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ABSTRACT

Biological invasions are a major threat to biodiversity because of invasive alien species’ high population growth
rates and spread in new ranges. The inherent superiority hypothesis states that particular characteristics of alien
species cause them to perform better than native species. Using a meta-analysis of 127 studies and more than 900
experimental observations comparing alien and native plant performance, we investigated, whether: (1) studies
comparing alien and native performance generally support the inherent superiority hypothesis; (2) the direction
and magnitude of superiority depend on the choice of performance measure; and (3) it depends on other aspects
of the study design or species. We found that the inherent superiority hypothesis was overall supported, although
the strength of this result depended on the chosen measure of effect size (a significant effect for the standardized
mean difference SMD (Hedge’s g) but not for the log response ratio LRR). Alien plant species were more likely to
be found superior compared to natives if performance was measured in terms of growth, reproduction or
response to natural enemies. Measuring survival or abundance was less likely to result in alien superiority, while
for measurements of physiology and response to mutualists results were mixed. Furthermore, aspects of exper-
imental design, selection and number of study species played an important role. We thus quantitatively showed
across a broad range of conditions how choice of performance measure and experimental design affect the di-
rection and magnitude of alien superiority found in small-scale studies. Furthermore, our review pointed out a
lack of studies that assessed population growth as a direct determinant of true superiority. Conducting studies
using performance measures relevant for superiority, while also considering other potentially important factors
such as residence time, will shed more light on how common true alien superiority is and in which contexts it is
to be expected.

Introduction

ecosystems as well as effects of time or invasion stage) have made robust
predictions of invasions difficult (Gurevitch et al., 2011; Kueffer et al.,

Biological invasions are a major threat to biodiversity, impacting
native species and ecosystems in many ways (Pysek et al., 2020; Sim-
berloff et al., 2013). However, not all alien species that arrived in a new
biogeographical region due to intentional or accidental
human-mediated transport become invasive (showing rapid population
growth and the potential to spread over large areas; Richardson et al.,
2000). Despite considerable advances, even after a few decades of
research on biological invasions, there is little general understanding on
what makes an alien species invasive. Aspects such as legacy effects
depending on introduction history, complex biotic interactions and
general context-dependence (due to interactions between species and
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2013; Novoa et al., 2020; van Kleunen et al., 2018). Numerous hy-
potheses on what makes an alien species invasive have been proposed
and tested, usually with variable results.

According to a systematic review by Lowry et al. (2013), the inherent
superiority hypothesis is the most often tested hypothesis in invasion
biology. This is an umbrella hypothesis (similar to the ideal weed hy-
pothesis) stating that particular characteristics of alien species cause
them to perform generally better than native species (but note that many
studies do not necessarily refer to this hypothesis by name). This hy-
pothesis thus addresses alien species invasiveness (rather than com-
munity invasibility, i.e. the susceptibility of a native community to
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invasions, which is determined by competitive abilities of the native
species, the diversity of the community and the environment it is set in,
e.g. disturbance, resource supply or climatic conditions, Lonsdale,
1999), regardless of the context or environmental conditions. There is a
multitude of possible mechanisms for inherent superiority, such as
competitive superiority, a broad tolerance of environmental conditions,
high reproductive output, rapid growth rates, dispersal ability or vege-
tative or self-compatible reproduction systems (Lowry et al., 2013).
Although this hypothesis is often tested, the overall support for the
inherent superiority hypothesis remains unclear. While many studies
find aliens perform generally better than natives (e.g. Guo et al., 2020;
Kimball et al., 2014; Siemann & Rogers, 2003; Morrison & Mauck,
2007), there are also plenty of studies with mixed results, where per-
formance advantages depend on factors such as the invasive species
studied (e.g. Cuda et al., 2015; Verlinden et al., 2013), environmental
conditions (e.g. Vallano et al., 2012) or biotic interactions (e.g. Heard &
Sax, 2013). The latter results suggest that superiority may be
context-dependent, especially as species invasiveness may interact with
aspects of community invasibility (e.g., Catford et al., 2019; Novoa et al.,
2020). Additionally, there are studies contradicting the inherent supe-
riority hypothesis, showing that aliens did not perform better than na-
tives (e.g. Domenech & Vila, 2008; Funk & Zachary, 2010). Further,
even if the hypothesis is supported, it is not clear if this is because of true
superiority of alien species or because of various types of research bias.
Such bias may arise from most studies focusing on a small set of highly
invasive species or from a publishing bias, where studies that find strong
evidence for invader superiority get published more often. Furthermore,
there may be a bias towards easily measured proxies for superiority
which may or may not strongly influence true superiority, that is higher
population growth rates and spread across a broad range of conditions.

