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Abstract
1. Biological invasions constitute a pervasive and growing threat to the biodiver-

sity and functioning of freshwater ecosystems. Macrophytes are key primary 
producers and ecosystem engineers in freshwaters, meaning that alien macro-
phyte invasions have the capacity to alter the structure and function of recipi-
ent aquatic ecosystems profoundly. Although prevailing wisdom holds that alien 
macrophyte invasions tend to compromise freshwater ecosystem structure and 
function, the ecological impacts of alien macrophyte invasion have not been 
quantitatively reviewed to date.

2. Here we present a global meta- analysis of 202 cases from 53 research articles, 
exploring the impacts of alien macrophyte invasion on the abundance and di-
versity of three ubiquitous and ecologically important focal groups, which to-
gether comprise the bulk of non- microbial freshwater biodiversity: resident 
macrophytes, macroinvertebrates and fish. Our synthesis includes data from all 
continents except Antarctica and Asia, covering 25 alien macrophyte species, 
but reveals considerable taxonomic and geographical biases in knowledge.

3. Meta- analysis results reveal that invasion by alien macrophytes has an overall 
negative impact on taxonomic diversity of the three focal groups, but no con-
sistent effect on abundance. At a finer resolution, we detect a strong negative 
effect of alien macrophyte invasion on resident macrophyte abundance and di-
versity, and a significant but smaller positive effect of submerged alien macro-
phyte invasion on macroinvertebrates. Effects on fish appear inconsistent.

4. Our findings emphasise the importance of context-  and taxon- specific ecologi-
cal research in informing appropriate and proportionate management of alien 
macrophyte invasions, since alien macrophyte impacts are not consistently 
negative. We also identify significant geographical and taxonomic limitations in 
existing studies, quantitative data being lacking for many alien taxa.
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1  |  INTRODUC TION

In the Anthropocene, alien species have become near- ubiquitous 
components of biological assemblages across the world (Keller 
et al., 2011; Lewis & Maslin, 2015). Invasion by alien species can dis-
rupt ecosystem composition and function, with knock- on effects for 
the provision of ecosystem services and the resilience of the system 
to subsequent environmental change (Hershner & Havens, 2008; 
Pejchar & Mooney, 2009; Strayer et al., 2006). Losses and expendi-
tures associated with biological invasions are estimated to have cost 
the global economy US$1.288 trillion since 1970, and continue to 
mount (Diagne et al., 2021). Biological invasions often act synergis-
tically with other anthropogenic stressors, replacing geographically 
restricted species with a small number of globally successful invad-
ers and homogenising regional biotas (McKinney & Lockwood, 1999; 
Olden et al., 2018; Petsch et al., 2022). Such biotic homogenisation 
may be accelerated by invasional meltdown, wherein invasion by one 
alien species facilitates the invasion of other non- natives (Simberloff 
& Von Holle, 1999). Alien invasions are the driver most frequently 
associated with amphibian, reptile, and mammal extinctions on the 
IUCN Red List, and the second-  and fourth- most frequent driver of 
bird and plant extinctions respectively (Bellard et al., 2016).

The deleterious impacts of a handful of particularly problematic 
invaders may, however, overshadow the relatively benign nature of 
most alien species, skewing the perspective of conservation biolo-
gists and land managers (Davis et al., 2011; Schlaepfer et al., 2011). 
In some instances, aliens may not themselves be agents of degra-
dation, but rather ride on the coat- tails of more insidious stressors 
(e.g. nutrient enrichment, habitat destruction) (Didham et al., 2005; 
Macdougall & Turkington, 2005). Therefore, whilst complete pro-
tection of near- pristine areas should clearly remain a priority, it is 
unfeasible, and perhaps even counter- productive, to apply this ap-
proach to the heavily modified ecosystems now covering much of 
the Earth (Dudgeon, 2020). Conservationists and land managers 
must instead develop proportionate and cost- effective strategies for 
the conditional management of alien species, accounting objectively 
for the risks posed by a given invader. In this respect, quantitative 
meta- analysis of primary ecological research represents a powerful 
tool, reaching beyond potential bias to assess the typical impacts of 
alien species, as well as gaps in our current knowledge (Gurevitch 
et al., 2018; Vilà et al., 2011).

Freshwaters are arguably more invasible than most terrestrial 
ecosystems, owing in part to high propagule pressure from uniquely 
aquatic vectors (e.g. the ornamental aquatics trade; the release of 
ballast water), the comparative ease of dispersal through intercon-
nected drainage systems (Moorhouse & Macdonald, 2015) and the 
anthropogenic depletion of pre- existing biota, all of which facilitate 
the spread of invaders (Dudgeon, 2020; Strayer, 2010; Tilman, 2004). 
Freshwaters are also disproportionately diverse, hosting almost 
10% of all described non- microbial species despite covering less 
than 1% of the Earth's surface (Dudgeon, 2020). The insular, island- 
like nature of freshwater systems, with high endemism and high 
species turnover between basins, means that many freshwater 

taxa are disproportionately vulnerable to extinction. The impact 
of invasive species is considered a key driver in many such extinc-
tions (Dudgeon, 2020; Moorhouse & Macdonald, 2015; Strayer & 
Dudgeon, 2010).

