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Abstract
Biological invasions pose a major threat to biodiversity, ecosystem functioning, and 
human well-being. Non-native species can have severe ecological impacts that are 
transformative, affecting ecosystems across both short-term and long-term time-
scales. However, few studies have determined the temporal dynamics of impact be-
tween these scales, impeding future predictions as invasion rates continue to rise. 
Our study uses a meta-analytical approach to dissect the changing taxonomic and 
functional impacts of biological invasions on native macroinvertebrate populations 
and communities in freshwater ecosystems across Europe, using a recently collated 
European long-term time series spanning several decades. Our findings reveal a com-
plex temporal pattern: while initial stages of invasions (i.e. five years after the first 
record of non-native species) often exhibited benign impacts on macroinvertebrate 
abundance, richness, or functional diversity, the long-term (i.e. the period following 
the early invasion) effects became predominantly negative. This pattern was consist-
ent between taxonomic and functional metrics for impacts at both the population 
and species level, with taxonomic metrics initially positively affected by invasions and 
functional metrics being more stable before also declining. These results suggest that 
even initially benign or positively perceived impacts could be eventually superseded 
by negative consequences. Therefore, understanding the magnitude of invasion ef-
fects increasingly requires long-term studies spanning several years or decades to 
offer insights into effective conservation strategies prioritising immediate and future 
biodiversity protection efforts. These findings also highlight the importance of inte-
grating multiple taxonomic, functional and temporal components to inform adaptive 
management approaches to mitigate the negative effects of current and future bio-
logical invasions.
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1  |  INTRODUC TION

Biodiversity underpins ecosystem functioning, service provision-
ing, and human well-being, but is facing rapid erosion through 
accelerating anthropogenic global changes (Filstrup et  al., 2019; 
Tilman et  al.,  2017). Globalisation, in combination with environ-
mental changes, has amplified the rate and impacts of biological 
invasions, which are expected to increase in the future (Rahel & 
Olden, 2008; Seebens et al., 2017). Currently, it is estimated that 
invasions have been documented for only about ~1% of known 
global biodiversity (Briski et  al.,  2024). Despite this, biological 
invasions have become a pervasive anthropogenic phenomenon 
that comprises species populations that have been introduced—
whether directly or indirectly—by human activities into regions 
where they lack an evolutionary history (Soto et al., 2024). More 
than 37,000 non-native species have been introduced and estab-
lished so far. Of these, evidence of negative impacts has been 
documented for ~3500 species (IPBES, 2023), with their cumula-
tive effects running into the US$ trillions (Diagne et al., 2021) and 
contributing to at least 60% of documented extinctions globally 
(Blackburn et al., 2019; IPBES, 2023).

While the broadscale impacts of biological invasions are well-
documented, there remains a notable gap in our understanding of 
their temporal dynamics (Strayer, 2012; Strayer et  al., 2011). The 
duration and magnitude of the impacts of biological invasions are 
not static but change over time. This is due to various ecological 
and evolutionary mechanisms that influence organism traits, biotic 
interactions or population dynamics (Catford et  al.,  2022; Strayer 
et al., 2006). Ultimately, there is no unified consensus on how the 
impacts of non-native species may change over time. Nevertheless, 
it has been proposed that non-native species' impacts are great-
est during the early stage of an invasion and decrease over time 
(Strayer, 2012), but this is mediated by levels of ecological novelty. 
Additionally, impact dynamics have been described as following a 
sigmoidal curve (Soto, Ahmed, Balzani, et  al., 2023), starting with 
an initial phase of acclimatisation (i.e. lag phase, Crooks,  2005), 
leading to exponential growth and ultimately reaching a steady 
state (Haubrock et al., 2022). Other perspectives of the dynamics 
of impact are based on factors such as absolute abundance (Sofaer 
et al., 2018) or specific changes in (i) the non-native species perfor-
mance (e.g. behavioural changes), (ii) the recipient community or (iii) 
cumulative changes in the abiotic environment (Strayer et al., 2006). 
These factors can each lead to the same non-native species exhib-
iting varying impacts and magnitudes among invaded environments 
(Catford et al., 2022).

Freshwater ecosystems are particularly threatened by bio-
logical invasions due to their relatively high native—especially 
endemic—biodiversity (Beisel, 2001; Francis & Hardwick, 2012). 
However, non-native species can occasionally also exert posi-
tive effects on freshwater ecosystems, such as enhancing the 
growth, survival or reproduction of certain species through direct 
or indirect interactions (Albertson et al., 2021; but see Carneiro 
et  al.,  2024). The rapid rate of declines in native biodiversity 

in these ecosystems, faster than in terrestrial counterparts 
(Sala, 2000), emphasises their importance for conservation and 
sustainable management (Sinclair et al., 2024). Furthermore, the 
vulnerability of freshwater environments is exacerbated by a his-
tory of anthropogenic alterations and uses (Dodds et al., 2013), 
having amplified the risks and impacts associated with biologi-
cal invasions (Ricciardi & MacIsaac, 2011). Freshwater biodiver-
sity loss due to biological invasions can be further exacerbated 
by other symptoms of global change, such as increasing water 
temperatures, alteration of precipitation, runoff or nutrient flux 
regimes, as well as habitat degradations (e.g. canalisation of le-
vees and construction of weirs, pollution), which often outpace 
the ability of native species to adapt (Ormerod et  al.,  2010; 
Woodward et al., 2010).

Impacts of biological invasions on freshwater communities 
have been consistently reported in terms of species loss (taxo-
nomic metric), but a component of the ecosystem often overlooked 
by invasion scientists is the change in community composition and 
functioning due to non-native species introductions (Strayer, 2012; 
Shuai et  al., 2018, Toussaint et  al.,  2018, but see Renault et  al., 
2022). Some species may severely impact ecosystems through 
structural mechanisms, such as those labelled as ecosystem engi-
neers, which can drastically alter functioning (e.g. Dreissena poly-
morpha or Cyprinus carpio) (Crooks, 2002; Ward & Ricciardi, 2007). 
These species affect various aspects of the invaded ecosystem, 
including its resource availability and the physicochemical envi-
ronment, thereby altering the habitat and the conditions for other 
species present (Fanson et  al.,  2024). Functional losses can also 
occur before a native population is extirpated, particularly when 
low-density species become ‘functionally extinct’. Thus, as a re-
sult of declining native biodiversity, there may not only be a taxo-
nomic homogenisation but also a rising functional similarity among 
communities (Olden & Poff,  2004). Considering both the taxo-
nomic and functional dimensions of non-native species' impacts 
on native communities can enhance our understanding of the 
changes associated with biological invasions (Renault et al., 2022). 
Nevertheless, large-scale data-driven appraisals of the direction of 
effects of biological invasions over time remain scarce.