Here we define superiority as the higher performance of alien species
compared to native species considering measures of individual size/
growth, survival, reproduction, physiological traits and responses to
natural enemies or mutualists as well as population size/growth. The
demographic performance measures at the individual level thereby
should be at least distantly related to population growth or spread (true
superiority). We only considered performance measures with a clear
expectation of whether higher or lower values are associated with su-
periority, such as higher growth rates or seedling establishment, but not
morphological functional traits whereby higher or lower values may be
(dis-)advantageous depending on context, such as specific leaf area or
root-to-shoot ratio. We note however that considering the definition of
an invasive species, a species should only really be considered superior,
if it exhibits higher intrinsic population growth rates and/or spread rates
compared to another species in the same environment, making demog-
raphy central to the understanding of invasion success (Gurevitch et al.,
2011). Yet, a broad variety of performance measures have been
considered in empirical studies at small spatial scales. These measures
are often collected over comparatively short timespans at the individual
level, and may only be distantly related to demography, population
growth and spread. Hence, it is unclear whether they can be used to test
the superiority hypothesis.

The aim of this study is to quantitatively assess across many studies
conducted under a broad range of conditions, whether experiments
comparing alien and native performance are generally supportive of the
inherent superiority hypothesis. Furthermore, we aim to explore how
the methods used and the choice of performance measure as proxy for
true superiority influence the conclusions drawn in the studies. Thus, we
conducted a meta-analysis including 127 small-scale studies with more
than 900 observations experimentally comparing performance of alien
and native plant species to address the research questions: (1) Do studies
comparing alien and native performance generally support the inherent
superiority hypothesis? (2) Does the direction and magnitude of supe-
riority reported in the studies depend on the choice of performance
measure? (3) Does it depend on other aspects of the study design or
study species, including the type of experiment (such as lab, greenhouse,
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common garden or field), the temporal or spatial scale, the number of
alien and native species being compared, the life form of the species, the
relatedness between alien and native species being compared, invasion
status of the alien species (i.e. alien or invasive) or the competition
environment used in the study?

Materials and methods

To address our research questions, we used a meta-analysis, which is
a statistical tool that quantitatively synthesizes results across multiple
studies (Koricheva & Gurevitch, 2014; Stewart, 2010).

Study selection

We searched for studies which contrasted performance of at least one
alien and one native plant species in empirical small-scale studies, such
as greenhouse, common garden, lab or field experiments. We focused on
plants to make studies more comparable and because plants have been
the focus of many such small-scale experiments in invasion biology. To
be included, the studies needed to measure some aspect of performance
that is at least distantly related to population growth or spread of the
study species (alien or native, respectively). Furthermore, the studies
had to conduct some type of manipulation of the study species or study
environment, such as growing aliens and natives in an artificial envi-
ronment, having a control versus environmental treatment design or a
gradient treatment design (i.e. we excluded purely observational
studies).

We carried out a literature search with the search platform Scopus
using the following search term: (native OR indigenous) AND (alien OR
introduced OR invas* OR invad* OR exotic OR non-indig* OR non-
native) AND (greenhouse OR common garden OR field) AND (experi-
ment*). Studies were considered from all years up to and including year
2020. Additionally, we screened studies included in a meta-analysis on
the benefits of global environmental change on alien plant species by Liu
et al. (2017). Although Scopus generally provides better coverage than
Web of Science and has been shown to be suitable as a principal source
for systematic literature reviews (Gusenbauer & Haddaway, 2020), we
acknowledge that our search is likely not fully comprehensive. Abstracts
were checked for suitability of the studies, and if they matched our
criteria the publications were then read in full to extract the relevant
information (Appendix A: Fig. Al).

Data extraction and moderators

If a study fitted the criteria above, the following information was
extracted: general information on the publication, publication year and
information on where the study was conducted (i.e. country and conti-
nent). We extracted various parameters on the type of study (for the
different categorizations, see Table 1), including information on study
type in regards to whether it is a greenhouse, field, common garden or
lab experiment (note that the last category was only later included, as
we did not specifically search for lab experiments with the search term
above), spatial and temporal scales and various information on the study
species (Table 1). Furthermore, information on the experimental
manipulation was documented: we noted whether the experimental
design involved competition (intra- or interspecific) or not, as well as the
manipulation of other factors, for which effects on alien and native
species were tested (e.g. a nutrient addition treatment). Finally, infor-
mation on the performance measures was extracted, whereby we
initially came up with eight performance categories to categorize the
different types of measurements (Table 1). However, the category
“population growth” had to be excluded as none of the studies in our
literature search assessed this performance measure.

For many studies, multiple performance comparisons between alien
and native species were extracted. This was the case if several perfor-
mance measures were included, various experimental manipulations



C.S. Sheppard and N. Liipke

Table 1
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List of moderators. Description of moderators shown with their respective categories (for factors) or unit of measurement (for continuous variables), number of studies
and observations included in the meta-analysis using the standardized mean difference (SMD) or the log response ratio (LRR). Note that the number of studies
sometimes exceeds 127 as studies may have included several experiments, performance categories etc.

