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31

Abstract

32

Background: California is a global biodiversity hotspot, yet increased urbanization of wildlands, warming

33

temperatures, and invasion of nonnative species pose serious risks to these areas due to an increase in

34

wildfire frequency. Fuel management is a tool for reducing fire risk to neighboring communities and

35

natural resources that involves a two-step process requiring an initial reduction of woody vegetation

36

followed by a repeated control of woody plants and reduction of herbaceous cover. To understand the

37

compositional and structural changes resulting from fuel treatment methods in southern California

38

chaparral, we evaluated the compositional and structural impacts of a recently created fuel break

39

established around the Lake Morena community on the Cleveland National Forest. The area was initially

40

treated with cut and pile burning, then treated with herbicide, and lastly grazed by 1,200 goats. The

41

purpose of this study is to (1) evaluate the compositional and structural differences associated with the

42

initial fuel break, and (2) quantify compositional shifts in herbaceous and woody vegetation caused by

43

goat grazing over time.

44

Results: Plots on fuel breaks and in adjacent wildlands exhibited significantly different species

45

assemblages. Total herbaceous cover (both native and nonnative) was 92 times greater on fuel breaks

46

than in adjacent chaparral-dominated wildlands and native shrub cover was 55.3 times greater in

47

adjacent wildlands than on fuel breaks. Goats had a significant impact on reducing native and nonnative

48

herb cover (87% reduction in cover, 92% reduction in height), but were ineffective at reducing the cover

49

and height of most woody species such as Adenostoma fasciculatum, Eriogonum fasciculatum, Quercus

50

berberidifolia, and Artemisia tridentata. However, goats were found to be effective in controlling

51

nonnative grasses including Bromus diandrus and Bromus madritensis.

52

Conclusion: Initial fuel break creation was effective at reducing wood biomass and height,

53

simultaneously giving rise to an abundance and diversity of native and nonnative herbaceous species.

2

54

Although targeted goat grazing was successful at reducing herbaceous biomass, it was ineffective at

55

reducing woody biomass which is often one of the most important goals for fuel management in

56

chaparral ecosystems.

57

Abbreviations

58

WUI: wildland-urban interface

59

Introduction

60

California is a global biodiversity hotspot, largely centered in sage- and chaparral-dominated

61

shrublands (Underwood et al. 2018). Yet, these ecosystems are threatened by an increase in wildfire

62

frequency driven by increased urbanization of wildlands, warming temperatures, and invasion of

63

nonnative species (Abatzoglou and Williams 2016; Bruegger et al. 2016; Keeley and Fotheringham 2001).

64

Wildfire activity has increased exponentially in many parts of California as a result of increased

65

flammable vegetation and a lengthened fire season. Increasing temperatures and reduced precipitation

66

are likely to exacerbate the size and frequency of catastrophic fires by altering the amount and

67

distribution of fuels and creating a shorter fire-return interval than historically present ( Steel et al.

68

2015; Westerling and Bryant 2008).

69

To mitigate these large destructive wildfires, fuel reduction treatments are implemented to reduce

70

fire risk to neighboring communities and natural resources by changing fire behavior and limiting fire

71

spread (Hardy 2005; Mell et al. 2010; Simard 1991). A primary form of fuel management in shrublands is

72

the construction of strategic fuel breaks at the wildland-urban interface (WUI). The main goal of fuel

73

break creation is to reduce woody biomass; consequently, facilitating fire suppression activities that

74

limit fire spread. Permanently converting a dense stand of chaparral to one of a lower fuel volume (e.g.,

75

cover, height) is often a multiple-step process that requires the initial removal of woody vegetation

76

followed by periodic control of woody plants and reduction of herbaceous cover (Green 1977). Initial
3

77

biomass removal may involve cut and pile burning (a form of vegetation removal where woody

78

vegetation is manually removed above the root crown, placed in a pile, and burned), broadcast burning,

79

or mastication. Herbicide use is one method for controlling regrowth after mature vegetation has been

80

removed, but due to high costs and potential unintended consequences to other biota, there has been a

81

need for alternative methods of controlling regrowth. Over the past few years, there is rising interest in

82

controlling woody vegetation with domestic animals, such as goats. A limited number of studies have

83

investigated goat grazing as a way of maintaining fuel breaks (Green and Newell 1982; Tsiouvaras et al.

84

1989). These studies have been mostly qualitative and have not quantified structural and compositional

85

changes within chaparral dominated landscapes.