The recent compilation of freshwater long-term time series 
data provides an unprecedented opportunity to examine the ef-
fects and dynamics of biological invasions at large scales (Haubrock 
et  al.,  2022; Haubrock & Soto,  2023; Haubrock, Soto, Ahmed, 
et  al.,  2024; Haubrock, Soto, Kourantidou, et  al.,  2024). Here we 
used a recently collated European long-term time series database 
of benthic macroinvertebrate populations (Haase et  al.,  2023) to 
understand how native communities respond to biological invasions 
through a meta-analytical approach. Our general hypothesis is that 
the impact on native communities will increase over time, more 
specifically characterised by: (i) an overall negative effect on native 
communities; (ii) increasing species losses and severe functional dis-
ruptions to native communities as invasions progress over time; and 
(iii) impacts on the individual species' level being more pronounced
than at the community level.
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2  |  METHODS

2.1  |  Data compilation

To identify how macroinvertebrate communities respond to biologi-
cal invasions in terms of taxonomical and functional composition, we 
used a recently collated European macroinvertebrate time series da-
tabase comprising 1,816 time series from rivers and streams across 
22 European countries between 1968 and 2020 (Haase et al., 2023). 
Each time series (hereafter ‘site’) was surveyed at the same geographic 
position throughout the sampling period. The whole freshwater mac-
roinvertebrate community was surveyed (i.e. not restricted to specific 
taxonomic groups) and contained the abundance of each species. Each 
site spanned at least eight sampling years, which were not necessarily 
consecutive. Sampling had a consistent sampling effort and was done 
during the same season or over three successive months. While the 
sampling method and taxonomic resolution varied among sites, they 
remained consistent within each site over time (see Table S1).

2.2  |  Nativeness and non-nativeness

The native or non-native status of each taxon was assessed at the 
country level by consulting four sources: (i) Global Alien Species First 
Record Database (Seebens et  al.,  2017), (ii) Global Invasive Species 
Database (GISD, iucng​isd.​org/​gisd/, Pagad et  al.,  2015), (iii) the 
Global Biodiversity Information Facility (GBIF; gbif.​org) and (iv) Invasive 
Species Compendium (CABI, cabi.​org). In case of a mismatch in the as-
sessment of the status of species among countries, we followed the 
Global Alien Species First Record Database (Seebens et al., 2017) clas-
sification as the most reliable and updated database. This ensures a 
consistent and accurate species classification across our study sites 
for analysing the dynamics of biological invasions.

2.3  |  Data processing

We first identified the initial year when a non-native species was re-
ported at each site. We then split the database into two subsets: pre-
invasion (the temporal period before the first record of a non-native 
species) and post-invasion (the temporal period after the first record 
of a non-native species). Subsequently, the post-invasion dataset was 
further segmented into two periods: (i) the early-invasion period, en-
compassing the first 5 years after the initial record of the respective 
non-native species and (ii) the late-invasion period, covering the pe-
riod following the early-invasion phase. While we acknowledge that 
dynamics of biological invasions can be highly context-dependent 
(Haubrock, Soto, Ahmed, et  al.,  2024; Soto, Ahmed, Balzani, 
et al., 2023)—for example, by specific taxonomic traits and the char-
acteristics of the invaded ecosystems—we chose a five-year thresh-
old to differentiate between early and late invasion due to the nature 
of our data; i.e. longer periods would have substantially reduced our 
sample size. Each period included a minimum of two sampling years 
to facilitate our analyses. Following these steps, we retained 224 
time series from 12 countries featuring non-native species propor-
tions ranging from 0.87% to 8.69%, with a mean proportion of 2.26%. 
Among these, 113 time series (50.44%) contained more than one co-
occurring non-native species (see Figure 1 and Figure S1).

2.4  |  Community composition

To identify how native macroinvertebrate communities respond to 
biological invasions in terms of taxonomic and functional composi-
tion, we calculated two taxonomic (species abundance and species 
richness) and two functional metrics (functional dispersion [FDis] and 
functional evenness [FEve]), after excluding the non-native species 
from the community. Abundance was calculated at the population 

F I G U R E  1 The geographical locations 
of the evaluated sites. Each dot represents 
a time series, color-coded to indicate 
different countries. Map lines delineate 
study areas and do not necessarily depict 
accepted national boundaries.

http://iucngisd.org/gisd
http://gbif.org
http://cabi.org
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level (i.e. abundance of each species within a community in a given 
year at each site), while the other metrics were calculated at the 
community level (i.e. for each year of each site) for each period (i.e. 
pre, early, and late invasion).

For functional metrics, firstly, we extracted the functional 
traits of all native species from three sources: (i) AQEM trait data-
base (AQEM consortium, 2004), (ii) fresh​water​ecolo​gy.​info (Tachet 
et al., 2010; Schmidt-Kloiber & Hering, 2015) and (iii) the DISPERSE 
database (Sarremejane et  al., 2020). All species' functional traits 
were split into 12 ecological and 18 biological traits (see Table S2). 
Ecological preferences refer to the potential tolerance of species to 
environmental and niche change (Devin & Beisel, 2007). Biological 
traits refer to the ecological functions of species in an ecosystem 
(Devin & Beisel, 2007). Subsequently, we calculated two functional 
metrics: (i) FEve, describing how evenly the functional trait space is 
filled by species and (ii) FDis, referring to the mean distance of indi-
vidual species to the centroid of all species in the trait space, both 
using dbFD function of in the FD R package (Laliberté et al., 2014).

These metrics are important for detecting shifts in community 
composition, that is a decline in species richness or a shift in the 
dominant species that may result from non-native species outcom-
peting or displacing native species. By integrating functional metrics, 
including FDis and FEve, we extended our analysis beyond commu-
nity structure to examine changes in the roles species play within 
ecosystems gaining insights into how invasions may alter not just 
the composition but the functional integrity of macroinvertebrate 
communities, potentially leading to ecosystem-level consequences.

2.5  |  Calculation of effect sizes

We calculated the effect size of the response of native macroin-
vertebrate communities to invasion using Hedges' g, based on the 
formulas provided by Borenstein et  al.,  2009. To do this, first, we 
calculated Cohen's D and the associated variance (Vd) as the differ-
ence of the mean in the pre-and post-invasion (both early and late in-
vasion in turn) databases for each metric calculated (i.e. abundance, 
richness, FDis and FEve) divided by the standard deviation of the dif-
ferences as follows:

where xafter refers to the average of the metric for the temporal period 
after the invasion, xbefore the average of the metric for the temporal 
period before the invasion, and Swithin is the within-groups standard 
deviation, pooled across groups. d refers to the calculated Cohen's D, n 
is the sampling size, and r is the correlation between before and after 
groups. We used a conservative estimate of r, taking a value of 0.5 as 
an intermediate and standardised dependency for all sites.

