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Abstract 21 

The density-yield relationship of wild plant populations, which in agricultural systems is 22 

typically consistent with the constant final yield hypothesis, has remained largely unexplored in a 23 

restoration context despite its potential importance. In degraded California shrublands, non-24 

native annual grasses are associated with reduced native shrub recruitment. By studying their 25 

density-yield relationship, we can potentially optimize current restoration practices by 26 

identifying the level of grass control needed to reduce the competitive pressure they create for 27 

woody plants. This in turn could enhance woody plant establishment. Here, we conducted field 28 

experiments at a degraded chaparral site in Santa Barbara County, California. We manipulated 29 

the density of Bromus diandrus, a dominant invasive annual grass, through 0-100% removal 30 

treatments to test its density-yield relationship. Simultaneously, we outplanted Ceanothus 31 

megacarpus seedlings as phytometers while also monitoring soil moisture and light availability 32 

throughout the growing season. Our results demonstrate that the Bromus diandrus density-yield 33 

relationship follows the constant final yield hypothesis, with strong intraspecific competition 34 

observed from moderate to high grass density contributing to a constant population biomass and 35 

a density dependence allometric exponent comparable to previous agricultural studies. A 36 

reduction in grass biomass (yield) was observed at 75% grass removal, yet an increase in 37 

resource availability (i.e., light and soil moisture) was only observed at 100% grass removal, as 38 

indicated by both direct measurements and enhanced phytometer performance. Applied to 39 

restoration in California Chaparral and other Mediterranean ecosystems, where the reduction of 40 

“weed” biomass is a common management goal, our findings suggest full removal of non-native 41 

annual grasses is likely needed to aid in the restoration of native woody seedlings.   42 

 43 
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Introductions 44 

The density-yield relationship has been an important consideration in plant population biology 45 

for many decades (Harper, 1977; Weiner & Freckleton, 2010), and it is important for 46 

understanding and predicting how plants will respond individually and in communities to factors 47 

that influence their survival, growth and competitive interactions. One such factor is the physical 48 

manipulation of plant density during invasive species control efforts in restoration or land 49 

management. Invasive species control efforts are typically aimed at reducing, rather than 50 

eradicating, an unwanted species and are often conducted to create temporal windows of 51 

opportunity for native species to capture freed-up resources and successfully establish into a site 52 

(Neil & Ariml, 2011; Sher et al., 2018). Yet densely growing invasive species may follow a 53 

constant final yield relationship (Weiner & Freckleton, 2010), whereby the removal of some of 54 

the invaders allows the remaining individuals to compensate for the removed biomass by 55 

increasing their own biomass, thereby limiting freed-up resources. Similarly, recovery of an 56 

invader after initial complete removal could follow a relationship whereby low-density 57 

individuals achieve high per capita biomass, with total plot biomass being equal between low- 58 

and high-density recovery plots (Shinozaki & Kira, 1954; Postma et al., 2021). This hypothesis 59 

has been repeatedly demonstrated in agronomy, with species such as buckwheat (Fagopyrum 60 

esculentum) and maize (Zea mays) amongst many others identified to follow a power law 61 

relationship and exhibiting constant final yield above a particular density (Johnson et al., 1983; 62 

Li et al., 2013; Friedman, 2016; Cao et al., 2024; Deng et al., 2006). While the concept of 63 

constant final yield has implications for invasive species management and control, it has largely 64 

been tested in agricultural settings and rarely in resource-limited natural systems (White & 65 
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Harper, 1970; Xue & Hagihara, 1999). To our knowledge, it has not been applied to the context 66 

of invasive plant control and restoration. 67 

 68 

While being an iconic part of the central and southern California's natural landscape and key to 69 

the region's ecosystem functions (Jennings, 2018; Lambert et al, 2010; Safford et al, 2018; 70 

Keely, 2018; Rundel, 2018), the chaparral ecosystem in California has been heavily degraded in 71 

recent years due to a combination of factors such as urbanization, short-interval fire, drought and 72 

alien annual grass invasions, giving rise to the need for restoration (Keeley & Brennan, 2012; 73 

Syphard et al., 2019; Keeley, 2001). European annual grasses, introduced in the early days of 74 