86

Despite the prevalence of fuel break treatments in southern California, there is little known about

87

the ecological effects on vegetation structure and species composition in chaparral ecosystems. While

88

the primary goal of fuel break creation and maintenance is to reduce woody vegetation, the removal of

89

overstory woody species is likely to catalyze compositional and structural shifts in vegetation. We set

90

out to evaluate these changes in response to initial fuel break creation and goat grazing. We specifically

91

address the questions:

92

(1) How do vegetation composition and structure change in newly disturbed areas affected by fuel

93

break creation?

94

(2) How does goat grazing, as a fuel reduction technique, affect the composition of herbaceous and

95

woody vegetation?

96

Methods

97

Study Area: This study was conducted in a 116-acre fuel break system established in eastern San

98

Diego County around the Lake Morena community in the Cleveland National Forest (32.69 °N, -116.52

99

°W). The study site experiences a Mediterranean climate, with subtropical high-pressure cells resulting
4

100

in hot, dry summers and cool, wet winters. The chaparral plant communities at Lake Morena were

101

dominated by shrub species, including Adenostoma fasciculatum Hook. & Arn., Eriogonum fasciculatum

102

Benth., Cercocarpus betuloides Nutt., and Quercus berberidifolia Liebm. Two tree species, Quercus

103

agrifolia Née and Quercus engelmannii Greene, were also present. A fuel break was initially created

104

during fire suppression operations in the 1970s and was not disturbed again until October 2015 when

105

the entire fuel break was treated with cut and pile burning. Herbicide was initially used to maintain the

106

fuel break in May 2016, and two years later 1,200 goats were deployed at a rate of 10 goats per acre for

107

two weeks in August 2018 within the fuel break to further reduce woody chaparral species. Initial

108

vegetation surveys were conducted in July 2018 and vegetation plots were established in treated (cut

109

and pile + herbicide, N=16) and untreated areas outside of the fuel break (untreated with no vegetation

110

manipulation, N=8) (Fig. 1). Treated plots were subject to goat grazing in August 2018 and were re-

111

sampled in October 2018 to capture the effects of grazing. Treatment plots that were surveyed before

112

goat grazing are referred to as pre-grazing and those after goat grazing are referred to as post-grazing.

113

Experimental Design: The point line method (Heady et al. 1959) was used to quantify species

114

composition, cover, and vegetation height. In total, 24 30-meter permanent line transects were

115

established within the study site. All species, both dead and alive, in addition to the height of the tallest

116

individual were recorded at 100 points along the 30-meter transect line. To calculate the effect of

117

grazing on individual species, the cover of each species was summed across the entire transect and

118

averaged for untreated, pre-grazing, and post-grazing treatment types. Cover estimates were also

119

summarized by assigning individual species into five lifeform categories (tree, live shrub, dead shrub,

120

native herbaceous (grasses and forbs), and nonnative herbaceous (grasses and forbs)). If multiple

121

species of the same lifeform were present at the same point along the transect, the lifeform cover

122

received a count of one at that point. Species richness, unlike lifeform cover, was calculated with

123

overlapping species and the total count of species present within each lifeform was summed across each
5

124

30-meter transect line and averaged for untreated, pre-grazing, and post-grazing treatment types.

125

Lifeform cover and species richness were summed across the entire transect and averaged for

126

untreated, pre-grazing, and post-grazing plots. The tallest individual at each sampling point was

127

recorded as part of the point-line intercept method. Lifeform height was calculated across each transect

128

as the sum of herb or shrub height divided by the total number of transect points where that particular

129

lifeform was the tallest.

130

To characterize ground cover and fuels, a one-square meter quadrat was used at five locations

131

(5, 10, 15, 20, 25 meters) along the upslope side of the transect line. Within each quadrat, fuel height

132

was measured at five points as the distance from the soil surface to the top of the tallest unrooted dead

133

vegetation, and the ground cover (bare ground, litter, wood (above 6.35 mm diameter), live vegetation,

134

and goat feces) was visually estimated. Ground cover and fuel height were pooled from the five

135

quadrats to obtain a plot-level average.

136

Statistical Analysis: Non-metric multidimensional scaling (NMDS) was used to visualize

137

compositional differences between treatment (fuel break and control) as a part of the ‘vegan’ package

138

in R (Oksanen et al. 2011). The ordination uses rank-order correlation and Bray-Curtis dissimilarities,

139

with the metaMDS function, to model the differences among treatment and control plots based on

140

species composition and abundance of all plant species. Two sample t-tests were used to evaluate

141

differences in lifeform cover, richness, height, and ground cover between untreated (N=8) and treated

142

plots (N=16). Data were checked for normality using QQ plots, and the equality of variances between

143

the two groups were assessed using an F-test. Ground cover variables (bare ground, litter, and wood),

144

shrub height, and shrub and herb cover and richness were square-root transformed to meet the

145

assumptions of the t-test. Live tree richness and cover in addition to fuel and herb height were analyzed
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146

using a non-parametric Wilcoxon rank-sum test because they could not be adequately transformed to

147

meet the assumptions of normality.