Alien macrophyte invasion may drive particularly drastic shifts in 
freshwater ecosystem composition and function, since macrophytes— 
photosynthetic aquatic organisms visible with the naked eye (Chambers 
et al., 2007)— are key primary producers (Lodge, 1991; Newman, 1991) 
and ecosystem engineers (Carpenter & Lodge, 1986; Thomaz & 
Cunha, 2010; Warfe & Barmuta, 2006). Physicochemical microhabitats 
with distinct light, temperature, and dissolved oxygen and nutrient con-
centrations are maintained within macrophyte beds, and attenuated 
water movement promotes the deposition of fine sediment and reten-
tion of detritus (Carpenter & Lodge, 1986; Carter et al., 1991; Miranda 
et al., 2000; Ondok et al., 1984). Decaying macrophytes leach dissolved 
organic carbon, phosphorus, and nitrogen into the water column, whilst 
microbial decomposition of macrophyte detritus may lead to local-
ised oxygen depletion (Carpenter & Lodge, 1986; Carter et al., 1991; 
Landers, 1982; Miranda et al., 2000; Ondok et al., 1984). Alongside 
these physicochemical effects, macrophytes are key to an array of bi-
otic interactions. They are colonised by diverse epiphytic assemblages 
which often make a contribution to productivity and nutrient exchange 
comparable to that of the macrophyte itself (Allen, 1971; Cattaneo 
& Kalff, 1980; Sheldon & Boylen, 1975). In addition, protection from 
predators and abundant food (e.g. epiphyton, live macrophyte tissue, 
detritus, animal prey) within macrophyte beds attracts macroinverte-
brates and fish in higher densities than are found in adjacent unvege-
tated habitats (Hatzenbeler et al., 2000; Killgore et al., 1989; Schramm 
& Jirka, 1989; Strayer et al., 2003; Thorp et al., 1997).

Schultz and Dibble (2012) qualitatively reviewed alien macro-
phyte impacts, identifying changes to habitat structure, oxygen 
depletion, the release of allelopathic compounds, and facilitation 
of other alien species as major drivers of ecosystem change fol-
lowing invasion. Habitat structure may be altered dramatically by 
alien macrophyte invasion due to the tendency of many alien spe-
cies to form dense, monotypic stands. Where such stands increase 
plant biomass and structural complexity, macroinvertebrate den-
sity may increase (Kuehne et al., 2016), whilst the foraging effi-
ciency of larger predators is compromised (Theel & Dibble, 2008). 
Dense alien macrophyte canopies may also decrease atmospheric 
exchange with water, reducing dissolved oxygen concentra-
tions and further impairing predator foraging efficiency (Caraco 
& Cole, 2002; Troutman et al., 2007). Allelochemicals exuded by 
alien macrophytes have been demonstrated to reduce lepidopteran 
larval growth and feeding (Elodea nuttallii: Erhard et al., 2007), 
stickleback larval foraging (Myriophyllum spicatum: Lindén & 
Lehtiniemi, 2005), and the germination and growth of native mac-
rophyte competitors (Ludwigia spp.: Dandelot et al., 2008; Thiébaut 
et al., 2018). Alien macrophytes have also been demonstrated to 
facilitate the invasion of non- native species, including mussels 
(Michelan et al., 2014; Wegner et al., 2019), crayfish (Thouvenot 
et al., 2017), and other macrophytes (Monks et al., 2019). Many 
of these impacts are contingent on the growth form of the alien 
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macrophyte in question. For instance, floating- leaved and free- 
floating macrophytes are most likely to form hypoxia- inducing 
closed canopies (Caraco & Cole, 2002), whereas, due to a relatively 
higher proportion of biomass suspended in the water column, sub-
merged macrophytes might be expected to have the greatest effect 
on aquatic habitat complexity post- invasion (Kuehne et al., 2016). 
The growth form of an alien macrophyte also determines to a great 
extent which habitats it is able to invade, although many invasive 
aliens exhibit growth form plasticity, enabling successful invasion 
of suboptimal habitats (Hussner et al., 2021).

Although prevailing wisdom holds that alien macrophyte in-
vasions tend to compromise freshwater ecosystem structure and 
function (Brundu, 2014; Dudgeon, 2020; Fleming & Dibble, 2015), 
there is considerable variability in the impacts of alien macrophyte 
invasion, with some invasions having a negligible or even apparently 
beneficial effect on recipient native taxa. Despite selection bias aris-
ing from disproportionate focus on the most problematic non- native 
taxa (Evangelista et al., 2014), alien macrophyte invasions have been 
associated variously with elevated native macrophyte diversity 
(Kuehne et al., 2016) and the promotion of rare native plant taxa 
(Smith & Buckley, 2015); elevated invertebrate density (Hogsden 
et al., 2007; Toft et al., 2003) and diversity (Kuehne et al., 2016), 
and increased fish biomass (Barrientos & Allen, 2008; Bickel & 
Closs, 2008). Clearly, the impacts of alien macrophyte invasion are 
not consistently negative, and warrant thorough quantitative review.

A recent meta- analysis by Gallardo et al. (2016) reviewing the 
impacts of aquatic biological invasions found that invasion by alien 
primary producers significantly reduced macrophyte diversity and 
fish and macroinvertebrate abundance. Due to the inclusion of non- 
macrophyte taxa (e.g. microalgae) and brackish- water systems in their 
analyses, the typical impacts of alien macrophyte invasion in freshwa-
ters remain unclear, however. In addition, these authors did not explore 
the differential effect of alien growth form on native assemblages. Here, 
we present a focused meta- analysis of primary research investigating 
the effects of alien aquatic macrophyte invasion on three well- studied 
freshwater focal taxa: resident macrophytes, macroinvertebrates, 
and fish. Our analyses also investigate the influence of growth form 
(submerged, emergent, or floating) on the ecological impacts of alien 
macrophytes, and the specific impacts of the best- studied alien mac-
rophyte taxa. We explore the taxonomic and geographical coverage of 
studies in our database to contextualise our results and investigate the 
biogeography of alien macrophyte invasions and the generalisability 
(and potential limitations) of work conducted to date.

