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Allelopathy (i.e. chemical in terac tions between plants) is known to affect individual performance, 
community structure and plant invasions. Yet, a quantitative synthesis is lacking. Here, we per­
formed a meta-analysis of 384 studies that measured allelopathic effects of one species (a llelopathy 
plant) on another species or itself (test plant). Overall, allelopathy reduced p lant performance by 
25%, but the variation in allelopathy was high. T he type of method affected the a llelopathic 
effect : compared to leachates, allelopathy was more negative when residues of allelopathy plants 
were applied, and less negative when soil conditioned by allelopathy plants was applied. The nega­
tive effects of allelopathy diminished wi th study duration, and increased with concentrations of 
leachates or residues. Although allelopathy was not significantly related to lifespan, life form or 
domestication of the interacting plants, it became more negative with increasing phylogenetic dis­
tance. Moreover, native plants suffered more from leachates of natura lised a lien plants tha n from 
leachates of other native plants. O ur synthesis reveals that allelopathy could contribute to success 
of alien plants. The negat ive rela tio nship between phylogenetic d istance and alle lopathy indicates 
that allelopathy might contribute to coexistence of closely related species (i.e. convergence) or 
dominance of single species. 
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I NTRODUCTIO 

Allelopathy refers to ei ther the inhibitory or st imulatory effect 
o f o ne plant on another through the productio n of chemicals 
and thei r release into the environment (Mo lisch 1937; Rice 
1984). The earliest written record of allelopathy can be traced 
back to c. 300 BC, when the Greek philosopher Theophrastus 
no ticed that, chick pea plants 'exhaust' the soil a nd destroy 
weeds (Ho rt 19 16). To understand the ro tes of allelopathy in 
agricullure, forestry aml old-fiekl succession, numerous sludies 
have been conducted since 1970 (Rice 1984; Cheng & Cheng 
2015). In the late-1990s, research on a llelopathy gained even 
more allention as some stud ies revealed a llelopathy as a driv­
ing mechanism for the success of some invasive plants (War­
die et a/. 1998; Callaway & Aschehoug 2000; Hierro & 
Callaway 2003). Despite the long-standing interest and the 
mounting number of studies on allelopathy, we still lack a 
q ua nti tative synthesis to answer whether allelopathy generally 
inhibits o r stimulates plants. 

So fa r, inhibitory effects of allelopathy have been found in 
some studies (Mahall & Callaway 1992), but no or st imula­
tory effects have been found in others (Bauer et a/. 2012; 
Zhang et a/. 2015). T herefore, besides testing the overall effect 
of allelopathy, identifying the sources of helerogeneily can 
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also improve o ur understanding (Lankau 2009; Tharayil e/ a/. 
2009; Mei ners et al. 2012). T he firsl candidale source is the 
method to sludy allelopathy. For example, to test a llelopathy, 
some studies soaked seeds in leaf leachates or root exudate 
from other plants, and some grew seedlings on substrate 
mixed with rcsidues from othcr plants (see Table 1 for a sum­
mary of the major methods that have been used to test 
alllelopathy). T he diffe rences in study method partly reflect the 
fo ur pathways through which allelochemicals are released into 
the environment, thal is, leaching from plants by ra in, decom­
position of plant residues (e.g. litter), exudation from roots 
arnd volatilisation ( Fig. 1; Rice 1984 p309). However, studies 
also diffe r wi th regard to the different life stages of plants 
(e.g. germination vs. growth) and the duration of the experi­
ment. Disenta ngling the importance of the d ifferent factors 
related to the study design can hardly be achieved in a single 
case study, but is feasible in a quantitative synthesis, such as 
mela-analysis (G urevitch et a/. 2018). 

Varia nce in allelopathy can also a rise fro m bio logical traits 
of plants. Several studies of plant succession revealed that the 
effect of allelopathy may depend on life history. For example, 
Jackson and Willemsen (1976) reported that ragweed (Ambro­
sia artemisiifolia) and wild radish (Raphanus raphanistrum), 
which a re short-l ived, early successional species, cannol 
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Tablc 1 A descriplion of the seven types of methods used 10 lest for 
allelopathy. Wc also indicale which of the four pathways of allelopalhy 
(sec Fig. 1) thc mcthod tcsts 

Meihod Description Pathway* 

Leachale Leachates were made by soaking plant PI 
biomass (usually leaves) of lhe allelopa thy 
plant in watcr. or in a mixture of watcr and 
an organic solvcn1. for a ccrtain time 
(ranging from a few hours 10 days). Then, 
lhe leachale was applied lO 1he lest planls. 

Residue Biomass (liuer or fresh biomass) of the P2 
allelopathy plant was directly incorpora ted 
into thc substrate of thc test plants. 

Exudatc Thc allclopathy plan1 was grown on artificial P3 
medium or in an exudale collection system. 
Then the medium was used lO grow lest 
plants, or exudate was applied lo the test 
plants. 

Volatile The test plant was grown in the presence of P4 
allelopathy plants, but wit hou t any physica l 
contact. 

Soil Soil was collected from where the allelopathy P 1, P2, P3 
plant grew or the allelopathy plant was 
used to train the soil. Then the soil was 
used as substrate for lhe lest plant. 

Activated Active carbon was used to abso rb P 1, P2, P3 
carbon allelochcmica ls. so thal 1he efTect of 

allelopathy would be neutralised. 
Solvent Leachates of the allelopathy plant were P I 
extraction exlracled by organic solvenls (if difTerenl 

organic solvenlS were used, 1he least polar 
solvent was used first, followed by more 
polar ones). Then. lhe solven l fraction was 
applied 10 the tesl plant. 

*The abbrevia tions correspond 10 the pathways in Figure l. PI: leachate; 
P2: residuc: P3: exudatc: P4: volatile. 

re-establish on soils on which the long- lived, late-successional 
frost aster (Aster pilosus) grew previously. Besides life history, 
domestication may also matter as crop species appear to be 
more sensitive to allelopathy than weeds (Sera 2012). From 
a n evolulionary perspective, individuals of short-lived species 
are associated with other species for a shorter period than 
lo ng-lived spccies a re (Mystcr & Pickett 1992). Likcwise, crop 
species are less exposed to interference with other species (e.g. 
weeds) as they are frequently protected by humans. Conse­
quently, lhe abililies lo inhibit olher species a nd lo lolerate 
inhibition from others are less likely to be selected for in 
short-lived specics or crops (Mciners et al. 2012). Howevcr, 
whether this is true remains untested at a broad scale. 