Because Cohen's D has a bias for small samples, as it tends to 
overestimate them, we transformed it into the meta-analysis sta-
tistic Hedges' g, which corrects this bias through a factor J. This 

factor will always be less than 1, such that Hedges' g will be less than 
Cohen's D in absolute value (Hedges, 1981; Borenstein et al., 2009). 
Additionally, we also extracted the variance of Hedges' g (Vg) as 
follows:

In the case of species abundance, the effect size was extracted 
for those individual species present in both the pre- and post-
invasion stages (i.e. at the population level). Thus, each species had 
an individual effect size. For the other metrics, each effect size cor-
responded to the community level.

2.6  |  Statistical analyses

To quantify the response of the native macroinvertebrate commu-
nities after the arrival of non-native species, we applied a mixed-
effects meta-analysis based on the standardised mean difference 
(SMD) using the rma.mv function from the metafor R package 
(Viechtbauer, 2010). The use of these models allows for the incor-
poration of both fixed and random effects and takes into account 
the heterogeneity of variances due to differences in sampling, but 
primarily due to the inherent variation among sites. The variation 
from each site was used to calculate the weighting importance that 
each site will have in calculating the effect size, which is the inverse 
of the variance of the effect size of each study case, whereby more 
weight is given to more precise studies. We performed our meta-
analytical model using the effect size and respective variance as re-
sponse variables with a combination of different predictors to test 
our specific hypothesis. Firstly, we established an ‘intercept-only’ 
model (i.e. without predictors) to understand the response of native 
macroinvertebrate communities to biological invasions and check 
if there is substantial heterogeneity in our effect sizes that could 
be explained by predictors. Subsequently, (i) we included the inva-
sion stage (early vs. late invasion) to understand how the impacts of 
non-native species change over time; (ii) taxonomic (species abun-
dance and richness) and functional community metrics (FDis and FEve) 
as well as invasion stage to understand how the native community 
metrics change over time—individual metrics were also modelled to 
understand the specific changes of the metrics; and (iii) ecosystem 
level (population vs. community) and invasion stage, where popula-
tion level refers to the effect size extracted from the abundance of 
individual species and community level to the remaining community 
metrics. In each model, we specified the country, river and site as 
nested random effects to capture the variability among study sites. 
We decided to run our models without an intercept assuming no ini-
tial effect in the community, allowing the comparison with zero. In 
our meta-analyses, we chose not to apply any type II error correction 
methods based on the understanding that such correction methods 
(e.g. Bonferroni) are often considered overly conservative for meta-
analyses and are not recommended (Koricheva et al., 2013).

(1)Cohen�sD =
xafter − xbefore

Swithin
; Vd =

1

n
+

d2

2 × n
× 2 × (1 − r),

(2)J = 1 −
3

4(n − 1) − 1
; Hedges� G = J × d;Vg = J2 × Vd ,

http://freshwaterecology.info
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2.7  |  Publication bias

To assess the influence of error that publication bias might intro-
duce in our meta-analysis, we ran a sensitivity analysis. To do this, 
we used a funnel plot, which is a graphical method that indicates 
the effect sizes that are missing to homogenise the accumulated 
effect size. In case of the absence of publication bias, plotting the 
effect size against a measure of uncertainty (standard error) should 
reflect a symmetrical shape around the overall effect (Nakagawa 
et al., 2022). To statistically measure the asymmetry of the fun-
nel plot, we used Eggers's linear regression method by regress-
ing the effect size estimates against the standard error to check 
if the intercept deviates from zero (Egger et al., 1997; Nakagawa 
et al., 2022).

3  |  RESULTS

3.1  |  Overview

Our meta-analysis included 5953 effect sizes from 224 sites (i.e. time 
series that contain both native and non-native species) to investigate 
the response of native macroinvertebrate communities to biological in-
vasions. The average effect size across these sites was 0.030 with 95% 
of the confidence intervals (CI) crossing zero (CI: −0.0121 to 0.0722), 
thus indicating no significant effect (Table  S3). Notably, there was 

substantial heterogeneity across study cases (I2 = 76.10%), indicating
that there may be underlying differences in monitoring designs, popu-
lations, and environments that contribute to the observed differences 
in effect sizes that can be explained through moderators. We detected 
a marginal degree of asymmetry based on funnel asymmetry by Egger's 
regression test (p = .045, df = 5951) (Figure S2). However, funnel asym-
metry can arise from heterogeneity of the effect size or merely by 
chance, thus not invalidating our results (Nakagawa & Santos, 2012). 
Additionally, we found a positive response of the native macroinverte-
brate community during the early stage of invasions (effect size: 0.08, 
CI 0.035–0.126; Figure 2). As invasions advanced, effect sizes, how-
ever, turned negative, reversing the response of the community to the 
non-native species (effect size: –0.052, CI: −0.099 to −0.005) (Figure 2).

3.2  |  Change of impacts over time

For taxonomic composition, we observed a significant positive effect 
size of 0.096 (CI: 0.050–0.142), while no significant effect was observed 
at the functional level (effect size: 0.025, CI: −0.024–0.075). When 
taxonomic and functional metrics were partitioned into early and late 
stages, both taxonomic and functional metrics became significantly 
negative (effect sizetaxonomic: –0.106, CI: −0.132 to −0.079; effect size-

functional: –0.191, CI: −0.231 to −0.151) in the late stage of the invasion. 
Regarding the community metrics, abundance, richness and functional 
dispersion for both ecological and biological traits exhibited an initial 

F I G U R E  2 Overall effects of biological invasions on riverine macroinvertebrate communities. (a) Distribution of the effect size and the 
precision (1/standard error[SE]) of each effect size and the average effect size (hollow dot) with a confidence interval (CI), where k indicates 
the number of effect sizes and the number within parentheses the number of sites. (b) Effect size across study cases (green dots) and the 
associated variance (grey bars) with an overall effect size at the bottom and diamonds refer to the late stage. (c) Distribution of the effect 
size for each stage of invasion (i.e. early and late) as well as the mean effect size (hollow dot) and (d) Forest plot with the results of the meta-
analytical model with the mean effect size and 95% confidence interval (CI) represented by the bar and diamonds refer to the late stage.

(a)

(c)

(b)

(d)

Overall estimate
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positive response (all p < .01), while functional evenness exhibited a neg-
ative response (all p < .01, Table S4). Interestingly, all the metrics studied 
became negative in the late stage of invasion (Figure 3b,c) (Table S4).

3.3  |  Populations versus communities responses

The temporal response was consistent at both the species and 
community levels. During the early stage of invasion, both levels 

exhibited a positive response in the macroinvertebrate commu-
nity (effect sizespecies: 0.065, CI: 0.018–0.111; effect sizecommunity: 
0.110, CI: 0.061–0.159). However, a significant negative effect was 
observed for population-specific responses during the late stages 
of invasion (effect size = −0.105, CI: −0.132 to −0.078), reflecting a 
similar pattern at the community level where the interaction term 
between community response and the late stage of invasion was no-
tably negative (effect size = −0.186, CI: −0.222 to −0.150) (Figure 4, 
Table S4).

