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Abstract
Background. In the marine environment, the introduction and spread of non-native seaweeds may cause
major alterations to resident assemblages and biodiversity with implications for ecosystem functioning and
consequent ability to provide goods and services to humans. We compared the impacts of non-native
seaweeds on resident consumers (at higher trophic levels) to those observed on native primary producers
(same trophic level). In addition, we assessed variations in the effects of non-native seaweeds on resident
benthic assemblages according to the degree of existing human impact.
Methods. We searched for both experimental and observational studies on the effects of non-native
seaweeds on resident assemblages. We summarized effects of non-native seaweeds on resident species
(abundance, biomass, growth and survival) and communities (abundance, biomass, diversity and evenness)
by calculating standardized mean differences between invaded and non-invaded means (Hedges’ g*), which
were used to perform meta-analyses.
Results. Literature search resulted in the extraction of data from both experimental and observational
studies (for a total of 122 papers) investigating the effects of 13 different non-native seaweeds on single
species or communities. Most of the studies were performed in Europe (the Western Mediterranean
hosted the largest number of studies), Australia and Atlantic North America. No data were available from
Africa or Asia. The effects of non-native seaweeds on resident primary producer communities and species
were generally negative and greater than those that emerged on consumers. Seaweeds caused a significant
decrease in the abundance, biomass, diversity and evenness of primary producer communities, likely
reflecting the negative effects on the growth and survival of individual species. Effects on consumers were
less pronounced, with significant declines detected only for community biomass and for the survival of
individual species. This resulted in a significant difference in the effect of non-native seaweeds between
primary producers and consumers for abundance and diversity of communities. Asymmetry in funnel plots
emerged for community abundance and diversity, as a consequence of some data with large residual values
and high variances. Analyses repeated after removal of these data suggested that publication bias did not
have a severe effect on results on community abundance, while those on community diversity should be
consider with more caution. Of the non-native seaweeds investigated, Caulerpa racemosa generated the
largest negative changes on primary producer communities, which were significantly different from effects
exerted on consumers for abundance and diversity. Results suggested considerable variation in the effects
of non-native seaweeds among habitats, but negative effects were particularly severe in the Western
Mediterranean. The effects of non-native seaweeds on most of the response variables did not vary among
areas characterized by a different degree of human impact. However, there was a trend for the effects of
non-native species on community biomass and abundance and on species abundance to become less
negative at heavily impacted sites. By contrast, the magnitude of negative effects of seaweeds on
community evenness tended to increase with human impact levels.
Discussion. Our results suggest that effects of non-native seaweeds are generally negative on resident
primary producers (seaweeds, plants), while more heterogeneous on consumers and dependent upon the
receiving geographical region and habitat type. An ecological indicator for potential impacts of non-native
seaweeds should rely on effects on resident primary producers in different habitats and regions. In
addition, effects on some response variables showed a tendency to be more severe in relatively pristine
environments, with possible impingements to the effectiveness of conservation strategies (i.e. Marine
Protected Areas), that are generally implemented in areas little exposed to human impacts. Efforts for
controlling the impacts of non-native seaweeds should be mostly directed to prevent their spread into
these relatively pristine areas.

Background
Biological invasions are an important component of global change, posing major threats to marine
biodiversity [1]. The introduction of non-native species can alter the structure and functioning of natural
ecosystems, with potential repercussions for their ability to provide goods and services to humans [2,3].
Thus, assessing the impacts of non-native species on resident assemblages is among the top priorities for
ecologists.
In the marine environment, more than 400 cases of introduction of benthic seaweeds to non-native
locations have been registered worldwide [4]. Information regarding the mechanisms of introduction were
frequently lacking; among those reported, hull fouling, shellfish farming, ballast introductions, aquarium
industry as well as the opening of the Suez Canal were the most common [4]. Some of these non-native
seaweeds have caused significant ecological and economic impacts [5, and references therein]. In fact, nonnative seaweeds are considered to be particularly warring as they may alter both ecosystem structure and
functioning, through a complete domination of habitats, changing food webs and developing into
ecosystem engineers [5]. In addition, climate changes may combine synergistically with the effects of nonnative species. For example, extreme climatic events may facilitate biological invasions by increasing
movements of non-native species and decreasing biotic resistance of resident communities, although
specific outcomes depend on the type of ecosystem and event [6, and references therein]. Evidence
suggests that non-native seaweeds are difficult to eradicate, so that prevention is considered the most
effective means to reduce future costs. In this context, scientific research plays a key role in supporting
management [7].
The impacts of non-native seaweeds on resident assemblages have been thoroughly reviewed, through
both narrative syntheses [4] and quantitative meta-analyses on experimental studies [8,9]. These syntheses
suggest a tendency for the effects on non-native seaweeds on resident plant communities to be
consistently negative, while their effects on animals communities are more variable. However, a
comprehensive synthesis of our current knowledge on the effects of non-native seaweeds on consumers is
still lacking. Mounting evidence indicates that non-native seaweeds can be consumed by guilds of resident
herbivores, which can, in some cases, suffer physiological damage from the ingestion of these novel
sources of food [10-12]. For instance, in the Mediterranean Sea, the red pigment caulerpin, the most
abundant secondary metabolite of the green non-native macroalga, Caulerpa racemosa, enters food chains
and accumulates in fish tissues [12]. Significant correlations among caulerpin tissue load, fish condition
factor and hepatosomatic index suggest a possible detrimental effect of the dietary exposure to C.
racemosa on Diplodus sargus. Non-native seaweeds can, on the other hand indirectly affect consumers
through the modification of the abiotic environment, with either negative (e.g., by generating water anoxia
or reducing habitat complexity; [13,14]) or positive effects (e.g., by providing refuges from predators; [15]).
Under these circumstances, evaluating the magnitude of impacts of non-native seaweeds on consumers
and how this relates to the magnitude of effects on primary producers is of paramount importance for the
management of invasive species. Addressing bottom-up effects associated with invasions of primary
producers will also help to refine current invasion theories that envision the success of non-native species
in the introduced range as a result of the loss of consumers or parasites (e.g. enemy-release hypothesis
[16]).
A large research effort has been produced to identify which life-traits may confer non-native species
greater invasiveness [17]. However, even when considering a single non-native species, impacts can vary
greatly across space and time [18,19], as the abundance and performance of the non-native species are

also modulated by local biotic and abiotic conditions [18,20]. Investigating how effects on resident
organisms vary amongst non-native seaweed species, regions, and habitat types will help to clarify reasons
for heterogeneity in impacts on consumers, as well as to support the hypothesis of more homogeneous
effects on resident primary producers.
In addition, we can predict that the effects of non-native seaweeds on resident assemblages will vary
according to the level of environmental degradation. In fact, biological and physical attributes of recipient
ecosystems (e.g. richness, relative abundance and evenness of species, availability of resources, regime of
disturbance) can play a key role in determining the susceptibility of natural communities to invasion [2124]. The same factors may also play a role in determining the severity of the impacts of invaders. For
example, the widely documented positive relationship between disturbance and ecosystem invasibility [2529] would suggest stronger impacts in more degraded habitats [28]. In contrast, more pristine habitats
inhabited by species-rich assemblages, according to the biotic resistance hypothesis, should be more
resistant to invasion [29,30]. However, we could also expect an opposite scenario. In fact, species surviving
or thriving in heavily degraded habitats are usually not limited by competition, but rather controlled by
unfavorable environmental conditions [31]. As a consequence, these species could be weakly affected by
the presence of novel species. In contrast, in well preserved, species-rich environments, where competition
is thought to be stronger [31,32], resource uptake by non-native seaweeds could generate strong negative
effects on resident species.
Addressing all these key knowledge gaps will have important implications for policy and management of
ecosystems, by giving sound indications for the creation of ecological indicators for the impacts of nonnative seaweeds, as well as suggestions on priority areas where to monitor and prevent the spread of nonnative species.

