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ABSTRACT
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% vs 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 microbial community.
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INTRODUCTION
As a prime example of anthropogenic change, grasses have been deliberately moved by
human civilizations, often to feed livestock (D’Antonio & Vitousek, 1992; Fusco et al.,
2021), and their invasive spread has devastated many ecosystems (Marshall et al., 2011;
Wied et al., 2020; Kerns et al., 2020; Rhodes et al., 2021; Rayment et al., 2022). The spread of
non-native grasses can diminish native biodiversity by forming monocultures and
modifying soil characteristics and nutrient cycling (Perkins, Johnson & Nowak, 2011;
Gibbons et al., 2017;Wied et al., 2020;Musso et al., 2021; Nagy et al., 2021; Soti & Thomas,
2021). Non-native grasses may benefit from aspects of global change, including wildfire
(Davies et al., 2022), drought (Leal et al., 2021; Sommers, Davis & Chesson, 2022), and
nitrogen deposition (Cione, Padgett & Allen, 2002; Sigüenza, Corkidi & Allen, 2006).
Non-native grass establishment can lead to increased wildfire frequency and/or intensity
(D’Antonio & Vitousek, 1992; Fusco et al., 2019; Tomat-Kelly, Dillon & Flory, 2021;Walker
& Morgan, 2022), and shortened fire cycles can push an ecosystem past the threshold of
passive recovery (D’Antonio, Hughes & Tunison, 2011), which substantially increases costs
of restoration and adds urgency to restoration planning in areas recently invaded by
grasses.

Native (Hierro & Callaway, 2021), invasive (Kalisz, Kivlin & Bialic-Murphy, 2021) and
domesticated/crop grasses (Niculaes et al., 2018) are reported to have allelopathic abilities.
Across plant groups, allelochemicals differ in chemical structure and impart impacts
through different mechanisms (Cheng & Cheng, 2015), but researchers have identified
benzoxazinoids as allelochemicals that have been phylogenetically conserved within the
Poaceae family (Frey et al., 2009; Dutartre, Hilliou & Feyereisen, 2012; Niculaes et al.,
2018), with evidence supporting independent or convergent evolution of benzoxazinoids
in some dicots (Schullehner et al., 2008; Dick et al., 2012). When considered together, the
evidence of shared allelochemicals, disproportionate invasion success and impacts (Linder
et al., 2018) and the large number of grass species, the grass allelopathy literature provides
a unique opportunity to test important hypotheses in invasion biology and draw
conclusions that can inform real world practices used to reduce the impacts of invasive
grasses.

The aim of this meta-analysis was to test whether three key invasion biology theories are
supported by studies investigating potential allelopathic abilities in grasses. First, we tested
if the Novel Weapons Hypothesis (Callaway & Aschehoug, 2000;Hierro & Callaway, 2003;
Callaway & Ridenour, 2004) was supported (on native recipient species, effect size of
non-native grass < native grass). Second, we tested if the Biotic Resistance Hypothesis
(D’Antonio & Thomsen, 2004; Cummings, Parker & Gilbert, 2012) was supported (for
native grasses, effect size associated with non-native recipients < native recipients,
assuming the native grass is an important contributor to native community resistance).
Finally, we tested the hypothesis that increased phylogenetic distance is associated with
increased allelopathic impact due to expected greater similarities in secondary chemicals
among closer relatives and presumed resistance to self-produced allelochemicals

Singh and Daehler (2023), PeerJ, DOI 10.7717/peerj.14858 2/19

http://dx.doi.org/10.7717/peerj.14858
https://peerj.com/


(Phylogenetic Distance Hypothesis, co-efficient of smoothed phylogenetic distance <0)
(Wink, 2003; Zhang et al., 2020b).

MATERIALS AND METHODS
In our comprehensive search, three terms were used in database searches to identify
studies to be included in the invasive grass allelopathy metanalysis: “invas�”, “allelo�” and
“grass”, where “�” indicated a wildcard character. Thus, agriculture-focused research was
considered only if it was presented in the context of invasion. In May 2021, multiple search
engines were used to identify relevant studies for use in the meta-analysis: Web of Science,
SpringerLink, EBSCO, PubMed, Google Scholar and JSTOR (Fig. 1). Specific journals were
also searched: Journal of Chemical Ecology and Plant and Soil to allow searching a longer
timeframe in these journals which have been historically popular for allelopathy research.
Additionally, studies used in the Zhang et al. (2020b) meta-analysis (which included all
volumes of Allelopathy Journal) that used grasses as the allelopathy species (species being
tested for allelopathic potential) were included, but data from these studies was procured
independently from each article to ensure that the methodology of extracting data
remained consistent across all studies. Manya Singh performed the search strategy, and
any disagreements were discussed between Manya Singh and Curt Daehler until a
consensus was reached. This initial screening resulted in 477 studies, and after filtering for
studies that included methodology that met criteria for inferring allelopathy (as described
by Zhang et al. (2020b)), grass species as the source of potential allelopathic abilities

Figure 1 PRISMA flowchart. Full-size DOI: 10.7717/peerj.14858/fig-1
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(referred to here as the ‘allelopathy species’), ecological context of invasion, and separate
reporting of control and test condition data with standard deviations or standard errors, 23
studies were left (Rasmussen & Rice, 1971; Rice, 1972; Orr, Rudgers & Clay, 2005; Blank &
Sforza, 2007; Barbosa, Pivello & Meirelles, 2008; Navarro-Cano, 2008; Rudgers & Orr, 2009;
Hussain, Ahmad & Ilahi, 2010; Meksawat & Pornprom, 2010; Harnden, Macdougall &
Sikes, 2011; Bennett, Thomsen & Strauss, 2011; Corbett & Morrison, 2012; Ghebrehiwot,
Aremu & van Staden, 2014; Greer et al., 2014; Abu-Romman & Ammari, 2015; Ismail, Tan
& Chuah, 2015; Perkins, Hatfield & Espeland, 2016; Oliveira et al., 2016; Jose et al., 2016;
Uddin et al., 2017; Chen et al., 2018; Możdże�n et al., 2020; Guido et al., 2020).

From each study, we collected the following information: author, year published, table/
figure where data are located, name of the allelopathy species (potentially allelopathic
species), name of recipient species (species impacted by the allelopathy species), mean,
standard error/deviation and sample size for both control and test conditions, lifespan of
each species (annual or perennial), origin of each species, experimental method (as
categorized by Zhang et al., 2020b), trait measured (germination or growth, for growth,
aboveground preferred, then belowground, then total), duration in days, experimental
environment (controlled or otherwise), condition of plant material allelochemicals were
sourced from (fresh or dry), plant part used to source allelochemicals (aboveground,
belowground or mixed source), dose, dose unit type, solvent and solvent polarity. Our use
of ‘recipient species’ instead of ‘test species,’ which is used in other articles (including
Zhang et al. (2020b)) to refer to the species exposed to potential allelopathy, is a change
made to improve clarity around the species pairs, as across ecology, ‘test species’ is often
used to refer to the species that is of main importance (i.e., not the recipient species, but the
species being tested for having or being involved in some key phenomena). Additional
details about data collection and the a priori power calculator used prior to running the
analyses are in the extended methods section (File S1).

