squares indicate
the extent of individual Landsat pixels. In all cases, 50 land cover classification points were randomly placed within each of the Landsat pixels
used in calibrating estimates of herbaceous cover. (b) Inset map indicates forest extent and site placement. Line indicates forest boundary. Red
dots indicate placement of the 275 Landsat Pixels used in manual cover classification. Calibration pixels were sited to be dispersed across the
Angeles National Forest (ANF) and to ensure that a variety of intact chaparral, highly invaded grasslands, and mixed chaparral and herbaceous
cover were included in model development. [Colour figure can be viewed at wileyonlinelibrary.com]
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herbaceous species. The predicted values produced by that model for
the remaining subsample, which represented the 10% of data not used
in model calibration was tested against the observed cover values for
those locations using bivariate correlation analysis. This process was
conducted iteratively for all ten combinations of data subsamples.
The regression parameters and correlation values between predicted
and observed herbaceous cover at all validation sites were then aver-
aged across all iterations to estimate the accuracy of the model and
to produce the final model parameters. The parameters derived and
validated using 10-fold cross validation were then used to estimate
the proportion of herbaceous cover throughout the entire study area
based on Landsat NDVI data. To test whether these estimates exhib-
ited any systematic bias, we also conducted linear regression analysis

on the residuals and the observed herbaceous cover.

2.3 | Relating local conditions to herbaceous cover

Each predictor variable was placed into one of three categories to
evaluate the role of local moisture availability, anthropogenic dis-
turbance and topography on the distribution of herbaceous cover
throughout the ANF. Mean annual precipitation, mean annual cli-
matic moisture deficit and mean annual insolation were used to rep-
resent moisture availability at each pixel. Precipitation was initially
separated into October through April precipitation, which repre-
sented the wet season (Reever Morghan, Corbin, & Gerlach, 2007),
and May through September precipitation, which represented the
dry season. However, as wet- and dry season precipitations exhib-
ited similar general relationships to herbaceous cover and were
highly correlated to each other (R? = .80, Figure S1), mean annual
precipitation was utilized in this analysis. Distance from roads or
urban features and from the perimeter or the ANF, which often
represented a transition to more heavily managed, grazed or oth-
erwise disturbed groundcover, and year of most recent fire were
considered to reflect various forms of disturbance. Local slope and
elevation were used to characterize local topography. To control
spatial autocorrelation and reduce the dataset to a manageable
size, a subset of the data were selected by identifying a randomly
placed seed pixel and selecting pixels spaced regularly at 1-km in-
terval from it. The resulting dataset consisted of 1327 individual
Landsat pixels.

The relationship between estimated per cent herbaceous cover
and each explanatory variable was evaluated using linear, logarith-
mic, quadratic and cubic regression (SPSS). The optimal curve type for
each parameter was selected using the Akaike information criterion
(AIC) (Cook & Weisber, 2009). While some correlation was present be-
tween different explanatory factors in this study, such relationships
were typically limited; with absolute correlations below 0.38, with the
exception of climatic moisture deficit and precipitation, which were
correlated at -0.71 (Table S1).

We examined the cumulative effect of moisture-, disturbance-
and topography-related parameters on the distribution of herbaceous
cover throughout the ANF using regression models that incorporated
(1) moisture-related predictors, (2) disturbance-related predictors,
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(3) topographic predictors and (4) all moisture-related, disturbance-

related and topographic predictors.

3 | RESULTS

Estimates of herbaceous cover derived from remote-sensing data
successfully predicted per cent herbaceous cover to within 5% of
observed cover among 48% of sites not used in model development
within each fold (based on manual cover assessments from high-
resolution orthoimagery) and predicted herbaceous cover to within
25% accuracy among 90% of sites not used in model development,
with an overall R? value of .86 (Figure 2, Table 1). Overall, this index
indicates that herbaceous cover represents 31.3% of the ANF within
the elevational range evaluated in this study (Figure 3). However, this
method did exhibit a slight overprediction of herbaceous cover among
sites with low herbaceous cover and a slight underprediction of her-
baceous cover among herb and grass-dominated sites (B = -0.20,
R?=.31,p=.01).