The strength and direction of allelopathic interactions may 
also depend on two other aspects of evolutionary history: 
phylogenelic distance and species origin. On lhe o ne hand, lhe 
composilion of secondary melaboli tes (i.e. allelochemicals) is 
generally phylogenetically conserved in plants (Wink 2003; 
Grutters et al. 2017). Therefore, distantly related species might 
strongly inhibit each other due to little overlap in, and thus 
novelty o f, thei r allelochemical profiles. On the other hand, 
evolutionary history is also shaped by lhe conditions that a 
species has experienced. In their native range, alien plants 
interacted with other species (e.g. competitors and enemies) 
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tha n lhey do in lheir non-native range (Liu & Stiling 2006; 
Bhimenthal et al. 2009; Saul & Jeschke 2015). Therefore, the 
aliens might bave evolved different arsenals of allelochemicals 
to which the natives, in the non-native range of the a liens, are 
not adapled. This is known as the Novel Weapons hypothesis 
(Callaway & Ridenour 2004). For example, Callaway and 
Aschehoug (2000) found lhal the Eurasian Cenraurea diffusa, 
a noxious invasive weed in North America, had more negative 
efifects on species native to North America than on species 
na tive lo Eurasia. The other way around, the natives may also 
produce arsenals of allelochemicals to which introduced a liens 
a re not adapted, and this might provide biotic resistance 
(Rabotnov 1981; Cummings et al. 2012; Ning er al. 2016). 
Still, the importance of phylogenetic distance and novelty for 
the strength of allelopathic interactions and the consequences 
for invasion success of alien plants rema in unknown. 

Although there are still many open questions in a llelopathy 
research, the pasl decade has wilnessed a slowdown of 
research on allelopathy (Fig. SI). There are possibly two 
major reasons for this. First, relractions and correctio ns of 
several high-profile publications - whose find ings could not 
be repealed by subsequent studies (Blair er al. 2005; Perry 
er al. 2007) o r were identified as being fabricated (Bo rrell 
2015; Palus 2016) - have haunted the field. Second, some of 
the techniques to study allelopathic effects have been ques­
tioned (e.g. Lau et al. 2008, Blair et al. 2009). Therefore, to 
assess the overall evidence for allelopalhy and lo quanlify its 
effects, we conducted a meta-analysis. Importantly, we also 
identified sources of variance in allelopathy by testing 
whether allelopathy is related to study design (including the 
techniques used), biological traits of species and evolutionary 
hislory. Finally, lo provide new avenues for future studies, 
we identified some of the knowledge gaps in presenl a llelopa­
thy research. 

METHO DS 

Li terature search 

We searched /SI Web of Science for between-planl-allelopathy 
studies that were published between January 1900 and Decem­
ber 2017. We used the search string 'allelopath* AND plant', 
which resulted in 3699 papers. This list of papers was further 
expanded by including all papers lhal were published in the 
Allelopathy Journal (ISSN 0971-4693) between 1994 (the year 
tha t the journal was first published) and 20 17, which resulled 
in anolher c. 900 papers. We then screened the titles, abstracts 
arnd main lexts. Studies were included if the following criteria 
were met: 

(1) The study tested a pairwise inleraction, lhal is, the effecl 
of one species on anolher or on conspecifics. Therefore, 
studies that tested efTects of allelopathy on a community, 
that tested efTect of mixed species and that tested efTects 
of single allelochemicals on plants were excluded. 

(2) The sludy tested allelopalhy using one of lhe seven major 
methods listed in Table 1. 

(3) The study measured traits related to germination, growth 
or fitness, and thus studies that measured other traits, 
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Figure 1 Tbc difiercnt relcase pathways and etTccts of allelochemicals. The allelopat hy plant (lefl) can rclease a llelochemicals through four pathways (black 
arrows): leach ing by rain (PI), decomposition of plant residues (P2), exudation from roots (P3) and volatilisation (P4). The allelochemicals can afTect the 
test plant directly (red arrows) or indirectly through their efTect on soi l biota (dashed red arrows). Soil biota can also affect allelochemicals, such as 
through conversion or dcgradation of allclochcmicals. Thc root illustration is designed by Brgfx/Frecpik. 

such as mycorrhizal colonisation and the concentration of 
chlorophyll, were excluded. Germination measurements 
include germination rate (i.e. proportion of seeds that ger­
minated), germination speed and time to germination. 
G rowth measurements include total biomass and biomass 
of different plant parts {shoots, roots, leaves and stem); 
lengths of roots and shoots; numbers of leaves and 
branches; leaf size; and stem diameter. Fitness measure­
ments include biomass of seeds, fruit and flowers, and 
n um bers of seeds, fr uit, flowers and ramets. 

(4) The study used seed planls (i.e. the few studies thal used 
algae or fems were excluded). 

(5) The study reported the duration of the experiment. 
(6) Mean values and variances (standard deviations, standard 

erro rs or 95% confidence intervals) of control and 
allelopathy treatments could be obtained from the text, 
tables, figures or supplements. 

Data collection 

In total, 378 published papers met our criteria. We also added 
data of six experiments from our laboratories, two of which 
were pu blished after 2017 (Zhang et a/. 2018; Oduor et al. 
2020). So, we included 384 stud ies in total. lf a study sampled 

data at multiple time points, we only extracted the fina l data 
points to avoid temporal autocorrelat ion. If a study tested mul­
tiple species pairs, applied multiple treatments (e.g. different 
concentrations of leachates), we considered them as indepen­
dent observations. For each observation, we extracted the mean 
values, variances and sample sizes of the test species, under 
control and allelopathy treatments. Data from figures were 
extracted using ImageJ (Abramoff et a/. 2004). We recorded 
study duration, the plant part used for making the allelopathy 
treatment {shoot, root and whole plant), the concentration of 
leachates or residues if it was reported in the paper. Besides, 
we recorded the experimental environment, that is, controlled 
(Petri dishes, growth chamber or greenhouse), serni-natural 
(outdoor experiment that was not under natural conditions) or 
natural environment. Our final data set contained 16,810 data 
points covering 461 allelopathy species and 470 test species. 

In addition to the data extracted from the papers, we 
acquired three biological traits - lifespan (short- or long­
lived), life form (woody or non-woody) and domestication 
(crnp or wild) - of the species by matching their names with 
several da tabases. Before matching our database with others, 
we harmonised taxonomic names of all species according to 
Tlhe Plant List {http://www.theplantl ist.org/), using the Taxon­
stand R package (Cayuela et al. 2017). 



We exlracled the information on lifespan and life form from 
the following databases: TR Y {Kattge er al. 2020; last 
accessed on 9 November 2015), the World Checklist of 
Selected Plant Families (WCSP; http://wcsp.science.kew.org/ ; 
last accesscd on 22 August 2018), Plants for a Future (PF AF, 
https://pfaf.org/ ; last accessed on 22 August 2018), LEDA 
(Kleyer et a/. 2008; last accessed on 22 August 20 18) and 
PLANTS (http://plants.usda.gov/ ; last accessed on 22 August 
20 18). We classified annual and biennial species as short- lived, 
and perennials as long-lived. A few species were not included 
in the databases (29% in case of lifespan and 16% in case of 
life fo rm). Fo r them, we exlracted the information on lifespan 
and life form from the description of the species in the 
allelopathy papers or we did internet searches to find this 
information. We classified a species as a crop species in the 
narrow sense if it is recorded as a human food in the World 
Economic Planls (WEP) database (National Pla nt Germplasm 
System G RI N-G LOBA L; https://npgsweb.ars-grin.gov/grin 
global/ taxon/ taxonomysearcheco.aspx, last accessed on 7 Jan­
uary 2016), which is based on a book by Wiersema and Le6n 
(20 13). However, because crops are not restricted to plants 
grown for human food, we also used a broader class ification 
in which a species was classified as a crop if il is recorded to 
have any economic use according to the WEP database. T he 
resulls based on the broader definition of crop (Table S 1) 
were very similar to those based on the narrower definition, 
indicaling that lhe resulls on crop vs. non-crop species are 
robust. 