2  |  METHODS

2.1  |  Literature search

2.1.1  |  Identification of relevant literature

We conducted a literature search for research investigating the effects 
of alien macrophyte invasion on macrophyte, macroinvertebrate, and 

fish assemblages. A search conducted on Scopus (Elsevier Co.) for ti-
tles, abstracts or keywords containing the terms “inva* OR alien OR 
‘non native’ OR exotic OR introduc* PRE/2 macrophyte OR plant OR 
weed AND freshwater OR aquatic OR stream OR river OR wetland OR 
pond OR lake OR reservoir AND abundance OR cover OR density OR 
biomass OR richness OR diversity” yielded 1,672 results. We included 
all published records up to 31 December 2020 within the subject areas 
of environmental/agricultural and biological sciences. After screening 
of search results (titles/abstracts) and supplementary searching of the 
bibliographies of retrieved articles, 192 articles (published 1982– 2020) 
were individually assessed against our criteria for inclusion.

2.1.2  |  Criteria for inclusion

To meet the criteria for inclusion, articles were required to report 
the impact of alien aquatic macrophyte invasion on the abundance 
and/or taxonomic diversity of one or more focal taxa (resident mac-
rophytes, macroinvertebrates, fish) in freshwaters. Invasive native 
species were excluded, except where a non- native lineage had been 
implicated in the invasion, e.g. Typha x glauca and Phragmites australis 
in North America (Saltonstall, 2002; Travis et al., 2010). Articles were 
also required to report the mean and standard error/standard devia-
tion of effect size and number of invaded and control sites (>1), in 
tabular or graphical form. Where summary statistics were only avail-
able in graphical form (>50% of articles), we used WebPlotDigitizer 
v4.4 (Rohatgi, 2020) to extract the necessary data.

2.1.3  |  Database collation

The resulting database collates results from 53 articles representing 
202 cases of ecological impact (Table S4). Studies span 25 species of 
alien macrophyte (Table 1), encompassing 116 effects on macroinver-
tebrates, 56 effects on macrophytes and 30 effects on fish. Most of the 
studies in our database were conducted in North America (141 cases).

In addition to recording summary statistics, we classified studies 
according to:

• Alien macrophyte growth form: submerged, floating (sediment- 
rooted with floating leaves and/or free- floating), emergent.

• Habitat: lotic (rivers, streams); lentic (ponds, lakes, backwaters, 
reservoirs); wetland (defined as the boundary area between open 
water and dry land).

• Climate: subtropical, temperate, tropical.
• Study type: observational (field studies); manipulative (field ex-

periments); mesocosm (experiments in aquaria/outdoor tubs).
• Control type: analogous uninvaded site; before– after invasion; 

treated plot (wherein alien is subjected to control or eradication 
technique); native vegetation; no vegetation.

Following Gallardo et al. (2016), we considered each treatment: 
control comparison as a separate case in our database where data 
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from multiple control groups (e.g. both native vegetation and no veg-
etation) were reported in an article. Where multiple treatment groups 
of varying alien density were reported, we used only data from the 
highest alien- density treatment, and where multiple sampling dates 
were reported, we used only data from the last available date.

2.2  |  Data analysis

2.2.1  |  Coverage

We explored the coverage of our database by study region, climate, 
habitat type, study type, and alien species identity to assess the 
generalisability of our findings across taxa, habitats, and regions 
and to investigate gaps in knowledge of alien macrophyte invasions.

2.2.2  |  Effect size calculation and 
preliminary analyses

For each case of alien macrophyte impact, we calculated effect 
sizes using Hedge's g, a measure of standardised mean differ-
ence (SMD) that is not biased by small sample sizes (Hedges, 1981; 
Lüdecke, 2019; R Core Team, 2020):

Hedge's g is unitless and ranges from −∞ to +∞, with the value's mag-
nitude and sign corresponding respectively to the size and direction 
of the effect.

In the literature, the effects of alien macrophyte invasion were 
often reported using different measures of abundance (density, 
biomass, cover, catch- per- unit- effort) and diversity (taxa richness, 

Simpson's index, Shannon's index). Since resulting effect sizes were 
not significantly different (Table S1), metrics were pooled under 
abundance and diversity, respectively.

2.2.3  |  Meta- analysis

Using restricted maximum likelihood estimation, we ran multi- 
level random- effects (MLRE) models in R- package metafor 
(Viechtbauer, 2020) to assess the impact of alien macrophyte invasion 
on our three focal taxa: resident macrophytes, macroinvertebrates 
and fish. A multi- level structure (with cases nested within articles) 
was employed in these models to account for non- independence aris-
ing where multiple effect sizes were extracted from the same study 
(Cheung, 2019; Habeck & Schultz, 2015; Harrer et al., 2019a, 2019b).

Preliminary analyses revealed contrasting effects of alien mac-
rophyte invasion on resident macrophytes, macroinvertebrates and 
fish. Therefore, we proceeded to analyse each focal taxon inde-
pendently, alongside all- taxon grand mean analysis.