148

Paired t-tests were used to evaluate the effects of goat grazing on lifeform cover, richness,

149

height, and ground cover. The observed differences from pre-grazing and post-grazing treatment plots

150

were checked for normality with QQ plots. Variables were square-root (tree, wood, vegetation, native

151

herb, nonnative herb, and feces cover, and native herb, nonnative herb and dead shrub richness) or sin

152

(litter cover and live shrub richness) transformed to meet statistical assumptions. Live tree richness and

153

average herb height were analyzed using a Wilcoxon rank-sum test because they did not meet

154

assumptions of normality. All statistical analyses were done in Rstudio version 1.1.453 (Vienna,

155

Austria) at α=0.05 and we report means ± 1 standard error (SE).

156

Results

157

Compositional differences between treated and untreated areas.

158

Plots on (treated) and off (untreated) fuel breaks exhibit different species assemblages. The

159

NMDS ordination of species composition resulted in a cluster of treated plots within the fuel break that

160

contain more herbaceous species, while the untreated plots contain a greater abundance of shrub

161

species (Fig. 2; final stress of two-dimensional solution = 0.191 with 20 iterations). Dead shrub cover was

162

89.6 times (t(17)=-9.56, P<0.001) greater and live shrub cover was 55.3 times (t(9)=-4.92, P<0.001)

163

greater in untreated plots that lacked fuels management compared to treated plots (Fig. 3). Native herb

164

cover was 88.1 times (t(17)=6.52, P < 0.001) and nonnative herb cover was 96 times (t(21)=5.21, P <

165

0.001) greater in treated plots compared to the control plots (Fig. 3). Nonnative grasses were the most

166

abundant herbs in the treated plots (average cover: 26.83%) with a significantly higher cover of Bromus

167

tectorum L. and Bromus madritensis L. (Table 1). Treated and untreated plots did not differ in tree cover

168

(Wilcoxon sign-ranked test, P = 0.92). Total species richness at the 30-meter scale showed similar trends,
7

169

with native herb richness 76.2 times (t(14)=4.77, P < 0.001) and nonnative richness 81.8 times (

170

t(22)=3.23, P < 0.001) greater in the treatment compared to untreated plots (Fig. 3). Live shrub and tree

171

richness were uniform across treatment types, while dead shrub richness was higher in untreated plots.

172

Fuel break creation elicited structural differences across the landscape by changing lifeform

173

height and ground cover. Herb height was 97 times greater (Wilcoxon signed-rank test, P < 0.001) on

174

treated plots than in control plots. Conversely, shrub height was 84.6 times greater (t(8.9)=-7.89, P <

175

0.001) and total fuel height was 31.5 times greater (Wilcoxon signed-rank test, P = 0.045) on plots that

176

lacked fuels management (Fig. 4). There was a trend for bare ground cover to be greater on treated

177

plots (t(22)=1.94, P = 0.065) with untreated plots having substantially more wood and litter (t(10.8)=-

178

3.99, P = 0.002; t(22)=-2.62, P =0.016; respectively) than treated plots.

179

Compositional and structural differences before and after goat grazing

180

To determine if goats were effective at reducing herbaceous and woody vegetation across the

181

fuel break, we repeated our analysis of vegetation cover, richness, and height differences with a paired

182

t-test on treatment areas inside the fuel break before and after grazing. We found an 87% reduction in

183

herb cover due to grazing (t(15)=9.74, P < 0.001; Fig. 5). Grazing led to a decrease in native herb cover

184

from 17.88 ± 2.6% to 2.38 ± 1.0% (t(15)=11.07, P < 0.001) and a decrease in nonnative herb cover from

185

25.25 ± 5.2% to 3.19 ± 0.9% (t(15)=14.30, P < 0.001). Generally, goats had a high preference for Bromus

186

madritensis L. (100% reduction, t(15)=5.28, P < 0.001) and Bromus diandrus Roth (97% reduction,

187

Wilcoxon rank-sum, P = 0.281) while Bromus tectorum L. (60% reduction, (t(15)=1.31, P = 0.213) was the

188

only herbaceous species to persist with > 1% cover following goat grazing (Table 1). There was no

189

significant decline in shrub cover (t(15)=1.70, P = 0.114) or tree cover (t(15)=0.68, P = 0.509) due to

190

grazing, but generally, goats had a low preference for Adenostoma fasciculatum, Eriogonum
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191

fasciculatum, and Ericameria species while mostly targeting Cercocarpus betuloides and Eriophyllum

192

confertiflorum (Table 2).