We also acquired data on the origin of the species (i.e. 
native or alien at the location of study), and in the case of 
alien species, we distinguished between non-natura lised and 
naturalised species. The latter are species that have established 
self-perpet uating populations in the wild at the location of 
study (semu Richardson er a/. 2000). For this, we used three 
databases - the Global Naturalized A lien F lora (G loNAF), 
the Germplasm Resources Information Network (GRIN) and 
the Plants of the World Onlineportal (POWO). The G loNAF 
database contains lists with natura lisation Status of 13,939 
alien vascular plant taxa for 1,029 regions (counlries o r sub­
national administra tive units; van Kleunen et al. 2019). GRIN 
is an online database published by the United States Depart­
ment of Agriculture (USDA; https://www.ars-grin.gov/; last 
accessed on 2 March 2020). POWO is an online database pub­
lished by the Royal Botanic Gardens, Kew (http://powo.scie 
nce.kew.org/; last accessed on 2 March 2020). All of them 
provide descriptions of the distribution of the taxa. 

We classifi.ed a species at the locat ion of study as a natu­
ralised alien if GloNAF or G RIN reported that it is natu­
ralised there; as native if GR IN, POWO or the study reported 
that it is native there; as non-naturalised alien if the species is 
recorded there neither as nat ive nor as natural ised by a ny of 
the data sources. Five studies tested for a llelopathic effects of 
an alien species collected in its non-native region on species 
that had been collected in the native region o f the al ien spe­
cies (Callaway & Aschehoug 2000; Prati & Bossdorf 2004; 
Abhilasha er a/. 2008; Gruntman er a/. 2016; Oduor et al. 
2020). As, in these cases, it is not clear whether the a llelopa­
thy and test species should be considered native or alien, we 
excluded such species pairs from analysis. 
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We constructed a phylogenetic tree for all species in our 
da ta set (Supplement $3) by pruning an exist ing phylogenetic 
supertree using the R function S.PhyloMaker (Qian & Jin 
2015). The supertree, which was initia lly constructed by Zanne 
er a/. (20 14) and further corrcctcd and expanded by Qia n and 
Jin (20 15), included 30,771 seed plants, and has been time-cal­
ibrated fo r all branches using seven gene regions (i.e. J 8S 
rDNA, 26S rDNA, ITS, marK, rbcL, arpB and rrnL-F) avail­
able in Genßank and fossil data. Species that were absent in 
the supertree {about 21.6% ) were added as polytomies to the 
root of their genus or family. We calculated the pairwise phy­
logenetic distance between allelopathy and test species using 
the copllenetic funclion in the ape package (Paradis & Schliep 
20 18). 

Effect size calculation 

As effect size, we calculated the log response ratio (In RR; 
Bo renslein er al. 2009) as: 

In RR = ln(X"llelop(Jl/iy) - !n(Xco111ror). 

wh ere x,,11eto"'"".v and Xc0 111, 0r are the mean values of perfor­
mance (germinalion, growth or fi tness) of a test species in the 
allelopathy and control respectively. When a high value of a 
measured lrait indicates low performance of p lants (e.g. for a 
given species, a high value for germination time indicates low 
success o f germinalion), we changed the sign of the effect sizes 
of this lrait. Consequently, a negative value of In RR indicates 
that allelopathy reduced plant performance, and a positive 
value indicates that allelopathy increased p lant perforrnance. 

T he sampling error variance of the In RR was calculated as: 

s2 2 
tdlelopathy + s „0111ror v= ~---"'~"---

n"11etopa111y X:1/i,lopathy l1ctmtrolx;o111rol 

wh ere S and 11 are the standard deviat ion and sample size 
respectively (Borenstein et al. 2009). 

Statistical analyses 

All analyses were carried out with Bayesian multivariate mod­
els implemcntcd in thc brms packagc (Burkner 2017) in R 
3.6.1 (R Core Team 20 19), which allowed us to account for 
phylogenetic non-independence of the species and to include 
both the sampling error and the residual error. We considered 
arn estimatcd parametcr as signifi.cant whcn its 95% crediblc 
interval of thc postcrior d istribution did not ovcrlap zcro, and 
as. marginally significant when the 90% credible interval did 
no t overlap zero. 

Meta-a11alysis 
To lest the overall effect of allelopathy, we ran an intercept­
only meta-analysis model. We included effect size (In RR) as 
response variable; and study identity (i.e. paper), species iden­
ti ty a nd phylogenelic effect (added as phylogenetic varia nce­
covariance matrices) of allelopathy and test species as random 
effecls. We specifi.ed standard errors of the observations 
(sq uared root of the variance) to weight the effect size by its 
precision. Note that both the species identity and phylogenetic 
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effecl of species are species-specific effecls, but that the fonner 
represenls lhe non-phylogenetic part (Nakagawa & Santos 
2012). 

We used the default priors set by lhe brms package, bul 
cha nging the p riors had ncgligible efTect on our resul ts . We 
ran fo ur independent chains with 3000 iteratio ns each . Half of 
the iterations were used as warm-up, so a total of 6000 sam­
ples were retained to estimate the posterior distribution of 
each parameter. We quant ified heterogeneity of the model by 
eslimating P sensu Nakagawa and San tos (2012) (see Supple­
ment S4 fo r dela ils). The phylogenetic signal was q ua ntified 
by H2

, which is a metric of phylogenetic signal na med phylo­
genetic herit.ability (Lynch 199 1). Similar to the widely used 
metric o f phylogenetic signal Pagel's A. (Page! 1999), J/2 = 0 
indicates that there is no effect of phylogenetic re latedness of 
species on their difference in effect sizes, while H 2 = 1 indi­
cates that the differences in effect sizes are exactly propor­
tio nal to the phylogenelic relatedness of the species. To reporl 
the effect of allelopathy on plant performance at the raw-data 
scale, we back-transformed the log response ratio (In RR) with 
the formula: e10 RR - 1. For example, In RR = -0.5 indicates 
that allelopathy reduced plant performance by 39.3% 
(e- o.s - 1). 

M eta-regressions 
To lest the importance of different sources of variance in 
allelopathy, we ran three meta-regression models (i.e. mixed­
effects meta-analyses). T he first model included data from all 
seven methods described in Table 1 combined. T he second 
and third models analysed two subsets, thal is, the leachale 
and the residuc method respcctivcly. These two modcls 
allowed us to analyse certain aspects of the experimental 
design in more deta il. For example, the concentrat ion of the 
allelopathic agents was not manipulated in all seven methods 
(e.g. activated-carbon method), and thus cannot be tested in 
thc first model. We also ran mcta-rcgression models for cach 
of the olher five methods, but because the number of studies 
was relatively small, we reporl lheir results in the supplemenls 
(Supplement S5). In all models, we included effect size as 
response variable; and used the same random effects, priors, 
warm-up and sampling as in the inlercept-only meta-analysis 
described in the ;Meta-analysis' subsection above. 