To account for small sample bias, the delta log response-ratio (delta LRR) formula was
used to calculate one “observed” effect size from each pair of control and treatment means
(and standard error, sample size) (Lajeunesse, 2015). Two observed effect sizes were
dropped because both the control and treatment mean failed the Geary check (Lajeunesse,
2015, standard formula), indicating that these points violated the assumption of normality.
After dropping those points, we were left with a total of 524 observed effect sizes. Of the
whole dataset, 23% of pairs lacked a reported dose (or information that could be used to
calculate a dose), so the “mice” package was used to impute missing values based on delta
LRR, standard error, and all remaining predictors in the model (van Buuren & Groothuis-
Oudshoorn, 2011). From the “mice” function, 25 imputations were run, and for each
observation missing a dose value, the median of the 25 imputed dose values was extracted
for use in the modeling. Imputation via “mice” was done in place of the “missing values”
feature included in the brms package, because dose had to be rounded and converted to a
categorical variable to be used as a random effect, which is not supported by that feature.
Plant species names were standardized using NCBI (Schoch et al., 2020). The article text
and/or external sources were used to determine if each species was native (considered
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locally indigenous) or non-native. Other predictors collected from each study are listed in
Table S1.

In R (R Development Core Team, 2022), analyses utilized the ‘brms’ package for non-
linear, mixed-effect, multi-variate Bayesian modeling (Bürkner, 2017, 2018), using the
Student’s t-distribution for the error components due to the presence of outliers.
Predictors were chosen based on past evidence of significance (Zhang et al., 2020b) and the
hypotheses to be tested. The “tree-linked” random variables refer to effects of species
constrained by the phylogenetic covariance matrix, as a nested model (‘phyr’ package in R)
(Li et al., 2020). The “phytools” package was used to generate the phylogenetic tree used in
models (Revell, 2012), and the “aptg” package was used to generate a distance matrix for
the full set of plant species (Benjamin, 2017), and the values from the distance matrix were
included as a measure of phylogenetic distance in models. Phylogenetic distance was a log-
scaled, smoothed term to allow for the model to inherently account for a non-linear
relationship with effect size.

The non-linear model separated predictors into a “study” spline, with random effects
associated with study design (study ID, nested sub-study, nested trait measured; method
category, nested study duration; dose used), and a “species” spline, with random effects
that capture species effects (grass and recipient species, and grass and recipient species
linked to phylogenetic tree) and fixed effects for our hypotheses (origin status of grass,
origin status of recipient species, phylogenetic distance). Past reviews and meta-analyses
were referenced to determine which predictors were known to have correlations with
allelopathic effect sizes, which we then included as random effects to account for variance
(Zhang et al., 2020b).

To deal with the lack of independence among delta LRRs that came from the same
study, the “study” spline consisted of random effects study ID (and nested variables sub
study, and measured trait), dose (as a categorical variable) and experimental method
(based on Zhang et al. (2020b) classification) (and nested variable study duration, as a
categorical variable). The “species” spline consisted of random effects grass species
(allelopathy species), recipient species and both species tree-linked. The fixed effects on the
“species” spline were origin status of grass (hereafter, grass origin), origin status of
recipient species (hereafter, recipient origin), and smoothed, log-scaled phylogenetic
distance between the grass species being tested for allelopathy and the recipient species.

Prior to running the full model, an intercept model was run, which did not include any
fixed effects. After generating both models, the “loo_compare” function was used to
compare the fit of both models, based on both leave-one-out cross validation (LOO) and
widely applicable information criteria (WAIC) values (Vehtari, Gelman & Gabry, 2017).
The “hypothesis” function was used to test hypotheses at the 95% confidence level.
Explained variance was calculated from the posterior sigma estimate (regression noise
scale) and standard deviation estimates of each random effect in the intercept model.
To check for publication bias, we ran a modified intercept model with log-scaled year
published as a smoothed fixed effect in the “study” spline, and an Egger’s regression model
based on the meta-analytic residuals from the original intercept model.
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RESULTS
Power analysis determined that there was sufficient power to find a difference in average
allelopathic effect size, based on the number of studies and using Zhang et al. (2020b) as the
baseline for the difference (86%, Fig. S1) (Steidl, Hayes & Schauber, 1997). In the intercept
model, the study spline intercept was not significant (0.02, 95% CI [−0.21 to 0.25]), but the
species spline intercept was significantly negative, with grasses suppressing the growth or
germination of the recipient species by approximately 24% (−0.28, 95% CI [−0.52 to
−0.04]). Around 35% of the variance was explained by study ID and nested variables
sub-study and trait measured (15%, 8% and 11%, respectively). One-quarter of the
variance was explained by method and nested variable duration (10% and 15%
respectively). Another quarter of the variance was explained by grass species and recipient
species (9% and 15% respectively). Dose explained 9% of the variance, meaning that only
7% of the variance in the dataset was unexplained at the observation (individual effect size)
level. Phylogenetic signal from the tree-linked random effects for either the allelopathy
species or the recipient species explained <1% of the variance. The Egger’s test and
associated contoured funnel plot of the meta-analytic residuals did not indicate significant
publication bias at the p = 0.05 level (Fig. S2, y-intercept 95% CI [−0.03 to 0.04]).
Allelopathic impacts were not significantly related to publication year (Fig. S3, y-intercept
95% CI [−0.32 to 0.14], slope 95% CI [−0.29 to 0.28]). The full model was better than the
intercept model by LOO and WAIC criteria (Table S1).

The Novel Weapons Hypothesis was supported by the full model (Table 1). For native
recipients, non-native grasses on average were almost twice as suppressive (24%) as native
grasses (13%). The predicted average effect size of native grasses on native recipients, was
weakly significantly different from zero (−0.14, 95% CI [−0.29 to 0.02], 90% CI [−0.26 to
−0.01], Fig. 2). The predicted average effect size of non-native grasses on native recipients
was significantly negative (−0.27, 95% CI [−0.44 to −0.09], Fig. 2).

The Biotic Resistance Hypothesis was rejected by the full model, with weakly significant
support for the alternative hypothesis, that native grasses have more negative effects on
native recipients compared to non-native recipients, instead of vice versa (0.09, 90% CI
[0.02–0.16], Table 1). On average, native grasses suppressed native recipients 9% more
compared to non-native recipients, opposite to expectations for the Biotic Resistance
Hypothesis (positive model coefficient, Table 1). The predicted average effect size of native
grasses on non-native recipients was not significantly different from zero (−0.05, 95% CI
[−0.22 to 0.14]), with the model finding a 66% predicted probability that the average would
be negative (Fig. 3).

Table 1 Estimated difference and 95% CI for each hypothesis.

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

Note:
Negative differences were predicted a priori for each hypothesis test.
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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 (green, right) and non-native (magenta, 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. Asterisks (��) denote significance at 95% CI level.

Full-size DOI: 10.7717/peerj.14858/fig-2

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. Asterisks (��) denote significance at 95% CI level. Full-size DOI: 10.7717/peerj.14858/fig-3
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The Phylogenetic Distance Hypothesis was supported by the full model (Table 1). There
was a significant negative correlation between smoothed, log-scaled phylogenetic distance
and effect size. The co-efficient of a smoothed variable cannot be interpreted directly as
magnitude of change between intervals, but frommodel posteriors, the average allelopathic
effect size for conspecific species pairs is closer to zero, compared to other species pairs
with increasing phylogenetic distance (Fig. 4).