We ran an additional set of MLRE models to test the effects 
of growth form on the ecological impacts of alien macrophytes, 
and another set to examine the ecological impacts of the specific 
alien macrophyte taxa most highly represented in our database: 
Typha spp. (Typha angustifolia, T. x glauca [Typhaceae]), P. austra-
lis (Poaceae), M. spicatum (Haloragaceae), and Hydrilla verticillata 
(Hydrocharitaceae) and submerged macrophytes excl. M. spica-
tum/H. verticillata. To maintain statistical power for these subgroup 
analyses, we aggregated abundance and diversity results for each 
focal taxon/growth form (Coetzee et al., 2014; Gallardo et al., 2016). 
Furthermore, we included only those subgroups with at least 10 
effect sizes from at least three articles (Habeck & Schultz, 2015).

Between- study heterogeneity was assessed for each dataset using 
Q and I2 statistics (Harrer et al., 2019a, 2019b). A significant Q value 
indicates the presence of significant heterogeneity in the dataset, 

Hedge�s g =
treatment mean − control mean

pooled standard error
x weighting factor (based on no. of replicates)

Submerged Floating Emergent
Myriophyllum 

spicatum
40, 7 Eichhornia crassipes 14, 3 Typha spp. 32, 14

Hydrilla 
verticillata

39, 10 Hydrocharis 
morsus- ranae

6, 1 Phragmites 
australis

13, 5

Lagarosiphon 
major

7, 2 Trapa natans 4, 2 Hymenachne 
amplexicaulis

9, 1

Cabomba 
caroliniana

4, 1 Pistia stratiotes 3, 1 Urochloa mutica 8, 1

Elodea 
canadensis

3, 1 Azolla filiculoides 2, 1 Myriophyllum 
aquaticum

6, 3

Ranunculus 
fluitans

3, 1 Ceratopteris 
thalictroides

1, 1 Lythrum salicaria 2, 2

Egeria densa 1, 1 Hydrocotyle 
ranunculoides

1, 1 Ludwigia 
grandiflora

1, 1

Lemna minuta 1, 1

Total 99, 23 Total 32, 11 Total 71, 27

Note: Values a, b correspond to: (a) the number of cases of ecological impact recorded for each 
macrophyte species; (b) the number of articles from which these cases were sourced.

TA B L E  1  Alien macrophyte species 
of each growth form included in the 
complete dataset
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unaccounted for by the model. I2 represents the percentage of variabil-
ity in effect sizes not caused by sampling error. An I2 value exceeding 
75% indicates substantial heterogeneity (Higgins et al., 2003), but it is 
worth noting that I2 values are typically higher than 75% in most eco-
logical and evolutionary meta- analyses due to the intrinsic variability of 
the study systems (Senior et al., 2016). In an attempt to explain residual 
heterogeneity, we ran duplicate MLRE models separately incorporating 
the following moderators: control type nested within study type; hab-
itat; climate; alien species identity. The addition of these covariates did 
not consistently increase the explanatory power of our models (likeli-
hood ratio test, p > 0.05; Table S2), however, so we proceeded using 
the original (reduced) MLRE models wherein cases were nested within 
articles, with no additional covariates.

Meta- analyses may be distorted by the file- drawer problem, a 
form of publication bias wherein non- significant results (particularly 
those resulting from studies with small sample sizes) are less likely 
to reach publication. To assess whether the file drawer problem af-
fected our meta- analyses, we evaluated plots using Egger's test (Egger 
et al., 1997) by modifying models to include the variance of the effect 
sizes as a moderator. Analyses were considered biased where the in-
tercept of this model differed significantly from zero (p < 0.1). Meta- 
analyses may also be distorted by a handful of highly influential cases. 
To evaluate whether pooled results were skewed by the presence of 
influential cases, we conducted leave- one- out analyses, iteratively re-
moving one case at a time and recalculating the pooled effect size in 
its absence. We defined influential cases as those with DFBETAs (dif-
ferences in β values) above 1 (Viechtbauer & Cheung, 2010). Where a 
case exceeded this cut- off, we conducted a sensitivity analysis, running 
the relevant MLRE model again with the case in question removed.

3  |  RESULTS

3.1  |  Geographical, taxonomic, and methodological 
coverage

The invasions included in our meta- analyses occur largely in North 
America (70% of cases; Figure 1), although Central and South 
America are also well represented. Palaeotropical coverage is poor, 

reflecting the comparative dearth of published quantitative ecologi-
cal research on alien macrophyte invasions in these regions. Studies 
focus mostly on shallow wetlands and lentic ecosystems such as 
lakes and river backwaters, leaving lotic systems underrepresented 
(12% of cases). Only five cases in our database are drawn from in-
vasions of small waterbodies such as ponds and streams (Table S3). 
Manipulative field experiments and mesocosm trials make up only 
24% of cases in our database, with the remaining three- quarters 
drawn from observational studies.

Although our database includes 25 species of alien macrophyte, 
Typha spp., H. verticillata, and M. spicatum together contribute more 
than half of the cases included (Table 1). Other well- studied aliens 
include P. australis and Eichhornia crassipes (Pontederiaceae). Alien 
macrophyte taxa in our database mostly originate in the tropics, par-
ticularly the Neotropical region (eight species). Only eight species in 
our database originate from the Holarctic.