In lhe firsl model, we included the fo llowing explanatory 
variables as fixed effects: (1) type of method (leachate, residue, 
activated carbon, solvent, soil, volatile and exudate; see 
Table I); (2) type of performance measure (germinat io n and 
growth; as only 10 studics mcasured fitness, we combined fit. 
ness with growth); (3) experimental environment (contro lled, 
semi-natural and natural); (4) study duration (days); (5) lifes­
pan (short-lived [annual and biennial] and long-lived [peren­
nial)) of allelopathy and test species; (6) life form (herbaceous 
and woody) of allelopathy and test species; (7) domestication 
(crop and wild) of allelopathy and test species; (8) phyloge­
netic distance between allelopathy and test species; and (9) 
origin (native, naturalised alien and non-naturalised alien) of 
allelopathy and test species, and interaction between origin of 
allelopathy and test species. 

Variables 1-4 are those related to the experimental design. 
Variables 5-7 are those related to biological tra its. Variables 8 

arnd 9 are those related to evolutionary history. Note, however, 
tha t the variables 5- 7 (lifespan, life form and domestication) 
are a lso related to evolution. For example, crops were selected 
for high yield by humans. However, the variables 8 and 9 
(phylogenelic distance and origin) focus on the similarity in 
evolulionary history between allelopathy and test species, for 
example, thei r relative positions on the phylogenetic tree. 

In the second and third models, which focused on studies 
that used the leachate and residue methods, respectively, we 
included the same fixed effects as in the firsl model, excepl for 
type of melhod. Consequently, the models included the fol­
lowing fixed effects: (1) type of measurement; (2) experimental 
environment (not for leachale, because there was no semi-nat­
ural o r natural experiment); (3) study duration; (4) lifespan of 
a llelopathy and test species; (5) life fo1m of allelopathy and 
tesl species; (6) domestication of a llelopathy and test species; 
(7) phylogenetic distance between allelopathy and test species; 
arnd (8) origin of allelopathy and lest species, and thei r inler­
action. 

We included another three fixed efTects related to the study 
design, which could not be included in the firsl mela-regression 
model: (9) 'colo ur' of bio mass (fresh biomass [green) and litter 
[b:rown)); (10) plant part (belowground, aboveground part and 
whole plant); (1 1) concentration of leachates or residues. 

Because the concentration of secondary metaboli tes, study 
duration and phylogenetic distance have been found or 
hypolhesised lo be non linear (Rice 1984; Reich et al. 2018; 
Malecore et al. 2019), we considered nonlinear effect for all of 
them. To do this, we first ran models that applied data trans­
formalion (natural-log and square-root transformalion), 
included quadric terms or specified nonlinear curves (Monod 
eq ualion and Weibull curve). T hen, we performed model 
selection wilh the leave-one-out cross-validatio n method using 
the loo package (Vehtari et a/. 2016). In the end, we natural­
log transformed study durat ion and concentration of leachates 
or residues and added quadric terms for those variables, while 
we used the original linear scale for phylogenetic d istance. To 
improve comparability of the coefficient estimates, we 
bounded phylogenetic dislance, which ranges from 0 (i.e. same 
species) to 781 million years, between 0 and 1. 

To improve interpretation of the intercepl (Schielzeth 20 10) 
and to aid comparisons between different mela-regression 
models, we mean-cenlred all categorical explanatory variables 
with two levels afte r coding them as d ichotomous (0 a nd 1) 
variables. For categorical variables with more than two levels, 
we set the most common levels as the reference levels. For 
type of method this was ;leachate', for experimental environ­
menl this was ;controlled', for plant part this was ;above­
ground pa rl' and fo r origin of allelopathy and test species this 
was 'na tive'. For all continuous variables, we applied median­
centering instead of mean-centering because their d istributions 
were skewed. 

For the concentration of leachates or residues, studies used 
three types of units (weightlweight, g/g; weight/volume, g/cm3

; 

arnd weight/a rea, g/cm2
), which d iffer in their scales and might 

have difTerent per-uni t effects. To account for this, we 
included type of unit and set 'weight/weighl', the most com­
mon level, as the reference level in the model for residue 
method. In the model for leachate method, all but two studies 



used the unit of weightlvolume, and we therefore removed the 
two exceptions fro m the analysis. Finally, of the stud ies that 
used the residue method, only a few used 11011-naturalised 
alien species. For example, only two studies tested the effect 
of non-naturalised al iens on natives. Therefore, we d id not 
discriminate between non-naturalised and naturalised aliens in 
the model fo r the residue method. 

Detectio11 of publication bias 
Bccause statistically significant rcsults arc more likely to bc pub­
lished than non-significant results ( Rosenthal 1979), publication 
bias can affect the results of meta-analyses. To test for publica­
tion bias, we first used the funnel plot method by plotting meta­
a nalytic residuals against the inverse of their precision (i.e. 
inverse of the sampling crror). When the funne l plot is asymmct­
ric, o ne can conclude that publication bias is present. The meta­
analytic residual is the sum of a within-study effect (analogy to 
residual in linear models) and a sampling error effect (Naka­
gawa & Santos 2012), and was extracted from the meta-analysis 
(the intercept-only model). Second, we perforrned a rnodified 
Egger's regression (Egger et a/. 1997; Nakagawa & San tos 2012) 
by using the meta-analytic residuals as the response variable, 
and the precision as the explanatory variable. When the inter­
cept does not overlap zero, one can conclude that publication 
bias is present. Finally, we analysed the temporal trends in effect 
sizes. A so-called time-lag bias arises when the earliest published 
studies have larger effects than those of later studies (T rikalinos 
& l oannidis 2005). To do so, we rnn a meta-regression model 
that included effect size as response variable, a nd publication 
year as the only fixed effect. 

RESULTS 

Our meta-analysis showed that allelopathy was, overall, inhi­
bi tory, as it reduced plant performance by on average 25.3% 
(mcan In RR = -0.288, 95% CI = (-0.492, -0.052]). As 
expected, the heterogeneity in effect size was high. Within­
study heterogeneity (i.e. at the observation level) accounted 
for 53.6% of the variance, between-study heterogeneity 
accounted for 26.2% of the variance, between-test-species 
heterogeneity (i.e. the non-phylogenetic part) for 13.0% of the 
varia nce and between-allelopathy-species heterogeneity for 
7. 1 % of the variance (T able S2). T he phylogenetic signal was 
low, both among allelopathy species (H2 < 0.01 % ) and 
among lest species (H2 = 0.02% ; Table S2). 