DISCUSSION
Support for the Novel Weapons Hypothesis and Phylogenetic Distance
Hypothesis
The Novel Weapons Hypothesis (Callaway et al., 2008) (NWH) suggests that a lack of
shared evolutionary history between non-native plants and native plants can result in
allelochemical production by non-natives that has unusually large impacts on natives.
We found that on a native recipient, non-native grasses are twice as suppressive as native
grasses, which supports NWH. Although non-native grasses may directly release
allelochemicals that have large impacts on native plants, support for NWH can also be
explained by novel microbial communities associated with non-native plants, which may
produce novel allelochemicals that the existing soil microbial community (recruited by
native plants), has not evolved the ability to degrade (Inderjit et al., 2011; Cipollini, Rigsby
& Barto, 2012). The establishment of invasive plants is generally associated with
modifications to the soil bacterial community (Torres et al., 2021), which plays a key role in
degrading allelochemicals. The identity of the microbe degrading allelochemicals may be
significant if different microbes result in different by-products, and stable by-products of
allelochemical degradation can be toxic (Macías et al., 2006, 2007; Jilani et al., 2008;
Hickman et al., 2021).

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. Full-size DOI: 10.7717/peerj.14858/fig-4
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In some allelopathy studies, species are studied in a reciprocal design, where each
species is examined as both a potential allelopathic and recipient species. The native
grasses being studied may have been chosen based on their suspected susceptibility to the
soil legacy of non-native grasses, thus resulting in an over-estimation of the impact of
non-native grasses. In a reciprocal design, native grasses are tested as both an allelopathic
and a recipient species. Only three studies used a native grass as both an allelopathy
species and the recipient species of a non-native grass (Andropogon gerardi in Greer et al.,
2014 and Harnden, Macdougall & Sikes, 2011; Nassella pulchra in Chen et al., 2018), and
these points comprise just over 7% of the dataset. In a post-hoc analysis, we examined the
predicted average allelopathic effect of native grasses Andropogon gerardi and Nasella
pulchra on a native recipient species and found that the average for these grasses was more
negative than the overall average (Fig. 2), suggesting that these grasses do not bias the
NWH result by being less allelopathic than other grasses. Alternatively, native grasses used
in studies of allelopathy may have been selected as closely related analogs of invasive
species (congeneric approach, Inderjit et al., 2008). This type of species selection may bias
allelopathic impacts downward. Less than 1% of the data consisted of a species pair where
two species were of the same genus (Eragrostis, Fig. S4), but at the family level, 39% of the
data consisted of Poaceae pairs. Like other analyses of the allelopathy literature (Zhang
et al., 2020b), we found support for an increasing magnitude of allelopathic impact with
increasing phylogenetic distance, but the predicted average effect size on the grass recipient
species ranged from positive (ex. Agropyron cristatum) to negative (ex. Eragrostis
bahiensis) (Fig. S4), indicating a high degree of variation in the overall statistical pattern of
increasing allelopathic impacts with increasing phylogenetic distance. Finally, it is possible
that native grasses used in allelopathic studies were chosen based on evidence of their own
allelopathic abilities, against native or non-native species, seen in the field, which could
result in under-estimation of the difference in impact compared to non-native grasses.
Without knowing the intention of each author, it is not possible to determine how
common this explanation may be, which highlights how unstated aspects of experimental
design can influence our meta-analytic interpretation and understanding of important
phenomena.

Biotic Resistance Hypothesis
The Biotic Resistance Hypothesis (D’Antonio & Thomsen, 2004) suggests that native plants
may have stronger impacts on growth and establishment of non-native plants than they do
on other native plants. Although biotic resistance is generally discussed in the context of an
entire native community, in native plant communities that are locally characterized by one
or just a few dominant species (as is often observed in modern native grasslands), a single
plant species may be the most important contributors of biotic resistance (Prober & Lunt,
2009; Bennett et al., 2014). The weapons of a native grass would be naïve to a non-native
recipient species, so the lack of support for the Biotic Resistance Hypothesis suggests that a
difference in mechanism or magnitude of impact of weapons may be a separating feature
between grasses that have seen significant range expansion (invasive grasses), and native
grasses that have been studied for allelopathy in their native range. Observations of biotic
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resistance associated with some native grasses may result from other aspects of
competition, such as being more resilient to stressors like drought (Conti et al., 2018).
Additionally, it is possible that biotic resistance is reliant on soil characteristics, or the
degree to which the native soil microbial community has avoided disturbance (disturbance
hypothesis, Enders et al., 2020), which may be challenging to replicate in controlled
experiments, and, potentially helping to explain the lack of evidence for the Biotic
Resistance Hypothesis in our study. Finally, the greatest chance of finding evidence for the
Biotic Resistance Hypothesis would be if the native species are dominants in their native
communities. In general, we were not able to assess this, and therefore our study provides
only a weak test of the Biotic Resistance Hypothesis.

Variance explained by experimental design
The experimental design variables that were included as random effects in the intercept
model (study/sub-study/trait, method/duration, dose, species, and tree-linked species,
Figs. S4–S9) accounted for over 90% of variance in delta LRR. We included more variables
as random effects compared to other meta-analyses of the allelopathy literature (Zhang
et al., 2020b). The high level of explained variance may also be attributable to the choice of
a Student’s t-distribution over a Gaussian distribution for error terms, or to use of
non-linear over linear formulation. One source of potential bias for the intercept model
could be the imputed values for dose, as dose explained 10% of the variance in delta LRR.
The magnitude of explained variance highlights the strength of Bayesian meta-analyses for
mixed-effect modeling of complex, non-linear ecological phenomenon that are highly
context dependent.

Allelopathy-informed restoration practices
Based on our finding of support for NWH, in non-native grass-invaded areas, practices
that account for the impact of allelochemicals may contribute to improved restoration
success. Because the impact of allelopathy is dose-dependent, and the concentration of an
allelochemical is influenced by soil characteristics and processes (Kobayashi, 2004),
amendments and practices that alter these processes may result in an indirect effect on the
overall allelopathic effect. For many years, activated carbon was used as a way of
neutralizing or ameliorating allelochemical impacts in the field (Callaway & Aschehoug,
2000), but recent research suggests that in addition to a direct impact on allelochemicals,
activated carbon has a broader impact on plant-soil feedback via modifying soil
characteristics (Lau et al., 2008) and shifting the microbial community (Shan et al., 2015;
Nolan et al., 2015). This suggests that activated carbon amendments may be useful in
disrupting any dis-advantage to native plants created by soil legacy effects caused by
allelopathy and altered soil feedback more generally; however it should be noted that
carbon amendments do not universally benefit native plants (Zhang et al., 2020a), and that
benefit from carbon amendments is better predicted by plant functional traits than native/
invasive status (Knauf et al., 2021; Cole et al., 2021). Other options for field amendments to
disrupt allelochemicals include re-conditioning the soil by growing another plant less
susceptible to the allelochemicals (Li et al., 2017; Schütz et al., 2019); conducting a soil
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transplant from an area with a healthy native ecosystem or trying to reduce the
concentration of allelochemicals with the addition of specific microbes via an inoculum
approach (Gong et al., 2018; He et al., 2020; Kheirabadi et al., 2020). Four
allelopathy-informed restoration practices are summarized in Fig. 5.

Some restoration projects in grass invaded areas have included native grasses based on
their potential for resisting invasion through their functional traits (Funk et al., 2008) and/
or limiting similarity (Hess et al., 2020), but we did not find support for the Biotic
Resistance Hypothesis in our analysis. Support for the Phylogenetic Distance Hypothesis
does contribute to evidence supporting the limiting similarity hypothesis, assuming that
more closely related species will also share traits that have been evolutionarily conserved.
There are, however, concerns about the utility and practicality of basing restoration efforts
on the hypothesis that limiting similarity may lead to biotic resistance, due to the challenge
of determining the necessary degree of similarity, and due to the specific conditions or
amount of time needed for effects of limiting similarity to act (Hess et al., 2020).