3.2  |  Meta- analyses

We found a significant negative overall effect of alien macrophyte 
invasion on all- taxon diversity, whilst the effect on all- taxon abun-
dance was non- significant. Alien macrophytes caused significant re-
ductions to resident macrophyte abundance and diversity, but had 
no significant pooled effect on macroinvertebrate abundance, mac-
roinvertebrate diversity, fish abundance, or fish diversity (Figure 2; 
Table 2). Influence analyses indicated the presence of influential 
outlying cases in macroinvertebrate diversity and fish abundance 
meta- regressions. Following the removal of these cases (1 from 
each dataset), models were recalculated to assess the robustness 
of our initial findings. Whilst the effect of alien macrophyte inva-
sion on macroinvertebrate diversity remained non- significant (mean 
estimate = 0.37; 95% CI = −0.1, 0.83; p > 0.05), fish abundance be-
came negatively correlated with alien macrophyte invasion (mean 
estimate = −0.4; 95% CI = −0.73, −0.08; p < 0.05). We detected evi-
dence of publication bias (file- drawer problem) in the datasets evalu-
ating overall diversity (p = 0.009) and macroinvertebrate diversity 
(p = 0.06). A significant amount of residual heterogeneity remained 
unexplained for all models (Table 2).

F I G U R E  1  Number of cases from 
each continent included in our meta- 
analysis, and the biogeographic origins 
of the alien macrophytes upon which 
these studies focus: Nearctic ( ); 
Palearctic ( ); Oriental ( ); Ethiopian ( ); 
Neotropical ( ); Cosmopolitan ( ).
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When split by growth form, emergent alien macrophyte invasion 
had a strong negative impact on resident macrophytes (aggregated 
abundance and diversity), whilst submerged alien macrophyte inva-
sion had a smaller positive effect on macroinvertebrates (Figure 3, 
Table 3). To determine whether this positive effect was an artefact 
of comparison with unvegetated control sites, we repeated the 
model including only those results wherein the macroinvertebrates 
amongst alien vegetation were compared to those amongst native 
vegetation (55 of 65 cases), finding a similarly positive effect (mean 
estimate = 0.46; 95% CI 0.09, 0.89, p < 0.05). Submerged alien mac-
rophyte invasion had no significant effect on resident macrophytes 
nor fish. Floating and emergent alien macrophytes had no signifi-
cant effect on macroinvertebrates (p > 0.05). We excluded effects 
of emergent alien macrophytes on fish, effects of floating alien mac-
rophytes on fish and effects of floating alien macrophytes on mac-
rophytes from these subgroup analyses due to insufficient data (see 
Methods). We detected no evidence of influential outlying cases 
nor publication bias in these analyses. A significant amount of re-
sidual heterogeneity remained unexplained for all models, however 
(Table 3).

When split by alien species identity, invasion by emergent Typha 
spp. caused strong resident macrophyte declines, whilst P. austra-
lis caused weaker but still significant resident macrophyte declines 
(aggregated abundance and diversity). Invasion by submergent M. 
spicatum and H. verticillata had significant (but somewhat weaker) 
positive effects on macroinvertebrates. Invasion by H. verticillata 
had a non- significant impact on fish. With M. spicatum and H. verticil-
lata removed from the subgroup, remaining submerged macrophytes 
had no significant impact on macroinvertebrates (Figure 4, Table 4). 
We could not analyse the effects of Typha spp. or P. australis on fish 
and macroinvertebrates, the effects of M. spicatum on fish and mac-
rophytes or the effects of H. verticillata on macrophytes in these 

subgroup analyses due to insufficient data. We found evidence of 
publication bias in the other submerged aliens: macroinvertebrates 
dataset. We also detected two influential outlying cases in the H. 
verticillata: macroinvertebrates dataset. Following removal of these 
influential cases, the impact of H. verticillata invasion on macroinver-
tebrates remained significantly positive (mean estimate = 0.43; 95% 
CI = 0.03, 0.83; p < 0.05). A significant amount of residual heteroge-
neity remained unexplained for all models (Table 4).

4  |  DISCUSSION

Alien macrophyte invasions are often perceived as wholly nega-
tive for native freshwater assemblages (Brundu, 2014; Fleming & 
Dibble, 2015; Hussner et al., 2017), and indeed, our meta- analyses 
demonstrate that, in the literature we review, alien macrophytes 
have an overall negative impact on the taxonomic diversity of in-
vaded assemblages (although impacts on abundance are inconsist-
ent). At a finer resolution, however, our meta- analyses reveal a 
more nuanced picture. We detected a significant negative relation-
ship between alien macrophyte invasion and resident macrophyte 
abundance and diversity, but found no significant, consistent ef-
fect on fish or macroinvertebrate abundance or diversity. Split by 
alien macrophyte growth form, we found a strong negative effect 
of emergent alien macrophytes on resident macrophytes, but 
a significant positive effect of submerged alien macrophytes on 
macroinvertebrates. Split by alien species identity, Typha spp. and 
P. australis had significant negative effects on macrophytes, whilst 
M. spicatum and H. verticillata had significant positive impacts on 
macroinvertebrates. The consistently high residual heterogene-
ity of our meta- regression models illustrates the prevalence of 
context- dependent variation in the responses of freshwater biota 

