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ABSTRACT
Anticipating the risk of species invasions in new geographical regions remains fundamental to conservation. One critical as-
sumption is that species' environmental niches remain stable under changing environments. If native environmental drivers 
predict introduced distributions, we would expect high overlap in niche space between native and introduced ranges, with intro-
duced niche increasingly resembling their native niche over time. We quantified changes in species' occupied niche space across 
200 years of invasion records, for 778 marine invaders at the global scale. For species in introduced ranges, the majority of their 
native niche space remained unfilled, even after two centuries. As expected, overlap between native and introduced niche spaces 
increased with time since invasion. However, niche overlap remained low on average, never exceeding 20% across species. Our 
results suggest that native environmental drivers will largely fail to predict introduced species ranges in marine ecosystems 
within policy-relevant (decadal) time frames.

1   |   Introduction

Unprecedented human actions have dramatically impacted all 
facets of biological diversity, leading to the extinction of local 
populations, the redistribution of species and the alteration 
of ecosystem functioning (Lembrechts et  al.  2021; Sunday 
et  al.  2012; Wallingford et  al.  2020). Biological invasions are 
among the most important contributors to the anthropogenic 
upheaval facing the world (García Molinos et  al.  2016; Pecl 
et al. 2017). Escalating trading activities and human movement 

have dissolved geographical barriers, resulting in thousands of 
species being introduced to new ranges at an unprecedented 
rate (Olden et al. 2018; Seebens et al. 2017). At the global scale, 
invasive species have caused economic costs of at least US$ 
1.3 trillion in recent decades and have contributed to 60% of 
known extinctions of plants and animals (Diagne et  al.  2021; 
Roy et al. 2024). As such a paramount challenge is to anticipate 
potential risks of invasive species, to help develop management 
strategies at the national and global scales (Lodge et  al.  2016; 
Seebens et al. 2017).
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Over the past decades, the environmental niche (hereafter, 
‘niche’) has emerged as a crucial concept to evaluate and an-
ticipate the redistributions of living organisms and shifts in 
biodiversity patterns under changing environments (Guisan 
et al. 2014; Sexton et al. 2017). With the accelerating availabil-
ity of ecological data, niche-based models have been used as a 
fundamental tool to understand and predict species' invasions 
into non-native environments, which is projected to further in-
tensify in the future (Liu et al. 2020b; Sardain et al. 2019). Yet, 
for these tools to be predictive, there is the implicit assumption 
that niches remain stable, and that past environmental drivers 
predict distributions in new areas and/or under changing envi-
ronments. However, while environmental variables (typically 
abiotic) are often highly predictive under historical conditions 
(Pinsky et al. 2013), prediction under novel conditions is more 
challenging, because the context can change, resulting in unex-
pected species-environment relationships (Liu et al. 2020b). For 
instance, changes in biotic interactions (Araújo and Luoto 2007), 
community assemblies (Werkowska et al. 2017) and evolution-
ary response (Peterson et al. 2019) can all compromise histor-
ically strong relationships between distributional patterns and 
environmental factors. Here, biological invasions represent a 
high bar, because much of the implicit context will be broken 
(e.g., with biotic factors), and niche models will only be predic-
tive if the abiotic environmental factors explicitly included in the 
models continue to determine occurrence patterns. Yet, given 
the social and economic impacts of invasive species, it is criti-
cal to assess the magnitude of niche changes of invasive species, 
and understand the accuracy of predicted invasion risks under 
new environments (Liu et al. 2020a; Yates et al. 2018).

