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Background. In the grass family, a disproportionate number of species have been
designated as being invasive. Various growth traits have been proposed to explain the
invasiveness of grasses, however the possibility that allelopathy gives invasive grasses a
competitive advantage has attracted relatively little attention. Recent research has
isolated plant allelochemicals that are mostly specific to the grass family that can
breakdown into relatively stable, toxic byproducts.
Methods. We conducted a meta-analysis of studies on grass allelopathy to test three
prominent hypotheses from invasion biology and competition theory: 1) on native
recipients, non-native grasses will have a significantly more negative effect compared to
native grasses (novel weapons hypothesis); 2) among native grasses, their effect on non-
native recipients will be significantly more negative compared to their effect on native
recipients (biotic resistance hypothesis), and 3) allelopathic impacts will increase with
phylogenetic distance (phylogenetic distance hypothesis). From 23 studies, we gathered a
dataset of 524 observed effect sizes (delta log response ratios) measuring the allelopathic
impact of grasses on growth and germination of recipient species, and we used non-linear
mixed-effects Bayesian modeling to test the hypotheses.
Results. We found support for the novel weapons hypothesis: on native recipients, non-
native grasses were twice as suppressive as native grasses (22% versus 11%,
respectively). The phylogenetic distance hypothesis was supported by our finding of a
significant correlation between phylogenetic distance and allelopathic impact. The biotic
resistance hypothesis was not supported. Overall, this meta-analysis adds to the evidence
that allelochemicals may commonly contribute to successful or high impact invasions in
the grass family. Increased awareness of the role of allelopathy in soil legacy effects
associated with grass invasions may improve restoration outcomes through
implementation of allelopathy-informed restoration practices. Examples of allelopathy-
informed practices, and the knowledge needed to utilize them effectively, are discussed,
including the use of activated carbon to neutralize allelochemicals and modify the soil
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microbial community.
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18 Introduction

19 As a prime example of anthropogenic change, grasses have been deliberately moved by 

20 human civilizations, often to feed livestock (D�Antonio & Vitousek, 1992; Fusco et al., 2021), 

21 and their invasive spread has devastated many ecosystems (Marshall et al., 2011; Wied et al., 

22 2020; Kerns et al., 2020; Rhodes et al., 2021; Rayment, French & Bedward, 2022). The spread 

23 of non-native grasses can diminish native biodiversity by forming monocultures and modifying 

24 soil characteristics and nutrient cycling (Perkins, Johnson & Nowak, 2011; Gibbons et al., 

25 2017; Wied et al., 2020; Musso et al., 2021; Nagy et al., 2021; Soti & Thomas, 2021). Non-

26 native grasses may benefit from aspects of global change, including wildfire (Davies et al., 

27 2022), drought (Leal et al., 2021; Sommers, Davis & Chesson, 2022), and nitrogen deposition 

28 (Cione, Padgett & Allen, 2002; Sigüenza, Corkidi & Allen, 2006). Non-native grass 

29 establishment can lead to increased wildfire frequency and/or intensity (D�Antonio & 

30 Vitousek, 1992; Fusco et al., 2019; Tomat‐Kelly, Dillon & Flory, 2021; Walker & Morgan, 

31 2022), and shortened fire cycles can push an ecosystem past the threshold of passive recovery 

32 (D�Antonio, Hughes & Tunison, 2011), which substantially increases costs of restoration and 

33 adds urgency to restoration planning in areas recently invaded by grasses.

34 Native (Hierro & Callaway, 2021), invasive (Kalisz, Kivlin & Bialic-Murphy, 2021) and 

35 domesticated/crop grasses (Niculaes et al., 2018) are reported to have allelopathic abilities. 

36 Across plant groups, allelochemicals differ in chemical structure and impart impacts through 

37 different mechanisms (Cheng & Cheng, 2015), but researchers have identified benzoxazinoids 

38 as allelochemicals that have been phylogenetically conserved within the Poaceae family (Frey 

39 et al., 2009; Dutartre, Hilliou & Feyereisen, 2012; Niculaes et al., 2018), with evidence 

40 supporting independent or convergent evolution of benzoxazinoids in some dicots (Schullehner 

41 et al., 2008; Dick et al., 2012). When considered together, the evidence of shared 

42 allelochemicals, disproportionate invasion success and impacts (Linder et al., 2018) and the 

43 large number of grass species, the grass allelopathy literature provides a unique opportunity to 

44 test important hypotheses in invasion biology and draw conclusions that can inform real world 

45 practices used to reduce the impacts of invasive grasses. 

46 The aim of this meta-analysis was to test whether three key invasion biology theories 

47 are supported by studies investigating potential allelopathic abilities in grasses. First, we tested 

48 if the Novel Weapons Hypothesis (Callaway, 2000; Hierro & Callaway, 2003; Callaway & 

49 Ridenour, 2004) was supported (on native recipient species, effect size of non-native grass < 

50 native grass). Second, we tested if the Biotic Resistance Hypothesis (D�Antonio & Thomsen, 

51 2004; Cummings, Parker & Gilbert, 2012) was supported (for native grasses, effect size 

52 associated with non-native recipients < native recipients, assuming the native grass is an 

53 important contributor to native community resistance). Finally, we tested the hypothesis that 

54 increased phylogenetic distance is associated with increased allelopathic impact due to 

55 expected greater similarities in secondary chemicals among closer relatives and presumed 

56 resistance to self-produced allelochemicals (Phylogenetic Distance Hypothesis, co-efficient of 

57 smoothed phylogenetic distance < 0) (Wink, 2003; Zhang et al., 2020b). 

58

Abstract


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59 Materials & Methods

60 In our comprehensive search, three terms were used in database searches to identify 

61 studies to be included in the invasive grass allelopathy metanalysis: �invas*�, �allelo*� and 

62 �grass�, where �*� indicated a wildcard character. Thus, agriculture-focused research was 

63 considered only if it was presented in the context of invasion. In May 2021, multiple search 

64 engines were used to identify relevant studies for use in the meta-analysis: Web of Science, 

65 SpringerLink, EBSCO, PubMed, Google Scholar and JSTOR (Figure 1). Specific journals were 

66 also searched: Journal of Chemical Ecology and Plant and Soil to allow searching a longer 

67 timeframe in these journals which have been historically popular for allelopathy research. 

68 Additionally, studies used in the Zhang et al. (2020b) meta-analysis (which included all 

69 volumes of Allelopathy Journal) that used grasses as the allelopathy species (species being 

70 tested for allelopathic potential) were included, but data from these studies was procured 

71 independently from each article to ensure that the methodology of extracting data remained 

72 consistent across all studies. This initial screening resulted in 477 studies, and after filtering for 

73 studies that included methodology that met criteria for inferring allelopathy (as described by 

74 Zhang et al. 2020b), grass species as the source of potential allelopathic abilities (referred to 

75 here as the �allelopathy species�), ecological context of invasion, and separate reporting of 

76 control and test condition data with standard deviations or standard errors, 23 studies were left 

77 (Rasmussen & Rice, 1971; Rice, 1972; Orr, Rudgers & Clay, 2005; Blank & Sforza, 2007; 