Research needs for improved allelopathy-informed restoration
practices
For some of the allelopathy-informed restoration practices, background knowledge is
needed for the practice to be implemented successfully (Fig. 5). These “knowledge needs”
point to areas where there is an urgent need for additional research. Research on the ability
of specific microbes to degrade allelochemicals can contribute to the use of microbial
inoculum in restoration practices. There are commercial soil amendments that include

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. Full-size DOI: 10.7717/peerj.14858/fig-5
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specific microbes for improving plant growth, so research into these microbes may
contribute to similar commercial products that can be specifically targeted towards
grass-invaded areas. Research testing the ability of different plant species to “re-culture”
grass-invaded soil is also needed, and researchers may want to prioritize testing common
resilient native plants or domesticated crop species, as these species may be more accessible
for use in the field. Finally, the continued use of activated carbon in a variety of contexts
can contribute to an improved understanding of what contexts are appropriate for
activated carbon amendments. The consideration and simulation of climate change on the
efficacy of allelopathy-informed restoration practices is critical, as there is evidence that
some climate events like drought can increase the potency of allelochemicals (Borbély &
Dávid, 2008). In addition, innovative communication strategies are needed for research to
have meaningful impact on restoration practices outside of academia. Platforms like the
Restor Foundation’s RESTOR (restor.eco) have been developed during the UN’s Decade of
Restoration (United Nations, 2020) with the aim of collecting relevant data, but
practitioners may still need to invest substantial time and effort to determine the most
appropriate, financially feasible practice for their context.

CONCLUSIONS
The rise and fall of allelopathy as a trending research topic has left research gaps, but our
findings supporting allelopathy as a potential mechanism that can help explain strong
dominance and impact (including legacy effects) by invasive grasses. By highlighting
evidence that invasive grasses may often produce allelochemicals, we hope to stimulate
further research and promote consideration of allelochemical amelioration strategies after
invasive grass removal, as a strategy for producing tangible improvements in conservation
and restoration outcomes. It is clear that in the UN Decade of Restoration, the stakes for
restoration success are high, and when it comes to the broad impacts of invasive grasses
worldwide, allelopathy research presents an important opportunity to make major
headway.

ACKNOWLEDGEMENTS
This is publication #182 from the School of Life Sciences, University of Hawai’i at Mānoa.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
The authors received no funding for this work.

Competing Interests
Curtis C. Daehler is an Academic Editor for PeerJ.

Author Contributions
� Manya Singh conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

Singh and Daehler (2023), PeerJ, DOI 10.7717/peerj.14858 12/19

http://dx.doi.org/10.7717/peerj.14858
https://peerj.com/


� Curtis C. Daehler conceived and designed the experiments, authored or reviewed drafts
of the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data is available in the Supplemental File. The code and intermediate files are
available on Figshare: Singh, Manya (2023): all_files. figshare. Dataset. https://doi.org/10.
6084/m9.figshare.21720920.v1.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.14858#supplemental-information.

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

grass. Plant OMICS 8:287–291.

Barbosa EG, Pivello VR, Meirelles ST. 2008. Allelopathic evidence in Brachiaria decumbens and
its potential to invade the Brazilian Cerrados. Brazilian Archives of Biology and Technology
51(4):625–631 DOI 10.1590/S1516-89132008000400021.

Benjamin C. 2017. Package “aptg”: Automatic Phylogenetic Tree Generator. Available at
https://CRAN.R-project.org/package=aptg.

Bennett JA, Stotz GC, Cahill JF Jr., Henrik Bruun Bennett H. 2014. Patterns of phylogenetic
diversity are linked to invasion impacts, not invasion resistance, in a native grassland. Journal of
Vegetation Science 25(6):1315–1326 DOI 10.1111/jvs.12199.

Bennett AE, Thomsen M, Strauss SY. 2011. Multiple mechanisms enable invasive species to
suppress native species. American Journal of Botany 98(7):1086–1094 DOI 10.3732/ajb.1000177.

Blank RR, Sforza R. 2007. Plant-soil relationships of the invasive annual grass Taeniatherum
caput-medusae: a reciprocal transplant experiment. Plant and Soil 298(1–2):7–19
DOI 10.1007/s11104-007-9308-3.

Borbély M, Dávid I. 2008. Changeability of allelopathy depending on several factors. Cereal
Research Communications 36:1383–1386.

Bürkner P-C. 2017. brms: an R package for bayesian multilevel models using stan. Journal of
Statistical Software 80(1):1–28 DOI 10.18637/jss.v080.i01.

Bürkner P-C. 2018. Advanced bayesian multilevel modeling with the R package brms. The R
Journal 10(1):395 DOI 10.32614/RJ-2018-017.

Callaway RM, Aschehoug ET. 2000. Invasive plants versus their new and old neighbors: a
mechanism for exotic invasion. Science 290(5491):521–523 DOI 10.1126/science.290.5491.521.

Callaway RM, Cipollini D, Barto K, Thelen GC, Hallett SG, Prati D, Stinson K, Klironomos J.
2008. Novel weapons: invasive plant suppresses fungal mutualists in America but not in its
native Europe. Ecology 89(4):1043–1055 DOI 10.1890/07-0370.1.

Callaway RM, Ridenour WM. 2004. Novel Weapons: invasive success and the evolution of
increased competitive ability. Frontiers in Ecology and the Environment 2(8):436–443
DOI 10.1890/1540-9295(2004)002[0436:NWISAT]2.0.CO;2.

Chen BM, D’Antonio CM, Molinari N, Peng SL. 2018.Mechanisms of influence of invasive grass
litter on germination and growth of coexisting species in California. Biological Invasions
20(7):1881–1897 DOI 10.1007/s10530-018-1668-5.

Singh and Daehler (2023), PeerJ, DOI 10.7717/peerj.14858 13/19

http://dx.doi.org/10.7717/peerj.14858#supplemental-information
https://doi.org/10.6084/m9.figshare.21720920.v1
https://doi.org/10.6084/m9.figshare.21720920.v1
http://dx.doi.org/10.7717/peerj.14858#supplemental-information
http://dx.doi.org/10.7717/peerj.14858#supplemental-information
http://dx.doi.org/10.1590/S1516-89132008000400021
https://CRAN.R-project.org/package=aptg
http://dx.doi.org/10.1111/jvs.12199
http://dx.doi.org/10.3732/ajb.1000177
http://dx.doi.org/10.1007/s11104-007-9308-3
http://dx.doi.org/10.18637/jss.v080.i01
http://dx.doi.org/10.32614/RJ-2018-017
http://dx.doi.org/10.1126/science.290.5491.521
http://dx.doi.org/10.1890/07-0370.1
http://dx.doi.org/10.1890/1540-9295(2004)002[0436:NWISAT]2.0.CO;2
http://dx.doi.org/10.1007/s10530-018-1668-5
http://dx.doi.org/10.7717/peerj.14858
https://peerj.com/


Cheng F, Cheng Z. 2015. Research progress on the use of plant allelopathy in agriculture and the
physiological and ecological mechanisms of allelopathy. Frontiers in Plant Science 6:1020
DOI 10.3389/fpls.2015.01020.