Local precipitation was the best single predictor of herbaceous
cover, (R2 = .30, Figure 4a, Table 2), which decreased strongly in as-
sociation with increasing precipitation, particularly among sites in
which precipitation was below 600 mm. Climatic moisture deficit was
the second-best predictor of herbaceous cover, which again increased
sharply among sites experiencing high moisture deficits (R? = .25,
Figure 4b, Table 2). Higher mean annual insolation was also associated
with increased herbaceous cover (R2 =.100, Figure 4c, Table 2), im-
plying a negative association between moisture availability and local
herbaceous cover.

Herbaceous cover also decreased in association with increasing
distance from national forest boundaries and from roads or urban

100

80 1

60 1

40

20

% Herbaceous Cover
(Observed)

0 25 50 75

% Herbaceous Cover
(Predicted)

100

FIGURE 2 Relationship of observed versus predicted herbaceous
cover in the chaparral-dominated areas of the Angeles National
Forest (ANF), California based on 275 pilot sites. R? value represents
the relationship between predicted and observed cover only for
those points not included in model development using 10-fold
calibration. [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Alternate models (A, B, C) for estimating per cent
herbaceous cover

Model Independent variables Parameters R? AIC
A Intercept 26.2 .01 615.2
ANDVI 0.01
B Intercept 160.18 79 440.4
ANDVI -0.01
NDVImin -0.03
c? Intercept 116.37 .86 404.5
ANDVI -0.03
NDVImin 0.01
NDVImax -0.02
ANDVI/NDVImin 132.17

p-values were <.01 in all cases.
?Indicates selected model.

% Herbaceous cover

0% 100% 119 3,067
[1Forest boundary

Elevation (m)

FIGURE 3 Estimated herbaceous cover across study footprint
within Angeles National Forest. Blue, Green and Yellow areas
represent the area evaluated in this study. Red lines indicate the forest
boundary. [Colour figure can be viewed at wileyonlinelibrary.com]

features. Distances from the national forest boundary explained
17% of observed variation in herbaceous cover (Figure 4d, Table 2)
and the distance from the nearest road explained 16% of observed
variation in cover (Figure 4e, Table 2). In both cases, close proxim-
ity to forest boundaries and roads or urban features was associ-
ated with increased herbaceous cover. Longer fire return intervals
were associated with a slight increase in herbaceous cover, but ex-
plained only 7% of observed variation in herbaceous cover (Figure 5,
Table 2).

Herbaceous cover was also found to decrease in response to in-
creasing slope (R? = .13, Figure 4f, Table 2). Elevation was only mini-
mally related to differences in herbaceous cover and explained only

3% of observed variation (Figure 4g, Table 2).

Allvariables included in this study collectively explained 51% of ob-
served variation in herbaceous cover throughout the ANF (Figure 6a,
Table 2). Herbaceous cover was strongly associated with moisture-
restricted sites, with factors related to local moisture availability cumu-
latively explaining 47% of variation (Figure éb, Table 2). In comparison,
disturbance-related parameters explained 25% of observed variation
in herbaceous cover (Figure 6c, Table 2), while topographic param-
eters explained only 13% of observed variation (Figure 6d, Table 2).
While this analysis was conducted on only a subset of the available
data to minimize spatial autocorrelation, the results were consistent

with observations analysing all 1.92 million pixels (Figures S2-S6).