78 Barbosa, Pivello & Meirelles, 2008; Navarro-Cano, 2008; Rudgers & Orr, 2009; Hussain, 

79 Ahmad & Ilahi, 2010; Meksawat & Pornprom, 2010; Harnden, Macdougall & Sikes, 2011; 

80 Bennett, Thomsen & Strauss, 2011; Corbett & Morrison, 2012; Ghebrehiwot, Aremu & van 

81 Staden, 2014; Greer et al., 2014; Abu-Romman & Ammari, 2015; Ismail, Tan & Chuah, 2015; 

82 Perkins, Hatfield & Espeland, 2016; Oliveira et al., 2016; Jose et al., 2016; Uddin et al., 2017; 

83 Chen et al., 2018; Możdżeń et al., 2020; Guido et al., 2020). 

84 From each study, we collected the following information: author, year published, 

85 table/figure where data are located, name of the allelopathy species (potentially allelopathic 

86 species), name of recipient species (species impacted by the allelopathy species), mean, 

87 standard error/deviation and sample size for both control and test conditions, lifespan of each 

88 species (annual or perennial), origin of each species, experimental method (as categorized by 

89 Zhang et al. 2020b), trait measured (germination or growth, for growth, aboveground preferred, 

90 then belowground, then total), duration in days, experimental environment (controlled or 

91 otherwise), condition of plant material allelochemicals were sourced from (fresh or dry), plant 

92 part used to source allelochemicals (aboveground, belowground or mixed source), dose, dose 

93 unit type, solvent and solvent polarity. Our use of �recipient species� instead of �test species,� 

94 which is used in other articles (including Zhang et al. 2020b) to refer to the species receiving 

95 the allelopathic ability, is a change made to improve clarity around the species pairs, as across 

96 ecology, �test species� is often used to refer to the species that is of main importance (i.e. not 

97 the recipient species, but the species being tested for having or being involved in some key 

98 phenomena). Additional details about data collection and the a priori power calculator used 

99 prior to running the analyses are in the extended methods section (Supplemental File 1). 
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100 To account for small sample bias, the delta log response-ratio (delta LRR) formula was 

101 used to calculate one �observed� effect size from each pair of control and treatment means (+ 

102 standard error, sample size) (Lajeunesse, 2015). Two observed effect sizes were dropped 

103 because both the control and treatment mean failed the Geary check (Lajuennese 2015, 

104 standard formula), indicating that these points violated the assumption of normality. After 

105 dropping those points, we were left with a total of 524 observed effect sizes. Of the whole 

106 dataset, 23% of pairs lacked a reported dose (or information that could be used to calculate a 

107 dose), so the �mice� package was used to impute missing values based on delta LRR, standard 

108 error, and all remaining predictors in the model (van Buuren & Groothuis-Oudshoorn, 2011). 

109 From the �mice� function, 25 imputations were run, and for each observation missing a dose 

110 value, the median of the 25 imputed dose values was extracted for use in the modeling. 

111 Imputation via �mice� was done in place of the �missing values� feature included in the brms 

112 package, because dose had to be rounded and converted to a categorical variable to be used as a 

113 random effect, which is not supported by that feature. Plant species names were standardized 

114 using NCBI (Schoch et al., 2020). The article text and/or external sources were used to 

115 determine if each species was native (considered locally indigenous) or non-native. Other 

116 predictors collected from each study are listed in Table S1. 

117 In R (R Development Core Team, 2022), analyses utilized the �brms� package for non-

118 linear, mixed-effect, multi-variate Bayesian modeling (Bürkner, 2017, 2018), using the 

119 Student�s t-distribution for the error components due to the presence of outliers. Predictors 

120 were chosen based on past evidence of significance (Zhang et al., 2020b) and the hypotheses to 

121 be tested. The �tree-linked� random variables refer to effects of species constrained by the 

122 phylogenetic covariance matrix, as a nested model (�phyr� package in R)(Li et al., 2020). The 

123 �phytools� package was used to generate the phylogenetic tree used in models (Revell, 2012), 

124 and the �aptg� package was used to generate a distance matrix for the full set of plant species 

125 (Benjamin, 2017), and the values from the distance matrix were included as a measure of 

126 phylogenetic distance in models. Phylogenetic distance was a log-scaled, smoothed term to 

127 allow for the model to inherently account for a non-linear relationship with effect size.

128 The non-linear model separated predictors into a �study� spline, with random effects 

129 associated with study design (study ID, nested sub-study, nested trait measured; method 

130 category, nested study duration; dose used), and a �species� spline, with random effects that 

131 capture species effects (grass and recipient species, and grass and recipient species linked to 

132 phylogenetic tree) and fixed effects for our hypotheses (origin status of grass, origin status of 

133 recipient species, phylogenetic distance). Past reviews and meta-analyses were referenced to 

134 determine which predictors were known to have correlations with allelopathic effect sizes, 

135 which we then included as random effects to account for variance (Zhang et al., 2020b).

136 To deal with the lack of independence among delta LRRs that came from the same 

137 study, the �study� spline consisted of random effects study ID (and nested variables sub study, 

138 and measured trait), dose (as a categorical variable) and experimental method (based on Zhang 

139 et al. (2020b) classification) (and nested variable study duration, as a categorical variable). The 
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140 �species� spline consisted of random effects grass species (allelopathy species), recipient 

141 species and both species tree-linked. The fixed effects on the �species� spline were origin status 

142 of grass (hereafter, grass origin), origin status of recipient species (hereafter, recipient origin), 

143 and smoothed, log-scaled phylogenetic distance between the grass species being tested for 

144 allelopathy and the recipient species. 

145 Prior to running the full model, an intercept model was run, which did not include any 

146 fixed effects. After generating both models, the �loo_compare� function was used to compare 

147 the fit of both models, based on both leave-one-out cross validation (LOO) and widely 

148 applicable information criteria (WAIC) values (Vehtari, Gelman & Gabry, 2017). The 

149 �hypothesis� function was used to test hypotheses at the 95% confidence level. Explained 

150 variance was calculated from the posterior sigma estimate (regression noise scale) and standard 

151 deviation estimates of each random effect in the intercept model. To check for publication bias, 

152 we ran a modified intercept model with log-scaled year published as a smoothed fixed effect in 

153 the �study� spline, and an Egger�s regression model based on the meta-analytic residuals from 

154 the original intercept model.

155 Results

156  Power analysis determined that there was sufficient power to find a difference in average 

157 allelopathic effect size, based on the number of studies and using Zhang et al (2020b) as the 

158 baseline for the difference (86%, Figure S1) (Steidl, Hayes & Schauber, 1997). In the intercept 

159 model, the study spline intercept was not significant (0.02, 95% CI [-0.21, 0.25]), but the 

160 species spline intercept was significantly negative, with grasses suppressing the growth or 

161 germination of the recipient species by approximately 24% (-0.28, 95% CI [-0.52, -0.04]). 

162 Around 35% of the variance was explained by study ID and nested variables sub-study and trait 

163 measured (15%, 8% and 11%, respectively). One-quarter of the variance was explained by 

164 method and nested variable duration (10% and 15% respectively). Another quarter of the 

165 variance was explained by grass species and recipient species (9% and 15% respectively). Dose 

166 explained 9% of the variance, meaning that only 7% of the variance in the dataset was 

167 unexplained at the observation (individual effect size) level. Phylogenetic signal from the tree-

168 linked random effects for either the allelopathy species or the recipient species explained < 1% 

169 of the variance. The Egger�s test and associated contoured funnel plot of the meta-analytic 

170 residuals did not indicate significant publication bias at the p=0.05 level (Figure S2, y-intercept 

171 95% CI [-0.03, 0.04]). Allelopathic impacts were not significantly related to publication year 

172 (Figure S3, y-intercept 95% CI [-0.32, 0.14], slope 95% [-0.29, 0.28]). The full model was 

173 better than the intercept model by LOO and WAIC criteria (Table S1). 