193

Grazing elicited similar trends in species richness at the 30-meter scale (Fig. 5). We found a

194

77.5% reduction in herb richness, with grazing decreasing native herb richness from 4.75 ± 0.6 to 1.00 ±

195

0.3 (t(15)=7.32, P < 0.001) and a decrease in nonnative herb richness from 2.75 ± 0.5 to 0.69 ± 0.2

196

(t(15)=-3.08, P < 0.001). Grazing did not cause a significant difference in live shrub (t(15)=0.17, P =

197

0.869), dead shrub (t(15)=-0.08, P = 0.938), or tree (Wilcoxon signed-rank test, P = 1.00) richness.

198

Grazing induced changes in vegetation structure across the landscape by both changing lifeform

199

height and ground cover. There was a significant decrease in herb height from 17.1 ± 2.2 cm pre-grazing

200

to 15.3 ± 2.6 cm post-grazing (Wilcoxon sign-ranked test, P < 0.001), but there was no significant difference

201

in shrub height (t(15)=0.075, p=0.491) (Fig. 6). While we did not measure ground to the base of the crown

202

height for trees, we observed that goats were effective at increasing this distance through the limbing and

203

consumption of the lower branches (Fig. 7). A paired t-test showed a significant increase in bare ground

204

cover (p<0.001) due to grazing but exhibited no change in wood or litter cover.

205

Discussion

206

This study demonstrates the complexity of fuel break creation and maintenance that involve a

207

stepwise process in vegetation change. Initial fuel break creation has significant effects on vegetation

208

cover and richness, as we expected. We found compositional differences driven by a decrease in the

209

abundance of shrubs and a higher abundance and diversity of herbaceous species inside of the fuel

210

break compared to non-disturbed areas. Chaparral shrublands are known for exhibiting unparalleled

211

temporal diversity with substantial herbaceous richness (e.g. fire followers) being expressed following

212

wildfire (Keeley et al. 2005). Herbaceous species can be triggered by various processes associated with

213

shrub removal, such as heat, smoke, and chemical byproducts of the fire (Keeley and Fotheringham
9

214

2001). The process of fuel reduction may mimic some of the post-fire processes by increasing

215

temperature at the soil surface or via scarification caused by ground disturbing fuels reduction activities.

216

Shrub removal may also lead to light associated cues for germination (Le Maitre and Brown 1992, Stone

217

1957). It is important to note that this study was conducted on a relatively new fuel break and the

218

difference in richness and cover for older fuel breaks are not likely to track our findings.

219

The fuel break complex at Lake Morena was recently opened in 2015 and we propose that fuel

220

break creation promotes an increase in native and nonnative species initially, but repeated disturbances

221

may lead to degradation that includes an increase nonnative annual species at the expense of native

222

species. The dominance of nonnative annuals, especially grasses, may be reinforced in frequently

223

disturbed areas through higher germination rates, competitive superiority, and accumulation of a

224

persistent thatch layer (Molinari and D’Antonio 2020; Parendes and Jones 2000; Reynolds et al. 2001).

225

Merriam et al. (2006) found that fuel break construction was strongly associated with moderately high

226

nonnative abundance and showed that over time, with repeat disturbance, nonnatives can displace

227

native species and become increasingly dominant. An increase in nonnative species on the landscape is

228

detrimental as it not only changes soil nutrient cycling that is unfavorable to native species (Evans 2001),

229

but it alters fuel characteristics such that fires become more frequent (D’Antonio and Vitousek 1992;

230

Keeley 2001).More specifically, nonnative grasses are associated with increased fuel ignitability, fine-

231

fuel loads, and fuel continuity, thus increasing fire occurrence and frequency at the regional scale (Fusco

232

et al. 2019).

233

While the Lake Morena fuel break complex is currently exhibiting signs of increased herbaceous

234

diversity, with repeated maintenance we suspect species diversity will decline and nonnative species will

235

become the dominant vegetation type in this area. Alternatively, if this fuel break is not maintained and

236

lacks future disturbance, herbaceous richness and cover are likely to decline due to the regrowth of
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237

shrubs and the exclusion of many nonnative and native annuals that were able to persist immediately

238

after disturbance.