4 | DISCUSSION

These results indicate that, contrary to historic expectations of chap-
arral resistance to invasion, herbaceous cover is prevalent throughout
the study footprint in the ANF. The dominant factor in determining
the distribution of grasses and other herbaceous cover is site-specific
moisture limitation. Just as this study identifies spatial differences in
moisture availability as the dominant factor in determining the distri-
bution of herbaceous cover (Figure 7), reduced precipitation and se-
vere drought events have been previously associated with increased
post-fire success and diversity of invasive species in chaparral (Keeley,
Fotheringham, & Baer-Keeley, 2005a) and CSS communities (Kimball
et al., 2014). High aridity has been found to control the rate and extent
of post-fire recovery by chaparral shrubs (Keeley et al., 2005b), while
low-precipitation years may thin young shrubs significantly (Keeley,
Baer-Keeley, & Fotheringham, 2005). Thus, although differences in
microclimate (Davis, Borchert, & Odion, 1989; Johnson-Maynard,
Shouse, Graham, Castiglione, & Quideau, 2004), herbivory (Lambrinos,
2006) and extreme climate events that are not captured in this study
may also impact invasion into chaparral, it is clear that differences in
long-term moisture availability are essential to understanding and
predicting the distribution of herbaceous cover and invasive grasses
throughout chaparral at both highly local and broader scales.

4.1 | Mapping invasion into chaparral

This work demonstrates that intra-annual variation in NDVI can be
used successfully to map per cent cover by herbaceous species com-
pared with evergreen woody shrubs and trees in Southern California
chaparral. While this method does not discriminate among types of
herbaceous vegetation (i.e., native and invasive grasses) or among
types of shrub or tree assemblages, it does provide a high-resolution
approach for assessing the distribution and relative cover by herbs or
grasses into chaparral across wider areas than has previously been
available. As a result of how this model combines all woody and all
herbaceous cover into separate cover types, the model may overlook
some differences in the extent of seasonal changes in NDVI among
different species within each cover type. As even evergreen shrubs
exhibit some variation in seasonal NDVI, and some herbaceous species
may not completely brown in the dry season, the lack of interspecific
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% Herbaceous cover

discrimination may explain this method’s tendency to underpredict
the per cent herbaceous cover in highly invaded areas and overpredict
herbaceous cover in areas with extremely low herbaceous cover. These
limitations may represent some inherent limitation in using phenologi-
cally based mapping with existing publicly available data (i.e., Landsat).
Despite this issue, this method is sensitive to even small amounts of
herbaceous cover that occur interstitially within shrub or tree cover,
which would be overlooked in previous cover maps that focused ex-
clusively on identifying the dominant cover type within each Landsat
pixel or wider area (Franklin et al., 2000; Fry et al., 2011; Homer et al.,
2015). This allows assessments of the degree of invasion within even
relatively intact chaparral stands, rather than simple binary classifica-
tion as either shrub-dominant or herb-dominant vegetation. Further,
this method utilizes only freely available pre-processed Landsat NDVI
Data, to develop these cover estimates and can be mapped directly
onto existing NLCD cover data to eliminated water, roads and other
undesirable features. Thus, the method provides new opportunities
for evaluating and managing invasion and type conversion of chapar-

ral into herbaceous grasslands. Because of the rapid, easily automated

Distance from road (km)

1,000 1,200
Elevation (m)

0 60 o '.'100
Slope (% Rise)

3 4 5 6

Curve type = Cubic
R’ =.03

1,400

nature of cover assessments, there is potential for global application
to all chaparral-dominated ecosystems and extensions to other arid
environments that incorporate similar combinations of evergreen and
drought-deciduous cover types (e.g., coniferous forests). Further, an-
nually updated cover assessments have potential for the evaluation of
invasion and post-fire recovery in real-time throughout the lifetime of

the Landsat programme.