174 Novel Weapons Hypothesis was supported by the full model (Table 1). For native 

175 recipients, non-native grasses on average were almost twice as suppressive (24%) as native 

176 grasses (13%). The predicted average effect size of native grasses on native recipients, was 

177 weakly significantly different from zero (-0.14, 95% CI [-0.29, 0.02], 90% CI [-0.26, -0.01], 

178 Figure 2). The predicted average effect size of non-native grasses on native recipients was 

179 significantly negative (-0.27, 95% CI [-0.44, -0.09], Figure 2).
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180 The Biotic Resistance Hypothesis was rejected by the full model, with weakly 

181 significant support for the alternative hypothesis, that native grasses have more negative effects 

182 on native recipients compared to non-native recipients, instead of vice versa (0.09, 90% CI 

183 [0.02, 0.16], Table 1). On average, native grasses suppressed native recipients 9% more 

184 compared to non-native recipients, opposite to expectations for the biotic resistance hypothesis 

185 (positive model coefficient, Table 1). The predicted average effect size of native grasses on 

186 non-native recipients was not significantly different from zero (-0.05, 95% CI [-0.22, 0.14], 

187 with the model finding a 66% predicted probability that the average would be negative (Figure 

188 3).

189 The Phylogenetic Distance Hypothesis was supported by the full model (Table 1). 

190 There was a significant negative correlation between smoothed, log-scaled phylogenetic 

191 distance and effect size. The co-efficient of a smoothed variable cannot be interpreted directly 

192 as magnitude of change between intervals, but from model posteriors, the average allelopathic 

193 effect size for conspecific species pairs is closer to zero, compared to other species pairs with 

194 increasing phylogenetic distance, with the change in effect size becoming more negative as 

195 phylogenetic distance between the pair of species increases (Figure 4). 

196

197 Discussion

198 Support for the novel weapons hypothesis and phylogenetic distance hypothesis

199 The novel weapons hypothesis (Callaway et al., 2008)(NWH) suggests that a lack of 

200 shared evolutionary history between non-native plants and native plants can result in 

201 allelochemical production by non-natives that has unusually large impacts on natives. We 

202 found that on a native recipient, non-native grasses are twice as suppressive as native grasses, 

203 which supports NWH. Although non-native grasses may directly release allelochemicals that 

204 have large impacts on native plants, support for NWH can also be explained by novel microbial 

205 communities associated with non-native plants, producing novel allelochemicals that the 

206 existing soil microbial community (recruited by native plants), has not evolved the ability to 

207 degrade (Inderjit et al., 2011; Cipollini, Rigsby & Barto, 2012). The establishment of invasive 

208 plants is generally associated with modifications to the soil bacterial community (Torres et al., 

209 2021), which plays a key role in degrading allelochemicals. The identity of the microbe 

210 degrading allelochemicals may be significant if different microbes result in different by-

211 products, and stable by-products of allelochemical degradation can be toxic (Macías et al., 

212 2006, 2007; Jilani et al., 2008; Hickman et al., 2021). 

213 In some allelopathy studies, species are studied in a reciprocal design, where each 

214 species is examined as both a potential allelopathic and recipient species. The native grasses 

215 being studied may have been chosen based on their suspected susceptibility to the soil legacy of 

216 non-native grasses, thus resulting in an over-estimation of the impact of non-native grasses. In a 

217 reciprocal design, native grasses are tested as both an allelopathic and a recipient species. Only 

218 3 studies used a native grass as both an allelopathy species and the recipient species of a non-

219 native grass (Andropogon gerardi in Greer et al. 2014 and Harnden et al. 2011; Nassella 
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220 pulchra in Chen et al. 2018), and these points comprise just over 7% of the dataset. In a post-

221 hoc analysis, we examined the predicted average allelopathic effect of native grasses 

222 Andropogon gerardi and Nasella pulchra on a native recipient species and found that the 

223 average for these grasses was more negative than the overall average (Figure 2), suggesting that 

224 these grasses do not bias the NWH result by being less allelopathic than other grasses. 

225 Alternatively, native grasses used in studies of allelopathy may have been selected as closely 

226 related analogs of invasive species (congeneric approach, Inderjit et al. 2008). This type of 

227 species selection may bias allelopathic impacts downward. Less than 1% of the data consisted 

228 of a species pair where two species had the same genus (Eragrostis, Figure S4), but at the 

229 family level, 39% of the data consisted of Poaceae pairs. Like other analyses of the allelopathy 

230 literature (Zhang et al., 2020b), we found support for an increasing magnitude of allelopathic 

231 impact with increasing phylogenetic distance, but the predicted average effect size on the grass 

232 recipient species ranged from positive (ex. Agropyron cristatum) to negative (ex. Eragrostis 

233 bahiensis) (Figure S4), indicating a high degree of variation in the overall statistical pattern of 

234 increasing allelopathic impacts with increasing phylogenetic distance. Finally, it is possible that 

235 native grasses used in allelopathic studies were chosen based on evidence of their own 

236 allelopathic abilities, against native or non-native species, seen in the field, which could result 

237 in under-estimation of the difference in impact compared to non-native grasses. Without 

238 knowing the intention of each author, it is not possible to determine how common this 

239 explanation may be, which highlights how unstated aspects of experimental design can 

240 influence our meta-analytic interpretation and understanding of important phenomena. 

241 Biotic resistance hypothesis

242 The biotic resistance hypothesis (D�Antonio & Thomsen, 2004) suggests that native 

243 plants may have stronger impacts on growth and establishment of non-native plants than they 

244 do on other native plants. Although biotic resistance is generally discussed in the context of an 

245 entire native community, in native plant communities that are characterized by one or just a few 

246 dominant species (as is common in grasslands), a single plant species may be the most 

247 important contributors of biotic resistance (Prober & Lunt, 2009; Bennett et al., 2014).  The 

248 weapons of a native grass would be naïve to a non-native recipient species, so the lack of 

249 support for the Biotic Resistance Hypothesis suggests that a difference in mechanism or 

250 magnitude of impact of weapons may be a separating feature between grasses that have seen 

251 significant range expansion (invasive grasses), and native grasses that have been studied for 

252 allelopathy in their native range. Observations of biotic resistance associated with some native 

253 grasses may result from other aspects of competition, such as being more resilient to stressors 

254 like drought (Conti et al., 2018). Additionally, it is possible that biotic resistance is reliant on 

255 soil characteristics, or the degree to which the native soil microbial community has avoided 

256 disturbance (disturbance hypothesis, Enders et al., 2020), which may be challenging to replicate 

257 in controlled experiments, and, potentially helping to explain the lack of evidence for the biotic 

258 resistance hypothesis in our study. Finally, the greatest chance of finding evidence for the biotic 

259 resistance hypothesis would be if the native species are dominants in their native communities. 
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260 In general, we were not able to assess this, and therefore our study provides only a weak test of 

261 the biotic resistance hypothesis.