F I G U R E  2  Effects of invasive alien 
macrophytes on the abundance ( )  
and diversity ( ) of macrophyte, 
macroinvertebrate and fish assemblages. 
Means are taken from standardised mean 
difference (Hedge's g) of treatment and 
control groups. Error bars represent 
95% confidence intervals. Values in 
parentheses (a, b) represent: (a) the 
number of effect sizes used in the model; 
(b) the number of articles from which 
the effect sizes were sourced. Credit 
to Maxime Dahirel (https://creat iveco 
mmons.org/licen ses/by/3.0/) and Sergio 
A. Muñoz- Gómez (https://creat iveco 
mmons.org/licen ses/by- nc- sa/3.0/) for 
taxa illustrations.

https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by-nc-sa/3.0/
https://creativecommons.org/licenses/by-nc-sa/3.0/
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to alien macrophyte invasion. Some of this heterogeneity may 
also arise due to lags between alien macrophyte arrival and the 
onset of invasive proliferation, with consequent delayed impacts 
on resident biota (Crooks, 2005). Our findings challenge the no-
tion that alien macrophyte impacts are consistently negative 
(Goodenough, 2010), and reiterate the need to consider environ-
mental context, growth form and species identity in assessments 
of alien macrophyte threat.

Most of the invasions included here occurred in North America. 
This is chiefly a reflection of the comparative dearth of quantitative 
studies meeting our criteria that have been conducted elsewhere. 

Most of the alien macrophyte species included in our meta- analyses 
originate in the tropics, particularly the Neotropical realm— a macro-
phyte diversity hotspot (Murphy et al., 2019).

4.1  |  Macrophytes

Despite considerable heterogeneity in the response of resident 
macrophytes to aliens, we detected a strong association between 
alien macrophyte invasion and the degradation of macrophyte as-
semblages. This effect, however, is chiefly driven by emergent 

TA B L E  2  Multilevel random effects models assessing the impacts of alien macrophyte invasion on abundance and diversity of 
macrophyte, macroinvertebrate, and fish assemblages

Focal taxon Response variable Mean effect 95% CI p Heterogeneity statistics

All- taxon Abundance −0.15 −0.50, 0.21 ns Q = 873.03, df = 113, p < 0.0001;

I2 = 90.31%

Diversity −0.65 −1.16, −0.14 * Q = 710.34, df = 87, p < 0.0001;

I2 = 92.85%

Macrophytes Abundance −1.27 −2.07, −0.46 ** Q = 91.48, df = 16, p < 0.0001;

I2 = 88.55%

Diversity −1.38 −1.99, −0.77 *** Q = 322.26, df = 38, p < 0.0001;

I2 = 91.02%

Macroinvertebrates Abundance 0.16 −0.32, 0.64 ns Q = 628.25, df = 80, p < 0.0001;

I2 = 89.56%

Diversity 0.12 −0.57, 0.82 ns Q = 124.35, df = 34, p < 0.0001;

I2 = 84.57%

Fish Abundance −0.23 −0.76, 0.30 ns Q = 56.41, df = 15, p < 0.0001;

I2 = 85.84%

Diversity 0.32 −0.23, 0.87 ns Q = 73.78, df = 13, p < 0.0001;

I2 = 84.93%

Note: Q (and its associated p- value) and I2 provide estimates of residual heterogeneity. An I2 value exceeding 75% indicates substantial residual 
heterogeneity.
*p < 0.05, **p < 0.01, ***p < 0.001.

F I G U R E  3  Response of resident 
macrophyte, macroinvertebrate and fish 
assemblages to submerged ( ), floating 
( ), and emergent ( ) alien macrophytes. 
Error bars represent 95% confidence 
intervals. Values in parentheses (a, b) 
represent: (a) the number of effect sizes 
used in the model; (b) the number of 
articles from which the effect sizes were 
sourced. Abundance and diversity results 
are pooled for each subgroup.
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macrophytes, notably P. australis and the North American Typha 
species complex. Emergent invaders (e.g. T. x glauca, Phalaris arun-
dinacea) are typically equipped with a suite of characters (tall, 
fast- growing, capable of clonal integration), which readily facilitate 
the competitive exclusion of native macrophytes via superior re-
source acquisition (Galatowitsch et al., 1999; Hussner et al., 2021; 
Michelan et al., 2018; Zedler & Kercher, 2004). In addition, the fi-
brous litter produced by many invasive emergent taxa indirectly 
displaces native macrophytes through nutrient enrichment and light 
reduction (Farrer & Goldberg, 2009; Holdredge & Bertness, 2011; 
Larkin et al., 2012; Vaccaro et al., 2009). Floating and submerged 
invasive macrophytes may also displace native vegetation (Boylen 
et al., 1999; Houston & Duivenvoorden, 2002; Pinero- Rodríguez 
et al., 2021; Silveira et al., 2018), probably via superior resource ac-
quisition (Madsen, 1998) and/or phenotypic plasticity (Fleming & 
Dibble, 2015; Riis et al., 2012). Displacement of native macrophytes 
by aliens may also be promoted by the production of plant second-
ary metabolites which defend the invader from herbivores (Erhard 

et al., 2007; Grutters et al., 2017) or inhibit the growth of native mac-
rophyte competitors (Dandelot et al., 2008; Thiébaut et al., 2018). 
Although responsibility for the replacement of native vegetation is 
often ascribed to the alien invader itself, the competitive dominance 
of invasive alien macrophytes does not arise in a vacuum. Rather, 
competitive interactions are often mediated by extraneous factors 
such as climate change (Calvo et al., 2019; Hussner et al., 2014; You 
et al., 2014) and anthropogenic nutrient/contaminant loading (Chase 
& Knight, 2006; Galatowitsch et al., 1999; Richburg et al., 2001; 
van der Loop et al., 2020; You et al., 2014; Zedler & Kercher, 2004). 
For example, eutrophication has been demonstrated to facilitate 
the replacement of native macrophytes by M. spicatum (Chase & 
Knight, 2006) and promote colonisation of bare soil by Crassula 
helmsii (van der Loop et al., 2020), whilst eutrophication and warm-
ing interactively promote the growth and clonal propagation of E. 
crassipes (You et al., 2014). In such instances, invaders might be bet-
ter considered as passengers, rather than drivers, of environmental 
change.