4.2 | Drivers of invasion by herbaceous cover

Surprisingly, variables associated with disturbance and human activity
played a secondary role in predicting the distribution of herbaceous
cover throughout the forest. As fire return intervals observed in this
study fell within historic norms, differences in the local fire return
interval appeared to be relatively unimportant to predicting the dis-
tribution of herbaceous cover than were proximity to roads or the
national forest border. Although proximity to roads, urban features
and the forest border do explain a substantial portion of the distri-

bution of herbaceous cover, the influence of roads appeared to be
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Fire Return Linear .07 1325 FIGURE 5 Single-factor models of herbaceous cover as predicted
Interval by current fire return interval (FRI). Rectangles span the 25th through
Distance to NF Cubic 17 1323 75th percentile of pixels for each fire return interval. Blue hashes
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Combined - 13 1321 (Keeley et al., 2005b; Kummerow, Ellis, & Mills, 1985) among chap-
All Parameters - 52 1311 arral shrubs, while increasing water availability. Thus, low moisture

p < .001 in all cases.

most important within 1 km of roadside features, while distances to
the border of the ANF appeared to persist across a wider distance
band (Figure 4c,d). This result supports prior findings that while road-
side areas are susceptible to invasion, roadside invasions typically pro-
gress only limited distances into the interior of intact chaparral stands
(Davies et al., 2013). However, further dissection of existing chapar-
ral by additional roadworks could increase the area of chaparral at
risk of invasion. While this study only considers the effects of paved
roads that were visible in NLCD cover maps due to unavailability of
high-resolution map data for unpaved roads, power lines, firebreaks
and off-road vehicle use areas throughout the ANF, it is likely these
features also contribute to the distribution of herbaceous cover. As
paucity of spatial records regarding these forms of anthropogenic im-
pacts on the landscape represent the primary obstacle to evaluating
the role of human activity on chaparral invasion, this highlights the
need for high-quality spatial recording of human activity and land use
within national forests.

This work extends previous research which also predicted that,
except in cases of rapid (<20 years) fire intervals, climate and mois-
ture were the primary factors driving range contractions of chap-
arral (Syphard et al., 2013). Although increased disturbance may
act as the catalyst for the invasion of chaparral and conversion
into herbaceous-dominant grasslands (Keeley, 2006; Keeley, Baer-
Keeley, et al., 2005), local precipitation and moisture regimes appear
to be the primary determinants of which locations are successfully
invaded and type-converted during post-disturbance succession.
Low moisture availability in the years immediately following fire has
been observed to limit recruitment and increase seedling mortality

availability likely limits chaparral by restricting colonization and in-
creasing mortality at the seedling phase, when shrubs are typically
most vulnerable to drought stress (Williams, 1997). However, ex-
treme or prolonged droughts have been observed to result in major
diebacks and high mortality even among mature stands of shallow-
rooted and non-sprouting chaparral shrubs (Davis et al., 2002;
Paddock et al., 2013), indicating that severe drought may facilitate
type conversion of intact chaparral by reducing biotic resistance to
invasion (D’Antonio, Levine, & Thomsen, 2001). It should be noted
our study specifically excluded all areas that had burned since 1998,
as such locations were likely to still be in the process of immediate
post-fire succession. Locations with extremely rapid (<20 years) fire
intervals are inherently likely to have burned within that timeframe
and therefore likely removed. Thus, this study does not fully reflect
the impacts of extremely rapid fire intervals, in which fire likely does
play the dominant role in determining invasion success (Haidinger &
Keeley, 1993; Syphard et al., 2013). However, it does indicate differ-
ences in local fire frequency that remains within historical norms are
unlikely to result in major conversion from chaparral into grasslands.
It should also be noted that this study only examines the relationship
of local cover to long-term climate norms. Interannual changes in
moisture or precipitation may have effects that operate differently,

or at different scales than were observed in this study.