Moderator Description Categories or unit of # studies SMD/ # observations SMD/
measurement LRR LRR
Study type Type of empirical small-scale experiment, from which data was Common garden experiment 37/37 270/268
measured Field experiment 34/33 165/157
Greenhouse experiment 62/62 455/448
Laboratory experiment 9/9 55/52
Performance Type of performance under which measurement could be Growth 96/96 511/503
category categorized Survival 7/7 35/35
Reproduction 23/22 131/122
Abundance 10/10 54/54
Physiology 20/20 133/134
Natural enemies 19/19 54/51
Mutualists 8/8 27/26
Relatedness Taxonomic level of relatedness between the alien and native species ~ Confamilial 37/37 224/214
Congener 28/28 179/175
Other 65/65 542/536
Invasion status Stage of invasion of the alien species as stated in the study* Alien 52/52 285/281
Invasive 76/76 660/644
Life form Lifespan category of the study species Annual 17/17 135/134
Short-lived perennial 62/62 444/428
Long-lived perennial 29/29 207/204
Mixed' 13/13 61/61
Different life form 15/15 98/98
Competition Type of competition that was used in the experiment Interspecific competition 51/51 322/317
Intraspecific competition 27/27 120/118
Without competition 76/76 503/490
No. alien species Number of alien species used in the experiment # 127/127 945/925
No. native species Number of native species used in the experiment # 127/127 945/925
Spatial extent Distance between sites if there are multiple and they are not km 127/127 945/925
adjacent
Spatial scale Surface area/plot size m"2 127/127 945/925
Temporal scale Duration of the experiment weeks 127/127 945/925
Total - - 127/127 945/925

* Other distinct invasion stages such as “casual” or “naturalized” were categorised as “alien”, since only two studies used this distinction.

T If there were several species from different life forms within both the alien and native study species group, they were documented as “mixed”. Conversely, if the
alien and native species came from different life forms or plant types, it was documented as “different life form”.

§ if there was only one site or sites were adjacent, the spatial extent was set to zero.

were conducted (since we aimed to gain a broad assessment whether
superiority holds across a wide range of environmental conditions), or if
several pairs of alien-native species were included. If more than one
performance measure was given in the study (e.g. various measures such
as survival, biomass and photosynthesis rate were collected), each per-
formance measure that fitted the criteria was included as a separate
observation (with this non-independence accounted for by the random
effect of study identity, see ‘Data analysis’). Similarly, if the study
contained multiple experiments (e.g. one common garden and one lab
experiment) or if within an experiment there were multiple manipula-
tions of the study environment (such as control — environmental treat-
ment, different treatment combinations, or a gradient design), each
individual experiment or experimental manipulation was recorded as a
separate observation, if the information provided in the study fitted the
criteria above. In case of a gradient design, such as if there were four
different concentrations of nutrient addition, the highest and lowest
concentration were recorded to focus on the highest contrast and avoid
recording similar data.

We extracted details on the performance measure and the measure-
ment unit, as well as the observed mean and measure of variation
(standard deviation, standard error or confidence interval) for the alien
and native species. For those studies where data was only reported
graphically, the Web Plot Digitizer (Rohatgi, 2020) was used to extract
information from figures. Before data analysis, standard errors and
confidence intervals were converted into standard deviations. Finally,
the number of alien and native species as well as respective sample sizes
(number of observations) of alien and native species were extracted.
Thereby, ideally comparisons of alien versus native performance were
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extracted at species-level for specific pairs of species (i.e. one alien
species versus one native species), or group-level (i.e. several alien
species versus the same number of native species) if the species included
in the group shared the same life form. However, in case of unclear
pairing or unbalanced study design (e.g. one alien species being
compared to ten native species), weighted means and standard errors
were calculated manually (Appendix A.1). If species were compared
within a study that had different life forms, subgrouping by life form was
done if possible.

Calculation of effect sizes

As measures of effect size, both the standardized mean difference
(SMD), also known as Hedge’s g, and the log response ratio (LRR), also
known as the log transformed ratio of means, were calculated (Hedges,
1981; Hedges et al., 1999). Both measures are suitable for data
comparing two groups (here alien and natives) with respect to the same
type of outcome (i.e. superiority), but different measurement methods
were used (here various quantitative measures such as survival,
biomass, photosynthetic rate) (Borenstein et al., 2009). Because both
measures are frequently used in ecological meta-analyses and each
measure may have its own (dis-)advantages (Crystal-Ornelas, 2020;
Hedges et al., 1999; Koricheva & Gurevitch, 2014; Lajeunesse, 2015) we
compared whether the outcome of our analyses would differ if using
SMD vs LRR. Means and standard deviations for both alien and native
species, as well as the respective sample sizes of individuals for both
groups, were used to calculate the effect sizes SMD and LRR using the
escalc-function of the metafor-package in R (Viechtbauer, 2010). This
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results in effect sizes, which estimate the magnitude and direction of the
difference between observations of the alien and the native species. For
most characteristics measured, the alien species was considered superior
to a native species, if it has a larger mean value. However, in some cases
a smaller mean was identified as superior performance, for example
lower mortality of the individual or a lower fraction of leaf damage by
herbivores. In these cases, we inverted the algebraic sign for SMD
(Higgins et al., 2019) and for LRR by taking the logarithm of the inverse
of the LRR. Variance was not changed, as it is not affected by the di-
rection of the effect size (Higgins et al., 2019). A few observations had to
be excluded as effect sizes could not be calculated (e.g. if variance was
zero or log of zero). Further, one of the SMD effect sizes appeared to be
disproportionally large (-558.62) and was also excluded. Similarly, an
effect size with a disproportionally large variance (9 x 10°4) was
excluded for LRR (Appendix A: Fig. Al).