Cione NK, Padgett PE, Allen EB. 2002. Restoration of a native shrubland impacted by exotic
grasses, frequent fire, and nitrogen deposition in Southern California. Restoration Ecology
10(2):376–384 DOI 10.1046/j.1526-100X.2002.02038.x.

Cipollini D, Rigsby CM, Barto EK. 2012. Microbes as targets and mediators of allelopathy in
plants. Journal of Chemical Ecology 38(6):714–727 DOI 10.1007/s10886-012-0133-7.

Cole RJ, Soper FM, Litton CM, Knauf AE, Sparks K, Gerow KG, Giardina CP, Sparks JP. 2021.
Restoration benefits of soil nutrient manipulation and weeding in invaded dry and wet tropical
ecosystems in Hawai‘i. Restoration Ecology 29(5):e13390 DOI 10.1111/rec.13390.

Conti L, Block S, Parepa M, Münkemüller T, Thuiller W, Acosta ATR, van Kleunen M,
Dullinger S, Essl F, Dullinger I, Moser D, Klonner G, Bossdorf O, Carboni M, Catford J.
2018. Functional trait differences and trait plasticity mediate biotic resistance to potential plant
invaders. Journal of Ecology 106(4):1607–1620 DOI 10.1111/1365-2745.12928.

Corbett BF, Morrison JA. 2012. The allelopathic potentials of the non-native invasive plant
Microstegium vimineum and the native Ageratina altissima: two dominant species of the eastern
forest herb layer. Northeastern Naturalist 19(2):297–312 DOI 10.1656/045.019.0211.

Cummings JA, Parker IM, Gilbert GS. 2012. Allelopathy: a tool for weed management in forest
restoration. Plant Ecology 213(12):1975–1989 DOI 10.1007/s11258-012-0154-x.

Davies KW, Boyd CS, Bates JD, Hallett LM, Case MF, Svejcar L. 2022. What is driving the
proliferation of exotic annual grasses in sagebrush communities? Comparing fire with off-season
grazing. Rangeland Ecology & Management 82:76–85 DOI 10.1016/j.rama.2022.02.009.

Dick R, Rattei T, Haslbeck M, Schwab W, Gierl A, Frey M. 2012. Comparative analysis of
benzoxazinoid biosynthesis in monocots and dicots: independent recruitment of stabilization
and activation functions. The Plant Cell 24(3):915–928 DOI 10.1105/tpc.112.096461.

Dutartre L, Hilliou F, Feyereisen R. 2012. Phylogenomics of the benzoxazinoid biosynthetic
pathway of Poaceae: gene duplications and origin of the Bx cluster. BMC Evolutionary Biology
12(1):64 DOI 10.1186/1471-2148-12-64.

D’Antonio CM, Hughes RF, Tunison JT. 2011. Long-term impacts of invasive grasses and
subsequent fire in seasonally dry Hawaiian woodlands. Ecological Applications 21(5):1617–1628
DOI 10.1890/10-0638.1.

D’Antonio CM, Thomsen M. 2004. Ecological resistance in theory and practice.Weed Technology
18(sp1):1572–1577 DOI 10.1614/0890-037X(2004)018[1572:ERITAP]2.0.CO;2.

D’Antonio CM, Vitousek PM. 1992. Biological invasions by exotic grasses, the grass/fire cycle, and
global change. Annual Review of Ecology and Systematics 23(1):63–87
DOI 10.1146/annurev.es.23.110192.000431.

Enders M, Havemann F, Ruland F, Bernard-Verdier M, Catford JA, Gómez-Aparicio L,
Haider S, Heger T, Kueffer C, Kühn I, Meyerson LA, Musseau C, Novoa A, Ricciardi A,
Sagouis A, Schittko C, Strayer DL, Vilà M, Essl F, Hulme PE, Kleunen M, Kumschick S,
Lockwood JL, Mabey AL, McGeoch MA, Palma E, Pyšek P, Saul W, Yannelli FA, Jeschke JM,
Belmaker J. 2020. A conceptual map of invasion biology: integrating hypotheses into a
consensus network. Global Ecology and Biogeography 29(6):978–991 DOI 10.1111/geb.13082.

Frey M, Schullehner K, Dick R, Fiesselmann A, Gierl A. 2009. Benzoxazinoid biosynthesis, a
model for evolution of secondary metabolic pathways in plants. Phytochemistry
70(15–16):1645–1651 DOI 10.1016/j.phytochem.2009.05.012.

Singh and Daehler (2023), PeerJ, DOI 10.7717/peerj.14858 14/19

http://dx.doi.org/10.3389/fpls.2015.01020
http://dx.doi.org/10.1046/j.1526-100X.2002.02038.x
http://dx.doi.org/10.1007/s10886-012-0133-7
http://dx.doi.org/10.1111/rec.13390
http://dx.doi.org/10.1111/1365-2745.12928
http://dx.doi.org/10.1656/045.019.0211
http://dx.doi.org/10.1007/s11258-012-0154-x
http://dx.doi.org/10.1016/j.rama.2022.02.009
http://dx.doi.org/10.1105/tpc.112.096461
http://dx.doi.org/10.1186/1471-2148-12-64
http://dx.doi.org/10.1890/10-0638.1
http://dx.doi.org/10.1614/0890-037X(2004)018[1572:ERITAP]2.0.CO;2
http://dx.doi.org/10.1146/annurev.es.23.110192.000431
http://dx.doi.org/10.1111/geb.13082
http://dx.doi.org/10.1016/j.phytochem.2009.05.012
http://dx.doi.org/10.7717/peerj.14858
https://peerj.com/


Funk JL, Cleland EE, Suding KN, Zavaleta ES. 2008. Restoration through reassembly: plant traits
and invasion resistance. Trends in Ecology & Evolution 23(12):695–703
DOI 10.1016/j.tree.2008.07.013.

Fusco EJ, Balch JK, Mahood AL, Nagy RC, Syphard AD, Bradley BA. 2021. The human-
grass–fire cycle: how people and invasives co-occur to drive fire regimes. Frontiers in Ecology and
the Environment 20(2):117–126 DOI 10.1002/fee.2432.

Fusco EJ, Finn JT, Balch JK, Nagy RC, Bradley BA. 2019. Invasive grasses increase fire occurrence
and frequency across US ecoregions. Proceedings of the National Academy of Sciences of the
United States of America 116(47):23594–23599 DOI 10.1073/pnas.1908253116.

Ghebrehiwot HM, Aremu AO, van Staden J. 2014. Evaluation of the allelopathic potential of five
South African mesic grassland species. Plant Growth Regulation 72(2):155–162
DOI 10.1007/s10725-013-9847-y.

Gibbons SM, Lekberg Y, Mummey DL, Sangwan N, Ramsey PW, Gilbert JA. 2017. Invasive
plants rapidly reshape soil properties in a grassland ecosystem. mSystems 2(2):e00178–e0e216
DOI 10.1128/mSystems.00178-16.

Gong X, Huang D, Liu Y, Peng Z, Zeng G, Xu P, Cheng M, Wang R, Wan J. 2018. Remediation
of contaminated soils by biotechnology with nanomaterials: bio-behavior, applications, and
perspectives. Critical Reviews in Biotechnology 38(3):455–468
DOI 10.1080/07388551.2017.1368446.

Greer MJ, Wilson GWT, Hickman KR, Wilson SM. 2014. Experimental evidence that invasive
grasses use allelopathic biochemicals as a potential mechanism for invasion: chemical warfare in
nature. Plant and Soil 385(1–2):165–179 DOI 10.1007/s11104-014-2209-3.