239

Controlling woody regrowth is vital to the functioning of fuel breaks in reducing fire risk to human-

240

dominated landscapes. Therefore, understanding the effectiveness of alternative maintenance methods,

241

such as goat grazing, is imperative. We found that targeted grazing was ineffective at reducing the

242

height and cover of most woody vegetation, apart from Eriophyllum confertiflorum and Cercocarpus

243

betuloides. Goats showed high selectivity when browsing shrubs and had a low preference for many of

244

the dominant shrub species at Lake Morena. This selectivity should be considered when determining if

245

goats are an economically feasible alternative to other methods of controlling regrowth.

246

Goat grazing strongly reduced both native and nonnative herbaceous cover and height, which may

247

be desirable in areas where flashy fuels and ignition risk are a concern. It is important to note that goats

248

also removed most of the nonnatives on the landscape (87% reduction) but tended to leave a higher

249

cover of Bromus tectorum L.. Of the 3.2% of the nonnative herbaceous cover remaining after grazing,

250

3.0% was comprised of B. tectorum. Goats tended to avoid this species while eliminating other dominant

251

nonnative species, such as Bromus madritensis L.. B. tectorum is palatable for six to eight weeks in the

252

spring, however, when cheatgrass is grazed later in the summer, the long, straight awns can damage the

253

eyes and mouth of grazers (Mosley et al. 1999). Although there is only 3.0% cover of B. tectorum cover

254

at Lake Morena, this small amount may be sufficient for prolonged persistence which can displace native

255

species, alter fire regimes, and modify hydrological properties (Arkle et al. 2014; Blank and Morgan

256

2013; Monaco et al. 2016). Land managers interested in using goats to control undesirable nonnative

257

species should take into account the phenology and palatability of the target nonnative species.

258
259

Although goats successfully reduced herbaceous biomass, the reduction of woody biomass is often
one of the most important goals for fuel management in chaparral ecosystems. Goats will eat a wide
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260

variety of species compared to most livestock but can be selective in targeting plants that are in a

261

favorable growth stage (Green and Newell 1982). Qualitative observations of goat grazing have shown

262

that goats prefer younger growth forms and become more selective as the shrubs mature. If grazing

263

pressure is high or goats remain for a longer duration, they may begin to target less palatable species

264

and growth forms (Green and Newell 1982). Due to the selectivity of goats in targeting woody plants,

265

land managers should consider the seasonality, stage of regrowth, and species composition when

266

deciding whether goats are an appropriate tool for fuel break maintenance.

267

Conclusions

268

With warming temperatures and continued development into the wildland-urban interface,

269

chaparral-dominated shrublands are threatened by an increase in wildfire frequency. As pressure

270

mounts to develop and maintain fuel breaks on the landscape, it becomes increasingly important to

271

understand the effectiveness and consequences of various fuel reduction techniques on shrubland

272

habitats. Initial fuel break creation through cut and pile and herbicide application at Lake Morena was

273

effective at reducing woody biomass and height, while simultaneously giving rise to an abundance and

274

diversity of native and nonnative herbaceous species. While this may superficially appear to be a win-

275

win for fuels management and ecology, it is important to note that with repeated maintenance, fuel

276

breaks are likely to become increasingly dominated by undesirable nonnative species. Goat grazing was

277

ineffective at reducing height and cover of woody vegetation but was successful in reducing both native

278

and nonnative herbaceous cover and height, which may be desirable in areas where flashy fuels and

279

ignition risk are high. However, in areas where control of woody biomass is the primary goal, land

280

managers should consider the seasonality, duration, and plant species composition when contemplating

281

goats as a tool for fuel break maintenance.

282
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Tables

290
291

Table 1: List of most abundant nonnative herbaceous species throughout study area. For each
treatment, the average plant cover (%) is calculated across each 30-meter transect.
Nonnative herbaceous species
Bromus diandrus Roth
Bromus madritensis L.
Bromus tectorum L.
Festuca myuros L.
Brassica tournefortii Gouan
Avena sp. L.