Data analysis

All data was analysed in R v 4.1.0 (R Core Team, 2021) using the
metafor-package (Viechtbauer, 2010). To first test whether our set of
studies overall support or contradict superiority of aliens (addressing
our first research question), a random effects model was run using the
rma.mv-function of the metafor-package. Such a model accounts for the
heterogeneity (between study variance) arising from dealing with
multiple studies, that do not have the same methods or study charac-
teristics. Given that we had multiple observations for most studies, the
study identity was added as a random effect. We ran two separate
models to analyze the full data set, one model using SMD and one using
LRR.

To reveal possible publication bias, we checked funnel plots plotting
the standard error against the effect size estimate for the random effect
models (Viechtbauer, 2010). In the absence of publication bias, studies
with low standard error should be located near the estimated effect size,
while studies with high standard error should be symmetrically spread
on both sides. The funnel plots indicated some asymmetry mostly from
the growth performance category (Appendix A: Fig. A2-A3). Further-
more, Egger’s test for funnel plot asymmetry (Egger et al., 1997) was
conducted by modifying the original random effects model to include
the sampling variance of the effect sizes as a moderator. If the intercept
of this regression test was significantly different from zero, the data is
considered asymmetrical and hence biased. This test indicated no sig-
nificant publication bias (z = 1.24, p = 0.214 for SMD; z = 0.88, p =
0.376 for LRR). However, when running the tests for subsets of each
performance category separately, the test was (marginally) significant
for growth, indicating skewedness to the right (z = 1.93, p = 0.053 for
SMD; z = 2.28, p = 0.023 for LRR), as also visible in the funnel plot
(Appendix A: Fig. A2-A3). Additionally, for LRR there was a marginally
significant left-skewedness for the category response to natural enemies
(z=-1.78,p = 0.074).

To address the second and third research questions, we conducted
mixed effect models using the rma.mv-function of the metafor-package
to examine whether study conclusions were dependent on various as-
pects of the study. Keeping the study identity as a random effect, various
categorical and continuous variables were included as moderators
(Table 1). The categorical moderators included study type, performance
measure, relatedness, invasion status, life form and competition. The
continuous moderators spatial extent, spatial scale, temporal scale,
number of alien and number of native species were log-transformed
(log+1 in case of spatial scale due to many zero-values) and scaled to
a mean of zero and standard deviation of one. Again, we ran two
separate models, one using SMD as the response variable and one using
LRR.

To investigate which moderators are relevant to explain variation in
alien superiority, a model selection approach was used to find the best
supported model out of the combinations of moderators that are possible
from the full mixed effects model above. We compared all 2°11 = 2048
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combinations of the full mixed effects model using eleven moderators.
The models were fitted via maximum likelihood estimation and exam-
ined with the dredge-function in the MuMIn package (Barton, 2020),
whereby model weights and the small-sample corrected Akaike Infor-
mation Criterion (AICc) were used to determine the best model. To
follow best-practice, when conducting the meta-analysis the checklist of
quality criteria by Koricheva and Gurevitch (2014) was considered
(Appendix A: Table A2).

Results
Studies included in the meta-analysis

127 studies were included in our meta-analysis, most with several
observations, totalling 945 observations for SMD and 925 for LRR
respectively (Table 1; Appendix A: Table Al; a considerably higher
sample size compared to the median sample size in ecological meta-
analyses of 64 effect size observations from 24 studies, Costella & Fox,
2022). All except two studies (from year 1982 and 1994) were published
between 2001 and 2020 (Appendix A: Fig. A4 and AS5). The largest
number of studies were published between 2011 and 2015. Greenhouse
experiments (49 % of studies included a greenhouse experiment,
amounting to 48 % of the observations) and measurements in the per-
formance category growth (76 % of studies included at least one growth
measurement, amounting to 54 % of the observations) were most
common (Table 1). There were no clear trends of how (study type) and
what (performance category) is being studied over time (Appendix A:
Fig. A4 and A5). Most studies were conducted in North America (56 %),
followed by Asia (18 %) and Europe (15 %). Africa, Antarctica, Australia
and South America each had only 1-5 studies (Appendix A: Table A1).
Overall, the mean effect size for SMD was 0.91 4= 4.99 SD, with a median
of 0.22, minimum of —22.14 and a maximum of 72.10 (Appendix A:
Fig. A6). Mean effect size for LRR was 0.27 + 1.07 SD, with a median of
0.21, minimum of —5.27 and a maximum of 4.40 (Appendix A: Fig. A7).