Effects of study design on allelopathy 

The type of method significantly affected the effect of 
allelopathy (Fig. 2a; T able 2). Compared to the leachate 
method, the effect of allelopathy was more negative (-15. 1% ) 
when the study used residues (In RRm itli1t-leoc/w1e = - 0.163 
[-0.220, -0. 107)), and less negative (+13.0%) when the study 
used soil on which the allelopathy species was grown 
(In RRsoil- teac/wie = 0.122 (0.024, 0.2 18]). The effect of a llelopa­
thy in studies tha t used activated carbon, exudate, volatile or 
solvent extraction d id not deviate significantly from those that 
used leachates. 
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Allelopathy had overall weaker negative effects (+ 15. 1% ) 
On germination than on plant growth (In RRgermi11a1io11-grow1h = 
0.140 [0. 11 9, 0. 161); Fig. 2a; Table 2). This was particularly 
true when allelopathy was tested with leachates (Table S4). 
However, when tested with residues, allelopathy had stronger 
negative effects (- 25.7 %) on germination tha n on plant 
growth (In RRgermi11a1io11-gro11·1Ji = - 0.297 (-0.387, - 0.208); T able 
SS). Allelopathy bad less negative effects (+26.7% ) in experi­
ments done under semi-natural conditions than under con­
trolled conditions (In RRse111i11atnral- «o11trolled = 0.237 (0.058, 
0.411); Fig. 2a; Table 2), whereas allelopathic effects d id not 
significantly differ between experiments done under natural 
and controlled conditions. We also found that leachates from 
belowground parts of plants had weaker negat ive effects 
(+13.6% ) than leachates from aboveground parts 
(In RRbe/ow- t1bo1e= 0.127 (0.095, 0. 160]; T able S4). 

The effects of study duration and concentration of leachates 
o r residues on allelopathy were weakly non-mo notonic, as 
indicated by the significant quadric terms (Fig. 2b and c; 
Table 2). Allelopathic efTect was negative for experiments of 
short duration, but was not significantly d ifferent from zero 
when the experiments lasted over 89 days. The effect of low 
concentrations of leachates or residues was not significantly 
di:fferent from zero, but became significantly negative when 
the concentration of leachates (or residues) excee.ded 0.055 g/ 
ml. 

Effects of biological traits on allelopathy 

Overall, allelopathy did not differ between short- and long­
lived species, betwccn hcrbaccous and woody spccics, and 
between crop and wild species (Fig. 3; Table 2). T his holds 
for both the allelopathy and test species (Fig. 3; Table 2). 

Effects of evolutionary history on allclopathy 

Tlh.e effect of allelopathy became sl ight ly more negative as 
the phylogenetic distance between a llelopathy and test spe­
cies increased (Fig. 4a; Table 2). More specifically, the effect 
of allelopathy between the most closely related species (or 
individuals of the same species) reduced plant perforrnance 
of each other by 28.2% (In RR = - 0.33 1, (- 0.521 , - 0.119]), 
whereas that between the most d istantly re lated species 
reduced plant perfo rmance by 41.0% (In R R = - 0.528, 
(- 0.73 1, - 0.3 19)). Across all seven methods (Table 1), 
allelopathy was not aflected by the origin of the allelopathy 
and lest species, or by the interaction between the origins 
of the two species (Table 2). However, for the subset of 
studies that tested the effect of leachates, we found that 
na tives experienced more negative (- 13.4%) effects from 
na turalised alien species than from other natives 
(In RR11a111ra/i:etlomwti»e-11a1 freo111w1i1·e= - 0.143 (- 0.286, - 0.004); 
Fig. 4b; Table S4). In addition, allelopathic effects between 
two naturalised aliens tended to be less negative (+ 13.2% ) 
tha n allelopathic efTects between two natives 
(ln RRnaturali=t:tlomuaurali=e<I nt1ti~·'"·o111w1iw.·= 0.124 [- 0.Q 11 , 0.260); 
Fig. 4b; Table S4), although th is was only marginally 
significant. 
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Figurc 2 E!Tects of di!Terent aspects of study design on allelopa thy. (a) E!Tects of the type of method (orange). the type of performance measure (blue) and 
thc experimental environmcnt (grccn) on allelopalhy. (b) Effect of study duration on allelopathy. (c) E!Tcct of the concentra tion of leacha tcs on allelopa thy. 
In (a) for cach catcgory (paramctcr). thc postcrior distribution is plottcd with thc mcan and 95% crcdiblc intcrval. Thc tcxt on thc right displays thc mcan. 
95% credible interval (CI), and thc numbcr of obscrvations (obs) and papcrs. An asterisk indicates a significant diffcrcncc betwccn thc lc.vcl of intcrcst and 
the reference level. In (b) and (c). curves of the esti mated e!Tects are shown wi th their 95% credible interva ls. Negative values of the effcct size (In RR) 
indicate that a llelopathy inhibits plant performance. 

Publication bias 

The funnel plot of the meta-analysis residuals is asymmetric 
(Fig. Sa), suggesting some publication bias in the literature. 
In particular low-precision studies are more likely to report 
stro ng negative than strong posit ive effects, suggesting that 
the la tter are less likely to be published . The presence of a 
publication bias is confirmcd by Egger's rcgress ion, as thc 
intercept dilTered significantly from zero (Intercept = - l .48S 
(-1.704, - 1.266]). However, we did not find a significant 

re]ationship between efTect s1ze and year of publication 
(Fig. Sb). 

OISCUSSIO 

Overall, allelopathy reduced plant performance by 2S%. By 
comparison, competition - which might also include a llelopathic 
effecl - reduces plant performance by 43% (Lekberg et al. 2018), 
arnd herbivores consume 5% of leaf tissues produced annually by 
planls (Turcotte et al. 2014). Therefore, allelopathy can be a 
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Tablc 2 Oulput of lhe model lesting elTecls of sludy design. biological 1rai1s and evolutionary history on elTecl sizes (In RR) of allelopathy. Shown are the 
modcl cs1ima1cs and standard errors as weil as thc lower (L) and uppcr (U) values o f thc 95% and 90% crcdiblc intcrvals (CI) 

Estimale SE L95% Cl U95% Cl L90% Cl U90% Cl 

lntercept (Leachate) - 0.3&8* 0.099 - 0.573 - 0.179 - 0.541 - 0.220 
Study design Residue - 0.163* 0.029 - 0.220 - 0. 107 - 0.2 10 - 0. 115 

Exudate - 0.043 0.053 - 0.145 0.061 - 0.130 0.044 
Volatile -O.OL5 0.050 -0.114 0.082 -0.098 0.067 
Soil 0.122• 0.049 0.024 0.21 8 0.040 0.203 
Activated carbon 0. 109 0.071 - 0.029 0.247 - 0.007 0.227 
Organic solvent - 0.06 1t 0.032 - 0.124 0.001 - 0.113 - 0.009 
Measurement 0.140* 0.011 0.119 0. 161 0.123 0. 158 
Experimental environment - semi- natural 0.237* 0.090 0.058 D.411 0.089 0.381 
Experimental environmcnt - natural -0.132 0. 152 -0.432 0. 168 - 0.379 0.120 
Sludy duralion 0.041 * 0.016 0.009 0.072 0.014 0.068 
Sludy duration · 2 0.025* 0.008 0.009 0.040 0.012 0.038 

Biological lrails Lifespan (allelo)" 0.014 0.044 - 0.072 0.099 - 0.058 0.086 
Life form (a llelo) 0.046 0.039 -0.030 0.125 -0.0 19 0.112 
Domestication (allelo) 003 1 0.041 -0.047 0.112 -0.036 0.097 
Lifespan (tesl) 0039 0.041 -0.041 0.120 -0.029 0.107 
Life form (test)b 0.049 0.056 -0.060 0. 158 -0.042 0.140 
Domeslica tion (tes1) 0.053 0.044 -0.033 0. 141 -0.018 0.126 