262 Had the biotic resistance hypothesis been supported, that would have supported the 

263 inclusion of native grasses in restoration projects based on their potential for resisting invasion 

264 through functional trait-based assembly (Funk et al., 2008) and/or limiting similarity (Hess et 

265 al., 2020) in areas at risk for grass invasion. Support for the phylogenetic distance hypothesis 

266 does contribute to evidence supporting the limiting similarity hypothesis, assuming that more 

267 closely related species will also share traits that have been evolutionarily conserved. There are, 

268 however, concerns about the utility and practicality of basing restoration efforts on the 

269 hypothesis limiting similarity may lead to biotic resistance, due to the challenge of determining 

270 the necessary degree of similarity, and due to the specific conditions or amount of time needed 

271 for effects of limiting similarity to act (Hess et al., 2020). 

272 Variance explained by experimental design

273 The experimental design variables that were included as random effects in the intercept model 

274 (study/sub-study/trait, method/duration, dose, species, and tree-linked species, Figure S4 � S9) 

275 accounted for over 90% of variance in delta LRR. We included more variables as random 

276 effects compared to other meta-analyses of the allelopathy literature (Zhang et al., 2020b). The 

277 high level of explained variance may also be attributable to the choice of a Student�s t-

278 distribution over a Gaussian distribution for error terms, or to use of non-linear over linear 

279 formulation. One source of potential bias for the intercept model could be the imputed values 

280 for dose, as dose explained 10% of the variance in delta LRR. The magnitude of explained 

281 variance highlights the strength of Bayesian meta-analyses for mixed-effect modeling of 

282 complex, non-linear ecological phenomenon that are highly context dependent. 

283 Allelopathy-informed restoration practices

284 Based on our finding of support for NWH, in non-native grass-invaded areas, practices 

285 that account for the impact of allelochemicals may contribute to improved restoration success. 

286 Because the impact of allelopathy is dose-dependent, and the concentration of an 

287 allelochemical is influenced by soil characteristics and processes (Kobayashi, 2004), 

288 amendments and practices that alter these processes may result in an indirect effect on the 

289 overall allelopathic effect. For many years, activated carbon was used as a way of neutralizing 

290 or ameliorating allelochemical impacts in the field (Callaway, 2000), but recent research 

291 suggests that in addition to a direct impact on allelochemicals, activated carbon has a broader 

292 impact on plant-soil feedback via modifying soil characteristics (Lau et al., 2008) and shifting 

293 the microbial community (Shan et al., 2015; Nolan et al., 2015). This suggests that activated 

294 carbon amendments may be useful in disrupting any dis-advantage to native plants created by 

295 soil legacy effects caused by allelopathy and altered soil feedback more generally; however it 

296 should be noted that carbon amendments do not universally benefit native plants (Zhang et al., 

297 2020a), and that benefit from carbon amendments is better predicted by plant functional traits 

298 than native/invasive status (Knauf et al., 2021; Cole et al., 2021). Other options for field 

299 amendments to disrupt allelochemicals include re-conditioning the soil by growing another 
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300 plant less susceptible to the allelochemicals (Li et al., 2017; Schütz et al., 2019); conducting a 

301 soil transplant from an area with a healthy native ecosystem or trying to reduce the 

302 concentration of allelochemicals with the addition of specific microbes via an inoculum 

303 approach (Gong et al., 2018; He et al., 2020; Kheirabadi et al., 2020). Four allelopathy-

304 informed restoration practices are summarized in Figure 5.

305 Research Needs for Improved Allelopathy-informed Restoration Practices

306 For some of the allelopathy informed restoration practices, background knowledge is 

307 needed for the practice to be implemented successfully (Figure 5). These �knowledge needs� 

308 point to areas where there is an urgent need for additional research. Research on the ability of 

309 specific microbes to degrade allelochemicals can contribute to the use of microbial inoculum in 

310 restoration practices. There are commercial soil amendments that include specific microbes for 

311 improving plant growth, so research into these microbes may contribute to similar commercial 

312 products that can be specifically targeted towards grass-invaded areas. Research testing the 

313 ability of different plant species to �re-culture� grass-invaded soil is also needed, and 

314 researchers may want to prioritize testing common resilient native plants or domesticated crop 

315 species, as these species may be more accessible for use in the field. Finally, the continued use 

316 of activated carbon in a variety of contexts can contribute to an improved understanding of 

317 what contexts are appropriate for activated carbon amendments. The consideration and 

318 simulation of climate change on the efficacy of allelopathy-informed restoration practices is 

319 critical, as there is evidence that some climate events like drought can increase the potency of 

320 allelochemicals (Borbély & Dávid, 2008). In addition, innovative communication strategies are 

321 needed for research to have meaningful impact on restoration practices outside of academia. 

322 Platforms like the Restor Foundation�s RESTOR (restor.eco) have been developed during the 

323 UN�s Decade of Restoration (United Nations, 2020) with the aim of collecting relevant data, 

324 but practitioners may still need to invest substantial time and effort to determine the most 

325 appropriate, financially feasible practice for their context.

326

327 Conclusions

328 The rise and fall of allelopathy as a trending research topic has left research gaps, but our 

329 findings supporting allelopathy as a potential mechanism that can help explain strong dominance 

330 and impact (including legacy effects) by invasive grasses. By highlighting evidence that invasive 

331 grasses may often produce allelochemicals, we hope to stimulate further research and promote 

332 consideration of allelochemical amelioration strategies after invasive grass removal, as a strategy 

333 for producing tangible improvements in conservation and restoration outcomes. It�s clear that in 

334 the UN Decade of Restoration, the stakes for restoration success are high, and when it comes to 

335 the broad impacts of invasive grasses worldwide, allelopathy research presents an important 

336 opportunity to make major headway.

337

338 Abu-Romman S, Ammari T. 2015. Allelopathic effect of Arundo donax, a mediterranean invasive 

339 grass. Plant OMICS 8:287�291.

PeerJ reviewing PDF | (2022:09:78027:1:0:NEW 28 Dec 2022)

Manuscript to be reviewed



340 Barbosa EG, Pivello VR, Meirelles ST. 2008. Allelopathic evidence in Brachiaria decumbens 

341 and its potential to invade the Brazilian Cerrados. Brazilian Archives of Biology and 

342 Technology 51:625�631. DOI: 10.1590/S1516-89132008000400021.

343 Benjamin C. 2017. Package �aptg�: Automatic Phylogenetic Tree Generator.

344 Bennett JA, Stotz GC, Cahill Jr JF, Henrik Bruun Bennett H, corresponding author J, Jr C. 2014. 

345 Patterns of phylogenetic diversity are linked to invasion impacts, not invasion resistance, in 

346 a native grassland. Journal of Vegetation Science 25:1315�1326. DOI: 

347 10.1111/JVS.12199.

348 Bennett AE, Thomsen M, Strauss SY. 2011. Multiple mechanisms enable invasive species to 

349 suppress native species. American Journal of Botany 98:1086�1094. DOI: 

350 10.3732/ajb.1000177.

351 Blank RR, Sforza R. 2007. Plant-soil relationships of the invasive annual grass Taeniatherum 

352 caput-medusae: A reciprocal transplant experiment. Plant and Soil 298:7�19. DOI: 

353 10.1007/s11104-007-9308-3.