F I G U R E  3 Distribution of the effect sizes for (a) taxonomic and functional levels with mean effect size, (b) forest plot with the results 
of the meta-analytical model with the mean effect size and 95% confidence interval (CI) represented by the bar, diamonds refer to the late 
stage. (c) Distribution of the effect sizes for community metrics: Abundance, richness, functional dispersion (ecological and biological) and 
functional evenness (ecological and biological) with the mean effect size with 95% confidence interval (CI) and (d) forest plot with the results 
of the meta-analytical model with the mean effect size and 95% confidence interval (CI) represented by the bar diamonds refer to the late 
stage. k indicates the number of effect sizes and the number within parentheses the number of sites. The model provides relative effects 
(‘late’ differs from ‘early’) by directly estimating the effect of each condition without subtracting a common baseline.
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4  |  DISCUSSION

Macroinvertebrates are vital bioindicators of aquatic ecosystem 
health because they are highly susceptible to environmental changes 
(Hauer & Resh, 2017). The dynamics of benthic macroinvertebrate 
communities are highly complex (Haubrock, Soto, Kourantidou, 
et al., 2024; Wallner, 1987) and can be altered by a myriad of factors 
such as biological invasions, climatic shifts, land-use changes and pol-
lution (Guareschi et al., 2021; Hauer & Resh, 2017; Let et al., 2021). 
Among global environmental changes, biological invasions remain 
poorly understood in relation to temporal impact dynamics. Our 
meta-analysis showed varying responses of native macroinverte-
brate communities to the different facets of non-native macroinver-
tebrate introductions over time. Initially, our results suggested that 
invasions may be perceived as having a beneficial impact on mac-
roinvertebrates in the first 5 years, while as invasions progress, the 
alterations become negative. A similar pattern was also found for 
taxonomic and functional composition, with an initial positive or be-
nign response of macroinvertebrate communities, while both taxo-
nomic and functional metrics became negative during the late stage 
of invasions. Therefore, disregarding temporal dimensions may mask 
ecological impacts, which become increasingly adverse over time.

4.1  |  Community metrics and stages of the invasion

One of the main challenges in invasion science is understanding how 
the impacts of non-native species change over time (Strayer, 2012). 
We observed that during the initial 5 years of the invasion following 
the first record of non-native species, native macroinvertebrate com-
munities in European riverine ecosystems showed a slightly positive 
response (i.e. ‘invasion honeymoon’, Phillips et al., 2010). This early 

positive response may be attributed to temporary increases in re-
source availability or habitat complexity, which typically accompany 
the initial stages of invasions (Rodriguez, 2006). However, as inva-
sions advance, the response of native macroinvertebrate communi-
ties becomes negative as the multi-faceted impacts of non-native 
species are more pronounced (Volery et al., 2020). These impacts 
of non-native species may be, in turn, modulated by their respec-
tive abundance (Sofaer et al., 2018). While some non-native popu-
lations grow exponentially in the early phases of invasion, others 
may exhibit a lag phase (i.e. a delay in the detection of their impacts) 
(Crooks et al., 1999). Thus, non-native species may not have reached 
a sufficiently high abundance in the initial period to negatively affect 
native biodiversity or functioning, thereby avoiding noticeable nega-
tive impacts (Crooks, 2005; Ricciardi, 2012). Furthermore, the extent 
of the impact is also influenced by ecosystem characteristics and 
particularly, ecological novelty, whereby non-native species within 
‘novel weapons’ could more rapidly affect native populations that 
are unadapted (Callaway & Ridenour, 2004). Our results conversely 
suggest that impacts were generally delayed in European riverine 
macroinvertebrates, but became widely negative in the longer-term.

The response of native macroinvertebrate communities dif-
fered among metrics and the affected facet (i.e. taxonomic vs. 
functional). The initial taxonomic response was significantly pos-
itive, likely due to a greater increase in native richness than the 
decline in abundance. This positive response could be attributed 
mostly to the early stages of invasion, where the introduction of 
non-native species may temporarily generate the perception of 
a positive impact and a delay in detecting the negative impacts 
(Rodriguez, 2006; Phillips et al., 2010). In the early years follow-
ing introduction, non-native species may be more likely to coex-
ist with native species, occupying niches not fully exploited by 
these species, leading to an increase in ecosystem complexity and 

F I G U R E  4 Distribution of the effect sizes for (a) species and community level with mean effect size (hollow dot) and (b) forest plot with 
the mean effect sizes and 95% confidence intervals for the model terms. k indicates the number of effect sizes and the number within 
parentheses the number of sites and diamonds refer to the late stage. The model provides relative effects (‘late’ differs from ‘early’) by 
directly estimating the effect of each condition without subtracting out a common baseline.

(a) (b)

Populations

Community

Population

Population:late

Community

Community:late
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potentially a higher number of species (Schlaepfer et  al., 2011). 
Moreover, the sporadic appearance of native species in sampling 
years may boost the richness in the early-invasion stage. However, 
such increases may mask underlying negative impacts on ecosys-
tem structure and function, which tend to be more notable as the 
invasion progresses. A negative response of native communities 
was conversely observed in the functional evenness for ecolog-
ical and biological traits, suggesting a greater imbalance in the 
distribution of functions among native species. For instance, the 
food web might become simplified if only a few species carry out 
most functions, potentially making the web more susceptible to 
collapse (David et al., 2017). Additionally, non-native species can 
replace or even dominate the roles associated with crucial func-
tions such as nutrient cycling, which can have cascading effects 
on water quality and primary production (Covich et al., 1999). On 
the other hand, positive responses of native macroinvertebrate 
communities were observed in abundance, richness, and func-
tional dispersion components (ecological and biological traits). A 
positive effect can also emerge when non-native species serve 
as an additional food resource, potentially bolstering native pop-
ulations (Rodriguez,  2006). The creation of new habitats by en-
gineer species such as Dreissena polymorpha might also make it 
easier to colonise these new habitats by native species (Ward & 
Ricciardi, 2007). Interestingly, the response of all community met-
rics studied was negative in the later stages of invasion, suggesting 
an initial phase of adaptation to the new environment and a poten-
tial lag in detecting their impacts, known as ‘invasion debt’ (Essl 
et  al.,  2011). One of the most significant impacts of non-native 
species on native communities, which can reverse the initial pos-
itive response, is the ability of non-native species to outcompete 
native macroinvertebrates. They not only exert strong compet-
itive pressures on essential resources such as food and habitat, 
but also induce disruptive effects on the ecosystem, leading to 
a reduction in native populations (Cameron et al., 2016; Hansen 
et al., 2013; Reynolds & Aldridge, 2021). However, while compe-
tition is pervasive, numerous other impact mechanisms can take 
effect (IUCN, 2020). Further research is needed to uncover the 
dominant mechanisms corresponding to the macroinvertebrate 
impacts, which we detected in European rivers.