European settlement of western North America, have become widely invasive across arid and 75 

semi-arid California ecosystems (D'Antonio & Vitousek, 1992; Baker & Halsey, 2022). With 76 

traits associated with fast growth, such as high specific leaf area, high relative growth rate, and 77 

rapid seed production, they have been demonstrated to suppress recruitment of native species 78 

across California (e.g., Heady, 1977; Graebner et al., 2012; Sandel & Dangremond, 2012; Wright 79 

et al., 2004). Further, fueled by increased fire frequency, more severe drought stress, and 80 

anthropogenic activities that create ignition and disturbances (Baker & Halsey, 2022; Dewees et 81 

al., 2022; Lucero et al., 2021), these non-native annual grasses have contributed to the type-82 

conversion and degradation of many valuable and diverse native California ecosystems (Park et 83 

al., 2018; Barro & Conard, 1991; Pratt, 2022), including the chaparral.  84 

 85 

Concerns over the degradation of chaparral (Syphard et al, 2018) have led to efforts to revegetate 86 

or restore it (Dewees et al, in press; Allen et al., 2018; Stylinski and Allen, 1999). Yet, control or 87 

at least temporary reductions of non-native grasses are required to promote recovery of woody 88 
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plants in these systems (Stratton, 2004; VinZant, 2019), as the grasses have been shown to 89 

suppress the germination and decrease the survival of native species through competition for 90 

space and water, among other valuable resources, playing a key role in limiting restoration 91 

success (Phillips & Allen, 2024; Funk et al., 2016; Engel et al., 2019). However, the extent of 92 

non-native grass removal needed to facilitate restoration success is currently unclear. By testing 93 

the application of the constant final yield hypothesis to invasive grass growth or specifically to 94 

non-native annual grasses in degraded chaparral ecosystems, we can potentially improve the 95 

efficiency of restoration by understanding what level of grass control is needed to enhance 96 

woody plant establishment.  97 

 98 

In this study, we tested whether invasive grasses in a degraded foothill shrubland environment 99 

exhibited behavior consistent with the constant final yield hypothesis, at what density constant 100 

final yield was achieved, and how grass density and subsequent biomass interacted with the 101 

outplanting of seedlings of a once-dominant native shrub species. We quantified the density-102 

yield relationship of a common invasive annual grass species, Bromus diandrus, in a type-103 

converted non-native grass-dominated site by directly manipulating grass density, monitoring 104 

relevant environmental variables, and using outplanted Ceanothus megacarpus, a common 105 

chaparral species, as a phytometer for a native woody species response to possible freed-up 106 

resources. We aimed to evaluate the density at which non-native biomass is reduced, if any, and 107 

whether such a biomass reduction can lead to greater native woody seedling performance.  We 108 

address the following questions: (1) What is the density-yield relationship of non-native annual 109 

grasses, to what degree does it follow the constant final yield hypothesis, and is the relationship 110 

consistent across years? (2) How does non-native annual grass thinning influence environmental 111 
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resources such as light and water that could be available to other species? and (3) Can out-112 

planted native seedlings benefit from grass reduction below full (100%) removal? Invasive grass 113 

control often involves mowing, grazing, or herbicide use, each of which reduces abundance or 114 

biomass, but from which grasses typically recover. Thus, our manual density reduction followed 115 

by regrowth is not unlike the windows of opportunity that management actions create in these 116 

systems.  117 

 118 

Methods 119 

Study Site 120 

We conducted our study at the San Marcos Foothills Preserve in Santa Barbara, California 121 

(34°24'50'' N and 119°50'44'' W, elevation: 125-156 meters; Figure 1a). Research took place in 122 

2024 (year 1) and 2025 (year 2) at two distinct sites within the Preserve (Figure 1b). Both sites 123 

occurred on south-facing slopes that were historically co-dominated by coastal sage scrub and 124 

chaparral plant communities. At the time of our study, however, they had been type-converted to 125 

non-native annual grasses and were dominated by nearly monospecific stands of Bromus 126 

diandrus. Avena sp. and Brassica nigra were also present but estimated to make up less than 5% 127 

of the canopy cover at each site. The site is in a Mediterranean climate with a mean annual 128 

precipitation of 546 mm and a standard error of 37 mm in the past 60 years (County of Santa 129 

Barbara). In our experimental years, total precipitation of 693 mm occurred during the 2024 130 

growing season between December 2023 and May 2024, notably above the annual average for 131 

the location, and 374 mm during the 2025 growing season between December 2024 and April 132 

2025 (Funk et al. 2015; Appendix S1: Figure S3). Most recently, the site was burned in 133 

December of 2019 by the Cave Fire.  134 
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 135 

Soil types at both sites were located on terraces with moderately well-drained soil and were 136 

derived from mixed alluvium parent material. Soils ranged from fine sandy loam near the soil 137 

surface to clay deeper within the soil profile. However, soils at the 2025 site had greater stone 138 

and rock inclusions. Soils at the 2024 site were Milpitas-Positas fine sandy loam soils (Positas 139 

and similar soils 48%, Milpitas and similar soils 45%) while soils at the 2025 site were Milpitas 140 

stoney fine sandy loam (Milpitas and similar soils 85%) (Web Soil Survey 2026).  141 