Objective of the review
The objective of the review was to fill two major gaps in our understanding of the impacts of biological
invasions, taking advantage of the availability of a large body of empirical studies that have been carried
out in marine environments. We looked at the impacts of non-native seaweeds (species that have
established outside their native range via human activities) on resident assemblages, in order to answer the
following primary questions:

a) How does the impact of non-native seaweeds on resident consumers (at higher trophic levels)
compare in magnitude and extent to that observed on resident primary producers (same trophic
level)?
b) Do the effects of non-native seaweeds on resident benthic assemblages vary according to the
degree of existing human impact?
And, in relation to primary question a), the following secondary questions:
Does the effect of non-indigenous seaweed on resident consumers and primary producers vary
(and differ from each other) amongst non-native seaweed species, geographical regions, and
habitat types?
In order to asses to which extent study selection criteria may account for contrasting results (e.g. those
generated by previous studies, such as [8,9]), we compared the results of analyses performed on the whole
dataset (i.e., including both observational and experimental data) with those of analyses on experimental

data only. Experimental data are defined as those obtained from laboratory experiments or field studies in
which invaded units (i.e., where the non-native seaweed was already present) were compared to units
from which the non-native was removed; or where control units (i.e., where the non-native was naturally
absent) were compared to units where the non-native was transplanted. Observational data are defined as
those obtained from studies where no manipulation to units were applied, and control units were
compared to units where the non-native was already present (invaded units). The hypothesis that the
impact of non-native seaweeds varies according to the degree of human impact was tested by regressing
effect sizes against Halpern’s cumulative human impact score (Ic [33])
Modifications to the protocol were applied, as we did not examine the influence of latitude, or of seaweed
abundance, on the effects investigated through primary questions a) and b). Within primary question b),
we also did not investigate the effects of non-native seaweeds on variables related to ecosystem
functioning or on physical variables. In fact, only once data were obtained and carefully inspected, we
properly selected the questions of major interest, by maintaining a balance between key knowledge gaps
and limited resources.

Methods
We carried out a systematic review, following our peer-reviewed protocol [34]. A concise description of our
methods, including modifications made to the protocol during the review process, is provided below.
Search Strategy
We searched ‘ISI Web of Science’ database for relevant literature and data. ‘JSTOR’ database was not used,
due to limited resources. Although ‘JSTOR’ includes contents published earlier than those included in ‘ISI
Web of Science’ (which start from 1950), it is worth noting that the first publications about ecological
effects of non-native seaweeds date back to the early 1980s. Due to limited resources, grey literature was
not included. The search was conducted in June 2012.
Search strings comprised the terms reported in Table 1. The individual terms or phrases listed within each
column were combined by ‘OR’ within each category. These sets (one from each category) were then
combined by ‘AND’ to generate the final set of results (Additional file 1).The retrieved papers have been
compiled into a library in Endnote.
Table 1. Strings of search terms.
Search terms
Exposure 1

Exposure 2

Population

Outcome

Alga*, macroalga*,
Seaweed*

Alien*, invasi*,
introduced,
allochthonous,
nonindigenous, nonindigenous, “non
native*”, nonnative*, exotic*

marine, brackish,
estuar*, coastal, shallow,
sea*,
aquatic, maritime,
lagoon*, pelagic, benth*,
demersal, shore*,
intertidal, subtidal,
ocean*, bay, cove,

Impact*, effect*,
influence, consequence*,
food-web*, “food web*”, ecosystem*,
biomass, biodiversity,“biological
diversity”, communit*, richness,
diversity, abundance, evenness, cover,
density, “reproductive capacity”,
mortality, growth, assemblage*,
producti*, decomposition, “nutrient
cycl*”, oxygen, carbon, flux, respiration,

“ecosystem matabolism”, “sediment
stabilisation”, epiphyte*, “sediment
mixing”, resilience, stability, resistance,
invasibility

Study Inclusion Criteria
The geographic scope of this review was global. We were interested in response variables describing the
structure of assemblages, the characteristics of populations and individuals (Table 2).
The methodology and the definitions presented in Table 2 are described in detail in Bulleri et al. [34].
References obtained through the search were then deemed as relevant when including the subjects
specified as Population, Exposure, Comparator and Outcome, as defined in Table 2. In particular, selection
was performed through a 3-step process: 1) scanning of article titles (mostly to exclude articles which dealt
with completely unrelated topics); 2) reading of the abstract; and finally 3) reading of full text. The first two
steps were carried out by three investigators working together. Two investigators worked together at the
first and second step. All investigators worked independently at the third step of the process, and interreviewer variability was tested via kappa analysis [35] (k = 0.37, showing fair agreement), based on the
screening of a subset of full-texts. In order to increase consistency in the assessment, we discussed and
clarified every disagreement on inclusion criteria. The bibliography of the papers that resulted from the 3step process was searched for further material. Reviews were only used to search for further materials
within their bibliographies (i.e. they were not included in our meta-analyses).

Table 2. Definitions of the components of primary questions a and b.
Population

Exposure

Resident
seaweed/
phanerogams
and consumer
assemblage

Introduction,
establishment and
spread of non-native
seaweeds

Outcomes (response variables)
Species/taxa diversity (e.g richness,
Simpson/Shannon/Berger-Parker diversity indices),
species/taxa evenness (e.g. Pielou evenness index), total
community cover, total community biomass, single
species/taxa cover, single species/taxa biomass, mortality,
density, individual size, individual growth, per capita
reproductive output, community productivity, nutrient
cycling (e.g. nutrient uptake rate [N, P], nitrification rates),
metabolism (e.g. individual/community metabolic rate [“B”;
15], oxygen consumption, production of primary or
secondary metabolites), decomposition (e.g. abundance of
particulate organic carbon [POC] or nitrogen [PON]), carbon
flux, respiration, sediment stabilisation (e.g. eroding pulse
pressure, sediment mass erosion), sediment mixing (e.g.
sediment mixing depth, bioturbation potential [“BP”; 16]),
resilience (transient differences in spatial/temporal patterns
of abundance of single or total species/taxa or composition
of assemblages in presence vs absence of the invasive
species), temporal (in)stability (e.g. temporal variance in
abundance of single species/taxa or total community;
temporal (dis)similarity indices), resistance (lack of
differences in spatial/temporal patterns of abundance of
single or total species/taxa or composition of assemblages in
presence vs absence of the invasive species), abundance of
epiphytes, richness (i.e. number) of epiphytes, invasibility
(presence or abundance of other invasive species)

Comparators
Invaded unit vs non-invaded unit
Unit: organisms/individual/plots/
treatments/area
s/sites/locations
/regions

Invaded unit vs Invader removal unit
Unit: organisms/individual/plots/
treatments/areas/sites/locations/regions

Control unit (no Invader) vs Invader transplanted unit
Unit: organisms/individual/plots/
treatments/areas/sites/locations/regions

Study Characteristics and Quality
We extracted the following details from all relevant articles, as described in our Protocol [34]:
1) Study type: lab*/ field (*studies done in the lab were excluded for the primary question b)
2) Study location
3) Latitude
4) Longitude
5) Response variable(s)
6) Study approach: observational /experimental
7) Spatial scale - extent: <1 km2 / 1-100 km2 / spanning area >100 km2
8) Spatial scale – grain (size of plots): plots <1 m / plots >1 m / individual /sub-individual (i.e. portions of an
individual)
9) Description of the hierarchical design - space
10) Temporal scale - extent (i.e., study duration)
11) Temporal scale – grain (i.e., frequency of sampling)
12) Description of the hierarchical design - time
13) Number of temporal scales included: 1 / 2 / >2
14) Design - replication: Unreplicated / Replicated
15) Design - controls/reference sites: None / Procedural controls / Unmanipulated controls / Both
16) Design - CI
how many Control sites (i.e. areas including different replicates) ?
how many Impacted sites?
17) Design - BA
how many times Before (i.e. number of separate sampling times prior to exposure)?
how many times After?
18) Design - BACI
if Beyond BACI: how many Control sites?
if Beyond BACI: how many Impacted sites?
if Beyond BACI: how many 'Before' times?
if Beyond BACI: how many 'After' times?
19) Design – confounding: Confounded / Not confounded
if High probability of confounding, list confounders (see Protocol for details)

20) Execution - specify the sampling method
21) Execution - sample independence: Not independent / Probably independent / Independent
22) Execution - treatment independence: Not independent / Independent [36-37])
23) Execution - randomisation (allocation of sampling units): Neither / Haphazard / Random
24) Confounding variables: Certainly present / Likely present / Not present
Determining whether replication and choice of controls have been carried out appropriately was somewhat
subjective. We considered whether controls and affected areas were sufficiently similar but spatially and
temporally independent, and if replicates were independent (in space and time) of one another.
Studies characterized by confounding variables, lack of sample/treatment independence, lack of
appropriate controls or lack of replication were excluded. A summary table of most relevant information
(Additional file 2) and a list of excluded papers with reasons for exclusion (Additional file 3) were compiled.
Data Extraction
We extracted data on the response variables listed within the Outcomes column in Table 2. These included
response variables describing the response at the level of resident assemblages, populations and
individuals (Table 3). Community-level response variables did not include the non-native seaweeds.
Specifically, we extracted means, measures of variability (standard errors, standard deviations, confidence
limits) and sample sizes for plots or sites where the non-native species was present or absent. In addition
we extracted information on invader abundance, and other potential effect-modifiers (see Section
Potential effect modifiers). We also extracted geographical coordinates and region where the study was
conducted. This allowed us to assess the level of human pressure at each study site, by referring to the map
of human impacts developed by Halpern et al. [33]. Data were extracted from tables or graphs presented in
the selected papers. Extraction from graphs was carried out using an image analysis software (ImageJ [38]).
When data could not be directly extracted from papers, the authors of the original study were approached
by e-mail, and asked to provide either raw data or relevant information (e.g. means, standard
deviation/variance, sample size). Papers were excluded when authors did not provide necessary
information. In the case of observational studies reporting time series, the first and last time of sampling
were included in the analyses in order to account for variation through time in the effects of non-native
seaweeds. In contrast, for experimental studies, only the last time of sampling was included in the analyses
(although also the first was extracted from published papers), as it was assumed that effects of
experimental manipulations (removal or addition of the invader) are more likely to manifest on longer
temporal scales. Including data relative to short times after the experiment was started would have
underweighted potential effects of invaders.
Table 3. Summary of the ecological impacts due to non-native seaweeds classified by ecological levels,
impact types and response variables extracted (modified from Maggi et al. 2015).
Level
Macrophyte species
(e.g. macroalgae or
phanerogams)