In their introduced range, invasive species are often confronted 
with environmental contexts that differ from those in their na-
tive range (Sax et al. 2007; Wallingford et al. 2020). Several stud-
ies have used this opportunity to address how invasive species' 
realised niches shift in new environments (Abellán et al. 2017; 
Liu et  al.  2020a; Petitpierre et  al.  2012). During the invasion 
process, invasive species can maintain, expand, or contract 
their niche. Importantly, different species are at varying stages 
of the invasion process, with some recent invasions and others 
occurring centuries ago (Seebens et  al.  2018). We expect that 
as the invasion progresses, species' realised introduced niche 
will change over time, potentially increasing its similarity with 
the native niche or broadening beyond it. Since greater overlap 
between native and introduced niches implies greater predic-
tiveness of invaders' distributions (or conversely, greater mag-
nitude of niche change corresponds to lower predictiveness), we 
could gain insight into how long it takes before historical en-
vironmental drivers become predictive of a species distribution 
under novel conditions (or whether it does at all) (Petitpierre 
et al. 2012). This time lag in predictiveness is an important con-
sideration, given that policy relevant time frames are often mea-
sured in years or decades (Epanchin-Niell and Hastings 2010).

Many techniques have been developed for measuring niche 
changes of invasive species. Among them is the COUE scheme 
(Figure  1a), which is considered the gold standard, quantify-
ing Centroid shift, Overlap, Unfilling and Expansion of spe-
cies niches (Guisan et  al.  2014; Liu et  al.  2020a). The COUE 
scheme delineates species' native and introduced niches in a 
two-dimensional (2D) space constructed by the first two axes 

synthesising environmental predictors important for species 
distributions (Broennimann et al. 2012; Guisan et al. 2014). A 
species' global niche is divided into three components: Stability 
(S) represents the overlapped environmental space occupied 
in both native and introduced ranges, while Unfilling (U) and 
Expansion (E) represent the environmental space occupied only 
in the native range, and only in the introduced range, respec-
tively. When inferring species' responses under evolving envi-
ronmental conditions (e.g., climate change) through the lens of 
biological invasions, (i) a larger S suggests a stronger tendency 
of a species to occupy environmental conditions similar with its 
historical niche in the future (Figure 1b), (ii) a larger U could 
arise due to greater dispersal limitation, so that even suitable 
habitats remain unfilled (Figure 1c) and (iii) a larger E suggests 
a stronger capacity to occupy novel environments (Figure 1d).

In this study, we examine niche changes of biological invaders 
over space and time, focusing on marine ecosystems. Marine 
ecosystems have been subject to considerable rates of species 
invasions over the last half century (Molnar et al. 2008), which 
may be further amplified by cascading effects of anthropo-
genic activities and climate changes (McCarthy et  al.  2019; 
Sardain et  al.  2019). Yet, niche changes have only been occa-
sionally assessed for species invading specific marine areas 
(e.g., the Mediterranean Sea; Chefaoui and Varela-Álvarez 2018; 

FIGURE 1    |    (a) Schematic figure illustrating how species' native niche 
(blue) and introduced niche (red) can be decomposed using the COUE 
scheme based on principal components (PC) analysis into Unfilling (U), 
Stability (S) and Expansion (E), representing the environmental space 
occupied only in the native range, in both the native and introduced 
range, and only in the introduced range, respectively (revised from 
Guisan et al. 2014). The niche centre is determined as the point with the 
highest density in the environmental space of the native and introduced 
niche, respectively. Environmental conditions available across the glob-
al marine waters are used as the background region to represent where 
species could potentially colonise (see Section 2 for more details). (b–d) 
Examples illustrating three scenarios of niche change, with invasive 
species occupying environments similar to the native niche (S > U/E), 
being dispersal-limited in new environments (U > S/E), and occupying 
mainly novel environments (E > U/S), respectively.
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Parravicini et al. 2015), which are poorly studied compared to 
terrestrial systems (Liu et al. 2020a). Insufficient knowledge of 
niche changes limits both the development of predictive mod-
els and management strategies for marine invaders (Anton 
et al. 2019).