TA B L E  3  Multilevel random effects models assessing the influence of growth form on the ecological impacts of alien macrophyte 
invasion

Focal taxon Alien growth form Mean effect 95% CI p Heterogeneity statistics

Macrophytes Submerged −0.74 −2.23, 0.76 ns Q = 142.84, df = 12, p < 0.0001;

I2 = 94.31%

Emergent −1.41 −1.96, −0.85 *** Q = 258.24, df = 39, p < 0.0001; I2 = 89.24%

Macroinvertebrates Submerged 0.5 0.06, 0.94 * Q = 430.51, df = 64, p < 0.0001; I2 = 87%

Floating −0.47 −1.73, 0.78 ns Q = 226.50, df = 25, p < 0.0001; I2 = 91.57%

Emergent 0.07 −0.32, 0.46 ns Q = 62.09, df = 24, p < 0.0001;

I2 = 57.43%

Fish Submerged 0.15 −0.12, 0.43 ns Q = 53.87, df = 20, p < 0.0001;

I2 = 62.54%

Note: Q and I2 provide estimates of residual heterogeneity. An I2 value exceeding 75% indicates substantial residual heterogeneity. Abundance and 
diversity results are pooled for each subgroup.
*p < 0.05, **p < 0.01, ***p < 0.001.

F I G U R E  4  Effects of the alien 
macrophytes Typha spp. ( ), Phragmites 
australis ( ), Myriophyllum spicatum ( ),  
Hydrilla verticillata ( ), and submerged 
alien macrophytes excl. M. spicatum/H. 
verticillata ( ) on macrophyte, 
macroinvertebrate and fish assemblages. 
Error bars represent 95% confidence 
intervals. Values in parentheses (a, b) 
represent: (a) the number of effect sizes 
used in the model; (b) the number of 
articles from which the effect sizes were 
sourced. Abundance and diversity results 
are pooled for each subgroup.
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4.2  |  Macroinvertebrates

The considerable residual heterogeneity in our macroinverte-
brate abundance and diversity meta- regressions indicates strong 
context- dependent variation in the effects of alien macrophyte 
invasion on macroinvertebrates, and whilst the pooled effects 
of invasion on macroinvertebrate abundance and diversity were 
non- significant, invasion by submerged alien macrophytes had a 
significant positive effect on macroinvertebrates. In this context, 
it is important to remember that the physical structure provided 
by vegetation may be of greater importance to most macroin-
vertebrates than macrophyte species identity (McAbendroth 
et al., 2005; Thomaz et al., 2008). Due to the strong role played 
by physical structure in governing the response of macroinver-
tebrates to alien macrophyte invasion, macroinvertebrate abun-
dance and diversity can increase even where a diverse native 
macrophyte mosaic is replaced by monotypic alien macrophyte 
stands, provided that structural complexity is increased (Hogsden 
et al., 2007; Kelly & Hawes, 2005). The positive impacts of in-
vasion by architecturally complex H. verticillata and M. spicatum 
drive the positive effect of submerged alien macrophytes on 
macroinvertebrate abundance/diversity we observe in our meta- 
analysis, with the effect disappearing once H. verticillata/M.spica-
tum are removed from the subgroup. Whilst structural change is 
likely to be the most common determinant of the impacts of alien 
macrophyte invasion on macroinvertebrates, alteration of hydro-
chemistry might in some instances drive equally strong shifts in 
macroinvertebrate assemblage structure. Dense mats formed by 
floating alien macrophytes can reduce atmospheric exchange of 
oxygen, leading to declines in the abundance of hypoxia- sensitive 
macroinvertebrate taxa (Ceschin et al., 2020, but see Kornijów 
et al., 2010), whilst the allelopathic exudates of alien macro-
phytes may alter community composition and diversity via the 

mortality of sensitive taxa or the deterrence of herbivores (Erhard 
et al., 2007; Lindén & Lehtiniemi, 2005). In general, the effects of 
alien macrophyte invasion may differ for oligophagous herbivo-
rous macroinvertebrates, since shifts in macrophyte assemblage 
composition impact directly on their nutrition (Erhard et al., 2007; 
Grutters et al., 2017). Similarly, alien macrophyte invasion may 
alter autochthonous detritus production and retention, impact-
ing on the nutrition of detritivorous macroinvertebrates (Cuassolo 
et al., 2020). As with resident macrophytes, alien taxon identity 
and context are important determinants of the outcomes of alien 
macrophyte invasion for macroinvertebrates.