354 Borbély M, Dávid I. 2008. Changeability of Allelopathy Depending on Several Factors. Cereal 

355 Research Communications 36:1383�1386.

356 Bürkner P-C. 2017. brms : An R Package for Bayesian Multilevel Models Using Stan. Journal of 

357 Statistical Software 80:1�28. DOI: 10.18637/jss.v080.i01.

358 Bürkner P-C. 2018. Advanced Bayesian Multilevel Modeling with the R Package brms. The R 

359 Journal 10:395. DOI: 10.32614/RJ-2018-017.

360 van Buuren S, Groothuis-Oudshoorn K. 2011. mice: Multivariate Imputation by Chained 

361 Equations in R. Journal of Statistical Software 45:1�67. DOI: 10.18637/JSS.V045.I03.

362 Callaway RM. 2000. Invasive Plants Versus Their New and Old Neighbors: A Mechanism for 

363 Exotic Invasion. Science 290:521�523. DOI: 10.1126/science.290.5491.521.

364 Callaway RM, Cipollini D, Barto K, Thelen GC, Hallett SG, Prati D, Stinson K, Klironomos J. 

365 2008. Novel weapons: Invasive plant suppresses fungal mutualists in America but not in its 

366 native europe. Ecology 89:1043�1055. DOI: 10.1890/07-0370.1.

367 Callaway RM, Ridenour WM. 2004. Novel Weapons: Invasive Success and the Evolution of 

368 Increased Competitive Ability. Frontiers in Ecology and the Environment 2:436. DOI: 

369 10.2307/3868432.

370 Chen BM, D�Antonio CM, Molinari N, Peng SL. 2018. Mechanisms of influence of invasive grass 

371 litter on germination and growth of coexisting species in california. Biological Invasions 

372 20:1881�1897. DOI: 10.1007/s10530-018-1668-5.

373 Cheng F, Cheng Z. 2015. Research Progress on the use of Plant Allelopathy in Agriculture and 

374 the Physiological and Ecological Mechanisms of Allelopathy. Frontiers in Plant Science 

375 6:1020. DOI: 10.3389/fpls.2015.01020.

376 Cione NK, Padgett PE, Allen EB. 2002. Restoration of a native shrubland impacted by exotic 

377 grasses, frequent fire, and nitrogen deposition in Southern California. Restoration Ecology 

378 10:376�384. DOI: 10.1046/j.1526-100X.2002.02038.x.

379 Cipollini D, Rigsby CM, Barto EK. 2012. Microbes as Targets and Mediators of Allelopathy in 

380 Plants. Journal of Chemical Ecology 38:714�727. DOI: 10.1007/S10886-012-0133-

381 7/TABLES/1.

PeerJ reviewing PDF | (2022:09:78027:1:0:NEW 28 Dec 2022)

Manuscript to be reviewed



382 Cole RJ, Soper FM, Litton CM, Knauf AE, Sparks K, Gerow KG, Giardina CP, Sparks JP. 2021. 

383 Restoration benefits of soil nutrient manipulation and weeding in invaded dry and wet 

384 tropical ecosystems in Hawaiʻi. Restoration Ecology 29:e13390. DOI: 10.1111/rec.13390.

385 Conti L, Block S, Parepa M, Münkemüller T, Wilfried Thuiller |, Acosta ATR, Mark Van Kleunen 

386 |, Dullinger S, Essl F, Dullinger I, Moser D, Klonner G, Bossdorf | Oliver, Carboni M. 2018. 

387 Functional trait differences and trait plasticity mediate biotic resistance to potential plant 

388 invaders. Journal of Ecology 106. DOI: 10.1111/1365-2745.12928.

389 Corbett BF, Morrison JA. 2012. The Allelopathic Potentials of the Non-Native Invasive Plant 

390 Microstegium vimineum and the Native Ageratina altissima : Two Dominant Species of the 

391 Eastern Forest Herb Layer. Northeastern Naturalist 19:297�312. DOI: 

392 10.1656/045.019.0211.

393 Cummings JA, Parker IM, Gilbert GS. 2012. Allelopathy: A tool for weed management in forest 

394 restoration. Plant Ecology 213:1975�1989. DOI: 10.1007/s11258-012-0154-x.

395 D�Antonio CM, Hughes RF, Tunison JT. 2011. Long-term impacts of invasive grasses and 

396 subsequent fire in seasonally dry Hawaiian woodlands. Ecological Applications 21:1617�

397 1628. DOI: 10.1890/10-0638.1.

398 D�Antonio CM, Thomsen M. 2004. Ecological Resistance in Theory and Practice. Weed 

399 Technology 18:1572�1577. DOI: 10.1614/0890-037X(2004)018[1572:ERITAP]2.0.CO;2.

400 D�Antonio CM, Vitousek PM. 1992. Biological invasions by exotic grasses, the grass/fire cycle, 

401 and global change. Annual review of ecology and systematics 23:63�87.

402 Davies KW, Boyd CS, Bates JD, Hallett LM, Case MF, Svejcar L. 2022. What Is Driving the 

403 Proliferation of Exotic Annual Grasses in Sagebrush Communities? Comparing Fire with 

404 Off-Season Grazing. Rangeland Ecology & Management 82:76�85. DOI: 

405 10.1016/j.rama.2022.02.009.

406 Dick R, Rattei T, Haslbeck M, Schwab W, Gierl A, Frey M. 2012. Comparative Analysis of 

407 Benzoxazinoid Biosynthesis in Monocots and Dicots: Independent Recruitment of 

408 Stabilization and Activation Functions. The Plant Cell 24:915�928. DOI: 

409 10.1105/tpc.112.096461.

410 Dutartre L, Hilliou F, Feyereisen R. 2012. Phylogenomics of the benzoxazinoid biosynthetic 

411 pathway of Poaceae: gene duplications and origin of the Bx cluster. BMC evolutionary 

412 biology 12:64. DOI: 10.1186/1471-2148-12-64.

413 Enders M, Havemann F, Ruland F, Bernard‐Verdier M, Catford JA, Gómez‐Aparicio L, Haider S, 

414 Heger T, Kueffer C, Kühn I, Meyerson LA, Musseau C, Novoa A, Ricciardi A, Sagouis A, 

415 Schittko C, Strayer DL, Vilà M, Essl F, Hulme PE, Kleunen M, Kumschick S, Lockwood JL, 

416 Mabey AL, McGeoch MA, Palma E, Py�ek P, Saul W, Yannelli FA, Jeschke JM. 2020. A 

417 conceptual map of invasion biology: Integrating hypotheses into a consensus network. 

418 Global Ecology and Biogeography 29:978�991. DOI: 10.1111/geb.13082.

419 Frey M, Schullehner K, Dick R, Fiesselmann A, Gierl A. 2009. Benzoxazinoid biosynthesis, a 

420 model for evolution of secondary metabolic pathways in plants. Phytochemistry 70:1645�

421 1651. DOI: 10.1016/j.phytochem.2009.05.012.

422 Funk JL, Cleland EE, Suding KN, Zavaleta ES. 2008. Restoration through reassembly: plant 

423 traits and invasion resistance. Trends in ecology & evolution 23:695�703. DOI: 

424 10.1016/j.tree.2008.07.013.

PeerJ reviewing PDF | (2022:09:78027:1:0:NEW 28 Dec 2022)

Manuscript to be reviewed



425 Fusco EJ, Balch JK, Mahood AL, Nagy RC, Syphard AD, Bradley BA. 2021. The human�grass�

426 fire cycle: how people and invasives co‐occur to drive fire regimes. Frontiers in Ecology 

427 and the Environment. DOI: 10.1002/fee.2432.