Cal-IPC
rating
Moderate
High
High
Moderate
High

Pre-grazing
cover

Post-grazing
cover

6.38 ± 3.5
10.13 ± 2.8
7.44 ± 2.9
2.38 ± 1.2
0.50 ± 0.4
0.50 ± 0.3

0.19 ± 0.1
0.00 ± 0.0
2.63 ± 0.9
0.00 ± 0.0
0.00 ± 0.0
0.00 ± 0.0

Control
(untreated)
cover
0.00 ± 0.0
0.63 ± 0.42
0.25 ± 0.3
0.13 ± 0.4
0.00 ± 0.0
0.00 ± 0.0

292
293
294

Table 2: List of most abundant shrub species throughout study area. For each treatment, the average
plant cover (%) is calculated across each 30-meter transect.
Shrub species
Adenostoma fasciculatum Hook. & Arn.
Eriogonum fasciculatum Benth.
Quercus berberidifolia Liebm.
Cercocarpus betuloides Nutt.
Rhus aromatica Aiton
Artemisia tridentata Nutt.
Eriophyllum confertiflorum (DC.) A. Gray

295
296
297
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Pre-grazing
cover
9.63 ± 2.3
3.38 ± 1.5
2.38 ± 1.4
1.50 ± 0.9
1.31 ± 0.9
1.00 ± 0.6
1.13 ± 0.4

Post-grazing
cover
9.25 ± 2.2
2.81 ± 1.1
2.5 ± 1.6
0.88 ± 0.5
0.94 ± 0.6
1.00 ± 0.6
0.00 ± 0.0

Control
(untreated) cover
31.50 ± 5.12
1.00 ± 1.0
4.25 ± 2.28
5.63 ± 2.39
1.00 ± 0.65
0.00 ± 0.0
0.13 ± 0.1

Figure legends

298
299
300
301

Figure 1: Location of field plots indicated by green (fuel break) and blue (control) dots in relation
to the Lake Morena fuel break (red polygon).

302
303
304
305
306
307
308

Figure 2: Non-metric multidimensional scaling plot (NMDS) of Bray-Curtis dissimilarity matrix of
survey plots. Composition and species abundance differ among treatment plots inside the fuel
created fuelbreak (blue triangles) and control plots outside the fuel break (pink circle). Species
scores are shown in the same ordination space, with labeling priority given to more abundant
and frequent species. All species codes correspond with the USDA Plants Database (USDA
NRCS 2021). B(species) represents a dead branch of a live individual at the sampling point.
Final stress of three-dimensional solution = 0.191 after 20 iterations.

309
310
311
312
313
314
315

Figure 3: Fuel break creation, through pile burning and herbicide, resulted in changes in plant
lifeform cover (left) and species richness (right). Species richness is the number of species
counted along a 30-meter transect line. The bold horizontal lines are the medians, the boxes
represent 50% of the data, and each whisker represents 25% of the data. Dots represent
outliers. When there are no outliers, the end of the whisker designates minimum and maximum
values. Symbols above each category denote significant differences between treatment groups
(ns: p > 0.05; ****: p < 0.0001; ***: p < 0.001; **: p < 0.01).

316
317
318
319
320
321

Figure 4: Fuel break creation, through pile burning and herbicide, resulted in changes to mean
herbaceous height (left) and shrub height (right). The bold horizontal lines are the medians, the
boxes represent 50% of the data, and each whisker represents 25% of the data. Dots represent
outliers. When there are no outliers, the end of the whisker designates minimum and maximum
values. Symbols above each category denote significant differences between treatment groups
(****: p < 0.0001).
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Figure 5: Goat grazing resulted in changes in plant lifeform cover (left) and species richness
(right). Species richness is the number of species counted along a 30-meter transect line. The
bold horizontal lines are the medians, the boxes represent 50% of the data, and each whisker
represents 25% of the data. Dots represent outliers. When there are no outliers, the end of the
whisker designates minimum and maximum values. Symbols above each category denote
significant differences between treatment groups (ns: p > 0.05; ****: p < 0.0001; ***: p < 0.001;
**: p < 0.01).
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Figure 6: Goat grazing resulted in changes to mean herbaceous height (left) and shrub height
(right). The bold horizontal lines are the medians, the boxes represent 50% of the data, and
each whisker represents 25% of the data. Dots represent outliers. When there are no outliers,
the end of the whisker designates minimum and maximum values. Symbols above each
category denote significant differences between treatment groups (ns: p > 0.05; ****: p <
0.0001).
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Figure 7: Goat grazing was effective at reducing the distance from ground to base of crown
height on Quercus agrifolia Née. Photos taken by authors A. Grupenhoff and N. Molinari.

337
338
339
14

340

Literature Cited

341

Abatzoglou JT, Williams AP (2016) Impact of anthropogenic climate change on wildfire across western

342

US forests. Proc Natl Acad Sci 113:11770–11775. https://doi.org/10.1073/PNAS.1607171113.