 142 

Non-native Removal Treatment 143 

On February 3rd, 2024, we set up 25 of the 50 x 50 cm plots in the 2024 site with the precise 144 

location marked on the map (Figure 1b), which had no observable shrub recruitment and was 145 

covered by newly germinated Bromus diandrus with no other species visible following January 146 

rainfall (Appendix S1: Figure S4). Initial non-native grass density was quantified by counting the 147 

number of grass seedlings in the marked plots. Five different treatments- 0% removal, 25% 148 

removal, 50% removal, 75% removal, and 100% removal by our grass seedling count (n = 5 per 149 

treatment = 25 plots) were randomly assigned to the plots and calculated based on each plot’s 150 

original density to eventually establish a density gradient (Figure 1c). The post-removal density 151 

was multiplied by 4 to be reported as plants/m2 for the rest of the study. After the initial setup, 152 

the plots were allowed to grow naturally until their seeds were harvested in late April 2024, and 153 

the rest of the biomass was harvested on May 21st, 2024, when the grasses were visibly at the 154 

end of their lifecycle. We initially predicted biomass allocation would differ between 155 

reproductive and vegetative biomass. We found, however, that grass density had no effect on 156 

biomass allocation, as the reproductive and vegetative biomasses correlated strongly (R2 = 157 

.CC-BY 4.0 International licenseis made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It 

The copyright holder for thisthis version posted September 22, 2026. ; https://doi.org/10.64898/2026.09.21.751057doi: bioRxiv preprint 

https://doi.org/10.64898/2026.09.21.751057
http://creativecommons.org/licenses/by/4.0/


 

 

0.920), so the two biomass values were combined for downstream analysis in 2024 and not 158 

repeated in 2025. The combined biomass samples were dried at 60 degrees Celsius for at least 48 159 

hours to obtain the total dried biomass for each sample. 160 

  161 

On February 16th, 2025, we set up 50, 50 x 50 cm plots in a separate site but with identical 162 

characteristics such as Bromus coverage, soil type, and management history as the 2024 site 163 

(Figure 1b). Initial density survey and treatment methods were consistent with year 1 using a 164 

random design to establish a similar density gradient but with more replicates (n = 10). One, 4-165 

month-old Ceanothus megacarpus seedling was randomly selected from our UCSB initiated 166 

plants (see below), and hand-planted into the center of each plot as a phytometer and watered 167 

with 400 ml of tap water. The grasses removed during the phytometer out-planting were taken 168 

into account and subtracted from the plot’s final density count, and then the systems were 169 

allowed to grow naturally. On May 30th, 2025, all of the invasive grass biomass and the 170 

phytometers were harvested separately, and both were dried in the lab at 60 degrees Celsius for 171 

at least 48 hours to obtain dry biomass. 172 

 173 

Soil Moisture & Light Measurements 174 

Environmental data were tracked in each plot throughout the growing season during the second 175 

year of the experiment, from mid-February to early May 2025. For soil moisture, a time domain 176 

reflectometer (TDR model 6050X3K1, MiniTrase Kit; SoilMoisture Equipment Corp.; Santa 177 

Barbara, CA) was used to measure soil moisture using 15-centimeter probes. Surveys were 178 

performed 4 times across the growing season (February 22, March 4 and 27, and May 5th). 179 

Three readings were taken at 3 random locations in each plot and averaged for each plot.  180 
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 181 

The percent of photosynthetically active radiation that passed through the grass canopy (%PAR) 182 

was measured with a Line Quantum Sensor (LI-250A Light Meter; LI-COR Biosciences; 183 

Lincoln, NE), where the overhead meters were placed above the canopy to measure background, 184 

and three point measurements, randomly sampled, were taken below the canopy on the soil 185 

surface in each plot on each sampling date. %PAR was calculated by dividing the below-canopy 186 

point measurement PAR average by the above-canopy background PAR, to account for canopy 187 

conditions as grasses grew to peak biomass. Surveys were conducted on February 25th and 188 

March 8th and 31st, each day at around 11 AM on clear-sky days. Note that not all plots were 189 

surveyed on each date due to difficulty in locating our flags, used to mark the location of plots, 190 

when the grasses were too tall. Data monitoring stopped after March 21st because no further 191 

changes in canopy cover were observed in our field site. 192 

 193 

Phytometer outplanting 194 

Ceanothus megacarpus was chosen as a ‘restoration’ species as it is present in remnant 195 

populations at the site today and is a typically seeding species threatened by grass invasion of 196 

former shrublands (Montygierd-Loyba & Keeley, 1987). Seeds of this shrub were collected in 197 

the San Marcos Foothills Preserve by Channel Island Restoration. Seeds were soaked in boiling 198 

water and then treated with cold-moist stratification for 30 days. After germination, seeds were 199 

transplanted into individual pots with standard potting soil mix (1 Mycorrhizae Growing Mix 200 