428 Fusco EJ, Finn JT, Balch JK, Nagy RC, Bradley BA. 2019. Invasive grasses increase fire 

429 occurrence and frequency across US ecoregions. Proceedings of the National Academy of 

430 Sciences 116:23594�23599. DOI: 10.1073/pnas.1908253116.

431 Ghebrehiwot HM, Aremu AO, van Staden J. 2014. Evaluation of the allelopathic potential of five 

432 South African mesic grassland species. Plant Growth Regulation 72:155�162. DOI: 

433 10.1007/s10725-013-9847-y.

434 Gibbons SM, Lekberg Y, Mummey DL, Sangwan N, Ramsey PW, Gilbert JA. 2017. Invasive 

435 Plants Rapidly Reshape Soil Properties in a Grassland Ecosystem. mSystems 2:e00178-

436 e216. DOI: 10.1128/mSystems.00178-16.

437 Gong X, Huang D, Liu Y, Peng Z, Zeng G, Xu P, Cheng M, Wang R, Wan J. 2018. Remediation 

438 of contaminated soils by biotechnology with nanomaterials: bio-behavior, applications, and 

439 perspectives. Critical Reviews in Biotechnology 38:455�468. DOI: 

440 10.1080/07388551.2017.1368446.

441 Greer MJ, Wilson GWT, Hickman KR, Wilson SM. 2014. Experimental evidence that invasive 

442 grasses use allelopathic biochemicals as a potential mechanism for invasion: chemical 

443 warfare in nature. Plant and Soil 385:165�179. DOI: 10.1007/s11104-014-2209-3.

444 Guido A, Quiñones A, Pereira AL, da Silva ER. 2020. ¿Las gramíneas invasoras Cynodon 

445 dactylon y Eragrostis plana son más fitotóxicas que una nativa coexistente? Ecología 

446 Austral 30:295�303. DOI: 10.25260/EA.20.30.2.0.1090.

447 Harnden J, Macdougall AS, Sikes BA. 2011. Field-based effects of allelopathy in invaded 

448 tallgrass prairie. Botany 89:227�234. DOI: 10.1139/b11-009.

449 He W, Megharaj M, Wu C-Y, Subashchandrabose SR, Dai C-C. 2020. Endophyte-assisted 

450 phytoremediation: mechanisms and current application strategies for soil mixed pollutants. 

451 Critical Reviews in Biotechnology 40:31�45. DOI: 10.1080/07388551.2019.1675582.

452 Hess MCM, Buisson E, Jaunatre R, Mesléard F. 2020. Using limiting similarity to enhance 

453 invasion resistance: Theoretical and practical concerns. Journal of Applied Ecology 

454 57:559�565. DOI: 10.1111/1365-2664.13552.

455 Hickman DT, Rasmussen A, Ritz K, Birkett MA, Neve P. 2021. Review: Allelochemicals as 

456 multi‐kingdom plant defence compounds: towards an integrated approach. Pest 

457 Management Science 77:1121�1131. DOI: 10.1002/ps.6076.

458 Hierro JL, Callaway RM. 2003. Allelopathy and exotic plant invasion. Plant and Soil 256:29�39. 

459 DOI: 10.1023/A:1026208327014.

460 Hierro JL, Callaway RM. 2021. The Ecological Importance of Allelopathy. Annual Review of 

461 Ecology, Evolution, and Systematics 52. DOI: 10.1146/annurev-ecolsys-051120-030619.

462 Hussain F, Ahmad B, Ilahi I. 2010. Allelopathic effects of Cenchrus ciliaris L. and Bothriochloa 

463 pertusa (L.) A. camus. Pakistan Journal of Botany 42:3587�3604.

464 Inderjit, Seastedt TR, Callaway RM, Pollock JL, Kaur J. 2008. Allelopathy and plant invasions: 

465 traditional, congeneric, and bio-geographical approaches. Biological Invasions 10:875�890. 

466 DOI: 10.1007/s10530-008-9239-9.

467 Inderjit, Wardle DA, Karban R, Callaway RM. 2011. The ecosystem and evolutionary contexts of 

468 allelopathy. Trends in ecology & evolution 26:655�62. DOI: 10.1016/j.tree.2011.08.003.

PeerJ reviewing PDF | (2022:09:78027:1:0:NEW 28 Dec 2022)

Manuscript to be reviewed



469 Ismail BS, Tan PW, Chuah TS. 2015. Assessment of the potential allelopathic effects of 

470 Pennisetum purpureum Schumach. On the germination and growth of Eleusine indica (L.) 

471 Gaertn. Sains Malaysiana 44:269�274. DOI: 10.17576/jsm-2015-4402-15.

472 Jilani G, Mahmood S, Chaudhry AN, Hassan I, Akram M. 2008. Allelochemicals: sources, 

473 toxicity and microbial transformation in soil �a review. Annals of Microbiology 58:351�357. 

474 DOI: 10.1007/BF03175528.

475 Jose CM, Brandão Torres LM, Torres MAMG, Shirasuna RT, Farias DA, dos Santos NA, 

476 Grombone-Guaratini MT. 2016. Phytotoxic effects of phenolic acids from Merostachys 

477 riedeliana, a native and overabundant Brazilian bamboo. Chemoecology 26:235�246. DOI: 

478 10.1007/s00049-016-0224-y.

479 Kalisz S, Kivlin SN, Bialic-Murphy L. 2021. Allelopathy is pervasive in invasive plants. Biological 

480 Invasions 23:367�371. DOI: 10.1007/s10530-020-02383-6.

481 Kerns BK, Tortorelli C, Day MA, Nietupski T, Barros AMG, Kim JB, Krawchuk MA. 2020. 

482 Invasive grasses: A new perfect storm for forested ecosystems? Forest Ecology and 

483 Management 463. DOI: 10.1016/J.FORECO.2020.117985.

484 Kheirabadi M, Azizi M, Taghizadeh SF, Fujii Y. 2020. Recent Advances in Saffron Soil 

485 Remediation: Activated Carbon and Zeolites Effects on Allelopathic Potential. Plants 

486 9:1714. DOI: 10.3390/plants9121714.

487 Knauf AE, Litton CM, Cole RJ, Sparks JP, Giardina CP, Gerow KG, Quiñones-Santiago M. 

488 2021. Nutrient-use strategy and not competition determines native and invasive species 

489 response to changes in soil nutrient availability. Restoration Ecology:e13374. DOI: 

490 10.1111/rec.13374.

491 Kobayashi K. 2004. Factors affecting phytotoxic activity of allelochemicals in soil. Weed Biology 

492 and Management 4:1�7. DOI: 10.1111/j.1445-6664.2003.00112.x.

493 Lajeunesse MJ. 2015. Bias and correction for the log response ratio in ecological meta-analysis. 

494 Ecology 96:2056�63. DOI: 10.1890/14-2402.1.

495 Lau JA, Puliafico KP, Kopshever JA, Steltzer H, Jarvis EP, Schwarzländer M, Strauss SY, 

496 Hufbauer RA. 2008. Inference of allelopathy is complicated by effects of activated carbon 

497 on plant growth. New Phytologist 178:412�423. DOI: 10.1111/j.1469-8137.2007.02360.x.

498 Leal RP, Silveira MJ, Petsch DK, Mormul RP, Thomaz SM. 2021. The Success of an Invasive 

499 Poaceae Explained by Drought Resilience but not by Higher Competitive Ability. 

500 Environmental and Experimental Botany:104717. DOI: 10.1016/j.envexpbot.2021.104717.

501 Li D, Dinnage R, Nell L, Helmus MR, Ives A. 2020. phyr: An R package for phylogenetic 

502 species-distribution modelling in ecological communities. bioRxiv. DOI: 

503 10.1101/2020.02.17.952317.