343

Arkle RS, Pilliod DS, Hanser S E, Brooks ML, Chambers JC, Grace JB, Knutson KC, Pyke DA, Welty JL, Wirth

344

TA (2014) Quantifying restoration effectiveness using multi-scale habitat models: implications for

345

sage-grouse in the Great Basin. Ecosphere 5:31.

346

Blank RR, Morgan T (2013) Soil engineering facilitates downy brome (Bromus tectorum) growth—a case

347
348

study. Invasive Plant Sci Manag 6:391–400.
Bruegger RA, Varelas LA, Howery LD, et al (2016) Targeted Grazing in Southern Arizona: Using Cattle to

349

Reduce Fine Fuel Loads. Rangel Ecol Manag 69:43–51.

350

https://doi.org/10.1016/j.rama.2015.10.011.

351

D’Antonio CM, Vitousek PM (1992) Biological invasions by nonnative grasses, the grass/fire cycle, and

352
353

global change. Annu Rev Ecol Evol Syst 23:63– 87.
Evans RD, Rimer R, Sperry L, Belnap J (2001) Nonnative plant invasion alters nitrogen dynamics in an arid

354

grassland. Ecol Appl 11:1301–1310.

355

Fusco EJ, Finn JT, Balch JK, et al (2019) Invasive grasses increase fire occurrence and frequency across US

356

ecoregions. Proc Natl Acad Sci 116:23594–23599. https://doi.org/10.1073/pnas.1908253116.

357

Green L (1977) Fuelbreaks and other fuel modification for wildland fire control. USDA For Serv Agric

358
359

Handb 499 1–84.
Green LR, Newell LA (1982) Using Goats to Control Brush Regrowth on Fuel breaks. USDA Gen Tech Rep

360

PSW-59 1–13.

15

361

Hardy CC (2005) Wildland fire hazard and risk: Problems, definitions, and context. For Ecol Manage

362
363

211:73–82. https://doi.org/10.1016/j.foreco.2005.01.029.
Heady HF, Gibbens RP, Powell RW (1959) A comparison of the charting, line intercept, and line point

364
365

methods of sampling shrub types of vegetation. J Range Manag 12:180-188.
Keeley JE (2001) Fire and invasive species in Mediterranean-climate ecosystems of California. Fire

366

conference (2000): the first national congress on fire ecology, prevention, and management. Tall

367

Timbers Research Station, San Diego, California, USA.

368

Keeley JE, Fotheringham CJ (2001) Historic fire regime in southern California shrublands. Conserv Biol

369
370

15:1536–1548. https://doi.org/10.1046/j.1523-1739.2001.00097.x.
Keeley JE, Fotheringham CJ, Baer-Keeley M (2005) Factors affecting plant diversity during post-fire

371

recovery and succession of mediterranean-climate shrublands in California, USA. Divers Distrib

372

11:525–537. https://doi.org/10.1111/j.1366-9516.2005.00200.x.

373

Le Maitre DC and Brown PJ (1992) Life cycles and fire-stimulated flowering in geophytes. In: van Wilgen

374

BW, Richardson DM, Kruger FJ, van Hensbergen JH (eds), Fire in South African Mountain Fynbos.

375

Springer-Verlag, New York 145-160.

376

Mell W, Manzello S, Maranghides A, et al (2010) The wildland – urban interface fire problem – current

377
378

approaches and research needs. Int J Wildl Fire 19:238–251.
Merriam KE, Keeley JE, Beyers JL (2006) Fuel breaks affect nonnative species abundance in Californian

379

plant communities. Ecol Appl 16:515–527. https://doi.org/10.1890/1051-

380

0761(2006)016[0515:FBANSA]2.0.CO;2.

381

Monaco TA, Mangold JM, Mealor BA, Mealor RD, Brown CS (2016) Down brome control and impacts on

382

perennial grass abundance: a systematic review spanning 64 years. Rangel Ecol Manag. 70:39616

383
384

404.
Molinari NA, D'Antonio CM (2020) Where have all the wildflowers gone? The role of exotic grass thatch.

385

Biol. Invasions 22:957-968.

386

Mosley JC, Bunting SC, Manoukian ME (1999) Cheatgrass. p. 175–188. In: R.L. Sheley and J.K. Petroff

387

(eds.) Biology and Management of Noxious Rangeland Weeds. Ore. State Univ. Press, Corvallis.

388

Oksanen J, Blanchet FG, Legendre P, O’Hara RB, Simpson GL, Peter Solymos M, Stevens HH, Wagner H

389

(2011) Vegan: Community Ecology Package. R package version 1.17-4. http://vegan. r-forge.r-

390

project.org/.