Impact type
Abundance

Variables
cover or density of adults/ recruits

Biomass

above/belowground biomass of leaves/roots/rizhomes; biomass
primary productivity/production

Macrophyte community

Consumer species

Consumer community

Ecosystems

Growth

size/change in size of whole organisms or parts

Survival

% survival, mortality, longevity

Fitness (others)

density of reproductive parts, content of compounds indicating stress

Abundance

cover or density of adults/ recruits

Biomass

biomass of plants, biomass production

Diversity

number of species/taxa, Shannon diversity index

Evenness

Pielou’s evenness

Abundance

cover or density of adults/recruits/juveniles/colonies

Biomass

biomass of whole organisms or parts

Growth

size/change in size of whole organisms or parts

Survival

% survival, mortality rates, predation rates

Fitness (others)
Abundance

activities of adults/larvae, feeding rates, energy consumed, egg
production efficiency
cover or density of individuals/colonies

Biomass

biomass

Diversity

number of species/taxa, diversity indices (Shannon, Margalef)

Evenness

Pielou’s evenness

Ecosystem
functioning

CO2/O2 gross/net primary productivity
CO2/O2 flux-respiration
% organic matter
concentration or flux of N/P/S/Si compounds
dissolved organic/inorganic C/O2/N/P
sediment POC
redox potential
C/N sediment

Physical

% cover bare rock
% flow reduction, water velocity
% particle retained
light irradiance/intensity/compensating/saturating levels
silt fraction, median grain size
sediment depth/eroded/mass, sedimentation
net alkalinity, pH
sulfide free zone

Data Synthesis
Lack of sufficient data and limited resources prevented us to run analyses on some variables (e.g.,
measures of fitness different from growth/ survival of species, on measures of ecosystem functioning or
abiotic variables). In particular, data used for analyses referred to the following variables: species
abundance, biomass, growth, and survival; community abundance, biomass, diversity and evenness.
We calculated Hedges’ g*, which measures the unbiased, standardized mean difference between invaded
and non-invaded means [39]. Negative and positive Hedges’ ∗ values indicate negative and positive effects
of non-native seaweeds on resident communities or species, respectively; that is, they indicate that the
mean value of the response variable (abundance, biomass, growth, richness,..) was lower or higher,
respectively, within units where the non-native seaweed was present than where it was absent. Hedges’ ∗
was calculated as:
∗ =  where
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were x is the mean value of the dependent variable in presence or absence of the non-native seaweed, n is
the number of replicates, SD is the standard deviation.
Question (a). Effect sizes for primary producers and consumers were estimated from the dataset and its
subsets (experimental data, comparison by non-native seaweed species, habitat and regional sea) using
mixed-effects models [39]. For each dependent variable, separate analyses were run by using the entire
dataset or its subsets. Due to the scarcity of data, subsets by regional areas were created only for some
European regional seas. A fixed-effect was used to model across subgroups (trophic level in this case)
variability, while a random-effect was used to model within subgroups variability. The effect sizes of
individual comparisons were weighted by the inverse of within-study variance plus between-study variance,
the latter being calculated within levels of the moderator. Effect sizes were first calculated using all the
data available in the dataset or in the subsets, including multiple estimates from each study, when they
were available. However, this procedure does not take into account potential autocorrelation among
observations within studies, thus violating the assumption of independence in the data. In addition, when
computing summary effects across studies, it assigns more weight to studies with multiple outcomes. One
approach to solve this issue is to average within studies across sources of independence (e.g. multiple sites,
different times of sampling, comparison of the same invasive species with several native species, etc.) in
order to generate one single effect size per response variable per study. However, unless the degree of
autocorrelation among observations being averaged is known and explicitly incorporated into calculations,
the estimates of variances associated to the means are based on the assumption of a zero correlation [39].
This is likely to lead to over- or underestimation of variance and underestimation of the precision of the
difference [39]. An alternative approach would be that of extracting at random a single test for each study.
The drawback of this approach is that of losing a large amount of information. For this reason, following
Gibson et al. [40] and He et al. [41], we calculated median effect sizes and 95% confidence intervals by
resampling one observation per publication, using 10000 bootstrap samples, generated with replacement.
Mean effect sizes (for both primary producers and consumers) are considered significantly different from
zero (i.e. there is a significant effect of non-native seaweeds on the analyzed variable) when their 95%-

confidence intervals do not overlap zero. The null hypothesis (no difference in the effect size between
primary producers and consumers) was tested through the Q statistic, a weighted sum of squares following
a χ2 distribution describing variation in the effect size between groups [39,42]). To test for the significance
of differences between trophic levels we used the between-group heterogeneity of the mixed-effect
models (a weighted sum of squares describing variation in effect size between groups; [39,42]). The effects
of the moderator (i.e. the trophic level) were deemed as significant when the median QM, generated by
data permutations, exceeded the critical value (corresponding to α = 0.05) obtained from the null
distribution generated by permutations with re-shuffling of labels (primary producer versus consumer) (Fig
1). The exact significance level (PBetween abbreviated as PB in Tables 5-12) was estimated as the number of
times out of 10000 permutations in which the median Qm was smaller than the critical Q value from the
null distribution (i.e., (QMNull>medianQM)/10000.
Question (b). The hypothesis that the impact of non-native seaweeds varies according to the degree of
human impact was tested by regressing the effect size on the different resident community and species
response variables against Halpern’s cumulative human impact score (Ic [33]). For each study site, we
extracted the cumulative human impact score estimated by Halpern et al. [33] with ArcGIS 10.1. Possible
errors in the process of geo-referencing of each study site were manually corrected. This score combines 17
anthropogenic drivers into a single comparable estimate of cumulative human impact on 20 ecosystem
types across the entire globe. Several shortcomings of this index have been identified: for example, regions
with overlapping human activities cannot spatially match up with areas of major impact [34] or the impact
score cannot account for interactive effects that frequently display when multiple stressors co-occur [35].
However, to date, the cumulative human impact score represents the only synthetic measure of human
impact available for comparisons between sites at a global scale. To reduce the impact of between pixel
variation, which was often high between coastal pixels and their immediate neighbours, the dataset was
smoothed using a neighbourhood averaging filter with a 5x5 square kernel. Extracted values therefore
represent the mean value of the impact scores in a 25 km2 region surrounding each study site. In cases
where site locations did not spatially correspond with values in the cumulative human impact layer (e.g.
sites close to the coastline), the value of the closest pixel was assigned without interpolation. Sites beyond
a distance threshold of 10 km from the nearest pixel were excluded from the analysis. Values of cumulative
human impact for studies reporting the response of native species growth and survival to invasion were
never smaller than 10, implying the lack of data from pristine to moderately degraded environments [33].
These variables were therefore excluded from analyses.
Meta-regression was used to assess the relationship between Halpern’s cumulative human impact score
(Ic) and the dependent variables estimating the response of native species and communities, following the
same rationale exposed for analyses of the effects between trophic levels. The same general permutational
framework, but including a random-effect model, was used to calculate the regression coefficients (median
intercept and slope). Likewise, the effects of the covariate (Halpern’s index) was statistically assessed by
means of Q-tests. In particular, the null hypothesis (slope of the regression equal to zero) was tested
through a meta-regression based on the Q statistic. The slope was deemed as significantly different from
zero when the median QM, generated by data permutations, exceed the critical value (corresponding to α =
0.05) obtained from the null distribution generated by permutations with re-shuffling of labels. The exact
significant level was estimated as the number of times out of 10000 permutations in which the median Qm
was smaller than the critical Q value from the null distribution (i.e., (QMNull ≥ medianQM)/10000.
In order to assess the influence of observational studies (because they do not allow to establish a causeeffect relationship between the presence of an invader and features of resident communities and species),

sensitivity analyses were carried out by comparing the results of analyses including all data with those
including only experimental data.
All analyses were performed in R v2.5 [45] using the ‘metafor’ package [42] and adopting the DerSimonian–
Laird estimator [46].