504 Li Y-P, Feng Y-L, Kang Z-L, Zheng Y-L, Zhang J-L, Chen Y-J. 2017. Changes in soil microbial 

505 communities due to biological invasions can reduce allelopathic effects. Journal of Applied 

506 Ecology 54:1281�1290. DOI: 10.1111/1365-2664.12878.

507 Linder HP, Lehmann CER, Archibald S, Osborne CP, Richardson DM. 2018. Global grass 

508 (Poaceae) success underpinned by traits facilitating colonization, persistence and habitat 

509 transformation. Biological Reviews 93:1125�1144. DOI: 10.1111/brv.12388.

510 Macías FA, Marín D, Oliveros-Bastidas A, Castellano D, Simonet AM, Molinillo JMG. 2006. 

511 Structure-activity relationship (SAR) studies of benzoxazinones, their degradation products, 

PeerJ reviewing PDF | (2022:09:78027:1:0:NEW 28 Dec 2022)

Manuscript to be reviewed



512 and analogues. Phytotoxicity on problematic weeds Avena fatua L. and Lolium rigidum 

513 Gaud. Journal of agricultural and food chemistry 54:1040�8. DOI: 10.1021/jf050903h.

514 Macías FA, Oliveros-Bastidas A, Marín D, Carrera C, Chinchilla N, Molinillo JMG. 2007. Plant 

515 biocommunicators: their phytotoxicity, degradation studies and potential use as herbicide 

516 models. Phytochemistry Reviews 7:179�194. DOI: 10.1007/s11101-007-9062-4.

517 Marshall NA, Friedel M, van Klinken RD, Grice AC. 2011. Considering the social dimension of 

518 invasive species: the case of buffel grass. Environmental Science & Policy 14:327�338. 

519 DOI: 10.1016/j.envsci.2010.10.005.

520 Meksawat S, Pornprom T. 2010. Allelopathic effect of itchgrass (Rottboellia cochinchinensis) on 

521 seed germination and plant growth. Weed Biology and Management 10:16�24.

522 Możdżeń K, Barabasz-Krasny B, Stachurska-Swakoń A, Zandi P, Puła J, Wang Y, Turisova I. 

523 2020. Allelopathic interaction between two common meadow plants: Dactylis glomerata L. 

524 and Trifolium pratense L. Biologia 75:653�663. DOI: 10.2478/s11756-020-00438-6.

525 Musso C, Fontenele HGV, Pinto G, Oliveira R, Correia C, Moutinho-Pereira JM, Soares AMVM, 

526 Loureiro S. 2021. Effects of water and nutrient availability on morphological, physiological, 

527 and biochemical traits of one invasive and one native grass of a Neotropical savanna. 

528 Environmental and Experimental Botany 182:104305. DOI: 

529 10.1016/j.envexpbot.2020.104305.

530 Nagy RC, Fusco EJ, Balch JK, Finn JT, Mahood A, Allen JM, Bradley BA. 2021. A synthesis of 

531 the effects of cheatgrass invasion on US Great Basin carbon storage. Journal of Applied 

532 Ecology 58:327�337. DOI: 10.1111/1365-2664.13770.

533 Navarro-Cano JA. 2008. Effect of grass litter on seedling recruitment of the critically endangered 

534 Cistus heterophyllus in Spain. Flora - Morphology, Distribution, Functional Ecology of 

535 Plants 203:663�668. DOI: 10.1016/j.flora.2007.10.008.

536 Niculaes C, Abramov A, Hannemann L, Frey M. 2018. Plant Protection by Benzoxazinoids�

537 Recent Insights into Biosynthesis and Function. Agronomy 8:143. DOI: 

538 10.3390/agronomy8080143.

539 Nolan NE, Kulmatiski A, Beard KH, Norton JM. 2015. Activated carbon decreases invasive plant 

540 growth by mediating plant - Microbe interactions. AoB PLANTS 7. DOI: 

541 10.1093/aobpla/plu072.

542 Oliveira APP, Pereira SR, Cândido ACS, Laura VA, Peres MTLP. 2016. Gramíneas alelopáticas 

543 podem limitar a germinação de sementes e o crescimento de plântulas de Mutambo? Um 

544 teste com duas espécies de Braquiárias. Planta Daninha 34:639�648. DOI: 

545 10.1590/S0100-83582016340400003.

546 Orr SP, Rudgers JA, Clay K. 2005. Invasive Plants can Inhibit Native Tree Seedlings: Testing 

547 Potential Allelopathic Mechanisms. Plant Ecology 181:153�165. DOI: 10.1007/s11258-005-

548 5698-6.

549 Perkins LB, Hatfield G, Espeland EK. 2016. Invasive grasses consistently create similar plant-

550 soil feedback types in soils collected from geographically distant locations. Journal of Plant 

551 Ecology 9:180�186. DOI: 10.1093/jpe/rtv040.

552 Perkins LB, Johnson DW, Nowak RS. 2011. Plant-induced changes in soil nutrient dynamics by 

553 native and invasive grass species. Plant and Soil 345:365�374. DOI: 10.1007/s11104-011-

554 0788-9.

PeerJ reviewing PDF | (2022:09:78027:1:0:NEW 28 Dec 2022)

Manuscript to be reviewed



555 Prober SM, Lunt ID. 2009. Restoration of Themeda australis swards suppresses soil nitrate and 

556 enhances ecological resistance to invasion by exotic annuals. Biological Invasions 11:171�

557 181. DOI: 10.1007/S10530-008-9222-5/TABLES/1.

558 R Development Core Team. 2022. R: A Language and Environment for Statistical Computing. 

559 Vienna, Austria: R Foundation for Statistical Computing.

560 Rasmussen JA, Rice EL. 1971. Allelopathic Effects of Sporobolus pyramidatus on Vegetational 

561 Patterning. American Midland Naturalist 86:309. DOI: 10.2307/2423626.

562 Rayment J, French K, Bedward M. 2022. Understanding patterns and pathways of exotic 

563 perennial grass invasion in South‐eastern Australian grassy communities. Diversity and 

564 Distributions. DOI: 10.1111/ddi.13520.

565 Revell LJ. 2012. phytools: an R package for phylogenetic comparative biology (and other 

566 things). Methods in Ecology and Evolution 3:217�223. DOI: 10.1111/j.2041-

567 210X.2011.00169.x.

568 Rhodes AC, Plowes RM, Goolsby JA, Gaskin JF, Musyoka B, Calatayud PA, Cristofaro M, 

569 Grahmann ED, Martins DJ, Gilbert LE. 2021. The dilemma of Guinea grass (Megathyrsus 

570 maximus): a valued pasture grass and a highly invasive species. Biological Invasions 

571 23:3653�3669. DOI: 10.1007/S10530-021-02607-3/FIGURES/3.

572 Rice EL. 1972. ALLELOPATHIC EFFECTS OF ANDROPOGON VIRGINICUS AND ITS 

573 PERSISTENCE IN OLD FIELDS. American Journal of Botany 59:752�755.

574 Rudgers JA, Orr S. 2009. Non-native grass alters growth of native tree species via leaf and soil 

575 microbes. Journal of Ecology 97:247�255. DOI: 10.1111/j.1365-2745.2008.01478.x.