4.3  |  Fishes

Due to the comparatively large spatial scale of habitat use by many 
fishes, the extent to which alien macrophyte invasion affects a 
fish assemblage may often be dictated by the invasion's scale 
(Keast, 1984). As well as potentially impacting individual movement 
and refuge, the impacts of alien macrophyte invasion on fishes are 
expected to depend strongly on the effects of that invasion on prey 
taxa abundance and availability (Bickel & Closs, 2008; Carniatto 
et al., 2020; Dibble & Harrel, 1997). Alien macrophyte invasion may 
also affect fish assemblage structure by altering interspecific inter-
actions between fishes (Schultz & Dibble, 2012). For instance, in-
creased structural complexity following alien macrophyte invasion 
may impair foraging by piscivorous fishes by enhancing availability 
of refugia for prey taxa (Collingsworth & Kohler, 2010), whilst sec-
ondary metabolites produced by alien macrophytes may alter the 
behaviour of predator or prey (Lindén & Lehtiniemi, 2005). A number 
of studies have detected elevated abundance of non- native fishes in 
alien macrophyte beds (Houston & Duivenvoorden, 2002; Kuehne 
et al., 2016), suggesting that alien macrophytes may facilitate alien 

TA B L E  4  Multilevel random effects models assessing the effects of the alien macrophytes Typha spp., Myriophyllum spicatum, Hydrilla 
verticillata (and other submerged alien macrophytes, excl. M. spicatum/H. verticillata) on macrophyte, macroinvertebrate and fish assemblages

Alien macrophyte Focal taxon
Mean 
effect 95% CI p Heterogeneity statistics

Typha spp. Macrophytes −1.77 −2.53, −1.01 *** Q = 165.30, df = 21, p < 0.0001;

I2 = 89.98%

Phragmites australis Macrophytes −0.89 −1.77, −0.02 * Q = 62.31, df = 11, p < 0.0001

I2 = 84.18%

M. spicatum Macroinvertebrates 0.7 0.08, 1.33 * Q = 117.69, df = 29, p < 0.0001; I2 = 78.6%

H. verticillata Macroinvertebrates 0.95 0.14, 1.76 * Q = 71.60, df = 17, p < 0.0001;

I2 = 86.92%

Fish 0.26 −0.03, 0.54 ns Q = 42.11, df = 18, p = 0.0011;

I2 = 54.58%

Other submerged alien macrophytes Macroinvertebrates −0.3 −1, 0.39 ns Q = 156.66, df = 16, p < 0.0001

I2 = 89.43

Note: Q and I2 provide estimates of residual heterogeneity. An I2 value exceeding 75% indicates substantial residual heterogeneity. Abundance and 
diversity results are pooled for each subgroup.
*p < 0.05, **p < 0.01, ***p < 0.001.
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fishes. Whilst we found no consistent effect of alien macrophyte 
invasion on fish abundance or diversity, we caution that a general 
trend in the impacts of alien macrophyte invasion on fish might 
remain undetected by our meta- analysis, given the relatively small 
number of fish articles that met the criteria for inclusion.

5  |  CONCLUSION

We found a significant negative impact of alien macrophyte inva-
sion on all- taxon diversity, but considerable variation in impacts 
at a finer resolution. Our meta- analyses should therefore serve 
to emphasise that, whilst growth form appears to be a major de-
terminant of alien macrophyte impact, the effects of alien aquatic 
plant invasions depend strongly on species identity and ecologi-
cal context. We suggest that context-  and taxon- specific ecologi-
cal research is an irreplaceable prerequisite to the development of 
proportionate and cost- effective alien macrophyte management, 
and should be pursued wherever possible. Currently there is a no-
table bias (Evangelista et al., 2014) towards the study of a handful 
of widely distributed, well- established invasive plants (e.g. M, spi-
catum, T. x glauca, H. verticillata), reflected in the articles included 
in our meta- analyses. Past work has often relied on qualitative as-
sessment of ecological impacts, and published quantitative data 
(suitable for meta- analysis) is lacking for a number of widespread 
and problematic invasive macrophytes (e.g. C. helmsii, Alternanthera 
philoxeroides). The publication of quantitative ecological research 
on such plants will better serve the evidence- based management 
of alien macrophytes.

Beyond abundance and diversity, the potential impacts of alien 
macrophyte invasion on recipient communities are, of course, un-
examined by our meta- analysis. Changing community composition 
following alien macrophyte invasion is a pressing concern, given 
the threat of biotic homogenisation posed by widespread alien 
invaders (Olden et al., 2004). Whilst the metrics included in our 
meta- analysis tend to correlate positively with other measures of 
diversity (e.g. functional diversity, β- diversity) (Pool et al., 2014; 
Stevens & Tello, 2014; Strecker et al., 2011), positive effects of alien 
macrophyte invasion on the site- scale abundance and taxonomic 
α- diversity of pre- existing assemblages may mask degradation of 
other dimensions of biodiversity (Devictor et al., 2010; Strecker 
et al., 2011), or the degradation of biodiversity at a landscape or 
global scale. In biotic homogenisation, for instance, macroinverte-
brate diversity could potentially increase at the site- scale due to the 
facilitation of widespread eurytopic species, whilst global diversity is 
compromised by the loss of geographically restricted endemic taxa 
(McKinney & Lockwood, 1999; Olden et al., 2004).

As noted above, the impacts of alien macrophytes on fish remain 
particularly poorly studied (Evangelista et al., 2014). Lotic systems 
are also understudied, despite their significance as invasion corri-
dors (Čuda et al., 2017; Johansson et al., 1996). Additionally, we note 
that ponds and other small waterbodies are under- represented in 
the primary literature we reviewed, despite their disproportionate 

contribution to freshwater biodiversity and their intrinsic vulnera-
bility to invasion (Davies et al., 2008; Stiers et al., 2011; Williams 
et al., 2004). Clearly, these subjects warrant further attention.
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