[PRO-MIX Gardening; Quakertown, PA]: 2 perlites: 2 Cactus Potting Mix [Miracle-Gro; 201 

Marysville, Ohio]) on October 28th, 2024. Subsequently, the seedlings were kept outdoors at the 202 

UCSB Biology Greenhouse and watered regularly without fertilizer until they were outplanted to 203 
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the field on February 16th, 2025, when they were roughly 4.5 months old and without secondary 204 

growth.  205 

 206 

To assess seedling condition after out-planting, we surveyed their stomatal conductance using a 207 

fluorometer (LI-600 Porometer/ Fluorometer; LI-COR Biosciences; Lincoln, NE). Measurements 208 

were performed by clamping the leaf to fully cover the chamber and taking automatic readings. 209 

The fluorometer was zeroed regularly in the air. Data were collected on March 4th, 8th, 21st, and 210 

May 5th, and 30th, 2025. The stomatal conductance (gsw) value was measured and recorded for 211 

each phytometer that was still alive. Some phytometer stomatal conductance recordings were 212 

missed due to phytometer mortality, the phytometer being alive but lacking a leaf that could 213 

completely cover the measuring chamber, or our inability to locate the plot. 214 

 215 

Statistical Analysis 216 

All statistical analyses were performed in R (version 4.6.0) with the tidyverse package 217 

(Wickham, 2019) and illustrated with ggplot2 (Wickham, 2016).  218 

 219 

To characterize the relationship between invasive grass density (N) and aboveground dry grass 220 

biomass (DMa), common density-yield models were fitted to each year’s data. First, the power 221 

law model (DMa = aNb) was calculated by the method described in previous literature  222 

(Friedman, 2024), through linearizing the relationship via log-log transformation (log(DMa) = 223 

log(a) + b·log(N)) and applying ordinary least squares regression, where a and b are fitted 224 

coefficients. Based on the power law model result of the 2024 data, a linear model (DMa = aN + 225 

b) was fitted to only the 2024 data using simple regression. Based on the power law model result 226 
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for 2025 data, an asymptotic model (DMa = DMa_max · (1 − exp(−2.257 · (N / N̄)))) was also 227 

fitted to only the 2025 data, where DMa_max is the observed maximum biomass and N̄ is the 228 

mean density (Friedman, 2024). Model fit for the power law and linear model was evaluated 229 

using the coefficient of determination (R²).  230 

 231 

To calculate an overall trend for non-native annual grasses, as none of the models calculate a 232 

threshold between grass biomass and density, biomass data from both years were combined, and 233 

an estimated threshold was calculated based on the average biomass of the top fifteen (20%) 234 

samples (by biomass) from both years’ data combined. 235 

 236 

Removal treatments (0%, 25%, 50%, 75%, 100%) were used as a categorical variable to evaluate 237 

the effect of grass removal on the measured response variables, including soil moisture, %PAR, 238 

stomatal conductance, and phytometer biomass. One-way analysis of variance (ANOVA) was 239 

conducted for each sampling date. Normality of each response variable within each treatment 240 

group was assessed using the Shapiro-Wilk test. A high proportion of %PAR data groups 241 

violated the requirements for normality, likely due to the bounded nature of the variable 242 

(constrained between 0 and 1). The arcsine square root transformation did not improve 243 

normality. As a result, Kruskal-Wallis tests were run in parallel with ANOVA for all PAR 244 

sampling dates, and conclusions were compared to reveal largely similar results, so ANOVA 245 

results were retained for consistency. For all data types, when ANOVA indicated a statistically 246 

significant treatment effect (p < 0.05), pairwise differences between treatment levels were 247 

assessed using the Tukey-Kramer honest significant difference (HSD) post-hoc test, which 248 

accounts for the familywise error rate across all pairwise comparisons. 249 
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 250 

To assess whether invasive grass density was a significant predictor of environmental conditions 251 

on individual sampling dates, grass density count post-treatment was used as a continuous, 252 

independent variable, and simple linear regressions were fit between it and each of the following 253 

response variables: soil moisture, light availability (%PAR), and stomatal conductance on all 254 

sampling dates. Regressions were run on two subsets of data points: all plots combined and all 255 

plots excluding the 100% removal treatment, to evaluate whether the presence of fully cleared 256 

plots disproportionately influenced the relationship. The significance of each regression was 257 

evaluated using the F-test p-value, and goodness of fit was reported as R². 258 

 259 

Results  260 

Density-yield relationship of non-native annual grass 261 

Density of the grasses varied dramatically between the two years of the study, with maximum 262 

density in 2024 (year 1) being 548 plants/m2 (Figure 2a) while in 2025 (year 2) density was as 263 

high as 2856 plants/m2 (Figure 2b). The two years also differed in the shape of the density-yield 264 

relationship. Power law model on the 2024 grass biomass data produced an allometric exponent 265 

of 0.956 (1 indicates linearity), which signaled a lack of constant final yield within the range of 266 

densities for that year (Figure 2a). With the linear model, we found that aboveground dry grass 267 

biomass was strongly correlated with non-native grass density (R2 = 0.713). The 2025 biomass 268 

data, by contrast, exhibited an expected constant yield relationship with an exponent of 0.636. 269 