Evolul ionary history Phylogenelic dislance -0.1 95* 0.060 -0.3 10 -0.079 -0.291 -0.096 
Origin - naturalised (allelo) [0-N (allelo)I -0.037 0.038 -0.1 10 0.038 -0.098 0.026 
Origin - non-naturalised (allelo) (0-N (allelo)] -0.017 0.058 -0.128 0.095 -0.1 11 0.079 
Origin - natura lised (tesl) (0-N (lest)] 0.05 1 0.039 -0.026 0.127 -0.0 12 0.1 17 
Origin - non-naluralised (tesl) [0-NN (lesl)] 0.013 0.037 -0.058 0.084 -0.046 0.073 
0-N (allelo)* 0 -N (tesl) 0.019 0.049 -0.080 0.1 14 -0.064 0.099 
0 -N (allelo)* 0-NN (test) 0054 0.046 -0.036 0.143 -0.022 0.129 
0 -NN (allelo)* 0-N (lest) -0.040 0.068 -0.174 0.091 -0.150 0.071 
0-NN (allelo)* 0 -NN (tesl) - 0.009 0.066 - 0.142 0.115 - 0.118 0.097 

Parameters whose 95% credible intervals do nol overlap with zero are indicted with asterisks (*), and whose 90% credible intervals do not overlap wilh 
zero are indicaled wilh daggers (t) . 
•siological trails or origin of allelopalhy species. 
bßiological trails or origin of test species. 

significant fo rce affecting the gerrninat ion and growth of plants, 
and consequently the population dynamics of species and com­
munity assembly. However, the variation in magnitude and 
direction of allelopathy is high. Allelopathy was more negative 
when tested with plant residues than with leachates, and was less 
negative when tested with soil. Furthe1more, the negative effect 
of allelopathy, generally, became weaker with study duration, 
and increasingly strenger with the concentrations of leachates 
and residues. Allelopathy was not significantly related to lifes­
pan, life fo rm and domestication of the two pla nt species. How­
ever, allelopathy became slightly but significanlly more negative 
when phylogenetic distance between a llelopathy and test species 
increased. In addition, native plants suffered more from lea­
chates of naturalised alien plants than from leachates of other 
native plants, and effects of natura lised a lien plants on each 
other were weak. 

Effects of study design on aUelopathy 

Allelochemicals can be released into the environment by leaching 
from plants by rain, decomposition of plant residues, exudation 
from roots and volatilisation (Fig. !). Our meta-analysis 
revealed that the efTects of exudates and volati les did not differ 
from those ofleachates, but that plant residues had the most neg­
ative effect on plant performance. As the leachates are usually 
made by soaking plant material in water for c. 1 day, smaller 

amounts of chemicals might be released than from residues. The 
leachates treatment is nevertheless not unrealistic, because in 
na ture leaching may only happen during periods of ra in. More­
over, while leachates contain only water-soluble chemicals, resi­
d ues could additionally release 11011-water soluble secondary 
metaboli tes, which increases the likelihood that some of those 
are toxic to lest plants. In support of this idea, studies that 
extracted different fractions of plant secondary metabolites 
showed that fat-soluble chemicals exerted strenger negative 
effecls tha n water-soluble ones (Table S 10). 

Studies that used soils on which allelopathy plants were 
grown had weake r negative effects than those that used lea­
chates. The reasons are various. F irst , the two types of meth­
ods differed in the substrates. While about 90% of the soil­
melhod studies used natural soil, most leachate-method stud­
ies used a rtificial substrates. The abiotic characterist ics of nat­
ural soil, such as higher bulk density, may hinder d iffusion of 
alllelochemicals (Parepa & Bossdorf 20 16). Second, the effect 
of natural soil might also arise from the presence or higher 
abundance of soil microbes (Mishra et a/. 2013). A recent 
study found that a bacterial species (Arthrobacter sp. ZS) iso­
lated from soil increased the degradation of allelochemicals 
produced by Ageratina adenophora (Li et al. 2017). suggesting 
that soil microbes can neutralise allelopathic effect. Third, few 
if any soil-method studies have ruled out the effect of the 
alllelopathy plant on soil microbes through primary 
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mean 95%CI # obs (paper) 
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- 0.38 (- 0.57, - 0.18] 12675 (297) 

Allelopathy species - 0.41 (- 0.60, - 0.19] 8950 (220) 
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- 0.39 (- 0.58, - 0.18] 13962 (323) 

- 0.36 (- 0.56, - 0.15] 2848 (85) 

- 0.40 (- 0.59, - 0.19] 10569(267) 

- 0.36 (- 0.55, - 0.15] 6241 (220) 

- 0.39 (- 0.58, - 0.18] 14628(337) 

- 0.35 (- 0.55, - 0.14] 2182 (90) 
Test species 

- 0.41 (- 0.60, - 0.21 ] 8615 (250) 

- 0.36 (-0.56, - 0.14] 8195 (217) 
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Figurc 3 E!Tccts of biologica l traits (lifcspan, dark grccn; lifc form. light grccn; domcstication. violct) on allclopathy. Biological traits of allclopathy spccics 
are shown in the upper half. and those of test species in the lower half. For each category (parameter). the posterior distribution is plotted with the mean 
and 95% credible interval. The text on the right displays the mean. 95% credible interval (Cl). a nd the number of observations (obs) and papers. Negative 
values of the effect size (ln RR) indicate that allelopathy inhibits plant performance. No significant difference was found. 

metabolites (e.g. plants can foster arbuscular mycorrhizal 
fungi), which are not involved in allelopathy but could neu­
tralise allelopathic effect. So, future research needs to account 
fo r effects of soil that are not due to a llelopathy. 

The use of activated carbon in allelopathy studies is appeal­
ing, because it is easy to apply, and because it would allow to 
mimic natural condit ions more closely (e.g. can be tested wilh 
resource competilion). We found that a llelopathic effects did 
no t differ belween studies that used aclivaled carbon and 
those that used leachates. This suggests that the allelopathic 
effect is significant in the presence of resource competition. 
An important caveat, however, is that act iva ted carbon can 
rcsult in a rtcfacts, such as increased nutricnt availability (Lau 
et a/. 2008). To account fo r artefacts, two questions need to 
be addressed: ( 1) whether and to which extent are the plants 
affected by activated carbon when grown in the absence of 
competitors? (2) whether and to which extent are the effect of 
rcsource competition affectcd by activated carbon? Thc lattcr 
is ha rd lo lest, but could be examined by fertil ising plants that 
a re compeling (assuming that activated carbon indeed 
increases nutrient availability). However, such studies are still 
challenging because allelopathy and resource competition 
could interact. Consequently, as suggested by Lau et a/. 
(2008), using other methods in addi tion to the activated­
carbon melhod wi ll provide more compell ing evidence. 