Results of the meta-analysis

In answer to our first research question of whether the inherent su-
periority hypothesis was generally supported, aliens were overall su-
perior to natives across all studies considering the effect size measure
SMD, but not LRR. The estimated average effect from the random effect
model was 0.30 (95 % confidence interval: 0.05, 0.55, p = 0.020) for
SMD and 0.09 for LRR (95 % confidence interval: —0.05, 0.22, p =
0.197). The Q-test for heterogeneity among true effects is highly sig-
nificant for both effect size measures (SMD: Q (df=944) = 15,779, p <
0.001, LRR: Q (df=924) = 504,823, p < 0.001).

All, or almost all, moderators were relevant to explain variance in
alien superiority (Table 2, Fig. 1 and 2). The model selection for SMD
indicated that the full model was the best with a weight of 88.4 % and
difference in AICc of 4.39 lower than the second-best model (one
without temporal scale, with a weight of 9.8 %). For LRR there were two
best models (differing only in AICc of 0.13), the full model and one
without the moderator log number of alien species. These two models
had weights of 51.7 and 48.3 % and a difference in AICc of 33.6 lower
than all other models. Thus, in answer to our second research question,
the direction and magnitude of superiority reported in the studies
indeed depended on the performance measure. Considering SMD, alien
species were most likely to be considered superior to natives if perfor-
mance was measured in terms of growth, reproduction, physiology or
response to natural enemies (Fig. 1, Table 2). For LRR, response to
mutualists also more likely resulted in alien superiority, whereas in
contrast to SMD studying physiology was less likely to result in superi-
ority (Fig. 2). For both measures, alien superiority was also less likely to
be found when considering survival or abundance.

In answer to our third research question, the direction and magni-
tude of superiority reported in studies also depended on various other
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Table 2
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Model parameters with their estimates and 95 % confidence intervals (CI) for the meta-analysis using the standardized mean difference (SMD) and the log response
ratio (LRR). Note that the following levels of the moderators are included in the intercept: study type = common garden experiment, performance category = growth,
life form = annual, relatedness = confamilial, invasion status = alien, competition = interspecific.

Moderator Estimate SMD 95 % CI SMD Estimate LRR 95 % CI LRR
Intercept 2.15 1.64, 2.67 2.46 2.02, 2.90
Study type (field experiment) 0.25 0.03, 0.48 -0.75 -0.96, —0.53
Study type (greenhouse experiment) —0.93 —1.14, -0.73 —2.70 —2.91, —2.49
Study type (lab experiment) -0.17 —0.46, 0.13 —2.01 —2.36, —1.67
Performance category (survival) —1.00 -1.12, -0.88 —-0.21 -0.21, —0.20
Performance category (reproduction) 0.19 0.11, 0.26 0.02 —0.03, 0.06
Performance category (abundance) —0.43 —0.55, —0.32 —0.43 —0.51, —0.35
Performance category (physiology) —0.0005 -0.13,0.13 —0.28 —0.32, —0.24
Performance category (natural enemies) 0.06 —0.008, 0.12 0.12 0.05, 0.20
Performance category (mutualists) —0.56 —0.70, —0.42 0.22 0.15, 0.30
Life form (different life forms) 0.28 —0.06, 0.63 0.39 0.23, 0.55
Life form (long-lived perennial) 0.37 -0.02, 0.77 2.49 2.28, 2.69
Life form (mixed) 0.19 -0.21, 0.59 0.02 —0.31, 0.35
Life form (short-lived perennial) -0.70 —1.05, —0.36 0.47 0.33, 0.61
Relatedness (congener) -0.77 -1.23, -0.31 —0.43 —0.56, —0.31
Relatedness (other) —0.41 —0.81, —0.002 -0.50 -0.61, —0.38
Invasion status (invasive) —1.54 -1.81, —-1.28 —2.61 —2.95, —2.26
Competition (intraspecific) 0.09 0.01, 0.18 —-0.22 -0.22, —0.21
Competition (without) 0.20 0.11, 0.28 0.80 0.77, 0.82
Log (spatial extent [km] + 1) -0.11 —0.12, —0.09 -0.21 —0.23, —0.20
Log (spatial scale [m?]) -0.18 -0.23, —-0.12 -0.30 —0.34, —0.26
Log (temporal scale [weeks]) -0.10 —0.18, —0.02 -0.24 -0.30, —0.18
Log (number of alien species) —0.55 —0.74, —0.36 —0.09 —0.23, 0.04
Log (number of native species) 0.32 0.15, 0. 49 -0.27 —0.35, —0.18