576 Schoch CL, Ciufo S, Domrachev M, Hotton CL, Kannan S, Khovanskaya R, Leipe D, McVeigh 

577 R, O�Neill K, Robbertse B, Sharma S, Soussov V, Sullivan JP, Sun L, Turner S, Karsch-

578 Mizrachi I. 2020. NCBI Taxonomy: a comprehensive update on curation, resources and 

579 tools. Database : the journal of biological databases and curation 2020. DOI: 

580 10.1093/DATABASE/BAAA062.

581 Schullehner K, Dick R, Vitzthum F, Schwab W, Brandt W, Frey M, Gierl A. 2008. Benzoxazinoid 

582 biosynthesis in dicot plants. Phytochemistry 69:2668�2677. DOI: 

583 10.1016/j.phytochem.2008.08.023.

584 Schütz V, Bigler L, Girel S, Laschke L, Sicker D, Schulz M. 2019. Conversions of 

585 benzoxazinoids and downstream metabolites by soil microorganisms. Frontiers in Ecology 

586 and Evolution 7:238. DOI: 10.3389/FEVO.2019.00238/BIBTEX.

587 Shan J, Ji R, Yu Y, Xie Z, Yan X. 2015. Biochar, activated carbon, and carbon nanotubes have 

588 different effects on fate of 14 C-catechol and microbial community in soil. Scientific Reports 

589 5:16000. DOI: 10.1038/srep16000.

590 Sigüenza C, Corkidi L, Allen EB. 2006. Feedbacks of soil inoculum of mycorrhizal fungi altered 

591 by N deposition on the growth of a native shrub and an invasive annual grass. Plant and 

592 Soil 286:153�165. DOI: 10.1007/s11104-006-9034-2.

593 Sommers P, Davis A, Chesson P. 2022. Invasive buffel grass (Cenchrus ciliaris) increases 

594 water stress and reduces success of native perennial seedlings in southeastern Arizona. 

595 Biological Invasions:1�18. DOI: 10.1007/s10530-022-02750-5.

596 Soti P, Thomas V. 2021. Review of the invasive forage Grass, Guinea grass ( Megathyrsus 

597 maximus ): Ecology and potential impacts in arid and semi‐arid regions. Weed Research. 

598 DOI: 10.1111/wre.12512.

PeerJ reviewing PDF | (2022:09:78027:1:0:NEW 28 Dec 2022)

Manuscript to be reviewed



599 Steidl RJ, Hayes JP, Schauber E. 1997. Statistical Power Analysis in Wildlife Research. The 

600 Journal of Wildlife Management 61:270. DOI: 10.2307/3802582.

601 Tomat‐Kelly G, Dillon WW, Flory SL. 2021. Invasive grass fuel loads suppress native species by 

602 increasing fire intensity and soil heating. Journal of Applied Ecology:1365-2664.13881. 

603 DOI: 10.1111/1365-2664.13881.

604 Torres N, Herrera I, Fajardo L, Bustamante RO. 2021. Meta-analysis of the impact of plant 

605 invasions on soil microbial communities. BMC Ecology and Evolution 21:172. DOI: 

606 10.1186/s12862-021-01899-2.

607 Uddin MN, Robinson RW, Buultjens A, al Harun MAY, Shampa SH. 2017. Role of allelopathy of 

608 Phragmites australis in its invasion processes. Journal of Experimental Marine Biology and 

609 Ecology 486:237�244. DOI: 10.1016/j.jembe.2016.10.016.

610 United Nations. 2020. UN decade on restoration. Http://Www.Decadeonrestoration.Org/.

611 Vehtari A, Gelman A, Gabry J. 2017. Practical Bayesian model evaluation using leave-one-out 

612 cross-validation and WAIC. Statistics and Computing 27:1413�1432. DOI: 

613 10.1007/s11222-016-9696-4.

614 Walker ZC, Morgan JW. 2022. Perennial pasture grass invasion changes fire behaviour and 

615 recruitment potential of a native forb in a temperate Australian grassland. Biological 

616 Invasions:1�11. DOI: 10.1007/s10530-022-02743-4.

617 Wied JP, Perotto-Baldivieso HL, Conkey A, Brennan LA, Mata JM. 2020. Invasive grasses in 

618 South Texas rangelands: historical perspectives and future directions. Invasive Plant Sci. 

619 Manag 13:41�58. DOI: 10.1017/inp.2020.11.

620 Wink M. 2003. Evolution of secondary metabolites from an ecological and molecular 

621 phylogenetic perspective. Phytochemistry 64:3�19. DOI: 10.1016/S0031-9422(03)00300-5.

622 Zhang Z, Liu Y, Brunel C, van Kleunen M. 2020a. Soil-microorganism-mediated invasional 

623 meltdown in plants. Nature Ecology & Evolution 4:1612�1621. DOI: 10.1038/s41559-020-

624 01311-0.

625 Zhang Z, Liu Y, Yuan L, Weber E, van Kleunen M. 2020b. Effect of allelopathy on plant 

626 performance: a meta-analysis. Ecology Letters:ele.13627. DOI: 10.1111/ele.13627.

627  

PeerJ reviewing PDF | (2022:09:78027:1:0:NEW 28 Dec 2022)

Manuscript to be reviewed



Table 1(on next page)

Estimated difference and 95% CI for each hypothesis.

Negative differences were predicted a priori for each hypothesis test.
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Estimate 95 LCI 95 UCI 

Novel Weapons Hypothesis -0.14 -0.25 -0.03 * 

Biotic Resistance Hypothesis 0.09 -0.01 0.19 

Phylogenetic Distance Hypothesis -0.22 -0.36 -0.07 * 

1
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Figure 1
PRISMA flowchart.
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Figure 2
Test of the novel weapons hypothesis.

Center, bean plot of distribution of predicted mean effect size with long line showing the
average prediction, overlayed on strip-chart of distribution of predicted population. To each
side, notched boxplot, overlayed with jittered points, showing distribution of observed effect
sizes. Colors represent effect of native (magenta, right) and non-native (green, left) grasses
on native recipients. Center-left, bean plot of predicted difference (light pink) between
average effect of native grasses and average effect of non-native grasses on native
recipients, with long line showing average predicted difference. Annotation “**” denotes
significance at 95% CI level.
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Figure 3
Test of the biotic resistance hypothesis.

Center, bean plot of distribution of predicted mean effect size with long line showing the
average prediction, overlayed on strip-chart of distribution of predicted population. To each
side, notched boxplot, overlayed with jittered points, showing distribution of observed effect
sizes. Colors represent effect of native grasses on native (green, right) and non-native (light
green, left) recipients. Center-left, bean plot of predicted difference (light pink) in average
effect size of native grasses on native recipients compared to non-native recipients, with long
line showing average predicted difference. Contrary to the hypotheses, natives had stronger
impacts on natives than on non-natives. Annotation “**” denotes significance at 95% CI level.
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Figure 4
Test of phylogenetic distance hypothesis.

Post-posterior predicted mean effect size (+ 95% CI) across phylogenetic distance (unitless,
from distance matrix calculated using aptg package), overlayed with points representing
observed effect sizes (pink) and point-ranges (in blue) representing mean + SE of observed
effect sizes within y-axis bounds. Black numbers are average predicted change in effect size
for that interval of phylogenetic distance.
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Figure 5
Four allelopathy informed restoration practices (out planting, microbial inoculum, soil
transplant and activated carbon).

A summary of their underlying mechanisms and what is required to utilize the practice
effectively.
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