Across the different types of methods, seed germination was 
less inhibited by allelopathy than plant growth was. This find ­
ing is not surprising given that seed germination is mainly 
determined by seed viabil ily and abiotic envi ronmental condi­
tions, including temperature, water and oxygen concentrations 
(Bonnewell et al. 1983), which are unlikely to be affected by 
the a llelopalhy treatments. In contrast to the overall pattern, 
studies tha t tested allelopathy with plant residues showed that 
growlh was less negalively affecled than seed germination. As 
we also found that plants were less inhibited by litter than by 
fresh biomass, one potential explanation could be that plant 
residues (especially litter) increase nutrienl availabi lity, which 
partly offsets the inhibilion of plant growth by allelochcmi­
cals. Still, the effecl of allelopathy on fitness remains unclear 
as. filness was ra rely measured. 

The negative effect of allelopathy diminished with increasing 
duration of the experiment, and was absent in most studies that 
lasted over 89 days. Possibly, plastic responscs of thc test plants 
alllow them to compensate for the early negative effects. This 
could suggest thal allelopathy has no long-term impacts. How­
ever, if the plants also physically interact, like in nature, the 
al[elopathy species could turn the short-term germination and 
growth inhibition of its competitors - which gives the a llelo­
pathic species more access to resources such as light - into a 
lo11g-lerm competitive advantage (e.g. a priority effect; Fukami 
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Figure 4 Effects of evolutionary history on allelopathy. (a) Effect of phylogenetic distance between a llelopathy a nd test species on allelopathy. The curve of 
the estimated effect is shown with its 95% credible interva l. (b) Effects of origin of a llelopathy a nd test species on a llelopathy when tested wi th the leachate 
method. Effects of native. non-naturalised alien and naturali sed alien allelopathy species a re shown in dark blue. light blue and orange. For each category 
(parameter). the posterior distribution is plotted with the mean and 95% credible interval. The text on the righ t displays the mean, 95% credible interval 
(CI), a nd the number of observations (obs) a nd papers. Negative values of the effect size (In RR) indicate that allelopathy inhibits plant performance. An 
asterisk indicates signi fica nt difference between reference level (na ti ve on native) a nd the o thcr. 

et a/. 2005). As long-lerm experimenls are still rare and a llelopa­
thy is rarely tested in combination wi th other forms o f competi· 
tion (e.g. resource competition, but see the activated-carbon 
method), this speculation requires further research. 

As expected, the inhibitory effect of a llelopathy became 
stre nger with increasing concenlralions of leachates and resi­
d ues. Art importartt questiort thert is whether the cortcert tratiort 
chosen is realistic. The few studies that give some clues show 
tha t the annual amount of plant litter varies largely among 
study sites, ranging from 43 to 884 g/m2 (Facelli & Carson 
1991; San Emeterio et al. 2004; Chave et al. 2010; Overholt 

et a/. 20 12; Aguilera et a/. 2015). Based o n lhis range o f concen­
tra tions, o ur model predicts that allelopathy thro ugh plant resi· 
dues will reduce plant performance by 2.9% to 31.1%, if we 
assume that the litter ends up in the upper 10 cm of seil that 
has a bulk density of 1.5 g/cm3 (Martin et al. 2017). By compar­
ison, o ur analysis of the residue method showed that a llelopa­
thy reduced plant performartce by 50% across concentrations 
(intercept in Table S5). Consequently, the inhibitory effect of 
allelopathy might be overest imated by some studies that have 
used unrealistically high concentrations. A more realistic under­
standing of allelopathic elTect requires (J) identifying putative 
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Figure s Tests of publication bias for 1hc allelopathy studies used in our 
meta-analysis. (a) Funnel plot of the study precision (inverse of standard 
error) vs. the residua ls of the meta-analysis. The asymmetry at low levels 
of precision indicates the presence of a publication of bias. The dashed 
linc was addcd as visual rcfcrcncc for symmctry. A fcw data points with 
cxtrcmcly high prccision a rc not plottcd to aid visualisation and a 
complele plot is provided in 1he supplement (Fig. S3). (b) The elTect size 
vs. the year of study revealed no significanl relationship. 

allelochemicals, (2) measuring lheir correspond ing concentra­
tions in natural soil and (3) testing effects of allelochemicals at 
realistic concentrations. 

E ffects of biological trai ts on a llelopathy 

Allelopathy was not related to lifespan, life form or domesti­
cation of the species. This was unexpected, because many text­
book examples of allelopalhy are from long-lived lrees, such 
as Jug/ans nigra (black walnut; Jose & G illespie 1998) and 
Ailantllus a/tissima (tree-of-heaven; Heisey 1990). Moreover, 

fa rmers have long been annoyed by weed interference on crop 
yield. The reported strong negative effecls of some lo ng-lived 
woody species in nature might come from the accumulation 
of large amounts of allelochemicals over time, whereas short­
lived weedy specics leavc fewer allelochemicals due to their 
short generation time and high spalial turnover. W hen differ­
ences in st rength of allelopathy between species wilh different 
life histories are only due to differences in accumulation of 
a llelochemicals, and not due to d ifferences in toxicity, these 
di:fferences will not be apparent in short-term experiments 
with standardised amounts of plant material. O n the other 
ha nd, the sometimes reported vulnerabi li ly of crops mighl be 
a result of the crops being grown in monoculture, resulting in 
a low diversity of allelochemicals, and consequently a lower 
resistance against invasion by weeds. 

Effects of evolutionary his tory on a llelopathy 

Charles Darwin suggested that closely re lated species are more 
ecologically similar, and thus will compete more strongly with 
each other than when they compete with distantly related spe­
cies (known as Darwin's naturalisation hypothesis; Darwin 
1&59). With regard to allelopathy, we found the opposite pat­
tern, that is, that closely related species (or individuals of the 
same species) had weaker effects on each other than distantly 
related species. Our find ing does not challenge Darwin's natu­
ra lisation hypothesis, because that hypothesis is mainly based 
on resource competition, whercas allelopathy is a fonn of 
inlerference competition. However, the possibly opposing 
effects of phylogenetic distance on interference and resource 
competition could hclp cxplain why studies tcsting Darwin's 
naturalisation hypothesis have not found consistent results 
(Thuiller et al. 2010). 

Still, ecological difTerences between species, or more specifi­
cally the difference in secondary metabolites, cannol be fully 
captured by phylogenetic d istancc (Pichersky & Lewinsohn 
20 11 ; Huang et a/. 2016; Cadotte et a/. 2017). Secondary 
metabolites are under selection by competitors and enemies 
(Uesugi & Kessler 2013; Zheng et a/. 2015), and thus plants that 
evolved in different regions (e.g. native and alien plants) may 
not be adapted to each other's allelochemicals. This might give 
the alien plants an advantage, as posed by the novel weapons 
hypothesis (Callaway & Ridenour 2004), or increase biotic 
resistance of native communities, as posed by the homeland 
security hypothesis (Cummings et al. 2012; Ning et al. 2016). 
AJthough, across all types of methods, we did not find that the 
o rigins of thc intcracting spccies mattered, in the studies that 
used leachates, natives were more slrongly inhibited by natu­
ra lised aliens than by other natives. On the other hand, the 
effect of natives on others did not depend on the native-alien 
sLatus of the other species. So, these findings support the novel­
wcapons hypothcsis but not the homcland-security hypothcsis. 