Guido A, Quiñones A, Pereira AL, da Silva ER. 2020. ¿Las gramíneas invasoras Cynodon
dactylon y Eragrostis plana son más fitotóxicas que una nativa coexistente? Ecología Austral
30(2):295–303 DOI 10.25260/EA.20.30.2.0.1090.

Harnden J, Macdougall AS, Sikes BA. 2011. Field-based effects of allelopathy in invaded tallgrass
prairie. Botany 89(4):227–234 DOI 10.1139/b11-009.

He W, Megharaj M, Wu C-Y, Subashchandrabose SR, Dai C-C. 2020. Endophyte-assisted
phytoremediation: mechanisms and current application strategies for soil mixed pollutants.
Critical Reviews in Biotechnology 40(1):31–45 DOI 10.1080/07388551.2019.1675582.

Hess MCM, Buisson E, Jaunatre R, Mesléard F, Singh I. 2020. Using limiting similarity to
enhance invasion resistance: theoretical and practical concerns. Journal of Applied Ecology
57(3):559–565 DOI 10.1111/1365-2664.13552.

Hickman DT, Rasmussen A, Ritz K, Birkett MA, Neve P. 2021. Review: allelochemicals as
multi-kingdom plant defence compounds: towards an integrated approach. Pest Management
Science 77(3):1121–1131 DOI 10.1002/ps.6076.

Hierro JL, Callaway RM. 2003. Allelopathy and exotic plant invasion. Plant and Soil 256(1):29–39
DOI 10.1023/A:1026208327014.

Hierro JL, Callaway RM. 2021. The ecological importance of allelopathy. Annual Review of
Ecology, Evolution, and Systematics 52(1):25–45 DOI 10.1146/annurev-ecolsys-051120-030619.

Hussain F, Ahmad B, Ilahi I. 2010. Allelopathic effects of Cenchrus ciliaris L. and Bothriochloa
pertusa (L.) A. camus. Pakistan Journal of Botany 42:3587–3604.

Inderjit, Seastedt TR, Callaway RM, Pollock JL, Kaur J. 2008. Allelopathy and plant invasions:
traditional, congeneric, and bio-geographical approaches. Biological Invasions 10(6):875–890
DOI 10.1007/s10530-008-9239-9.

Inderjit, Wardle DA, Karban R, Callaway RM. 2011. The ecosystem and evolutionary contexts of
allelopathy. Trends in Ecology & Evolution 26(12):655–662 DOI 10.1016/j.tree.2011.08.003.

Singh and Daehler (2023), PeerJ, DOI 10.7717/peerj.14858 15/19

http://dx.doi.org/10.1016/j.tree.2008.07.013
http://dx.doi.org/10.1002/fee.2432
http://dx.doi.org/10.1073/pnas.1908253116
http://dx.doi.org/10.1007/s10725-013-9847-y
http://dx.doi.org/10.1128/mSystems.00178-16
http://dx.doi.org/10.1080/07388551.2017.1368446
http://dx.doi.org/10.1007/s11104-014-2209-3
http://dx.doi.org/10.25260/EA.20.30.2.0.1090
http://dx.doi.org/10.1139/b11-009
http://dx.doi.org/10.1080/07388551.2019.1675582
http://dx.doi.org/10.1111/1365-2664.13552
http://dx.doi.org/10.1002/ps.6076
http://dx.doi.org/10.1023/A:1026208327014
http://dx.doi.org/10.1146/annurev-ecolsys-051120-030619
http://dx.doi.org/10.1007/s10530-008-9239-9
http://dx.doi.org/10.1016/j.tree.2011.08.003
http://dx.doi.org/10.7717/peerj.14858
https://peerj.com/


Ismail BS, Tan PW, Chuah TS. 2015. Assessment of the potential allelopathic effects of
Pennisetum purpureum Schumach. On the germination and growth of Eleusine indica (L.)
Gaertn. Sains Malaysiana 44(2):269–274 DOI 10.17576/jsm-2015-4402-15.

Jilani G, Mahmood S, Chaudhry AN, Hassan I, Akram M. 2008. Allelochemicals: sources,
toxicity and microbial transformation in soil —a review. Annals of Microbiology 58(3):351–357
DOI 10.1007/BF03175528.

Jose CM, Brandão Torres LM, Torres MAMG, Shirasuna RT, Farias DA, dos Santos NA Jr.,
Grombone-Guaratini MT. 2016. Phytotoxic effects of phenolic acids from Merostachys
riedeliana, a native and overabundant Brazilian bamboo. Chemoecology 26(6):235–246
DOI 10.1007/s00049-016-0224-y.

Kalisz S, Kivlin SN, Bialic-Murphy L. 2021. Allelopathy is pervasive in invasive plants. Biological
Invasions 23(2):367–371 DOI 10.1007/s10530-020-02383-6.

Kerns BK, Tortorelli C, Day MA, Nietupski T, Barros AMG, Kim JB, Krawchuk MA. 2020.
Invasive grasses: a new perfect storm for forested ecosystems? Forest Ecology and Management
463(7):117985 DOI 10.1016/j.foreco.2020.117985.

Kheirabadi M, Azizi M, Taghizadeh SF, Fujii Y. 2020. Recent advances in saffron soil
remediation: activated carbon and zeolites effects on allelopathic potential. Plants 9(12):1714
DOI 10.3390/plants9121714.

Knauf AE, Litton CM, Cole RJ, Sparks JP, Giardina CP, Gerow KG, Quiñones-Santiago M.
2021. Nutrient-use strategy and not competition determines native and invasive species
response to changes in soil nutrient availability. Restoration Ecology 29(5):e13374
DOI 10.1111/rec.13374.

Kobayashi K. 2004. Factors affecting phytotoxic activity of allelochemicals in soil. Weed Biology
and Management 4(1):1–7 DOI 10.1111/j.1445-6664.2003.00112.x.

Lajeunesse MJ. 2015. Bias and correction for the log response ratio in ecological meta-analysis.
Ecology 96(8):2056–2063 DOI 10.1890/14-2402.1.

Lau JA, Puliafico KP, Kopshever JA, Steltzer H, Jarvis EP, Schwarzländer M, Strauss SY,
Hufbauer RA. 2008. Inference of allelopathy is complicated by effects of activated carbon on
plant growth. New Phytologist 178(2):412–423 DOI 10.1111/j.1469-8137.2007.02360.x.

Leal RP, Silveira MJ, Petsch DK, Mormul RP, Thomaz SM. 2021. The success of an invasive
Poaceae explained by drought resilience but not by higher competitive ability. Environmental
and Experimental Botany 194:104717 DOI 10.1016/j.envexpbot.2021.104717.

Li D, Dinnage R, Nell L, Helmus MR, Ives A. 2020. phyr: an R package for phylogenetic
species-distribution modelling in ecological communities. BioRxiv
DOI 10.1101/2020.02.17.952317.

Li Y-P, Feng Y-L, Kang Z-L, Zheng Y-L, Zhang J-L, Chen Y-J, Flory L. 2017. Changes in soil
microbial communities due to biological invasions can reduce allelopathic effects. Journal of
Applied Ecology 54(5):1281–1290 DOI 10.1111/1365-2664.12878.

Linder HP, Lehmann CER, Archibald S, Osborne CP, Richardson DM. 2018. Global grass
(Poaceae) success underpinned by traits facilitating colonization, persistence and habitat
transformation. Biological Reviews 93(2):1125–1144 DOI 10.1111/brv.12388.