aspects of the study design and study species. In fact, most of these
methodological aspects led to larger differences in superiority compared
to the performance measure used. Specifically, common garden and
field experiments resulted in the largest positive effect sizes for both
SMD and LRR (Fig. 1 and 2, Table 2). Studying long-lived perennials
most likely resulted in superior effects, with this finding being much
more distinct for LRR. Comparing aliens and natives of the same family
(but not genus) more likely resulted in superiority. Interestingly, for
both SMD and LRR effect sizes were large and positive when studying
alien species in general, but not invasives. For LRR superior effects were
more likely found in studies using no competition whereas for SMD,
differences in competition environment played a smaller role (Fig. 1 and
2, Table 2). The continuous moderators (spatial extent, spatial and
temporal scale, number of alien and native species) all had negative
effects on superiority, except for SMD where the number of native spe-
cies studied increased the chance of finding alien superiority (Table 2).
Overall, for SMD, the inherent superiority hypothesis was thus most
likely to be supported in a shorter, smaller field experiment considering
reproduction of long-lived perennials, comparing few alien-non-
invasive species with many confamilial native species in an environ-
ment without competition. For LRR, superiority was most likely found in
a shorter, smaller common garden experiment considering mutualists of
long-lived perennials, comparing few alien non-invasive species with
few confamilial native species in an environment without competition.

Discussion

Our meta-analysis of 127 experimental studies with more than 900
effect sizes revealed some support of the inherent superiority hypothesis,
showing higher performance of aliens compared to natives across a
broad range of environmental conditions (although mostly limited to
studies in the Northern hemisphere) at least for SMD. However, across
studies and observations, we found large variation in the direction and
magnitude of effect sizes, showing that superiority of alien species is also
context-dependent. Effect sizes were highly influenced by the perfor-
mance measure, characteristics of study species and other aspects of the
study design, but the exact nature of these effects also depended on the
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choice of effect size measure.

Is the inherent superiority hypothesis generally supported across studies?

Overall, both effect size measures (SMD and LRR) were positive
across the many different studies, environmental conditions and per-
formance observations we considered, indicating that aliens were
generally superior to natives, but this effect was only significant for
SMD. In line with supporting inherent superiority of alien species, in a
previous meta-analysis invasive species were shown to have higher
values compared to natives in traits related to fitness, size, growth rates,
allocation patterns and physiology (van Kleunen et al., 2010). Similarly,
another meta-analysis showed that alien plants were more tolerant to
competition than natives (Golivets & Wallin, 2018). Such superior
performance of alien species may then result in negative impacts on
native species. One may argue that invasive species by definition should
be superior, however, the classification as “invasive” is often subjective
and invasive species may only be superior in certain contexts (under
specific environmental conditions or depending on community invasi-
bility) and superiority may also change with invasion stage or over time
(Catford et al., 2019). Our study included also alien species in general
rather than just those species specifically pointed out as invasive.
Nevertheless, several authors have argued that the field of invasion
biology is biased towards reporting negative effects of a few particularly
harmful invasive species, ignoring neutral or positive effects (Charlebois
& Sargent, 2017; Davis et al., 2011; Davis & Chew, 2017; Thomas &
Palmer, 2015). Such a bias in study species or in reporting of negative
effects could contribute to an overall positive effect size regarding alien
superiority (particularly in the growth category, where there was ten-
dency towards publication bias of positive results). Given the large
variation in the direction (61 % of individual effect sizes being positive)
and magnitude (Appendix A: Fig. A6-A7) of effect sizes we found, alien
superiority clearly is not universal. Furthermore, superiority also de-
pends on many other aspects, some of which we discuss below. Finally,
as seen by comparing the results from SMD and LRR, the calculation of
the effect size measure to compare means and variance (and with it the
weighing) can strongly influence results.
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Fig. 1. Predicted effect sizes with 95 % confidence intervals for the meta-analysis using the standardized mean difference (SMD). The overall effect shows the result
of the random effects model. The effects shown for the various levels of each moderator originate from the full mixed-effects model. Thereby, the predicted values for
each moderator were calculated separately by creating predictions across the dataset when fixing each level of interest (945 predictions for each observation, then
taking the mean and mean confidence interval), thus resulting in a mean prediction for each level weighted by frequency of the levels of the other moderators.

Both SMD and LRR are commonly used for meta-analyses in ecology when back-transformed are easily interpretable (Crystal-Ornelas, 2020).
and evolution (Koricheva & Gurevitch, 2014). Hedge’s g (SMD), as a In our study, SMD might be more appropriate, as Hedge’s g (SMD)
standardized measure, allows data to be synthesized that were measured statistically corrects for variance due to small sample sizes, whereas the
on different scales, such as the various performance measures consid- variance estimate for LRR may be biased for small sample sizes or when
ered here. Log response ratios quantify the proportional change and one of the sample means is close to zero (Lajeunesse, 2015). Ecological
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Fig. 2. Predicted effect sizes with 95 % confidence intervals for the meta-analysis using the log response ratio (LRR). The overall effect shows the result of the
random effects model. The effects shown for the various levels of each moderator originate from the full mixed-effects model. Thereby, the predicted values for each
moderator were calculated separately by creating predictions across the dataset when fixing each level of interest (925 predictions for each observation, then taking
the mean and mean confidence interval), thus resulting in a mean prediction for each level weighted by frequency of the levels of the other moderators.

studies often have small sample sizes, for instance in our data set sam-
ples had a median of 18-20 (with a range of 2-1280) observations.
Furthermore, when means are close to zero, the weights in LRR will be
disproportionally small (Lajeunesse, 2015) — indeed in our data set, the
ratio of largest to smallest variance was very large. Bias is also higher
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when there are larger differences between the means (Lajeunesse,
2015), which might be particularly the case as we were comparing two
(or several) different species that are not always closely related. Because
LRR can also show greater heterogeneity than SMD (which minimizes
individual sampling error of the alien vs native group by homogenizing
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and pooling the standard deviations from these two groups) this can
result in different outcomes of meta-analyses on the same data set
(Lajeunesse, 2015). In our study, the performance measures included in
a single analysis were rather broad, which may also have contributed to
these differences. The most appropriate choice of effect size or rather the
limitations with each one and how to overcome them is an issue that
should be further explored in future studies.