Surprisingly, although naturalised a liens usually do not 
share a co-evolutionary history with other naturalised aliens 
(unless they have the same native range), their leachates had 
weaker efTects on each other than was the case for the effects 
of natives on other natives (Fig. 4b). The exact rcason for this 
is not clear, but it could imply that naturalised species are less 
likely to suppress other naturalised species than that they 



suppress natives. This could contribute to invasiona l mell­
down (Simberloff & Von Holle 1999). 

Future dircctions 

Our meta-analysis of 16,810 elTects sizes from 384 studies 
revealed some clear patterns, but also that there is still lots of 
unexplained variation in the effects of allelopathy. The explana­
tory variables regarding study design, and biological traits and 
evolutionary history of the species accounted for only 3.5% of 
the variance, and 26.2%, 13.0% and 7 .1 % of the variance was 
explained by identities of study, test and allelopathy species 
respectively. This means that about 50% of the variance 
remains unexplained. Although this partly reveals the preva­
lence of heterogeneity in ecology and evolution in general, it 
also indicates that some other potential explanatory factors 
were not included. Below we suggest several directions that 
might help to better understand allelopathic elTects. 

Posifüe effects of allelopathy 

Molisch (1937) defined allelopathy as the positive or negative 
effects resulting fro m bioehemical interactions. However, Rice 
( 1974), in the first edition of his inftuential book 'Allelopathy', 
restricted the definit ion to negative effects. Although in the 
second edition, Rice re-embraced Molisch's definition, the 
narrow-sense definition of allelopathy may explain the publi­
cation bias in favour of studies that found negative effects. As 
a result, some of our findings might be biased. For example, 
if studies that used low concentrations of allelochemicals 
found positive elTects, they might not have published this 
result or the publication might not use the term 'allelopathy'. 
Actually, in the field of agricullure and horticulture, there is 
already inte rest in plant extracts (so-called biostimulants or 
bioelTectors) that could stimulate crop production (Wise e1 al. 
2020). Due to the bias in publication of positive effects, non­
monotonic elTect of concentration, if present, might be hard 
to detect using meta-analysis. Therefore, to move towards a 
more accurate understanding of allelopathy, we should follow 
Molisch's original definition of alle lopathy, which covers both 
positive and negative effects. 

Soil microbes 

Soil microbes have long been acknowledged to mediate 
allelopathy (Fig. ! ; Molisch 1937; Rice 1984; Cheng & Cheng 
20 15). For example, Stinson el a/. (2006) showed that a llelo­
chemicals of the non-mycorrhizal European invader Al/iaria 
pelio/ata suppressed growth of native North American plants 
by disrupting their mutualistic mycorrhizal associations. 
Microbes might, however, also be a missing link in studies 
that test allclopathy between alicn and native species. Specifi­
cally, as most experiments are ex situ, without adding native 
soil microbes to mimic the natural condition, the environment 
will be novel to both alien and native species. Consequently, 
the o rigin (alien vs. native) will he less relevant. Yet, empirical 
tes ts of how soil microbes affect allelopathy between plants 
remain rare. Four out of live d irect tests fo und that the pres­
ence of soil microbes neutralised allelopathic effects (Wu et a/. 
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2008; Lankau 2009; Zhu et a/. 2011; Corbett & Morrison 
20 12; Dei Fabbro & Prati 2015). However, caution must be 
taken, because three of the tests removed soil microbes with 
autoclaving, which as a side elTect can re lease nutrients 
(Alphei & Scheu 1993). l noculation with soil microbes might 
be more appropriate to manipulate the presence or amount of 
microbes. In addition, with sequencing techniques becoming 
more and more affordable, we now have the tools to study 
the soil microbiome and its rote in a llelopathy in more detail. 

Test species 

Much of the work on allelopathy has focused primarily on 
the allelopathy species, as indicated by the fact that fast-grow­
ing crops (e.g. lettuce, wheat and ricc) have been frequently 
used as lest (indicator) species. We found, however, that the 
species identity of the test plant explained nearly twice as 
much variance in the allelopathic effect as the species identity 
of the allelopathy plant did (13.0% vs. 7.1 %). Therefore, 
although testing crops is valuable to agriculture, using certain 
fast-growing crops as indicators, just for convenience, could 
bias the estimation of allelopathic elTect. A stronger focus on 
the test species may provide new insights. Indeed, how test 
species respond to allelopathy is important in many circum­
stances, such as during succession and establishment of alien 
plants. If a species enters a certain community as a single indi­
vidual, its establishment will initia lly, due to its low abun­
dance, hardly depend on how strongly it can affect other 
species. What matters then is how the individual responds to 
the communities (e.g. allelopathic effects of the resident plants 
on the invadcr). This is a kcy component of invasion growth 
rate (i .e. growth rate when rare; Grainger et al. 2019). 

The ecological and evolutionary significance of allelopathy 

Although we found that allelopathy was on average negative 
in experiments done under controlled conditions (i.e. in Petri 
dishes, growth chambers or greenhouses), it was non-signifi­
canl in experiments under semi-natural conditions (i.e. in out­
door gardens o r agriculture systems), where there were more 
organisms, interactions and environmental stochasticity. This 
conclusion is still premature, because we found a negative 
effect of allelopathy in experiments done under natural condi­
tions, though wi th a wide 95% confidence interval; and 
because experiments under semi-natural or natural conditions 
are rare (e.g. 16 studies in our meta-analysis). Therefore, more 
experiments under natural conditions are needed to under­
sta nd the ecological significance of allelopathy. In addition, 
secondary metabolites have functions other than a llelopathy, 
mch as anti-herbivory defence (Lankau & Kliebenstein 2009). 
To understand the evolutionary significance of allelopathy, we 
require tests of whether the allelopathic effect is selected by 
competition per se or is a pleiotropic effect of secondary 
metabolites that a re selected by herbivory. 

Uses of multiple literature search engines 

For our meta-analysis, we searched the ISI Web of Science 
fo r allelopathy studies. However, other search engines may 



360 

identify additional studies. lndeed, a search a posteriori using 
the same search string as we used in Web of Science revealed 
that Scopus could potentially provide more studies (Supple­
ment S6). Therefore, although our meta-analysis includes 
already a la rge number of studies (384) across the globe, 
b roader searches (e.g. by combining lSl Web of Science, Sco­
pus and China National Knowledge Infrastructure) could 
allow more general conclusions (Yu et al. 2016), and should 
be considered for future meta-analyses. 

CO CLUSIO S 

Studies on allelopathy have rapidly accumulated since the 
l 970s. Despite the detection of a potential publication bias, 
our global synthcsis demonstratcs that, on average, a llclopa­
thy reduced plant perfonnance. Among the fo ur pathways 
through which allelochemicals are released into the environ­
ment, plant residues exerted the most negative effect. Still, 
the importance of allelopathy in nature requires further 
investigation, as allelopa thic effects were weaker in studies 
where soil microbcs were likely to be abundant, and when 
study duration was longer. Finally, we found that a llelo­
pathic effects were weaker between closely related species (or 
individuals of the same species) than between distantly 
related species. This suggests that a llelopathy would favour 
the coexistence of closely related species (or dominance of 
single species), which is opposi te to the predicted effect of 
resource competition. Therefore, investigat ing a llelopathy and 
resource competition jointly may expla in the mixed outcomes 
of species coexistence. 
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