Macías FA, Marín D, Oliveros-Bastidas A, Castellano D, Simonet AM, Molinillo JMG. 2006.
Structure-activity relationship (SAR) studies of benzoxazinones, their degradation products, and
analogues. Phytotoxicity on problematic weeds Avena fatua L. and Lolium rigidum Gaud.
Journal of Agricultural and Food Chemistry 54(4):1040–1048 DOI 10.1021/jf050903h.

Singh and Daehler (2023), PeerJ, DOI 10.7717/peerj.14858 16/19

http://dx.doi.org/10.17576/jsm-2015-4402-15
http://dx.doi.org/10.1007/BF03175528
http://dx.doi.org/10.1007/s00049-016-0224-y
http://dx.doi.org/10.1007/s10530-020-02383-6
http://dx.doi.org/10.1016/j.foreco.2020.117985
http://dx.doi.org/10.3390/plants9121714
http://dx.doi.org/10.1111/rec.13374
http://dx.doi.org/10.1111/j.1445-6664.2003.00112.x
http://dx.doi.org/10.1890/14-2402.1
http://dx.doi.org/10.1111/j.1469-8137.2007.02360.x
http://dx.doi.org/10.1016/j.envexpbot.2021.104717
http://dx.doi.org/10.1101/2020.02.17.952317
http://dx.doi.org/10.1111/1365-2664.12878
http://dx.doi.org/10.1111/brv.12388
http://dx.doi.org/10.1021/jf050903h
http://dx.doi.org/10.7717/peerj.14858
https://peerj.com/


Macías FA, Oliveros-Bastidas A, Marín D, Carrera C, Chinchilla N, Molinillo JMG. 2007. Plant
biocommunicators: their phytotoxicity, degradation studies and potential use as herbicide
models. Phytochemistry Reviews 7(1):179–194 DOI 10.1007/s11101-007-9062-4.

Marshall NA, Friedel M, van Klinken RD, Grice AC. 2011. Considering the social dimension of
invasive species: the case of buffel grass. Environmental Science & Policy 14(3):327–338
DOI 10.1016/j.envsci.2010.10.005.

Meksawat S, Pornprom T. 2010. Allelopathic effect of itchgrass (Rottboellia cochinchinensis) on
seed germination and plant growth. Weed Biology and Management 10(1):16–24
DOI 10.1111/j.1445-6664.2010.00362.x.

Możdże�n K, Barabasz-Krasny B, Stachurska-Swako�n A, Zandi P, Puła J, Wang Y, Turisova I.
2020. Allelopathic interaction between two common meadow plants: Dactylis glomerata L. and
Trifolium pratense L.. Biologia 75(5):653–663 DOI 10.2478/s11756-020-00438-6.

Musso C, Fontenele HGV, Pinto G, Oliveira R, Correia C, Moutinho-Pereira JM,
Soares AMVM, Loureiro S. 2021. Effects of water and nutrient availability on morphological,
physiological, and biochemical traits of one invasive and one native grass of a Neotropical
savanna. Environmental and Experimental Botany 182(80):104305
DOI 10.1016/j.envexpbot.2020.104305.

Nagy RC, Fusco EJ, Balch JK, Finn JT, Mahood A, Allen JM, Bradley BA. 2021. A synthesis of
the effects of cheatgrass invasion on US Great Basin carbon storage. Journal of Applied Ecology
58(2):327–337 DOI 10.1111/1365-2664.13770.

Navarro-Cano JA. 2008. Effect of grass litter on seedling recruitment of the critically endangered
Cistus heterophyllus in Spain. Flora—Morphology, Distribution, Functional Ecology of Plants
203(8):663–668 DOI 10.1016/j.flora.2007.10.008.

Niculaes C, Abramov A, Hannemann L, Frey M. 2018. Plant protection by benzoxazinoids—
recent insights into biosynthesis and function. Agronomy 8(8):143
DOI 10.3390/agronomy8080143.

Nolan NE, Kulmatiski A, Beard KH, Norton JM. 2015. Activated carbon decreases invasive plant
growth by mediating plant—microbe interactions. AoB PLANTS 7:993
DOI 10.1093/aobpla/plu072.

Oliveira APP, Pereira SR, Cândido ACS, Laura VA, Peres MTLP. 2016. Gramíneas alelopáticas
podem limitar a germinação de sementes e o crescimento de plântulas de Mutambo? Um teste
com duas espécies de Braquiárias. Planta Daninha 34(4):639–648
DOI 10.1590/s0100-83582016340400003.

Orr SP, Rudgers JA, Clay K. 2005. Invasive plants can inhibit native tree seedlings: testing
potential allelopathic mechanisms. Plant Ecology 181(2):153–165
DOI 10.1007/s11258-005-5698-6.

Perkins LB, Hatfield G, Espeland EK. 2016. Invasive grasses consistently create similar plant-soil
feedback types in soils collected from geographically distant locations. Journal of Plant Ecology
9(2):180–186 DOI 10.1093/jpe/rtv040.

Perkins LB, Johnson DW, Nowak RS. 2011. Plant-induced changes in soil nutrient dynamics by
native and invasive grass species. Plant and Soil 345(1–2):365–374
DOI 10.1007/s11104-011-0788-9.

Prober SM, Lunt ID. 2009. Restoration of Themeda australis swards suppresses soil nitrate and
enhances ecological resistance to invasion by exotic annuals. Biological Invasions 11(2):171–181
DOI 10.1007/s10530-008-9222-5.

R Development Core Team. 2022. R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing.

Singh and Daehler (2023), PeerJ, DOI 10.7717/peerj.14858 17/19

http://dx.doi.org/10.1007/s11101-007-9062-4
http://dx.doi.org/10.1016/j.envsci.2010.10.005
http://dx.doi.org/10.1111/j.1445-6664.2010.00362.x
http://dx.doi.org/10.2478/s11756-020-00438-6
http://dx.doi.org/10.1016/j.envexpbot.2020.104305
http://dx.doi.org/10.1111/1365-2664.13770
http://dx.doi.org/10.1016/j.flora.2007.10.008
http://dx.doi.org/10.3390/agronomy8080143
http://dx.doi.org/10.1093/aobpla/plu072
http://dx.doi.org/10.1590/s0100-83582016340400003
http://dx.doi.org/10.1007/s11258-005-5698-6
http://dx.doi.org/10.1093/jpe/rtv040
http://dx.doi.org/10.1007/s11104-011-0788-9
http://dx.doi.org/10.1007/s10530-008-9222-5
http://dx.doi.org/10.7717/peerj.14858
https://peerj.com/


Rasmussen JA, Rice EL. 1971. Allelopathic effects of Sporobolus pyramidatus on vegetational
patterning. American Midland Naturalist 86(2):309 DOI 10.2307/2423626.

Rayment J, French K, Bedward M, Fischer J. 2022. Understanding patterns and pathways of
exotic perennial grass invasion in South-eastern Australian grassy communities. Diversity and
Distributions 28(5):1136–1150 DOI 10.1111/ddi.13520.

Revell LJ. 2012. phytools: an R package for phylogenetic comparative biology (and other things).
Methods in Ecology and Evolution 3(2):217–223 DOI 10.1111/j.2041-210X.2011.00169.x.

Rhodes AC, Plowes RM, Goolsby JA, Gaskin JF, Musyoka B, Calatayud PA, Cristofaro M,
Grahmann ED, Martins DJ, Gilbert LE. 2021. The dilemma of Guinea grass (Megathyrsus
maximus): a valued pasture grass and a highly invasive species. Biological Invasions
23(12):3653–3669 DOI 10.1007/s10530-021-02607-3.