Figure 1. Example of a graph representing the null (blue) and the observed (red) distributions, the critical
value at which α is = 0.05 (dotted line) and the median QM (red line)

Potential Effect Modifiers and Reasons for Heterogeneity
We identified several factors that might influence the effects estimated by each study and conducted
additional sets of sub-group analyses, that were specific to particular response variables.
First of all, the study type (observational vs. experimental) may account for contrasting result; in fact, in
contrast to experimental studies, observational ones are not able to assess cause-effect relationships and,
hence, to provide an unambiguous assessment of whether a non-native seaweed represents the real cause
of alterations to resident assemblages and species or if other factors, such as environmental degradation,
has been a key driver of their invasion and apparent impacts [24, 38-39].
In addition, identity of non-native species, non-native habitat type or geographic area may account for
further heterogeneity in results. In fact, specific life-traits may confer non-native species greater
invasiveness [17]. However, even when considering a single non-native species, impacts can vary greatly
across space and time [18, 19], as the abundance and performance of the non-native species are also
modulated by local biotic and abiotic conditions [18, 20].

Datasets were therefore divided by non-native species, habitat and European regional sea (defined
according to the Marine Strategy Framework Directive; European Union 2008). Furthermore, we compared
the results of analyses performed on the whole dataset (i.e., including both observational and experimental
data) with those of analyses on experimental data only.

Publication bias
Funnel plots of effect size standard errors against effect size residuals, based on mixed-model effect size
calculations, and a rank correlation test (Kendall’s τ) for funnel plot asymmetry were used to assess
whether there was any potential publication bias. Following He et al. [41], data causing asymmetry in
funnel plots were eliminated and analyses re-run on bias-corrected datasets.

Results
Search for relevant data
The search yielded a total of 1777 articles. Scanning article titles resulted in the exclusion of 1055, a further
554 were excluded at abstract stage, and during the full text filtering stage 26 more articles were excluded
from the review. Bibliographies of the remaining 142 articles (including 12 reviews) were searched, which
led to 18 new articles being recruited, having screened all potentially relevant studies at full text level.
Quality assessment of the remaining articles was conducted (excluding the 12 reviews, as explained in the
‘Study inclusion criteria’ within the Methods section) (Additional file 2) and a total of 26 articles were finally
excluded. Reasons for exclusion include: demonstrating major methodological flaws (no/unknown
replication, no control site(s), presence of confounding variables), recording ambiguous variables (e.g.
subjective factors including variation in isotopes, variation in fish color) (see Additional File 3).
Among the 122 articles retained (Additional file 4), 65 provided only observational data, 44 provided only
experimental data, and 13 provided both experimental and observational data. As a consequence, the 122
articles provided a total of 78 observational studies and 57 experimental studies. Observational studies
focused on the effects of 11 different invasive species, while experimental studies tested for the effects of 7
invasive species (Table 4). The geographical distribution of the studies described in the 122 retained articles
is reported in Figure 2.

Figure 2. Geographical distribution of the retained studies.

Table 4. Summary of the number of studies within each marine region divided by study type, non-native seaweed, response variable at the species or community
level.
Regional Sea

Study type

Iceland
North Sea

observational=1,
experimental=0
observational=11,
experimental=7

Exotic seaweed
F. serratus=1

Response variable (species) Response variable (community)
Abundance=1

C. fragile spp.=1, F. evanescens=3,
G. vermiculophylla=3, H. japonica=1,
S. muticum=9

Abundance=6, Biomass=3,
Growth=3, Survival=3

Abundance=9, Biomass=3,
Diversity=8, Evenness=2

Celtic Sea

observational=1,
experimental=0

C. fragile spp.=1

Abundance=1

Abundance=1

Bay of Biscay

observational=3,
experimental=7

S. muticum=9

Abundance=6, Biomass=3

Abundance=7, Biomass=4,
Diversity=5

Baltic Sea

observational=0,
experimental=1

S. muticum=1

Adriatic Sea

observational=1,
experimental=2

C. fragile spp.=1, U. pinnatifida=1

Abundance=1, Growth=1

Abundance=1

Western Mediterranean observational=32,
experimental=14

C. racemosa=24, C. taxifolia=20,
L. lallemandii=4, W. setacea=2

Abundance=17, Biomass=5,
Growth=6, Survival=3

Abundance=21, Biomass=7,
Diversity=18, Evenness=3

Ionian Sea

observational=1,
experimental=0

C. racemosa=1

Abundance=1, Diversity=1,
Evenness=1

Aegean Sea

observational=1,
experimental=0

C. racemosa=1

Abundance=1, Diversity=1

Atlantic North America

observational=8,
experimental=13

C. fragile spp.=14, G. vermiculophylla=1, Abundance=9, Biomass=4,
G. turuturu=2, N. harveyi=1
Growth=5, Survival=4

Abundance=6, Biomass=5,
Diversity=6, Evenness=2

Pacific North America

observational=2,
experimental=3

C. taxifolia=1, S. muticum=4

Abundance=3, Biomass=1,
Growth=1, Survival=1

Abundance=2, Biomass=1,
Diversity=2

Argentina

observational=2,
experimental=2

U. pinnatifida=4,

Abundance=1, Biomass=1

Abundance=2, Biomass=2,
Diversity=3, Evenness=1

Australia

observational=15,
experimental=8

C. taxifolia=17, C. fragile spp.=1, U.
pinnatifida=2

Abundance=6, Biomass=2,
Growth=4, Survival=5

Abundance=7, Biomass=1,
Diversity=6

Biomass=1, Diversity=1

Among the 13 exotic seaweeds considered, the effects of those belonging to the genus Caulerpa were the
most investigated. As for Caulerpa spp., the effects of Sargassum muticum were investigated both within
and outside Europe, confirming its wide distribution both in the Atlantic and the Pacific Ocean. Similarly,
studies on Codium fragile spp. are both from European and extra-European seas, but mostly from outside
Europe.
Within Europe, some studies also investigated the effects of Lophocladia lallemandii and Wormesleyella
setacea, Undaria pinnatifida, Fucus evanescens and F. serratus, Gracilaria vermiculophylla and
Heterosiphonia japonica. Finally, outside Europe, effects were investigated for Undaria pinnatifida,
Grateolupia turuturu and Neosiphonia harveyi (Table 4).
Studies referred to the effects of non-native seaweeds on individual species or communities (our operative
definition of community includes the presence of more than one species or any taxonomic group higher
than species, but also morphological or functional groups). For the species, studies provided data on
abundance, biomass, growth, survival or other measures of fitness; while for the communities, data on
abundance, biomass, diversity or evenness were present. In addition, some measures of ecosystem
functioning and some abiotic variables were extracted (Table 3).

Meta analyses
Results from the analyses that do not take into account potential autocorrelation among multiple effect
size estimates within studies are reported in Tables within Additional file 5 (referred to as Raw data and
Raw data bias-corrected) only to provide a more comprehensive view of the analyses performed, but are
not described or discussed. For the reasons outlined in the Methods, our conclusions are based on the
results obtained by analyses that used permutations (referred to as Resampled thoroughly; only in this case
P values are shown in detail and not only as significant or not significant).

Effects of non-native seaweeds on primary producers and consumers
Non-native seaweeds had significant negative effects on the abundance (Median=-1.18, CI= -1.77/-0.62),
biomass (Median=-0.4, CI= -0.63/-0.18), diversity (Median=-1.7, CI= -2.28/-1.24) and evenness (Median=1.26, CI= -2.18/-0.63) of primary producer communities (Table 5). In contrast, effects on consumer
communities were significantly negative only for community biomass (Median=-0.64, CI= -1.47/-0.02).
Effects on consumer communities were statistically different from those on primary producer communities
for abundance (P=0.014) and diversity (P=0.023) (Table 5). Excluding observational studies from the dataset
did not cause major variations in the results (Primary producer abundance: Median=-1.04, CI= -1.61/-0.42,
biomass: Median=-0.66, CI= -0.81/-0.5, diversity: Median=-1.45, CI= -1.71/-1.2; Consumer biomass:
Median=-0.36, CI= -1.11/-2.55), but previously significant relationships between trophic levels were no
longer significant (Table 5, Fig 3).
Species-level effects of non-native seaweeds did not differ between primary producers and consumers
(Table 6). However, seaweeds had significant negative effects on the abundance (Median=-0.69, CI= -1.22/0.14), biomass (Median=-0.4, CI= -0.97/-0.09), growth (Median=-0.6, CI= -0.81/-0.43) and survival
(Median=-1.31, CI= -2.1/-1.06) of native primary producer species, while negative effects on consumer
species emerged only for their survival (Median=-0.82, CI= -1.32/-0.37). Excluding observational data

caused some changes in the results, with no significant detected effects on primary producer species.
Negative effects on consumer species survival remained significant (Median=--0.66, CI= -1.09/-0.25) (Table
6, Fig 4).