4.2  |  Populations versus communities

Non-native species not only alter the fate of individual native popu-
lations but also reshape entire biological communities (Vilà et al., 
2011). Overall, the response of native species populations and com-
munities were positively affected after the arrival of a non-native 
species. For instance, in ecosystems already under stress from 
human activity or ecological degradation, non-native species can 
act as unexpected facilitators of ecosystem function (MacDougall & 
Turkington, 2005; Ramus et al., 2017) but also as a detrimental eco-
logical burden (Copp et al., 2009; Didham et al., 2005). However, in 
the later stages of invasions, both shifted to a negative response, 

highlighting the importance of temporal information when unrav-
elling the complex dynamics of non-native species (Soto, Ahmed, 
Balzani, et  al., 2023, Soto, Cuthbert, Ricciardi, et  al., 2023, Soto, 
Ahmed, Beidas, et al., 2023). Contrary to what we expected, the re-
sponse of the community's native species was more negative than 
that of the population. This may be because species considered as 
ecosystem engineers (such as D. polymorpha), dominate our time 
series (Haubrock, Soto, Kourantidou, et al., 2024; Soto, Cuthbert, 
Ricciardi, et al., 2023). Community-level effects may become more 
obvious and cumulative across species as the invasion progresses. 
Their ability to influence several aspects of the communities, such 
as trophic levels, underscores their complex and often indirect ef-
fects on trophic webs (Emery-Butcher et  al., 2020). The negative 
population-level response could be attributed to, for example, di-
rect competition with non-native species or other ecological pres-
sures introduced by the invaders. Overall, these findings point 
to the critical need for early detection and management of non-
native species to protect native biodiversity and maintain ecosys-
tem integrity. Understanding the complex dynamics of invasions, 
including their delayed potential negative impacts, is essential for 
developing effective conservation strategies.

4.3  |  Caveats

Although our findings contribute valuable insights into the tem-
poral dynamics of the impacts of biological invasions over time, 
it is not without limitations. Firstly, despite a homogenised sam-
pling effort in our time series, the detectability of non-native spe-
cies can vary across different sites and time periods (e.g. starting 
year of time series) based on the specific socio-economic and 
historical context of each country as well as different sampling 
methods. The sampling techniques used may also not have cap-
tured the complete diversity of macroinvertebrate communities 
(e.g. crayfishes, Haubrock, Soto, Kourantidou, et al., 2024), lead-
ing to possible inaccuracies in assessing the impacts of invasions 
(but see Soto, Ahmed, Beidas, et al., 2023). The presence of other 
non-native species, such as predatory fish, was not accounted 
for in our analysis. These species can have additional, immediate 
and complex impacts on both native and non-native macroinver-
tebrate communities, especially through predation, modulating 
the response of the native community (Bernery et al., 2022). We 
also captured the impacts of biological invasions over a specific 
period, which may not fully encompass the longer-term dynamics 
of these invasions as they are modulated by successive invasions 
or other factors over time. As such, more pronounced or differ-
ent trends could emerge over extended timescales beyond the 
scope of our current analysis with available data. Other factors 
not explicitly considered in our study, such as recovery programs, 
actions to manage non-native populations, pollution and broader 
environmental shifts like climate change, can also significantly 
influence the response of native species. Moreover, it should be 
acknowledged that biological invasions are a population-level, 
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context-specific phenomenon that cannot be generalised at the 
species-level (Haubrock, Soto, Ahmed, et al., 2024). This realisa-
tion suggests that on a case-by-case basis, the impacts of non-
native species on native biodiversity may vary in direction and 
magnitude. However, our results indicate that over time, the nega-
tive consequences of biological invasions outweigh any benign or 
positively perceived impacts.

4.4  |  Conclusions

Our study builds an understanding of the intricate temporal dynamics 
of biological invasion effects on native macroinvertebrate communities 
in freshwater ecosystems. Initially, our findings confirm the lag phase 
where invasions may offer transient benefits or negligible impacts 
on macroinvertebrate populations taxonomically and functionally. 
However, as invasions advance through time, the evidence indicates 
a predominantly negative response at all levels (species, community 
levels). Adding this new dimension of time to taxonomic and functional 
communities underscores the importance of continuous and long-term 
monitoring of invaded ecosystems, especially for well-established in-
vaders which are the main target of management approaches.

AUTHOR CONTRIBUTIONS
Ismael Soto: Conceptualization; formal analysis; methodology; visu-
alization; writing – original draft. Rafael L. Macêdo: Methodology; 
writing – original draft; writing – review and editing. Lais Carneiro: 
Methodology; writing – original draft; writing – review and editing. 
Elizabeta Briski: Supervision; writing – original draft; writing – re-
view and editing. Antonín Kouba: Supervision; writing – original 
draft; writing – review and editing. Ross N. Cuthbert: Supervision; 
visualization; writing – original draft; writing – review and editing. 
Phillip J. Haubrock: Supervision; visualization; writing – original 
draft; writing – review and editing.

ACKNOWLEDG MENTS
We thank Assoc. Prof. Paride Balzani (University of South Bohemia 
in České Budějovice) for the R code to extract functional metrics. 
Open access publishing facilitated by Jihoceska Univerzita v Ceskych 
Budejovicich, as part of the Wiley - CzechELib agreement.

CONFLIC T OF INTERE S T
The authors have no conflict of interest to declare.

DATA AVAIL ABILIT Y S TATEMENT
The data and code that support this study can be found at GitHub 
(https://​github.​com/​IsmaSA/​Pre-​vs-​Post-​invas​ion-​stage​) and at 
Zenodo (DOI: https://​doi.​org/​10.​5281/​zenodo.​13738299).

ORCID
Ismael Soto   https://orcid.org/0000-0002-7288-6336 
Lais Carneiro   https://orcid.org/0000-0002-3828-7751 
Elizabeta Briski   https://orcid.org/0000-0003-1896-3860 

Antonín Kouba   https://orcid.org/0000-0001-8118-8612 
Ross N. Cuthbert   https://orcid.org/0000-0003-2770-254X 
Phillip J. Haubrock   https://orcid.org/0000-0003-2154-4341 

R E FE R E N C E S
Albertson, L. K., MacDonald, M. J., Tumolo, B. B., Briggs, M. A., Maguire, 

Z., Quinn, S., Sanchez-Ruiz, J. A., Veneros, J., & Burkle, L. A. (2021). 
Uncovering patterns of freshwater positive interactions using 
meta-analysis: Identifying the roles of common participants, in-
vasive species and environmental context. Ecology Letters, 24(3), 
594–607.

AQEM Consortium. (2004). AQEMdip: AQEM data input program (STAR 
Database). https://​www.​eu-​star.​at

Beisel, J. N. (2001). The elusive model of a biological invasion process: 
Time to take differences among aquatic and terrestrial ecosystems 
into account? Ethology Ecology and Evolution, 13, 193–195.