Rice EL. 1972. Allelopathic effects of Andropogon virginicus and its persistence in old fields.
American Journal of Botany 59(7):752–755 DOI 10.1002/j.1537-2197.1972.tb10148.x.

Rudgers JA, Orr S. 2009. Non-native grass alters growth of native tree species via leaf and soil
microbes. Journal of Ecology 97(2):247–255 DOI 10.1111/j.1365-2745.2008.01478.x.

Schoch CL, Ciufo S, Domrachev M, Hotton CL, Kannan S, Khovanskaya R, Leipe D,
McVeigh R, O’Neill K, Robbertse B, Sharma S, Soussov V, Sullivan JP, Sun L, Turner S,
Karsch-Mizrachi I. 2020. NCBI taxonomy: a comprehensive update on curation, resources and
tools. Database: the Journal of Biological Databases and Curation 2020:D48
DOI 10.1093/database/baaa062.

Schullehner K, Dick R, Vitzthum F, SchwabW, BrandtW, Frey M, Gierl A. 2008. Benzoxazinoid
biosynthesis in dicot plants. Phytochemistry 69(15):2668–2677
DOI 10.1016/j.phytochem.2008.08.023.

Schütz V, Bigler L, Girel S, Laschke L, Sicker D, Schulz M. 2019. Conversions of benzoxazinoids
and downstream metabolites by soil microorganisms. Frontiers in Ecology and Evolution 7:238
DOI 10.3389/fevo.2019.00238.

Shan J, Ji R, Yu Y, Xie Z, Yan X. 2015. Biochar, activated carbon, and carbon nanotubes have
different effects on fate of 14 C-catechol and microbial community in soil. Scientific Reports
5(1):16000 DOI 10.1038/srep16000.

Sigüenza C, Corkidi L, Allen EB. 2006. Feedbacks of soil inoculum of mycorrhizal fungi altered by
N deposition on the growth of a native shrub and an invasive annual grass. Plant and Soil
286(1–2):153–165 DOI 10.1007/s11104-006-9034-2.

Sommers P, Davis A, Chesson P. 2022. Invasive buffel grass (Cenchrus ciliaris) increases water
stress and reduces success of native perennial seedlings in southeastern Arizona. Biological
Invasions 24(6):1–18 DOI 10.1007/s10530-022-02750-5.

Soti P, Thomas V. 2021. Review of the invasive forage grass, Guinea grass (Megathyrsus maximus):
ecology and potential impacts in arid and semi-arid regions. Weed Research 62(1):68–74
DOI 10.1111/wre.12512.

Steidl RJ, Hayes JP, Schauber E. 1997. Statistical power analysis in wildlife research. The Journal of
Wildlife Management 61(2):270 DOI 10.2307/3802582.

Tomat-Kelly G, Dillon WW, Flory SL. 2021. Invasive grass fuel loads suppress native species by
increasing fire intensity and soil heating. Journal of Applied Ecology 58(10):2220–2230
DOI 10.1111/1365-2664.13881.

Torres N, Herrera I, Fajardo L, Bustamante RO. 2021. Meta-analysis of the impact of plant
invasions on soil microbial communities. BMC Ecology and Evolution 21(1):172
DOI 10.1186/s12862-021-01899-2.

Singh and Daehler (2023), PeerJ, DOI 10.7717/peerj.14858 18/19

http://dx.doi.org/10.2307/2423626
http://dx.doi.org/10.1111/ddi.13520
http://dx.doi.org/10.1111/j.2041-210X.2011.00169.x
http://dx.doi.org/10.1007/s10530-021-02607-3
http://dx.doi.org/10.1002/j.1537-2197.1972.tb10148.x
http://dx.doi.org/10.1111/j.1365-2745.2008.01478.x
http://dx.doi.org/10.1093/database/baaa062
http://dx.doi.org/10.1016/j.phytochem.2008.08.023
http://dx.doi.org/10.3389/fevo.2019.00238
http://dx.doi.org/10.1038/srep16000
http://dx.doi.org/10.1007/s11104-006-9034-2
http://dx.doi.org/10.1007/s10530-022-02750-5
http://dx.doi.org/10.1111/wre.12512
http://dx.doi.org/10.2307/3802582
http://dx.doi.org/10.1111/1365-2664.13881
http://dx.doi.org/10.1186/s12862-021-01899-2
http://dx.doi.org/10.7717/peerj.14858
https://peerj.com/


UddinMN, Robinson RW, Buultjens A, al HarunMAY, Shampa SH. 2017. Role of allelopathy of
Phragmites australis in its invasion processes. Journal of Experimental Marine Biology and
Ecology 486(6):237–244 DOI 10.1016/j.jembe.2016.10.016.

United Nations. 2020. UN decade on restoration. New York: UN. Available at http://www.
decadeonrestoration.org/.

van Buuren S, Groothuis-Oudshoorn K. 2011. mice: multivariate imputation by chained
equations in R. Journal of Statistical Software 45(3):1–67 DOI 10.18637/jss.v045.i03.

Vehtari A, Gelman A, Gabry J. 2017. Practical Bayesian model evaluation using leave-one-out
cross-validation and WAIC. Statistics and Computing 27(5):1413–1432
DOI 10.1007/s11222-016-9696-4.

Walker ZC, Morgan JW. 2022. Perennial pasture grass invasion changes fire behaviour and
recruitment potential of a native forb in a temperate Australian grassland. Biological Invasions
24(6):1–11 DOI 10.1007/s10530-022-02743-4.

Wied JP, Perotto-Baldivieso HL, Conkey A, Brennan LA, Mata JM. 2020. Invasive grasses in
South Texas rangelands: historical perspectives and future directions. Invasive Plant Science and
Management 13(2):41–58 DOI 10.1017/inp.2020.11.

Wink M. 2003. Evolution of secondary metabolites from an ecological and molecular phylogenetic
perspective. Phytochemistry 64(1):3–19 DOI 10.1016/S0031-9422(03)00300-5.

Zhang Z, Liu Y, Brunel C, van Kleunen M. 2020a. Soil-microorganism-mediated invasional
meltdown in plants. Nature Ecology & Evolution 4(12):1612–1621
DOI 10.1038/s41559-020-01311-0.

Zhang Z, Liu Y, Yuan L, Weber E, van Kleunen M, Gurevitch J. 2020b. Effect of allelopathy on
plant performance: a meta-analysis. Ecology Letters 24(2):348–362 DOI 10.1111/ele.13627.

Singh and Daehler (2023), PeerJ, DOI 10.7717/peerj.14858 19/19

http://dx.doi.org/10.1016/j.jembe.2016.10.016
http://www.decadeonrestoration.org/
http://www.decadeonrestoration.org/
http://dx.doi.org/10.18637/jss.v045.i03
http://dx.doi.org/10.1007/s11222-016-9696-4
http://dx.doi.org/10.1007/s10530-022-02743-4
http://dx.doi.org/10.1017/inp.2020.11
http://dx.doi.org/10.1016/S0031-9422(03)00300-5
http://dx.doi.org/10.1038/s41559-020-01311-0
http://dx.doi.org/10.1111/ele.13627
http://dx.doi.org/10.7717/peerj.14858
https://peerj.com/

	Meta-analytic evidence that allelopathy may increase the success and impact of invasive grasses
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