Table 5. Summary of mixed-effect models estimating effect sizes at the community level and testing for
differences between consumers (C) and primary producers (P) for the entire dataset (‘All’) or only for
experimental studies. Effect sizes (“Median” and “95% CI”) and differences between them (PB) were
estimated based on 10000 bootstrap samples generated by resampling with replacement (N number of
studies included) or based on raw data (n number of data rows included). In the case of community
abundance and diversity, analyses were also re-run on publication bias-corrected dataset (modified from
Maggi et al. 2015).
Resampled thoroughly

Analysis

N

Median

95% CI

PB

All
Community
abundance

C 32
P 24

-0.003
-1.18

-0.34/0.34
-1.76/-0.62

0.014

Community
biomass

C 6
P 18

-0.64
-0.4

-1.47/-0.02
-0.63/-0.18

0.573

Community
diversity

C 26
P 21

-0.39
-1.7

-0.78/0.01
-2.28/-1.24

0.023

Community
evenness

C 4
P 3

-0.29
-1.26

-0.91/1.75
-2.18/-0.63

0.505

Community
abundance

C 11
P 12

-0.02
-1.04

-0.5/0.51
-1.61/-0.42

0.121

Community
diversity

C 8
P 9

-0.12
-1.45

-0.42/0.18
-1.71/-1.2

0.056

Experimental studies
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Figure 3. Effects of non-native seaweeds on A) abundance, B) biomass, C) diversity and D) evenness of
communities of primary producers and consumers, calculated using all data or experimental data only.
Symbols report median effect size calculated using 10000 bootstrap samples and 95% confidence intervals.
Probabilities refer to the comparison of effects sizes between primary producers and consumers for All data
and experimental data separately. Number of studies for primary producers and consumers are shown in
parentheses(modified from Maggi et al. 2015).

Table 6. Summary of mixed-effect models estimating effect sizes at the species level and testing for
differences between consumers (C) and primary producers (P) for the entire dataset (‘All’) or only for
experimental studies. Effect sizes (“Median” and “95% CI”) and differences between them (PB) were
estimated based on 10000 bootstrap samples generated by resampling with replacement (N number of
studies included) or based on raw data (n number of data rows included)(modified from Maggi et al. 2015).

Resampled thoroughly

N

Median

95% CI

PB

All
Species
abundance

C 29
P 23

-0.19
-0.69

-0.55/0.13
-1.22/-0.14

0.296

Species
biomass

C 6
P 11

-0.66
-0.4

-2.67/3.27
-0.97/-0.09

0.274

Species
growth

C 11
P 8

-0.07
-0.6

-1.31/1.46
-0.81/-0.43

0.626

Species
survival

C 9
P 4

-0.82
-1.31

-1.32/-0.37
-2.1/-1.06

0.488

C 13
P 11

-0.31
-0.51

-0.74/0.15
-1.05/0.04

0.517

Species
biomass

C 4
P 6

2.81
-0.32

-2.99/3.64
-1.17/0.09

0.26

Species
growth

C 8
P 6

-0.51
-0.23

-1.64/1.89
-0.49/0.03

0.582

Species
survival

C 9
P 2

-0.66
-0.03

-1.09/ -0.25
-1.25/0.51

0.617

Experimental studies
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Figure 4. Effects of non-native seaweeds on A) abundance, B) biomass, C) growth and D) survival of primary
producer and consumer species, calculated using all data or experimental data only. Symbols report median
effect size calculated using 10000 bootstrap samples and 95% confidence intervals. Probabilities refer to the
comparison of effects sizes between primary producers and consumers for All data and experimental data
separately. Number of studies for primary producers and consumers are shown in parentheses.

Analyses by non-native seaweed species. The effects on primary producer and consumer community
variables varied among non-indigenous seaweeds. None of the seaweeds altered the abundance of
consumer communities, while there were significant negative effects of C. racemosa and S. muticum on
abundance of primary producer community (C. racemosa: Median=-2.12, CI= -3.45/-1.09, S. muticum:
Median=-0.67, CI= -1.26/-0.12). These effects were, however, significantly different from those on
consumers only for C. racemosa (P = 0.043). No significant effect of S. muticum on community biomass was
detected. The diversity of primary producer communities was negatively affected by C. racemosa
(Median=-3.51, CI= -4.68/-2.55) and U. pinnatifida (Median=-0.98, CI= -1.65/-0.43), while diversity of
consumers was significantly decreased by the presence of C. taxifolia (Median=-1.07, CI= -1.95/-0.26).
Differences between effects on primary producers and those on consumers were, however, significant only
for C. racemosa (P = 0.012) (Table 7, Fig 5).
None of the non-native seaweeds had significant effects on species abundance, biomass or growth, either
at the level of primary producers or at that of consumers (Table 8, Fig 6).

Table 7. Summary of mixed-effect models estimating effect sizes at the community level and testing for
differences between consumers (C) and primary producers (P) by invasive species. Effect sizes (“Median”
and “95% CI”) and differences between them (PB) were estimated based on 10000 bootstrap samples
generated by resampling with replacement (N number of studies included) or based on raw data (n number
of data rows included). In the case of community abundance and diversity, analyses were also re-run on
bias-corrected datasets.

Resampled thoroughly

N
Caulerpa racemosa
Community
abundance

Median

95% CI

PB

C 5
P 12

0.05
-2.12

-0.57/0.56
-3.45/-1.09

0.043

Community
diversity

C 2
P 12

1.2
-3.51

-0.75/2.56
-4.68/-2.55

0.012

Caulerpa taxifolia
Community
abundance

C 8
P 3

-0.67
-1.13

-1.44/0.2
-3.03/0.02

0.534

Community
diversity

C 6
P 3

-1.07
-0.47

-1.95/-0.26
-1.66/0.52

0.563

C 4
P 4

0.48
-0.48

-0.66/1.76
-2.24/0.68

0.412

C 4
P 2

0.73
0.4

-0.48/4.47
-1.01/1.11

0.594

C 10
P 7

0.63
-0.67

-0.07/1.32
-1.26/-0.12

0.221

Community
biomass

C 2
P 6

0.65
-0.32

-2.03/2.89
-0.67/0.11

0.234

Community
diversity

C 9
P 3

-0.52
-0.22

-1.02/-0.05
-0.73/0.16

0.615

C 2
P 2
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-0.73/0.56
-1.65/-0.43

0.544
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Figure 5. Effects of different non-native seaweeds on A) abundance, B) biomass and C) diversity of
communities of primary producers and consumers. Symbols report median effect size calculated using
10000 bootstrap samples and 95% confidence intervals. Probabilities refer to the comparison of effects sizes
between primary producers and consumers for All data and experimental data separately. Number of
studies for primary producers and consumers are shown in parentheses.

Table 8. Summary of mixed-effect models estimating effect sizes at the species level and testing for
differences between consumers (C) and primary producers (P) by invasive species. Effect sizes (“Median” and
“95% CI”) and differences between them (PB) were estimated based on 10000 bootstrap samples generated
by resampling with replacement (N number of studies included) or based on raw data (n number of data
rows included).

Resampled thoroughly

N

Median

95% CI

PB

Caulerpa racemosa
Species
abundance

C 2
P 6

0.12
-1.18

-0.72/1.06
-2.7/0.58

0.51

Caulerpa taxifolia
Species
abundance

C 6
P 4

0.38
-0.91

-0.26/1.05
-1.18/0.01

0.318

C 2
P 3

-0.62
0.1

-1.73/0.18
-0.46/0.7

0.647

C 7
P 6

-0.14
-0.44

-1.11/0.55
-1.43/0.64

0.528

Species
biomass

C 2
P 2

7.49
-0.49

-4.31/7.49
-1.27/-0.01

0.316

Species
growth

C 5
P 2

0.53
-0.1

-1.78/3.77
-0.38/-0.01

0.713

C 7
P 7

-0.06
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Figure 6. Effects of different non-native seaweeds on A) abundance, B) biomass and C) growth of primary
producer and consumer species. Symbols report median effect size calculated using 10000 bootstrap
samples and 95% confidence intervals. Probabilities refer to the comparison of effects sizes between
primary producers and consumers for all data and experimental data separately. Number of studies for
primary producers and consumers are shown in parentheses.
Analyses by habitat. In rocky intertidal habitats, negative effects of non-indigenous seaweeds were
detected on the diversity of consumer communities (Median=-1.56, CI= -2.45/-1.02); however, this effect
did not differ significantly from the neutral effect observed on primary consumers. In contrast, in subtidal
rocky habitats, non-native seaweeds negatively affected the abundance (Median=-1.5, CI= -2.43/-0.71) and
diversity (Median=-2.77, CI= -3.75/-2.07) of primary producer community, but not of consumers. Effects on
diversity of primary producers differed significantly from those on consumers (P = 0.03). In addition,
seaweeds significantly reduced the evenness of consumer communities in subtidal rocky habitats
(Median=-1.0, CI= -1.56/-0.08). These effects were, however, variable and were not statistically different
from those exerted by non-native seaweeds on evenness of primary producer community (Table 9, Fig 7).