391

Parendes LA, Jones JA (2000) Role of light availability and disperal in exotic plant invasion along roads

392

and streams in the H. J. Andrews Experimental Forest, Oregon. Conserv. Biol. 14:64-75.

393

R Development Core Team, 2004. R: A language and environment for statistical computing. R.

394

Reynolds, S. A., Corbin J. D., D’Antonio, C.M., 2001. The effects of litter and temperature on the

395

germination of native and nonnative grasses in a coastal California grassland. Madrono, 48, 230–

396

235.

397

Simard AJ (1991) Fire severity, changing scales, and how things hang together. Int J Wildl Fire 1:23–34.

398
399

https://doi.org/10.1071/WF9910023.
Steel ZL, Safford HD, Viers JH (2015) The fire frequency-severity relationship and the legacy of fire

400
401

suppression in California forests. Ecosphere 6:1–8. https://doi.org/10.1890/es14-00224.1.
Stone EC (1951) The stimulative effect of fire on the flowering of the golden brodiaea (Brodiaea ixiodes

402
403

Wats. var. lugens Jeps.). Ecology 32:534-537.
Tsiouvaras CN, Havlik NA, Bartolome JW (1989) Effects of Goats on Understory Vegetation and Fire
17

404
405

Hazard. For Sci 35:1125–1131.
Underwood EC, Franklin J, Molinari NA, Safford HD (2018) Global Change and the Vulnerability of

406
407

Chaparral Ecosystems. Bull Ecol Soc Am 99:1–10.
Westerling AL, Bryant BP (2008) Climate change and wildfire in California. Clim Change 87:S231–S249.

408

https://doi.org/10.1007/s10584-007-9363-z.

409

18

Figures

Figure 1
Location of eld plots indicated by green (fuel break) and blue (control) dots in relation to the Lake
Morena fuel break (red polygon).

Figure 2
Non-metric multidimensional scaling plot (NMDS) of Bray-Curtis dissimilarity matrix of survey plots.
Composition and species abundance differ among treatment plots inside the fuel created fuelbreak (blue
triangles) and control plots outside the fuel break (pink circle). Species scores are shown in the same
ordination space, with labeling priority given to more abundant and frequent species. All species codes
correspond with the USDA Plants Database (USDA NRCS 2021). B(species) represents a dead branch of a
live individual at the sampling point. Final stress of three-dimensional solution = 0.191 after 20 iterations.

Figure 3
Fuel break creation, through pile burning and herbicide, resulted in changes in plant lifeform cover (left)
and species richness (right). Species richness is the number of species counted along a 30-meter transect
line. The bold horizontal lines are the medians, the boxes represent 50% of the data, and each whisker
represents 25% of the data. Dots represent outliers. When there are no outliers, the end of the whisker
designates minimum and maximum values. Symbols above each category denote signi cant differences
between treatment groups (ns: p > 0.05; ****: p < 0.0001; ***: p < 0.001; **: p < 0.01).

Figure 4
Fuel break creation, through pile burning and herbicide, resulted in changes to mean herbaceous height
(left) and shrub height (right). The bold horizontal lines are the medians, the boxes represent 50% of the
data, and each whisker represents 25% of the data. Dots represent outliers. When there are no outliers, the
end of the whisker designates minimum and maximum values. Symbols above each category denote
signi cant differences between treatment groups (****: p < 0.0001).

Figure 5
Goat grazing resulted in changes in plant lifeform cover (left) and species richness (right). Species
richness is the number of species counted along a 30-meter transect line. The bold horizontal lines are
the medians, the boxes represent 50% of the data, and each whisker represents 25% of the data. Dots
represent outliers. When there are no outliers, the end of the whisker designates minimum and maximum
values. Symbols above each category denote signi cant differences between treatment groups (ns: p >
0.05; ****: p < 0.0001; ***: p < 0.001; **: p < 0.01).

Figure 6
Goat grazing resulted in changes to mean herbaceous height (left) and shrub height (right). The bold
horizontal lines are the medians, the boxes represent 50% of the data, and each whisker represents 25%
of the data. Dots represent outliers. When there are no outliers, the end of the whisker designates
minimum and maximum values. Symbols above each category denote signi cant differences between
treatment groups (ns: p > 0.05; ****: p < 0.0001).

Figure 7
Goat grazing was effective at reducing the distance from ground to base of crown height on Quercus
agrifolia Née. Photos taken by authors A. Grupenhoff and N. Molinari.