Bernery, C., Bellard, C., Courchamp, F., Brosse, S., Gozlan, R. E., Jarić, 
I., Teletcha, F., & Leroy, B. (2022). Freshwater fish invasions: A 
comprehensive review. Annual Review of Ecology, Evolution, and 
Systematics, 53, 427–456.

Blackburn, T. M., Bellard, C., & Ricciardi, A. (2019). Alien versus native 
species as drivers of recent extinctions. Frontiers in Ecology and the 
Environment, 17(4), 203–207.

Borenstein, M., Hedges, L. V., Higgins, J. P., & Rothstein, H. R. (2009). 
Introduction to meta-analysis. John Wiley & Sons.

Briski, E., Kotronaki, S. G., Cuthbert, R. N., Bortolus, A., Campbell, M. L., 
Dick, J. T. A., Fofonoff, P., Galil, B. S., Hewitt, C. L., Lockwood, J. 
L., MacIsaac, H. J., Ricciardi, A., Ruiz, G., Schwindt, E., Sommer, U., 
Zhan, A., & Carlton, J. T. (2023). Does non-native diversity mirror 
earth's biodiversity? Global Ecology and Biogeography, 33(1), 48–62.

Callaway, R. M., & Ridenour, W. M. (2004). Novel weapons: Invasive suc-
cess and the evolution of increased competitive ability. Frontiers in 
Ecology and the Environment, 2(8), 436–443.

Cameron, E. K., Vilà, M., & Cabeza, M. (2016). Global meta-analysis of the 
impacts of terrestrial invertebrate invaders on species, communities 
and ecosystems. Global Ecology and Biogeography, 25(5), 596–606.

Carneiro, L., Hulme, P. E., Cuthbert, R. N., Kourantidou, M., Bang, A., 
Haubrock, P. J., … Courchamp, F. (2024). Benefits do not balance 
costs of biological invasions. Bioscience, 74(5), 340–344.

Catford, J. A., Wilson, J. R., Pyšek, P., Hulme, P. E., & Duncan, R. P. (2022). 
Addressing context dependence in ecology. Trends in Ecology & 
Evolution, 37(2), 158–170.

Copp, G. H., Robert Britton, J., Cucherousset, J., García-Berthou, E., Kirk, 
R., Peeler, E., & Stakėnas, S. (2009). Voracious invader or benign 
feline? A review of the environmental biology of European catfish 
Silurus glanis in its native and introduced ranges. Fish and Fisheries, 
10(3), 252–282.

Covich, A. P., Palmer, M. A., & Crowl, T. A. (1999). The Role of benthic 
invertebrate species in freshwater ecosystems: Zoobenthic spe-
cies influence energy flows and nutrient cycling. BioScience, 49(2), 
119–127.

Crooks, J. A. (2002). Characterizing ecosystem-level consequences of 
biological invasions: The role of ecosystem engineers. Oikos, 97(2), 
153–166.

Crooks, J. A. (2005). Lag times and exotic species: The ecology and man-
agement of biological invasions in slow-motion1. Ecoscience, 12(3), 
316–329.

Crooks, J. A., Soulé, M. E., & Sandlund, O. T. (1999). Lag times in pop-
ulation explosions of invasive species: Causes and implications. 
Invasive Species and Biodiversity Management, 24, 103–125.

David, P., Thebault, E., Anneville, O., Duyck, P. F., Chapuis, E., & 
Loeuille, N. (2017). Impacts of invasive species on food webs: 
A review of empirical data. Advances in Ecological Research, 56, 
1–60.

https://github.com/IsmaSA/Pre-vs-Post-invasion-stage
https://doi.org/10.5281/zenodo.13738299
https://orcid.org/0000-0002-7288-6336
https://orcid.org/0000-0002-7288-6336
https://orcid.org/0000-0002-3828-7751
https://orcid.org/0000-0002-3828-7751
https://orcid.org/0000-0003-1896-3860
https://orcid.org/0000-0003-1896-3860
https://orcid.org/0000-0001-8118-8612
https://orcid.org/0000-0001-8118-8612
https://orcid.org/0000-0003-2770-254X
https://orcid.org/0000-0003-2770-254X
https://orcid.org/0000-0003-2154-4341
https://orcid.org/0000-0003-2154-4341
https://www.eu-star.at


10 of 11  | SOTO et al.

Devin, S., & Beisel, J. N. (2007). Biological and ecological characteristics 
of invasive species: A gammarid study. Biological Invasions, 9, 13–24.

Diagne, C., Leroy, B., Vaissière, A. C., Gozlan, R. E., Roiz, D., Jarić, I., … 
Courchamp, F. (2021). High and rising economic costs of biological 
invasions worldwide. Nature, 592(7855), 571–576.

Didham, R. K., Tylianakis, J. M., Hutchison, M. A., Ewers, R. M., & 
Gemmell, N. J. (2005). Are invasive species the drivers of ecological 
change? Trends in Ecology & Evolution, 20(9), 470–474.

Dodds, W. K., Perkin, J. S., & Gerken, J. E. (2013). Human impact on 
freshwater ecosystem services: A global perspective. Environmental 
Science & Technology, 47(16), 9061–9068.

Egger, M., Smith, G. D., Schneider, M., & Minder, C. (1997). Bias in meta-
analysis detected by a simple, graphical test. BMJ, 315(7109), 629–634.

Emery-Butcher, H. E., Beatty, S. J., & Robson, B. J. (2020). The impacts of 
invasive ecosystem engineers in freshwaters: A review. Freshwater 
Biology, 65(5), 999–1015.

Essl, F., Dullinger, S., Rabitsch, W., Hulme, P. E., Hülber, K., Jarošík, V., 
… Pyšek, P. (2011). Socioeconomic legacy yields an invasion debt. 
Proceedings of the National Academy of Sciences, 108(1), 203–207.

Fanson, B. G., Hale, R., Thiem, J. D., Lyon, J. P., Koehn, J. D., Bennett, 
A. F., & Stuart, I. (2024). Assessing impacts of a notorious invader 
(common carp Cyprinus carpio) on Australia's aquatic ecosystems: 
Coupling abundance-impact relationships with a spatial biomass
model. Biological Conservation, 290, 110420.

Filstrup, C. T., King, K. B., & McCullough, I. M. (2019). Evenness effects 
mask richness effects on ecosystem functioning at macro-scales in 
lakes. Ecology Letters, 22(12), 2120–2129.

Francis, R. A., & Hardwick, T. (Eds.). (2012). A handbook of global freshwa-
ter invasive species (pp. 1–376). Earthscan.

Guareschi, S., Laini, A., England, J., Johns, T., Winter, M., & Wood, P. J. 
(2021). Invasive species influence macroinvertebrate biomonitor-
ing tools and functional diversity in British rivers. Journal of Applied 
Ecology, 58(1), 135–147.