Do the direction and magnitude of superiority depend on performance
measure?

The direction and magnitude of alien superiority depended on what
aspect of performance was measured. We divided the different measures
of superiority into several performance categories, some of which in-
fluence population growth and/or spread rates directly (i.e. growth,
survival, reproduction and abundance) and some more indirectly
(physiology and interactions with natural enemies or mutualists), to
assess any bias in choice of performance measure on findings of supe-
riority. Population growth and spread of alien species necessarily arise
from variation in reproduction, survival (mortality) and dispersal
(Gurevitch et al., 2011; Sakai et al., 2001; Schurr et al., 2012). This
demographic variation in turn is determined by the abiotic and biotic
environment (such as interactions with natural enemies and mutualists).
Comparing the demographic rates, studies measuring growth and
reproduction more likely resulted in positive effect sizes, whereas for
survival effect sizes were negative. The finding that alien species were
superior in growth and reproduction compared to aliens may directly
influence their invasion success: elasticity analyses of matrix population
models of 21 invasive and 179 native plant species showed that growth
and fecundity had a larger effect on population growth of invaders
whereas survival was more important for native species (Ramula et al.,
2008). Also, in our meta-analysis most study species were short-lived
perennials (i.e. herbs), for which growth and reproduction have
higher elasticities than in trees (Franco & Silvertown, 2004).

The finding that studies on response to natural enemies resulted on
average in positive effect sizes may not be surprising, given that the
enemy release hypothesis is one main explanation for invader superi-
ority (Keane & Crawley, 2002). Nevertheless, the performance measures
considered in this category may not always be highly relevant for true
superiority, that is population growth and spread rates. For example,
statistically significant differences between native and alien species in
levels of damage from herbivory (as a frequently used performance
measure) are taken as support of the enemy release hypothesis, but such
differences need not translate into differences in growth, reproduction
or survival (Chun et al., 2010). Compared to responses to natural en-
emies, less is known on the role of mutualists for invasions, although it is
thought that because many mutualists are generalists, lack of mutualism
is unlikely to prevent invasion success (Richardson et al., 2000). The
direction of effect we found in this category differed depending on the
effect size measure (this category, however, also had the fewest obser-
vations). Our results regarding physiology also depended on the effect
size measure. This category included various traits (e.g. related to
photosynthesis rates or nutrient uptake) for which effects on population
growth may be ambiguous and more dependent on the manner in which
effect sizes were calculated.

Given that within our search term we did not find any studies
measuring population growth, it is difficult to determine whether the
overall positive effect size (for SMD) is due to true inherent superiority
of alien species or due to a research bias. With a more targeted search for
studies considering population growth in Scopus (using the search term:
(native OR indigenous) AND (alien OR introduced OR invas* OR invad*
OR exotic OR non-indig* OR non-native) AND (plant) AND (“population
growth”)) we found 263 studies from all years up to and including year
2020. We screened the Abstracts to check if these studies truly investi-
gated population growth and found only 16 studies (published
2000-2017) in which population growth of both alien and native species
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were compared. In these studies, population growth was modelled from
demographic rates such as survival and reproduction (rather than
directly measured in the field, and thus likely not picked up or included
by our search term including experiment*). For instance, Merow et al.
(2017) investigated population growth of invasive Alliaria petiolata and
Berberis thunbergii compared to native species and forecasted range
changes under climate change in England. Demographic rates were
measured in transplant plots and then used in structured population
models. In another study, population growth rates of invasive Cyn-
oglossum officinale and native Hackelia micrantha were studied in
response to a biocontrol agent, using an experimental field study
measuring demographic rates combined with matrix population models
(Catton et al., 2016). Such a bottom-up approach that integrates
small-scale data with demographic analyses that measure the sensitivity
of population growth to the small-scale performance measures (Caswell
et al., 2011) may help to more conclusively answer the question of
inherent superiority of alien species. For short-lived species, population
growth can also be directly measured in experimental settings (such as
measured for alien and native Asteraceae over two years; Brendel et al.,
2021).

Do the direction and magnitude of superiority depend on other aspects of
study species and design?