We collated data for 778 global marine invaders across two 
centuries of records and compiled their occurrence data in 
the native and introduced ranges, and then used the COUE 
scheme to quantify niche changes over time. We hypothesise 
that niches should remain relatively empty for new invasions 
(i.e., large Unfilling), but environmental drivers should be-
come more predictive for older invasions (i.e., increasing 
Stability), as invasive species spread. We also hypothesise that 
species will occupy a greater number of new environments 
over time (i.e., increasing Expansion). Although we predict 
the direction of these changes, we have no a priori expectation 
on how long these processes may take and the relative magni-
tudes of Expansion versus Stability. If historical environmen-
tal drivers are to be predictive, the degree of Expansion should 
be far less than Stability. Additionally, if initial invasions are 
largely unrelated to environmental suitability (e.g., species 
introductions driven by stochasticity or non-environmental 
factors related to human movement), we hypothesise that the 
deviation between Centroids of native and introduced niches 
would also decrease over time, as suitable habitat becomes 
increasingly occupied. Conversely, if initial invasions are 
most likely to occur in the most suitable environments (i.e., 
driven by environmental determinants of establishment), the 
deviation in centroids may remain constant or possibly even 
increase over time due to increasing Expansion. Finally, we 
hypothesise that patterns of COUE could differ regionally, 
and between different groups of organisms. Specifically, 
given that lower latitudes often have greater species rich-
ness, we expect that biotic factors, such as competition and 
predation, could be stronger at these latitudes (Costello and 
Chaudhary  2017; Freestone et  al.  2021), resulting in greater 
Unfilling and lower Stability. We expect taxonomic groups to 
differ in their niche changes due to their different life history 
traits (e.g., dispersal mode, Wiens and Graham 2005). Taken 
together, this study seeks to provide insight into our ability to 
predict the responses of invasive species to novel conditions in 
policy-relevant time-frames.

2   |   Materials and Methods

2.1   |   Data Compilation

We assembled a global list of marine invasive species, includ-
ing their native and introduced ranges, from multiple global 
databases, particularly the Standardising and Integrating 
Alien Species (SInAS) database v 2.4.2 (Seebens et al. 2020), 
Global Register of Introduced and Invasive Species (Pagad 
et  al.  2018), Ocean Biodiversity Information System (OBIS; 
www.​obis.​org), IUCN Red List (IUCN; http://​www.​iucnr​
edlist.​org), FishBase (www.​fishb​ase.​ca) and SeaLifeBase 
(www.​seali​febase.​ca). Marine invaders were defined as non-
native species that have successfully established themselves 
and spread in the introduced range (Jeschke and Strayer 2005). 
This definition of invasiveness does not refer to ecological 

or economic impacts caused by non-native species (Anton 
et  al.  2019). Species names were first validated and stan-
dardised based on taxonomies of the World Register of Marine 
Species (https://​www.​marin​espec​ies.​org) for most species, 
and were checked manually for the remaining species. This 
study specifically focuses on aquatic species that spend all or 
most of their life in marine environments—they are classified 
into three taxonomic groups (algae, invertebrates and fishes). 
We excluded terrestrial species (e.g., birds) that spend part of 
their life in the marine realm.

For each species, we collected the information on their native 
and introduced ranges from diverse sources, such as online 
databases, government reports and scientific publications (see 
Table  S1 for more details). The native and introduced status 
of most species are recorded for administrative regions (e.g., 
country or state), and the range map are lacking for most ma-
rine invasive species (International Union for Conservation of 
Nature; www.​iucnr​edlist.​org). We thus adopted 219 regions (105 
mainland regions and 114 island regions) to determine native 
and introduced ranges for each invader. This information was 
then used for determining the continent(s) where species are na-
tive and introduced (hereafter, native continents and introduced 
continents), with islands and archipelagos in the Pacific Ocean 
and the Indian Ocean being considered separately. If a species is 
native to an ocean neighbouring one region but invading a dif-
ferent ocean also neighbouring that region (e.g., the contiguous 
United States borders the Pacific Ocean and the Atlantic Ocean), 
we considered their status in this entire region as native, accord-
ing to the status recorded for administrative regions. In other 
words, only transnational invasions were considered here. We 
performed sensitivity analyses by excluding data from regions 
with isolated parts bordering at least two oceans and obtained 
similar estimates of niche changes (correlation coefficients 
> 0.85 for most indices; Table S2).