Haase, P., Bowler, D. E., Baker, N. J., Bonada, N., Domisch, S., Garcia 
Marquez, J. R., … Welti, E. A. (2023). The recovery of European 
freshwater biodiversity has come to a halt. Nature, 620(7974), 
582–588.

Hansen, G. J., Vander Zanden, M. J., Blum, M. J., Clayton, M. K., Hain, 
E. F., Hauxwell, J., … Sharma, S. (2013). Commonly rare and rarely
common: Comparing population abundance of invasive and native
aquatic species. PLoS One, 8(10), e77415.

Haubrock, P. J., Ahmed, D. A., Cuthbert, R. N., Stubbington, R., Domisch, 
S., Marquez, J. R., … Haase, P. (2022). Invasion impacts and dynam-
ics of a European-wide introduced species. Global Change Biology, 
28(15), 4620–4632.

Haubrock, P. J., & Soto, I. (2023). Valuing the information hidden in true 
long-term data for invasion science. Biological Invasions, 25(8), 
2385–2394.

Haubrock, P. J., Soto, I., Ahmed, D. A., Ansari, A. R., Tarkan, A. S., Kurtul, 
I., … Cuthbert, R. N. (2024). Biological invasions are a population-
level rather than a species-level phenomenon. Global Change 
Biology, 30(5), e17312.

Haubrock, P. J., Soto, I., Kourantidou, M., Ahmed, D. A., Serhan Tarkan, 
A., Balzani, P., … Cuthbert, R. N. (2024). Understanding the com-
plex dynamics of zebra mussel invasions over several decades in 
European rivers: Drivers, impacts and predictions. Oikos, e10283.

Hauer, F. R., & Resh, V. H. (2017). Macroinvertebrates. In Methods in 
stream ecology (Vol. 1, pp. 297–319). Academic Press.

Hedges, L. V. (1981). Distribution theory for glass's estimator of effect 
size and related estimators. Journal of Educational Statistics, 6(2), 
107–128.

IPBES. (2023). Thematic assessment report on invasive alien species and 
their control of the intergovernmental science-policy platform on 
biodiversity and ecosystem services. In H. E. Roy, A. Pauchard, P. 
Stoett, & T. Renard Truong (Eds.), IPBES secretariat, Bonn, Germany 
https://​doi.​org/​10.​5281/​zenodo.​7430682

IUCN. (2020). Primate Specialist Group. Regional action plan for the con-
servation of western chimpanzees (Pan troglodytes verus) 2020, 
2030.

Koricheva, J., Gurevitch, J., & Mengersen, K. (Eds.). (2013). Handbook of 
meta-analysis in ecology and evolution. Princeton University Press.

Laliberté, E., Legendre, P., & Shipley, B. (2014). FD: Measuring functional 
diversity from multiple traits, and other tools for functional ecology. R 
Package Version 1.0-12.

Let, M., Špaček, J., Ferenčík, M., Kouba, A., & Bláha, M. (2021). 
Insecticides and drought as a fatal combination for a stream mac-
roinvertebrate assemblage in a catchment area exploited by large-
scale agriculture. Watermark, 13(10), 1352.

MacDougall, A. S., & Turkington, R. (2005). Are invasive species the 
drivers or passengers of change in degraded ecosystems? Ecology, 
86(1), 42–55.

Nakagawa, S., Lagisz, M., Jennions, M. D., Koricheva, J., Noble, D. W., 
Parker, T. H., … O'Dea, R. E. (2022). Methods for testing publica-
tion bias in ecological and evolutionary meta-analyses. Methods in 
Ecology and Evolution, 13(1), 4–21.

Nakagawa, S., & Santos, E. S. (2012). Methodological issues and advances 
in biological meta-analysis. Evolutionary Ecology, 26, 1253–1274.

Olden, J. D., & Poff, N. L. (2004). Ecological processes driving biotic 
homogenization: Testing a mechanistic model using fish faunas. 
Ecology, 85(7), 1867–1875.

Ormerod, S. J., Dobson, M., Hildrew, A. G., & Townsend, C. (2010). 
Multiple stressors in freshwater ecosystems. Freshwater Biology, 
55, 1–4.

Pagad, S., Genovesi, P., Carnevali, L., Scalera, R., & Clout, M. (2015). 
IUCN SSC invasive species specialist group: Invasive alien species 
information management supporting practitioners, policy makers 
and decision takers. Management of Biological Invasions, 6, 127–135.

Phillips, B. L., Kelehear, C., Pizzatto, L., Brown, G. P., Barton, D., & Shine, 
R. (2010). Parasites and pathogens lag behind their host during pe-
riods of host range advance. Ecology, 91(3), 872–881.

Rahel, F. J., & Olden, J. D. (2008). Assessing the effects of climate change 
on aquatic invasive species. Conservation Biology, 22(3), 521–533.

Ramus, A. P., Silliman, B. R., Thomsen, M. S., & Long, Z. T. (2017). An in-
vasive foundation species enhances multifunctionality in a coastal 
ecosystem. Proceedings of the National Academy of Sciences, 114(32), 
8580–8585.

Renault, D., Hess, M. C., Braschi, J., Cuthbert, R. N., Sperandii, M. G., 
Bazzichetto, M., Chabrerie, O., Thiébaut, G., Buisson, E., Grandjean, 
F., Bittebiere, A. K., Mouchet, M., & Massol, F. (2022). Advancing 
biological invasion hypothesis testing using functional diversity in-
dices. Science of the Total Environment, 834, 155102.

Reynolds, S. A., & Aldridge, D. C. (2021). Global impacts of invasive spe-
cies on the tipping points of shallow lakes. Global Change Biology, 
27(23), 6129–6138.

Ricciardi, A. (2012). Invasive species. In Ecological systems: Selected en-
tries from the encyclopedia of sustainability science and technology 
(pp. 161–178). New York, NY, Springer New York.

Ricciardi, A., & MacIsaac, H. J. (2011). Impacts of biological invasions on 
freshwater ecosystems. Fifty Years of Invasion Ecology: The Legacy of 
Charles Elton, 1, 211–224.

Rodriguez, L. F. (2006). Can invasive species facilitate native species? 
Evidence of how, when, and why these impacts occur. Biological 
Invasions, 8, 927–939.

Sala, O. E. (2000). Global biodiversity scenarios for the year 2100. 
Science, 287, 1770–1774.

Sarremejane, R., Cid, N., Stubbington, R., Datry, T., Alp, M., Cañedo-
Argüelles, M., Cordero-Rivera, A., Csabai, Z., Gutiérrez-Cánovas, 
C., Heino, J., Forcellini, M., Millán, A., Paillex, A., Pařil, P., Polášek, 
M., Tierno de Figueroa, J. M., Usseglio-Polatera, P., Zamora-Muñoz, 
C., & Bonada, N. (2020). DISPERSE, a trait database to assess 
the dispersal potential of European aquatic macroinvertebrates. 
Scientific Data, 7(1), 386.

https://doi.org/10.5281/zenodo.7430682


|  11 of 11SOTO et al.