All moderators we considered were important determinants of effect
size as they were included in at least one best model. Choice of study
design and type and number of study species thus influenced the like-
lihood of finding alien superiority. Experiments under more natural
conditions (common garden, field) were more likely to find alien su-
periority, hinting that the alien superiority we found may indeed be due
to true superiority rather than due to superiority found only under
certain artificial conditions. In contrast, the negative effects of the
continuous moderators suggested that superiority may be more likely
due to a research bias than true superiority, as the likelihood of finding
superiority generally decreased with spatial and temporal extent and
number of study species. Long-term experiments are however crucial to
better understand invasions (Catford et al., 2019).

Regarding life forms, we found the strongest positive effect for long-
lived perennials (an effect which was much more distinct for LRR), as
although fewer trees and shrubs are invasive, this group includes some
of the most invasive species (Richardson & Rejmanek, 2011).
Comparing species of the same family but not genus, that is native
species chosen to be similar but not too similar, resulted in the largest
superiority. One possible explanation for this finding is that there might
be a bias in choosing poorly competitive, rare native species for com-
parison (Vila & Weiner, 2004; Zhang & van Kleunen, 2019). When not
restricted to choose species from the same genus, this bias might be
exacerbated, whereas choosing entirely different species may result in
higher variance (and thus lower weight in the meta-analysis). We also
found that alien superiority was most likely found in experimental set-
tings without competition. This is in line with what is expected from the
typical alien species characteristics and the habitats they are found in.
Alien species most commonly dominate in disturbed, ruderal sites
(Chytry et al., 2008), and being ruderal (i.e. R-strategists following
Grime’s CSR) increases the probability of alien plant establishment (Guo
et al., 2018).

Finally, the most distinct effect we found (consistent across both
SMD and LRR) was the counterintuitive finding that alien species (non-
invasive according to the authors; ca. 40 % of the studies) were more
likely to be found superior compared to alien invasive species. Several
factors combined may explain this finding. The classification as “inva-
sive” if not based on rapid population growth and spread (Richardson
et al., 2000) is often based on impact (ecological, economic or human
well-being) (International Union for Conservation of Nature, www.iucn.
org). Our finding may suggest that this classification is too subjective
and thus not based on actual superior performance. However, alien
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rather than invasive superiority may also be a result of certain charac-
teristics of our data set. A far higher proportion of 78 % of studies on
aliens compared to studies on invasives (54 %) measured growth or
reproduction (which tended to have positive effect sizes). More impor-
tantly, although mean and median effect sizes for the two categories
were not widely different (and for SMD in fact higher for invasives with
a mean = 1.02 and median = 0.36, compared to aliens with a mean =
0.65 and median = 0.11), similar effect sizes tended to have lower
variance in the alien category and thus likely resulted in a stronger ef-
fect, as large SMD values can result not only from a large difference in
means but also from a small pooled variance (Koricheva et al., 2013).

Beyond the moderators we considered, there may be other factors
important in determining alien superiority, such as the environmental
conditions. In our study we specifically wished to assess superiority
across a broad range of conditions, and hence included where possible
also multiple experimental treatments that varied the abiotic environ-
ment. The meta-analysis by Stotz et al. (2016) found that temperature
and precipitation influenced biotic resistance, that is the strength by
which native communities inhibited alien plant species emergence,
survival, reproduction or size. Furthermore, alien success has been
shown to be higher in disturbed, nutrient-rich conditions; for instance,
another meta-analysis showed that those alien species that responded
more strongly to increased resources were more widespread globally
(Dawson et al., 2012). Thus, the effect of abiotic conditions should be
additionally evaluated in future studies. Furthermore, another aspect
that is less often considered is the influence of residence time on whether
alien species are superior to natives. The outcome of eco-evolutionary
processes during an invasion depends on the time since introduction
to a new area: longer residence time may lead to adaptation to a new
climate or adaptation of native species to the alien (Brendel et al., 2021;
Sheppard & Schurr, 2019), and thus alien superiority may change over
time.

Conclusions

Although overall alien species may indeed more likely be superior
than natives, more importantly, the likelihood of superiority depends on
many factors, including performance measure, aspects of experimental
design, selection and number of study species, and choice of measures
for statistical analysis. We here quantitatively showed across a broad
range of studies and environmental conditions how these aspects affect
the direction and magnitude of superiority found in small-scale studies.
Thus, authors of future studies on alien superiority should carefully
consider how their experimental choices may affect the conclusions
drawn from their study. Besides providing a quantitative synthesis on
the research findings so far, the conclusions from meta-analyses are
meant to provide guidance for future primary studies to follow up on its
results (Koricheva & Gurevitch, 2014). The partially conflicting results
in our meta-analysis between effects of SMD and LRR highlight one
important avenue for future research, investigating the causes of these
differences. Furthermore, our review pointed out a lack of studies
considering population growth as a direct measure of true superiority.
Compiling studies on population growth would allow a future
meta-analysis to shed light on how common true alien superiority is, and
thus also provide information on which other performance measures
might be biased towards superiority. Conducting studies using perfor-
mance measures relevant for superiority, while also considering poten-
tially confounding effects such as varying abiotic conditions and effects
of residence time should clarify results on the contexts in which alien
superiority is expected.
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