Species occurrences were compiled from three global data-
bases: GBIF (Global Biodiversity Information Facility; https://​
www.​gbif.​org), OBIS (Ocean Biodiversity Information System; 
https://​obis.​org) and speciesLink (https://​speci​eslink.​net). GBIF 
is an international data infrastructure providing more than 
two billion occurrences of species across the globe, and OBIS 
is the most comprehensive ocean biodiversity database provid-
ing millions of marine species observations. For each species, 
occurrence data were carefully checked to exclude those with 
likely errors (e.g., not overlapping with any oceans, with both 
integer longitudinal and latitudinal coordinates, species were 
misidentified), and were geographically filtered at a resolution 
of 10 arc-min to only keep one occurrence per cell. For occur-
rences outside boundaries of all regions, the region nearest to 
each occurrence was used to classify occurrences into the native 
and introduced ranges (hereafter, native occurrences and intro-
duced occurrences). Invasive species were then filtered based on 
the number of occurrences, because delineating the native/in-
troduced niche in the environmental space required at least five 
occurrences in each range (Broennimann et al. 2012).

To examine temporal patterns in niche changes, data of the ear-
liest year of species introduction were compiled from the SInAS 
database v2.4.2 (Seebens et al. 2020). For a minority of species 
missing the earliest year of introduction, we used the earliest 
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year of occurrence reported in the introduced range. Where 
data existed, these estimates did not differ significantly from 
dates reported in the SInAS database (paired t-test, df = 1116, 
p = 0.39). It should be noted that the year of species introduction 
may be earlier than the year of first record at both regional and 
global scales, as species may be undocumented for several years 
following their introduction, particularly in the case of unin-
tentional introductions. To examine latitudinal effects, we first 
determined marine ecoregions (defined by Spalding et al. 2007) 
overlapping with occurrences in the native or introduced ranges 
for each species. And then, we calculated the absolute values of 
mean latitudes of all ecoregions in the native range and in the 
introduced range (hereafter, the native and introduced latitudes, 
respectively).

2.2   |   Constructing the Environmental Space

Data of marine environmental variables under the present-day 
scenario (average between 2000 and 2014) at a 10 arc-min reso-
lution were obtained from Bio-ORACLE (Assis et al. 2018). We 
used the environmental data for the recent period, which could 
introduce noise, given invasions occurred across a longer time-
frame. However, we note that current conditions must be suit-
able to support the present-day occurrence of the species, and 
thus could be considered the minimum requirements necessary. 
Second, current environments are correlated to historic ones. 
Moreover, most (59%) occurrences were recorded after 1990 
and 43% after 2000 in our study, supporting the use of recent 
environments. We selected nine widely used variables reflecting 
the physical, chemical and biological aspects of marine envi-
ronments (Melo-Merino et  al.  2020), including maximum ba-
thymetry, mean calcite concentration, mean diffuse attenuation 
coefficient, mean nitrate concentration, mean phosphate con-
centration, mean photosynthetically available radiation, mean 
primary production, mean sea surface temperature and mean 
silicate concentration. For variables with data available for mul-
tiple depths (e.g., sea temperature data were available at the sur-
face and bottom), we selected data recorded for the sea surface, 
which are often directly derived from remote sensing rather 
than based on bathymetric profiles (Melo-Merino et al. 2020). 
Assessing niche changes using the same set of environmental 
variables allowed us to make the findings comparable across 
species. To investigate whether niche changes are sensitive to 
the selection of variables, we further performed the same anal-
yses using 10 additional variables related to chlorophyll, dis-
solved oxygen, pH, salinity and velocity (Table S2). Estimates of 
niche indices were significantly correlated between analyses of 
nine and 19 predictors (correlation coefficients > 0.85 for most 
indices), and we only reported the findings from analyses based 
on nine predictors (Figure S1; Table S2). Additionally, we exam-
ined different spatial resolutions (5, 10, 30 arc-min), and found 
that the estimates of niche indices were robust (correlation coef-
ficients > 0.9 for most indices; Table S2). Thus, we only present 
findings from analyses using 10 arc-min resolution.