Table 9. Summary of mixed-effect models estimating effect sizes at the community level and testing for
differences between consumers (C) and primary producers (P) by habitat type. Effect sizes (“Median” and
“95% CI”) and differences between them (PB) were estimated based on 10000 bootstrap samples generated
by resampling with replacement (N number of studies included) or based on raw data (n number of data
rows included). In the case of community abundance and diversity, analyses were re-run on bias-corrected
datasets, when this was possible after data elimination.
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N
Intertidal rocky bottom
Community
C 5
abundance
P 7
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C 5
P 5

Subtidal rocky bottom
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C 9
abundance
P 17

Median

95% CI

PB

-0.24
-0.68

-0.94/0.66
-1.62/0.01

0.582
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-0.06
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-0.69/0.55
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Figure 7. Effects of non-native seaweeds on A) abundance, B) diversity and C) evenness of communities of
primary producers and consumers in different habitats (intertidal vs. subtidal rocky bottoms). Symbols
report median effect size calculated using 10000 bootstrap samples and 95% confidence intervals.
Probabilities refer to the comparison of effects sizes between primary producers and consumers for all data
and experimental data separately. Number of studies for primary producers and consumers are shown in
parentheses.

The abundance of individual species was not affected by non-indigenous seaweeds in either intertidal or
rocky subtidal habitats. In contrast, there were negative effects on both primary producers and consumers
in seagrass beds (Primary producers: Median=-1.44, CI= -2.35/-0.37; Consumers: Median=-2.46, CI= -5.81/0.92). Due to the lack of data, effects of non-native seaweeds on species growth could be assessed only in
subtidal rocky habitats. The analysis revealed significant negative effects on the growth of primary
producer species (Median=-1.04, CI= -1.33/-0.83), but not on that of consumers. Effect sizes were not,
however, statistically different (Table 10, Fig 8).

Table 10. Summary of mixed-effect models estimating effect sizes at the species level and testing for
differences between consumers (C) and primary producers (P) by habitat type. Effect sizes (“Median” and
“95% CI”) and differences between them (PB) were estimated based on 10000 bootstrap samples generated
by resampling with replacement (N number of studies included) or based on raw data (n number of data
rows included).
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Figure 8. Effects of non-native seaweeds on A) abundance and B) growth of primary producer and consumer
species in different habitats (intertidal vs. subtidal rocky bottoms vs. seagrass beds). Symbols report median
effect size calculated using 10000 bootstrap samples and 95% confidence intervals. Probabilities refer to the
comparison of effects sizes between primary producers and consumers for all data and experimental data
separately. Number of studies for primary producers and consumers are shown in parentheses.

Analyses by European sea region. Due to the scarcity of data from some geographical areas, analyses were
completed only for a subset of European regional seas. There was no effect of non-native seaweeds on
community abundance in the Bay of Biscay and in the Greater North Sea. In contrast, seaweeds significantly
reduced the abundance (Median=-1.8, CI= -2.93/-0.89), biomass (Median=-0.94, CI= -2.06/-0.33) and
diversity (Median=-2.96, CI= -3.99/-2.19) of primary producer community in the Western Mediterranean. In
this region, there were no effects on abundance and diversity of consumer community, but a negative
effect on their biomass (Median=-1.17, CI= -1.66/-0.69). Analyses revealed a significant different effect of
non-native seaweeds on community abundance between primary producers and consumers in the Western
Mediterranean (P = 0.036) (Table 11, Fig 9).
Likewise, seaweeds had no effect on species abundance in the Bay of Biscay. In contrast, in the Western
Mediterranean, non-native seaweeds had negative effects on the abundance (Median=-1.39, CI= -2.52/0.27) of primary producer species and on the growth of species belonging to both primary producers and
consumers (Median=-0.47, CI= -0.58/-0.32). Effects did not differ significantly between producers and
consumers for either of the two response variables (Table 12, Fig 10).

Table 11. Summary of mixed-effect models estimating effect sizes at the community level and testing for
differences between consumers (C) and primary producers (P) by European marine region. Effect sizes
(“Median” and “95% CI”) and differences between them (PB) were estimated based on 10000 bootstrap
samples generated by resampling with replacement (N number of studies included) or based on raw data (n
number of data rows included). In the case of community abundance and diversity, analyses were re-run on
bias-corrected datasets, when this was possible after data elimination.

Resampled thoroughly

N

Median

95% CI

0.21
-0.43

-0.48/1.5
-1.26/0.12

0.497

Greater North Sea/Celtic Sea
Community
C 7
abundance
P 3

0.59
0.29

-0.17/1.1
-1.08/1.52

0.725

Western Mediterranean
Community
C 7
abundance
P 12

-0.06
-1.8

-0.64/0.45
-2.93/-0.89

0.036

Bay of Biscay
Community
abundance

C 4
P 3

PB

Community
biomass

C 3
P 4

-1.17
-0.94

-1.66/-0.69
-2.06/-0.33

0.744

Community
diversity

C 4
P 13

-0.14
-2.96

-1.3/0.78
-3.99/-2.19

0.068

Primary producers
Consumers
4

A)
P = 0.497

2

P = 0.725

P = 0.036

0

-2

(3,4)

(3,7)

(12,7)

-4
4

B)
P = 0.744

2

0

-2

(4,3)
-4
4

C)
P = 0.068

2

0

-2

(13,4)

-4

Bay of Biscay

Great North Sea

Western Mediterranean

Figure 9. Effects of non-native seaweeds on A) abundance, B) biomass and C) diversity of communities of
primary producers and consumers in different European regional seas. Symbols report median effect size
calculated using 10000 bootstrap samples and 95% confidence intervals. Probabilities refer to the
comparison of effects sizes between primary producers and consumers for all data and experimental data
separately. Number of studies for primary producers and consumers are shown in parentheses.

Table 12. Summary of mixed-effect models estimating effect sizes at the species level and testing for
differences between consumers (C) and primary producers (P) by European marine region. Effect sizes
(“Median” and “95% CI”) and differences between them (PB) were estimated based on 10000 bootstrap
samples generated by resampling with replacement (N number of studies included) or based on raw
data (n number of data rows included).
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Figure 10. Effects of non-native seaweeds on A) abundance and B) growth of primary producer and
consumer species in different European regional seas. Symbols report median effect size calculated using
10000 bootstrap samples and 95% confidence intervals. Probabilities refer to the comparison of effects sizes
between primary producers and consumers for All data and experimental data separately. Number of
studies for primary producers and consumers are shown in parentheses.

Publication bias
Asymmetry in funnel plots emerged for community abundance (τ=-0.21, P<0.0001) and diversity (τ=-0.34,
P<0.01), but not for community biomass (τ=0.01, P=0.789) or evenness (τ=0.004, P=1.000) (Table 13, Fig
11A, C).
Asymmetry emerged as a consequence of some data with large residual values and high variances. These
data were removed to adjust the publication bias (Fig 11A, C). The outcomes of the analyses on abundance
of resident community did not change (Tables 5, 7, 9, 11, Additional file 5), suggesting that publication bias
did not have a severe effect on our results. Analyses on bias-corrected data for community diversity
generated results similar to those provided by analyses based on the uncorrected dataset, except for the
main analysis (referred to as “All” in Tables 5, 7, 9, 11, 13, 14 within Additional file 5). In this case, the biascorrected analysis provided effects sizes for the effects of non-native seaweeds on the diversity of primary
producers and consumers comparable to those obtained from the uncorrected dataset, that is negative
effects on primary producers and no effect on consumers. However, in contrast to the analysis on

uncorrected data, effects sizes of primary producers and consumers were deemed as not significant (Table
5 within Additional file 5).
There was no significant asymmetry in the funnel plots generated with species abundance (τ=0.01,
P=0.831), biomass (τ=-0.00, P=0.956), growth (τ=-0.04, P=0.533) or survival data (τ=0.14, P=0.129) (Table
13, Fig 12).

Table 13. Results of rank correlation tests for the asymmetry of
the funnel plots from the global analysis of variables at the
community and species level (modified from Maggi et al. 2015).
Response variable

Kendall’s τ

p

abundance

-0.21

< 0.0001

biomass

0.01

0.789
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-0.34

< 0.01
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0.004

1.000
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-0.00

0.956
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-0.04

0.533

survival

0.14

0.129

Community

Species

A) Community abundance

C) Community diversity

B) Community biomass

D) Community evenness

Figure 11. Funnel plots (standard errors vs. residual values) for community A) abundance, B) biomass, C)
diversity and D) evenness. White area corresponds to the pseudo-confidence interval region. Data included
in squares represent those that have been removed to correct for publication bias (from Maggi et al. 2015).