The decreased exponent signals a stronger leveling-off effect at high density, and such a 270 

relationship was also fitted to the asymptotic model (Figure 2b).  271 

 272 
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The combined data showed similar carrying capacity and overall density-yield relationship for 273 

the grass population despite previously described differences, as the biomass was visibly similar 274 

in the density range where they overlapped (Figure 2c). The calculated biomass threshold for 275 

constant yield is 220 +/- 29 grams, which was generally reached at around 500 plants/m2  which 276 

corresponds with approximately 75% removal treatment. The threshold can be reached as early 277 

as 184 grass seedlings per square meter (see data point with 75% removal that produced 186.67 278 

grams of biomass). After reaching the apparent population biomass threshold, the subsequent 279 

increase in population density did not result in an increase in biomass. The population biomass 280 

remained around the biomass threshold as the density reached around 2500 grasses per square 281 

meter, but higher density plots began to show a decrease in biomass (Figure 2c) with plots at the 282 

high end of density producing values such as 79.89 and 120.67 grams, much lower than the 283 

threshold biomass.  284 

 285 

Density effects on resources  286 

The abiotic environment strongly responded to our grass density manipulations. %PAR 287 

monitoring demonstrated low light penetration unless the Bromus population density was 288 

reduced by the 100% removal treatment (Figure 3b). In the early growing season on February 289 

25th and March 8th, significant differences were found between the 100% removal treatment and 290 

all other treatments on February 25th (Appendix S1: Table S1). On March 8th, the 100% 291 

removal treatment remained significantly higher than the rest of the treatments (Appendix S1: 292 

Table S1), and the 75% removal treatment was also significantly higher compared to the 0% 293 

removal treatment (p = 2.52e-3). Towards the middle of their growing season, on March 21st, 294 

similarly low %PAR was found in 0% to 75% removal plots, signifying dense cover and intense 295 
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shading, significantly lower than the %PAR of 100% removal treatment plots (Figure 3b; 296 

Appendix S1: Table S1).  297 

 298 

Soil moisture also only consistently increased in 100% removal plots. Data on February 25th 299 

showed a significant difference between 100% and 75% removal only (p = 0.039). Subsequent 300 

March 4th survey showed much stronger differences between 100% and all the rest of the 301 

removal treatments (Appendix S1: Table S1). The March 27th survey also showed significant 302 

differences but to a weaker effect, with only a significant difference between 0% and 100% 303 

removal found (p = 0.012). In the May 5th survey, soil moisture was much drier compared to 304 

prior surveys as summer approached, but 100% removal was still significantly higher than the 305 

0% (p = 0.016) and 25% removal (p = 0.021) treatments (Figure 3a).  306 

 307 

Abiotic data on each date collected were also plotted against continuous grass density (post 308 

treatment) instead of discrete treatments. Linear regression of March 4th data showed a 309 

significant negative association between soil moisture and grass density, but no significant 310 

relationship was detected when the 100% removal plots were excluded (Figure 3c). A similar 311 

trend was observed in the %PAR data collected on March 21st (Figure 3d), as full data showed a 312 

significant negative correlation that suggests light level increases as grass density decreases, but 313 

no such relationship was found when only looking at the 0% to 75% removal data. Albeit with 314 

less statistical significance, the continuous density effect on abiotic environmental data showed a 315 

visually similar trend in other dates as well (Appendix S1: Figure S1).  316 

 317 

Phytometer growth and physiological response 318 
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To measure the response of native species to grass removal treatments, the removal also resulted 319 

in the end-of-season dried aboveground phytometer biomass being greater in the 100% removal 320 

plots compared to each of the phytometers in the 0% to 75% removal treatment plots (Figure 4a). 321 

The mean biomass of phytometer seedlings grown in plots with extremely low density produced 322 

by 100% removal was 0.426 grams ± 0.249, with maximum biomass being 0.848 grams. 323 

Phytometer biomass in the 100% removal plots was significantly greater than the rest (p ≤ 324 

0.047).  325 

 326 

Phytometer stomatal conductance value measured on March 4th, 24 days after outplanting, 327 

showed surprisingly significant greater stomatal conductance between 75% and 0% removal (p = 328 