4.3 | Management implications

Our results indicate not only that invasion by herbaceous cover is
widespread in southern California chaparral ecosystems, but also that
reductions in moisture that are predicted under future climate change
(National Assessment Synthesis Team, 2000) may alter the degree of
invasion by exotic herbs and grasses into intact chaparral. While mean
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FIGURE 6 Comparisons of observed herbaceous cover (as

derived from 0.3 metre (1 foot) resolution orthoimagery) and
modelled herbaceous cover as predicted by all moisture, disturbance
or anthropogenic and topographic factors (a), by moisture-related
factors only (b), by disturbance or human-related factors only (c) and
by topographic factors only (d). Red lines indicate linear relationships
between observed and predicted herbaceous cover. R? values indicate
correlation between observed and predicted herbaceous cover for
each model. [Colour figure can be viewed at wileyonlinelibrary.com]

annual precipitation throughout the area examined in this study is
expected to increase very slightly (0.25 mm), CMD is expected to in-
crease by only 0.25 mm over 1980-2010 normals by 2085, the mean
climatic moisture deficit is predicted to increase by 14.5% by 2085
based on mean predicted values of the 15 General Circulation Models
selected for inclusion in the IPCC under RCP 4.5 and 8.5 emission
scenarios (IPCC Wang et al., 2016), driven by to increasing ambient
temperatures and associated evaporative demand. Thus, the vulner-
ability of chaparral to invasion by grasses and herbaceous species is
likely to increase. Old-growth chaparral has also been identified as a

major carbon sink that outperforms both tallgrass prairies and grazed
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grasslands (Luo et al., 2007), and the conversion of native shrublands
into invaded grasslands can greatly reduce ecosystem carbon se-
questration (Bradley, Houghton, Mustard, & Hamburg, 2006). Thus,
widespread conversion of chaparral to invaded grasslands would
likely cause major shifts in composition across other trophic levels, re-
duce the ability of those ecosystems to function as carbon sinks, and
significantly alter the hydrology of the landscape by reducing near-
surface water availability while decreasing total water uptake (Davis,
1984; Davis & Mooney, 1985; Eliason & Allen, 1997; Hibbert, 1971,
Orme & Bailey, 1970; Williamson, Graham, et al., 2004; Williamson,
Newman, et al., 2004). Post-conversion, historically chaparral areas
have been found to exhibit significantly increased groundwater re-
charge, throughflow and soil moisture below the rooting depth of in-
vasive grasses (Davis, 1984; Debano et al., 1984; Hibbert, 1971; #520;
Williamson, Newman, et al., 2004), but increasing the aridity of near-
surface soil (Eliason & Allen, 1997; Davis & Mooney, 1985). Similarly,
studies of type-converted chaparral conducted within the ANF found
that type conversion reduced rainfall interception throughout the
year, converted many streams from ephemeral to perennial flow, and
increased soil slippage and erosion risk during major precipitation
events (Corbett & Crouse, 1968; Dunn et al., 1988; Orme & Bailey,
1971). Invasion and type conversion of California chaparral have also
been documented to reduce arthropod diversity and also produce
substantial shifts in the composition of small mammal communities,
benefitting some species and extirpating others (Lambrinos, 2000).
As this method is capable of rapidly producing annual estimates
of the distribution and per cent cover by herbs and grasses, it also
represents a mechanism for rapidly areas of recent invasion or in which
chaparral is actively being displaced. By providing accurate, extensive
and annually repeating measures of the intactness of chaparral cover,
this method provides an important resource for prioritizing manage-

ment activities from a landscape perspective.

5 | CONCLUSIONS

Our study demonstrates a method for assessing invasion of chaparral
by herbaceous species at broadscales that can readily identify highly
invaded, moderately invaded or largely intact shrublands. Our results

show that invasion of herbaceous cover into chaparral is already
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FIGURE 7 Contributions of all factors
to distribution of herbaceous cover. Arrow
weights correspond to relative importance
of each factor in predicting the per cent of
herbaceous cover. [Colour figure can be
viewed at wileyonlinelibrary.com]
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widespread and suggest that local moisture availability should be the
primary concern when assessing the risk of post-disturbance type
conversion. Additionally, while dissection of the forest vegetation by
roadways plays a role in the distribution of herbaceous cover through-
out chaparral-dominated vegetation, greater human traffic and distur-
bance experienced near the border of the ANF plays a significant role
in determining the distribution of herbaceous cover that is independ-

ent of roadways and development.
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