A) Species abundance

B) Species biomass

C) Species growth

D) Species survival

Figure 12. Funnel plots for species A) abundance, B) biomass, C) growth and D) survival. White area
corresponds to the pseudo-confidence interval region(from Maggi et al. 2015).

Variation in the effects of non-indigenous seaweeds according to levels of human impact
There was no significant relationship between Halpern’s cumulative human impact index and the size of the
effects of non-native seaweeds on community abundance, biomass diversity or evenness (Tables 14-15).
However, the confidence intervals of positive median slopes of the relationship between the effect size on
non-native seaweeds on community biomass and Halpern’s index did not overlap zero when all
(Median=0.03, CI= 0.01/0.06), experimental (Median=0.05, CI=0.01/0.08) or primary producers only data
(Median=0.03, CI= 0.01/0.06) were analyzed (Fig. 13A-C, Tables 14-15). A similar trend was evident for
community abundance when all data were analyzed (Median=0.04, CI=0.01/0.08; Fig. 14, Table 14). These
results suggested a decrease of negative effects of non-native seaweeds when moving from pristine
towards heavily impacted environments. In particular, the effects of non-native seaweeds on the biomass

of native primary producers shifted from negative in pristine environments to positive in heavily impacted
environments. In contrast, there was a trend for the effect size of non-native seaweeds on community
evenness to become more negative when moving from pristine to heavily impacted environments
(Median= -0.08, CI = -0.16/- 0.02; Fig. 15, Table 14). The results of the analyses on the effects of invaders on
community abundance, biomass and diversity data did not change after correcting for publication bias
(Tables 13-14 within Additional file 5). Indeed, after correction, the relationship between human
cumulative impact and the effect size of the effects of non-native seaweeds on primary producer
community biomass became close to significant (P = 0.053; Table 14 within Additional file 5).

Table 14. Summary of the regressions of effect size on community variables (including both primary
producers and consumers) against Halpern’s index for the entire dataset (‘All’) (A) or only for experimental
studies(B). Effect sizes (“Median” and “95% CI”) were estimated based on 10000 bootstrap samples
generated by resampling with replacement (N number of studies included) or based on raw data (n number
of data rows included). In the case of community abundance, biomass and diversity, analyses were re-run
on bias-corrected datasets (modified from Tamburello et al. 2015).
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Table 15. Summary of the regressions of effect size on community variables against Halpern’s index for
primary producers (A) or consumers (B). Effect sizes (“Median” and “95% CI”) were estimated based on
10000 bootstrap samples generated by resampling with replacement (N number of studies included) or
based on raw data (n number of data rows included). All analyses were re-run on bias-corrected datasets
(modified from Tamburello et al. 2015).
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Figure 13. Regression of effect size on community biomass against Halpern’s index for A) all data, B)
experimental data and C) primary producers (modified from Tamburello et al. 2015).

Figure 14. Regression of effect size on community abundance against Halpern’s index for all data (modified
from Tamburello et al. 2015).

Figure 15. Regression of effect size on community evenness against Halpern’s index for all data (modified
from Tamburello et al. 2015)

There was no significant relationship between Halpern’s index and the effects of seaweeds on species
biomass and abundance (Tables 16-17). However, the confidence interval of the positive slope of the
relationship between Halpern’s index and the effect size of non-native seaweeds on species abundance did
not overlap zero, suggesting less negative effects of invaders in degraded environments (Fig 16, Table 16).

Table 16. Summary of the regressions of effect size on species abundance and biomass (including both
primary producers and consumers) against Halpern’s index for the entire dataset (‘All’) (A) or only for
experimental studies(B). Effect sizes (“Median” and “95% CI”) were estimated based on 10000 bootstrap
samples generated by resampling with replacement (N number of studies included) or based on raw data (n
number of data rows included) (modified from Tamburello et al. 2015).
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Table 17. Summary of the regressions of effect size on species abundance and biomass against Halpern’s
index for primary producers (A) or consumers (B). Effect sizes (“Median” and “95% CI”) were estimated
based on 10000 bootstrap samples generated by resampling with replacement (N number of studies
included) or based on raw data (n number of data rows included) (modified from Tamburello et al. 2015).
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Figure 16. Regression of effect size on species abundance against Halpern’s index for all data (modified from
Tamburello et al. 2015).

Discussion
The effects of non-native seaweeds on resident primary producer communities and species were generally
negative and greater than those that emerged on resident consumers. The analysis of all data indicates that
non-native seaweeds caused a significant decrease in the abundance, biomass, diversity and evenness of
primary producer communities. Changes at the community level likely reflect the negative effects of
seaweeds on the abundance, biomass, growth and survival of primary producer species [47]. Competitive
effects of non-native seaweeds on resident primary producers seem to only partially scale up to higher
trophic levels. Our analysis suggest, in fact, that changes caused by non-native seaweeds to primary
producer assemblages might modify, directly or indirectly, only the biomass of consumer community and
species survival. Modifications caused to primary producer assemblages might, therefore, alter the quality
of the habitat and trophic resources they provide to consumers (in fact reducing their biomass), but these
changes were not sufficient to reduce their total abundance. It is noteworthy that non-native seaweeds
decreased the survival of consumer species. The fact that this negative effect did not result in an alteration
of consumer community abundance, diversity or evenness suggests that reduced species survival did not
cause the local extirpation of resident consumers and that there was compensation for reduced survival at
the community level. Our results are in agreement with those of another review that has previously
reported severe negative effects of non-indigenous seaweeds on resident primary producers and largely
variable effects on animals [8-9]. Here, the effects of non-native seaweeds on community biomass and
evenness and on species biomass and growth varied from largely negative to largely positive, suggesting
considerable variation among sites (likely supporting different resident communities) and species.
Reasons for heterogeneity
The exclusion of observational studies from the dataset did not alter the outcome of the analyses on
community response variables. In contrast, at the species level, negative effects on resident primary
producers, that had emerged for all the response variables investigated, became non-significant after
exclusion of observational studies. This is indicative of observational studies causing an overestimation of
the negative effects of non-native seaweeds on native primary producer species. This is likely due to the
inability of observational studies to assess cause-effect relationships and, hence, to provide an
unambiguous assessment of whether a non-native seaweed represents the real cause of alterations to
resident assemblages and species or if environmental degradation has been a key driver of their invasion
and apparent impacts [24, 48-49]. Observational studies may thus erroneously attribute degradation of
natural environments caused by other types of human perturbations to non-native species. This issue did
not affect, however, estimates of the effects of non-native seaweeds at the community level.
When analyzed by non-native species, the abundance and diversity of primary producer communities was
significantly reduced by C. racemosa. Negative effects of this seaweed on resident macroalgal communities
have been experimentally documented in the Mediterranean Sea [24,50]. Rapid vegetative propagation of
prostrate stolons (up to 2 cm d–1 [51]) and dispersal through fragments are the main mechanisms of spread
on hard and soft substrata [52]. Once established, this species can enhance sediment retention, thus
generating adverse physical conditions for resident macroalgal species [53]. Interestingly, no significant
effect of this invader emerged at the species level, suggesting that its effects were negative on some
macroalgae, but positive on others.
In contrast, C. taxifolia (one of the most studied non-native macroalgae along with S. muticum, [4]), had no
significant effects on primary producers, whilst it caused a decrease in the diversity of consumer
communities. This species has been shown to modify environmental conditions. For example, Gribben et al.