0.017) and 75% and 100% removal (p = 0.016), and the March 8th data showed differences 329 

between 100% and 75% removal (p = 0.012). A linear regression analysis on the continuous 330 

grass density on phytometer stomatal conductance, however, found no significant correlation 331 

between the variables on these two days (Appendix S1: Figure S2). The subsequent survey on 332 

March 21st showed average phytometer stomatal conductance to be the highest in 100% removal 333 

plots (Figure 4b), significantly greater than the 25% removal treatment (p = 0.005). Linear 334 

regression showed a significant negative association between phytometer stomatal conductance 335 

and grass density (Figure 4c). End-of-season stomatal conductance data collected on May 5th 336 

and May 30th showed low average stomatal conductance and no differences across treatments 337 

(Appendix S1: Table S2). 338 

 339 

Discussion  340 

 341 
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Density-yield relationship of non-native annual grass 342 

In plots dominated by Bromus diandrus, a wide-spread non-native annual grass species that can 343 

have detrimental impacts in chaparral and other resource limited systems (Germino et al., 2016), 344 

our study showed an overall similar density-yield relationship between 2024 and 2025 despite 345 

differences in their maximum density. The overlapped region ( ≤1000 grass/m2) for the two years 346 

is largely linear, suggesting there were uncaptured resources by the population (Harpole et al., 347 

2007). Such observation is consistent with the initial linear growth described by the constant 348 

final yield hypothesis (Weiner & Freckleton, 2010). After reaching the apparent population 349 

biomass threshold at high grass densities ( >1000 grass/m2), the subsequent increase in 350 

population density did not result in an increase in population biomass due resource limitation 351 

(Mrad et al., 2000) and intraspecific competition (Friedman, 2016b; Zhai et al. 2018), as 352 

predicted by the constant final yield hypothesis. Furthermore, a decrease in population biomass 353 

was observed as density increases beyond that amounts suggesting high intraspecific competition 354 

and consistent with density-dependent mortality or self-thinning in a resource limited 355 

environment (Willey & Heath, 1969; Yahuza, 2011; Fibich et al., 2014; Assefa et al., 2018; 356 

Deng et al., 2012). Together our study supports previous studies demonstrating that a constant 357 

final yield can occur in natural, non-agricultural systems (Xue & Hagihara, 2008; Xue & 358 

Hagihara, 1999). 359 

 360 

The visual constant final yield relationship among B. diandrus can be supported by the 361 

comparable calculated coefficients relative to previous studies across ecosystems. In the power 362 

law model initially proposed by Kira et al. (1953), the allometric exponent at the onset of growth 363 

is predicted to be 1, and the 0.958 (Figure 2a) calculated from data before the population reached 364 
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constant final yield is in excellent agreement with the proposed value. For populations that 365 

reached the constant final yield, the mean exponent found by Postma et al. (2021) was 0.276, and 366 

Friedman (2024b) found exponents ranging from 0.086 to 0.535 in agricultural systems, lower 367 

than the value (0.636) found in our studies. The comparatively larger allometric exponent for B. 368 

diandrus suggests a weaker constant final yield effect compared to other species, potentially due 369 

to the lack of metabolic flexibility associated with some annual grasses (McBride et al., 2024), or 370 

it could also simply be explained by species specificity (Pretzsch, 2006). Notably, neither 371 

equation used fully captures the density-yield relationship we observed, as higher-density data 372 

points are all systematically lower than those predicted by the models, suggesting strong density-373 

dependent forces, such as intraspecific competition, can operate in this setting.  374 

 375 

The larger allometric exponent in our study could also be due to experimental differences in how 376 

we created our grass density gradient and at what life stage intraspecific competition took place. 377 

A field experiment allowed us to study grasses in situ, but it also meant we carried out thinning 378 

treatments among already germinated grasses as opposed to creating a density gradient through 379 

sowing grass seed at different densities (as in Li et al., 2013, 2016). This difference in creating a 380 

density gradient meant intraspecific competition took place later with young, month-old grass 381 

individuals compared to earlier with germinating grass seedlings, potentially weakening its 382 

effect.  383 

 384 

Density effects on resources  385 

We focused on water and light because they are the most likely abiotic resources that limit non-386 

native grass growth, and both %PAR and soil moisture responded to grass density manipulation. 387 
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With resources are presumably depleted in the control 0% removal treatment, the similar levels 388 

for 25%, 50%, and 75% treatments with the control on multiple dates indicate similar depletion, 389 

revealing compensatory responses by the remaining individuals (Ortega et al., 2004; Retuerto & 390 

Woodward, 2001). Such results resonate with the previously discussed constant final yield, as, 391 

for example, when the individuals in low-density plots exhibit compensatory growth to increase 392 

in size, a closed canopy is created to decrease the detected %PAR value (Champion et al., 1998; 393 