Schlaepfer, M. A., Sax, D. F., & Olden, J. D. (2011). The potential conserva-
tion value of non-native species. Conservation Biology, 25(3), 428–437.

Schmidt-Kloiber, A., & Hering, D. (2015). An online tool that unifies, stan-
dardises and codifies more than 20,000 European freshwater organ-
isms and their ecological preferences. Ecological Indicators, 53, 271–282.

Seebens, H., Blackburn, T. M., Dyer, E. E., Genovesi, P., Hulme, P. E., 
Jeschke, J. M., … Essl, F. (2017). No saturation in the accumulation 
of alien species worldwide. Nature Communications, 8(1), 14435.

Shuai, F., Lek, S., Li, X., & Zhao, T. (2018). Biological invasions undermine 
the functional diversity of fish community in a large subtropical 
river. Biological Invasions, 20, 2981–2996.

Sinclair, J. S., Welti, E. A., Altermatt, F., Álvarez-Cabria, M., Aroviita, J., 
Baker, N. J., … Haase, P. (2024). Multi-decadal improvements in the 
ecological quality of European rivers are not consistently reflected 
in biodiversity metrics. Nature Ecology & Evolution, 8, 1–12.

Sofaer, H. R., Jarnevich, C. S., & Pearse, I. S. (2018). The relationship be-
tween invader abundance and impact. Ecosphere, 9(9), e02415.

Soto, I., Ahmed, D. A., Balzani, P., Cuthbert, R. N., & Haubrock, P. J. 
(2023). Sigmoidal curves reflect impacts and dynamics of aquatic 
invasive species. Science of the Total Environment, 872, 161818.

Soto, I., Ahmed, D. A., Beidas, A., Oficialdegui, F. J., Tricarico, E., Angeler, 
D. G., … Haubrock, P. J. (2023). Long-term trends in crayfish invasions 
across European rivers. Science of the Total Environment, 867, 161537.

Soto, I., Balzani, P., Carneiro, L., Cuthbert, R. N., Macêdo, R., Tarkan, A. S., 
Ahmed, D. A., Bang, A., Bacela-Spychalska, K., Bailey, S. A., Baudry, 
T., Ballesteros-Mejia, L., Bortolus, A., Briski, E., Britton, J. R., Buřič, 
M., Camacho-Cervantes, M., Cano-Barbacil, C., Copilaș-Ciocianu, 
D., … Haubrock, P. J. (2024). Taming the terminological tempest in 
invasion science. Biological Reviews, 99, 1357–1390. https://​doi.​org/​
10.​1111/​brv.​13071​

Soto, I., Cuthbert, R. N., Ricciardi, A., Ahmed, D. A., Altermatt, F., Schäfer, R. 
B., … Briski, E. (2023). The faunal Ponto-Caspianization of central and 
western European waterways. Biological Invasions, 25(8), 2613–2629.

Strayer, D. L. (2012). Eight questions about invasions and ecosystem 
functioning. Ecology Letters, 15(10), 1199–1210.

Strayer, D. L., Cid, N., & Malcom, H. M. (2011). Long-term changes in 
a population of an invasive bivalve and its effects. Oecologia, 165, 
1063–1072.

Strayer, D. L., Eviner, V. T., Jeschke, J. M., & Pace, M. L. (2006). 
Understanding the long-term effects of species invasions. Trends in 
Ecology & Evolution, 21(11), 645–651.

Tachet, H., Richoux, P., Bournaud, M., & Usseglio-Polatera, P. (2010). 
Invertébrés d’eau douce: Systématique, biologie, écologie (Vol. 15, pp. 
89–10). CNRS éditions.

Tilman, D., Clark, M., Williams, D. R., Kimmel, K., Polasky, S., & Packer, C. 
(2017). Future threats to biodiversity and pathways to their preven-
tion. Nature, 546(7656), 73–81.

Toussaint, A., Charpin, N., Beauchard, O., Grenouillet, G., Oberdorff, 
T., Tedesco, P. A., … Villéger, S. (2018). Non-native species led to 
marked shifts in functional diversity of the world freshwater fish 
faunas. Ecology Letters, 21(11), 1649–1659.

Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor 
package. Journal of Statistical Software, 36(3), 1–48.

Vilà, M., Espinar, J. L., Hejda, M., Hulme, P. E., Jarošík, V., Maron, J. L., 
Pergl, J., Schaffner, U., Sun, Y., & Pyšek, P. (2011). Ecological impacts 
of invasive alien plants: A meta-analysis of their effects on species, 
communities and ecosystems. Ecology Letters, 14(7), 702–708.

Volery, L., Blackburn, T. M., Bertolino, S., Evans, T., Genovesi, P., 
Kumschick, S., … Bacher, S. (2020). Improving the environmental 
impact classification for alien taxa (EICAT): A summary of revisions 
to the framework and guidelines. NeoBiota, 62, 547–567.

Wallner, W. E. (1987). Factors affecting insect population dynamics: 
Differences between outbreak and non-outbreak species. Annual 
Review of Entomology, 32(1), 317–340.

Ward, J. M., & Ricciardi, A. (2007). Impacts of Dreissena invasions on 
benthic macroinvertebrate communities: A meta-analysis. Diversity 
and Distributions, 13(2), 155–165.

Woodward, G., Perkins, D. M., & Brown, L. E. (2010). Climate change and 
freshwater ecosystems: Impacts across multiple levels of organi-
zation. Philosophical Transactions of the Royal Society, B: Biological 
Sciences, 365(1549), 2093–2106.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Soto, I., Macêdo, R. L., Carneiro, L., 
Briski, E., Kouba, A., Cuthbert, R. N., & Haubrock, P. J. (2024). 
Divergent temporal responses of native macroinvertebrate 
communities to biological invasions. Global Change Biology, 
30, e17521. https://doi.org/10.1111/gcb.17521

https://doi.org/10.1111/brv.13071
https://doi.org/10.1111/brv.13071
https://doi.org/10.1111/gcb.17521

	Divergent temporal responses of native macroinvertebrate communities to biological invasions
	Abstract
	1  |  INTRODUCTION
	2  |  METHODS
	2.1  |  Data compilation
	2.2  |  Nativeness and non-­nativeness
	2.3  |  Data processing
	2.4  |  Community composition
	2.5  |  Calculation of effect sizes
	2.6  |  Statistical analyses
	2.7  |  Publication bias

	3  |  RESULTS
	3.1  |  Overview
	3.2  |  Change of impacts over time
	3.3  |  Populations versus communities responses

	4  |  DISCUSSION
	4.1  |  Community metrics and stages of the invasion
	4.2  |  Populations versus communities
	4.3  |  Caveats
	4.4  |  Conclusions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