[54] have shown that, on sedimentary bottoms, C. taxifolia reduced water flow and water column dissolved
oxygen (DO) under its canopy and increased anoxia and sulphides in sediments. Altered environmental
conditions would ultimately have negative effects on the diversity of consumers associated with this
species. Thus, positive effects of an enhancement of habitat complexity are likely suppressed by negative
effects caused by the alteration of physical and chemical conditions. It is also important to stress that
Caulerpales, such as C. racemosa and C. taxifolia, produce secondary metabolites that have been previously
investigated for their ecological role in the chemical defense against herbivores [55] and, in case of C.
racemosa, as allelochemicals against macroalgal competitors [56].
S. muticum had negative effects on the abundance of primary producer communities and on the diversity
of consumer communities. Experimental tests of its effects have documented substantial negative effects
on resident macroalgal communities (e.g. [57]). Variable effects on animal species [58] may have summed
up to generate negative effects on overall diversity. As discussed for the case of C. taxifolia, S. muticum is a
species that, in virtue of its complex architecture can form habitats. Nonetheless, such an increased habitat
complexity would not prevail over negative direct or indirect effects on associated consumer assemblages.
Also U. pinnatifida decreased primary producer community diversity. The mechanisms underpinning these
negative effects on resident macroalgal communities have been identified in the pre-emption of resources
(light, nutrients and primary space) by this invader [59].
Finally, no significant effect on resident communities or species emerged for Codium spp., suggesting that
impacts of this species are largely context-dependent. For example, Codium spp. can either provide a
complex habitat for resident organisms [60], or have negative effects on the growth of resident consumers
[61].
Interestingly, none of the non-native seaweeds investigated had significant effects on species-level
response variables at either trophic level. In summary, the effects of non-native seaweeds greatly vary
among species. Of the species investigated, C. racemosa generated the most pronounced negative changes
in primary producer communities.
With the data available, it was possible to compare the effects of non-native seaweeds on communities
primary producers with those of consumers in intertidal versus subtidal rocky habitats. Results suggest
considerable variation in the effects of non-native seaweeds among habitats. Greater negative impacts can
be expected in subtidal habitats on the basis of a greater strength of competitive effects in more benign
environments [31]. Intertidal shores are exposed, more or less regularly, to aerial conditions and therefore
represent harsh environments for marine organisms. Consequently, population and community dynamics
can be viewed as mainly regulated by abiotic forces [62]. On the other hand, environmental heterogeneity,
while enhancing invasion success, has been hypothesized to reduce invasion impact by promoting
coexistence [63].
The dataset allowed comparisons of the effects of non-native seaweeds on primary producers to those on
consumers for three European regional seas, namely the Bay of Biscay (including in some cases also the
Celtic Sea), the Greater North Sea and the Western Mediterranean. When comparisons between trophic
levels were analyzed separately for each of the three regions, differences emerged only for the Western
Mediterranean. In this region, non-native seaweeds had negative effects on the abundance, biomass and
diversity of primary producer communities and on the biomass of consumers. At the species level, they
depressed the abundance of primary producers and the growth of species at both trophic levels.
Interpretation of these patterns in the light of the results relative to the effects of the single invader

species, suggest that negative effects are driven by the presence of C. racemosa and C. taxifolia, influencing
primary producers and consumers, respectively. The Mediterranean is among the most invaded basins
worldwide [4]. Our results suggest that the presence of the two Caulerpales would be a major cause of
alteration of benthic communities. Importantly, in the Western Mediterranean, the presence and
abundance of C. taxifolia has declined in the last decade or so, probably due to replacement by its
congener, C. racemosa [64]. Thus, although data from C. taxifolia have been included in our analyses and
likely play an important role in shaping the results for the Western Mediterranean, we sense that its
presence does not currently represent a major issue in this basin. At present, C. racemosa seems to be
among the most noxious invaders and a serious threat to the marine biodiversity of this region, which is
characterized by a high level of endemism [65].
The effects of non-native seaweeds on most of the response variables examined did not vary among areas
characterized by a different degree of human impact. However, the effects of non-native seaweeds on
plant community biomass shifted from negative, in relatively intact environments, to positive in locations
heavily impacted by human activities. A trend for the effects of non-native seaweeds to become less
negative or neutral when moving from relatively pristine to heavily impacted environments emerged also
for whole community biomass and abundance, as well as for species abundance, although they were not
deemed as significant [66]. These results only partially support the hypothesis that the severity of effects of
non-native seaweeds may be negatively related to that of anthropogenic impact. In fact, such a relationship
emerged only for a reduced number of the response variables examined. These results are in agreement
with predictions from theories suggesting that, in stressful environments, species are often limited by
unfavorable environmental conditions, rather than competition [31,62]. More generally, in degraded
environments, impacts of non-native seaweeds might be less dramatic as community assembly dynamics
would be mainly regulated by abiotic factors. Our results show that this is not a universal rule, but that it
could be valid for some response variables. Under these circumstances, efforts for controlling the impacts
of non-native seaweeds should be mostly directed to prevent their spread into relatively pristine areas. An
effective way of achieving this goal could be that of preserving patterns of diversity and abundance of
extant communities. On the other hand, efforts to control non-native seaweeds in heavily degraded
environments may be not warranted.
Review limitations
When interpreting the results of this systematic review, some limitations should be considered. First of all,
lack of data resulted in a small number of studies used to run some of the meta-analyses, in particular for
some of the individual subgroups. This fact possibly reduced the power of the analyses, increasing the
probability of observing non-representative results. In particular, it possibly reduced the probability of
observing significant results.
The hypothesis that the impact of non-native seaweeds varies according to environmental conditions was
tested by regressing the effect size on the different resident community and species response variables
against Halpern’s cumulative human impact score (Ic [33]). This score has potentially overestimated human
impacts on coastal areas such as those potentially colonized by non-native species, possibly contributing to
the limited evidence for the investigated relationship. In addition, one of the drivers included in the
calculation of the index is the incidence of non-native species, which is estimated as a function of the cargo
traffic at ports. However, we believe that including the risk of invasion as a source of impact did not
confound our analysis on invasion effects, since our study sites were similarly threatened by invasion (i.e.
the invasion index showed little variability, mean ± SE = 0.544 ± 0.014). At present it probably represents

the best attempt to map the spatial variation in anthropogenic impacts on a global scale. In fact, to the best
our knowledge, only one study investigated the effect of non-native seaweeds along a gradient of
environmental degradation [66]. However, this index relies on the assumption that human impacts
combine additively, while examples exist of disturbances related to human activities interacting in
different, complex ways [44]. If temporal data on variables related to human impacts (such as chl a,
nutrient concentration, pollution, ..) will be collected at the study sites, a more powerful analysis of the
relationship between the impact of non-native seaweeds and environmental conditions should be made.
Finally, although ‘JSTOR’ database was not used and grey literature was not included due to limited
resources, we believe these do not represent limitations to the comprehensiveness of the review. For
example, further search within bibliographies of retrieved articles did not result in any relevant grey
literature. In addition, the same process resulted in the retrieval of additional 18 articles.

Review conclusions
Implications for Policy and Management
In summary, the available evidence suggests that ecosystems invaded by non-native seaweeds are
characterized by lower abundance, diversity and biomass of primary producers. The fact that these effects
did not scale up to the consumer level might be explained by a time lag between changes to primary
producer communities and species and the response of consumer species that rely on these resources.
Leaving aside any bottom-up effects that might become evident in the future, negative impacts on native
primary producers may themselves result in the loss or weakening of ecosystem services, with important
economic consequences that may take place at global (e.g. buffering of greenhouse effects), regional (e.g.
nutrient cycling, tourism) or local scale (e.g. coastal erosion). The general negative effect of non-native
seaweeds on resident primary producers (seaweeds, plants) is in sharp contrast to the heterogeneity in
effects on consumers and those observed among habitat types. This result suggest that, following a
precautionary approach, an ecological indicator for potential impacts of non-native seaweeds should rely
on effects on resident primary producers in different habitats. Furthermore, our synthesis of evidence
suggest that conservation policies of consumer species of economic importance (such as for fishery) should
be evaluated case by case.
Major threats are currently experienced in the Western Mediterranean, as a consequence of the spread of
the non-native seaweed, Caulerpa racemosa. Sounded monitoring programs will be key to prevent the
further spread of non-native species in this area. Finally, effects of non-native seaweeds on some responses
show a tendency to be more severe in relatively pristine environments, where ‘naturalness’ and aesthetic
attractiveness are often the cornerstone for economic activities. Along the same lines, invasion by nonnative seaweeds may impinge on the effectiveness of conservation strategies (i.e. Marine Protected Areas)
that are generally implemented in intact areas, little exposed to human impacts. Therefore, when planning
new reserves, conservationists and policymakers should consider, following a precautionary approach, the
implementation of strategies for controlling the establishment of non-native seaweeds in these areas.
Implications for Research
This review has identified some gaps in the knowledge of the effects of non-native seaweeds on native
assemblages. In particular, among the 122 extracted articles, none provided data from Africa (this including
also the Mediterranean coasts) or Asia. Similarly, although some research has been conducted along the

Patagonian coast, a big knowledge gap is also present for most of South America. Although these gaps
could reflect the lack of non-native seaweeds in some areas, they are also likely due to the lack of proper
scientific research programs in these regions. Filling these geographical gaps would enable us to more
properly generalize the effects of non-native seaweeds on native assemblages on a global scale, including
the assessment of a relationship between these effects and the degree of existing human impacts. Related
to this last topic, future research on non-native seaweeds (and non-native species in general) should
benefit from the collection of environmental data (including variables related to human activities) at the
study sites over a proper temporal scale.
Our findings also provided some evidence for an overestimation of the negative effects of non-native
seaweeds on resident primary producer species, likely due to the inability of observational studies to assess
cause-effect relationships. Although observational studies represent an important source for assessing the
spatial and temporal distribution of non-native seaweeds worldwide, more effort in experimental
manipulative research is desirable for the future, to provide an unambiguous assessment of whether a nonnative seaweed represents the real cause of alterations to resident assemblages and species, or if
environmental degradation has been a key driver of their invasion and apparent impacts [24, 48-49].
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