Whaley et al., 2000). Similar results are observed with soil moisture, suggesting water is 394 

depleted and also limits overall productivity in California grassland environments despite 395 

previous studies having indicated otherwise (Houlton & Field, 2010; Dukes et al., 2005).  396 

 397 

Additionally, we found that only the 100% removal treatment is effective in increasing 398 

environmental resource availability, as the significant correlation between resources and grass 399 

density was lost when 100% removal plots were excluded, indicating that complete removal was 400 

necessary to increase resource availability in the environment substantially (Figure 3). Quickly 401 

consumed and heavily limiting across a wide range of density from 0% to 75% removal, light 402 

and water likely play key roles in mediating plant-to-plant interaction and are the center of 403 

intraspecific competition at our site, which is expected for the generally resource poor, semi-arid 404 

mediterranean climate of California chaparral land (Abraham et al, 2008; Pratt et al., 2007; 405 

Molinari & D’Antonio, 2014), eventually to play a major role in limiting grassland productivity 406 

at our site and contribute to the previously discussed constant final yield. Other studies have 407 

found nutrients, such as nitrogen and phosphorus availability, also influence grassland 408 

productivity (Borer et al., 2017; Houlton & Field, 2010; Chu et al., 1996). It is very likely that 409 
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the interaction between nutrients and water may together drive the productivity of California 410 

non-native grassland, and they should be considered in future studies. 411 

 412 

Phytometer growth and physiological response 413 

The altered resource availability, such as soil moisture, at different grass densities also influences 414 

interspecific competition, mediating native species establishment in degraded systems (Thaxton 415 

et al., 2011). The significant increase in Ceanothus megacarpus biomass only at 100% non-416 

native grass removal echos the low resource availability found at all but 100% removal, and it 417 

reflects the expected beneficial effects of grass removal that have been demonstrated across 418 

multiple systems (Figure 4; Silletti et al., 2004; Cabin et al., 2002). More specifically, the 419 

importance of 100% removal supports Eliason & Allen (1997), where they found 4-month-old 420 

Artemisia californica seedling biomass only increased at 0%-5% non-native density. However, 421 

other studies have found 50% removal to be similarly effective, such as Philips & Allen (2024) 422 

with 6-month-old Adenostoma fasciculatum seedling and Rehm et al. (2023) with germinated 423 

Coprosma rhynchocarpa seedlings all benefited from both 50% and 100% non-native grass 424 

removal. Therefore, factors such as seedling size, systems’ nutrient richness, and species together 425 

influence the outcome of interspecific competition, but when implementing young seedlings in a 426 

source poor environment, like this study, 100% removal may be necessary in specific cases. 427 

 428 

From a stomatal conductance perspective, no clear trend was observed in early-season, likely due 429 

to transplant shock before the phytometers had adapted to their environment (Howard and 430 

Minnich, 1989; Allen et al., 2019). Mid-season data (March 21st) suggested phytometers in 431 

100% removal plots are more metabolically active than those in any other treatment similar to 432 
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results of other studies (Jiang et al., 2006; Gago et al., 2016). Possibly, the extended increase of 433 

soil moisture and light availability in the 100% removal plots (Figure 3) allowed such a trend to 434 

persist in 100% removal plots between March 21st and May 5th, retaining greater stomatal 435 

conductance that may led to the eventually greater biomass (Roche, 2015; Kimura et al., 2020). 436 

Additionally, with similarly low stomatal conductance among all individuals, the end-of-season 437 

data suggest grass removal does not improve the environmental stressors commonly faced by 438 

native species such as drought (Jacobsen & Pratt, 2018), which has been shown to lower 439 

stomatal conductance in chaparral shrubs (Lunneberg et al., 2023) and is reflected in our study. 440 

Overall, stomatal conductance data provide further evidence that biologically available resources 441 

created by non-native grass removal, especially during the mid-growing season, can be captured 442 

by neighboring native species when intensely removed and improved their competitive 443 

advantage against non-natives through the increased growth that was observed. 444 

 445 

Limitations & Restoration implications 446 

Our study has several limitations. First the removal treatment was conducted approximately one 447 

month after wet up, rendering the germinated grasses more established. Grass size will influence 448 

competition between the grasses and the outplanted C. megacarpus seedling (Thompson, 1988). 449 

We may have observed less suppression if the phytometer outplanting had occurred at an earlier 450 

grass stage. Additionally, our study only evaluated the response of one phytometer species, and 451 

functional trait differences among native shrub species could create different physiological 452 

responses towards the treatments leading to different outcomes (Ackerly, 2004; Nielsen et al., 453 

2019, Dewees et al. in press). However, by using a common species found in chaparral 454 

communities but not often used in a research context due to challenging germination cues 455 
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required (Hadley, 1961), this study adds to the existing knowledge of shrub species that would 456 

benefit from grass removal. 457 

 458 

From a restoration perspective, our study supports a minimum 75% removal of grasses is 459 

necessary to reduce the invasive grasses population biomass. In other words, efforts to control 460 

non-native grasses that do not keep it reduced below 75% will not lead to a reduction in overall 461 

grass productivity. After initial grass removal efforts, regermination, which commonly occurs 462 

due to a generally large non-native seedbank, and continued rainy season precipitation, will 463 

require management attention to keep grass densities below 500 individuals/m2. Although grass 464 

biomass will decrease at 75% removal, to release the environmental resources to aid out-planted 465 

native seedling growth, 100% removal treatments may need to be implemented based on the 466 

response of Ceanothus megacarpus, as we found no environmental resource release or 467 

phytometer growth benefit in any other removal treatment but 100% (Figure 3; Figure 4). In the 468 

other removal treatments, it is likely that the remaining grasses, after thinning, compensate for 469 

the resources freed by thinning treatments, resulting in no benefit for the phytometer. 470 

 471 

Conclusions 472 

This study provides a framework for considering the restoration of native woody plants in non-473 

native annual grass dominated land through the lens of the constant final yield hypothesis. Our 474 

findings support the existence of a constant final yield in Bromus diandrus grass populations in 475 

degraded California chaparral, driven by intense intraspecific competition for resources but 476 

starting at relatively low density. Applied to restoration, where a reduction of biomass is desired 477 

to aid native seedling establishment, we found that an increase in resource availability and an 478 
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increase in phytometer biomass can only be achieved when non-native annual grasses are fully 479 

removed, despite there being a reduction in non-native grass biomass at 75% removal. Full (i.e., 480 

100%) non-native grass removal may be achieved with herbicides at the outset of the rainy 481 

season after grass germination, but our results suggest that any further grass germination could 482 

start to reduce woody seedling performance.  483 
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 782 

Figure Captions 783 

 784 

Figure 1. Map of the location of the field site in San Marcos Foothills Preserve (a) and map of 785 

the specific location where year 1 (2024) and year 2 (2025) of the density manipulation 786 

experiment took place (b). Photos of 50 x 50cm plots of Bromus diandrus density gradient 787 

established after administering different levels of removal treatment (c). 788 

 789 

Figure 2. Density-yield relationship of non-native annual grass Bromus diandrus with data from 790 

2024 (a), 2025 (b), and both years’ data overlaid together (c). The y-axis indicates the total 791 

aboveground dry biomass (grams), with both vegetative and reproductive growth, for each plot 792 
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harvest at the end of its growing season. The initial thinning treatment producing the density is 793 

indicated by colors in panels a and b, with 0% being no removal and 100% being full removal. 794 

Panel c shows 2024 (blue) and 2025 (red) data overlaid on top of each other, with colors 795 

indicating the year. The three models applied, linear (blue line), asymptotic (red line), and power 796 

law (black lines), are shown alongside the data points, and the parameters that produced the 797 

corresponding dotted lines are shown in the equations of the same colors.  798 

 799 

Figure 3. 2025 field environmental data monitoring measures the effect of removal treatment on 800 

(a) soil moisture and (b) PAR through the Bromus diandrus growing season. Data separated by 801 

initial removal treatment, indicated by color. The mean for each treatment at each date is 802 

indicated by a point, and the error bar represents plus or minus 1 standard deviation. The result 803 

of ANOVA for each date is noted on the figure, with * = p < 0.05   ** = p < 0.01   *** = p < 804 

0.001. Continuous density effect on soil moisture (c) and %PAR (d) at a single date, March 4th 805 

for soil moisture and March 21st for % PAR. Linear regression analysis and the statistical results 806 

are embedded in the figure, with blue showing the relationship between environmental data and 807 

grass density for all data points, and red showing that of only the 0% to 75% removal treatment.  808 

 809 

Figure 4. Biomass for outplanted native shrub seedlings of Ceanothus megacarpus at the end of 810 

the season (a). Data separated by initial removal treatment indicated by color, and letters indicate 811 

significant differences with p < 0.05. Stomatal conductance (gsw) value measured for each 812 

phytometer throughout the grass growing season is also shown (b). The mean for each treatment 813 

at each date is indicated by a point, and the error bar represents plus or minus 1 standard 814 

deviation. The result of the ANOVA for each date is noted on the figure, with * = p < 0.05   ** = 815 
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p < 0.01   *** = p < 0.001. (c) Continuous non-native grass density effect on native seedling 816 

stomatal conductance at a single date, March 21st.  817 
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