A principal components analysis (PCA) was used to construct a 
2D environmental space based on the first two principal compo-
nents (PC) synthesised from nine environmental predictors. We 
used the global marine environments as the background region 
to construct the environmental space (sensu Abellán et al. 2017), 

which considered the environmental availability and species oc-
currences across global oceans and seas. Constructing global 
environmental space can also facilitate the generalisation and 
comparison of niche changes across species (Liu et al. 2020a). 
The environmental space was then gridded into 250,000 cells 
by dividing each PC at a resolution of 500. Species' native and 
introduced occurrences were projected into the environmental 
space as points falling in the gridded cells. To account for the 
biases due to sampling efforts and strategies, a kernel density is 
applied to smooth the occurrences projected into the environ-
mental space for delineating the native and introduced niches, 
respectively (Broennimann et al. 2012). To eliminate the influ-
ence of anecdotal occurrence records, we excluded 5% of cells 
with the lowest density in each range for each species.

2.3   |   Estimating Indices of Niche Changes

Niche changes between native and introduced ranges were quan-
tified within the framework of the COUE scheme (Broennimann 
et  al.  2012). This study specifically focuses on changes in the 
realised (i.e., environmental conditions in which species can be 
observed in nature) rather than the fundamental niche (i.e., all 
environmental conditions in which species can maintain a posi-
tive population growth, assuming no negative biotic interactions 
or dispersal limitations), because the physiological information 
is lacking for most species (Guisan et al. 2014).

Based on the environmental space occupied in the native and/
or introduced ranges, the relative contributions of Unfilling (U), 
Stability (S) and Expansion (E) to species' global niches were cal-
culated by dividing the values of the three indices by their sum. 
Niche centres were determined as the cells with the highest den-
sity in the native and introduced niches, respectively (Figure 1a; 
Dallas et al. 2017), and the centre deviation (CD) was the dis-
tance between native and introduced niche centres. As niche 
changes can only be assessed for species with overlapping na-
tive and introduced niches, species with non-overlapping niches 
(i.e., 0 for S) were excluded from the following analyses.

2.4   |   Assessing Patterns of Niche Changes

To examine temporal patterns of niche changes, we plotted a 
moving window of 50 years for each niche index (U, S, E and 
CD), for species introduced between 1800 and 2000. To inves-
tigate whether spatial and taxonomic factors influenced niche 
changes, we applied a Bayesian analysis, focusing on latitudinal 
gradients and taxonomic group, as well as the year since intro-
duction, for each niche index. For each continuous factor, the 
values were standardised with a mean of 0 and a standard devi-
ation of 1, which allows the comparisons of effects of different 
factors. We used weakly informative priors (mean = 0, stan-
dard deviation = 2) following a Gaussian distribution were used 
(Gelman et al. 2008). We set four chains of 10,000 iterations with 
the first 2000 steps as burn-in, generating a total of 32,000 poste-
rior values for each model parameter. We confirmed good chain 
convergence according to values of Rhat (the potential scale-
reduction factor) less than 1.01 (Bürkner  2017). Models were 
built using ‘brms’ package in R (version 4.3.1) (R Development 
Core Team 2023).
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3   |   Results

Our dataset includes a total of 2694 marine invasive species. 
Among these, niche changes were assessed for 778 species (234 
algae, 436 invertebrates and 108 fishes) with sufficient occurrence 
data. The number of species were about evenly distributed among 
their native and introduced continents (Figure  2a,b), with Asia 
having relatively more native species (20.1%) and Europe having 
more invasive species (29.5%). More than one million native occur-
rences and around 0.4 million introduced occurrences were used 
for niche analyses. Occurrence data were heavily biased across the 
globe: data were more available in the northern Atlantic Ocean 
(e.g., eastern North America and western Europe) and western 
Pacific Ocean (e.g., Australia and Japan), but were less available in 
South America and Africa (Figure 2c).

In the environmental space, the first two PC axes accounted for 
69.7% of the total variation in predictors (Figure S1; 45.9% and 
23.8%, respectively). The first PC axis was positively related to 

the mean concentration of essential nutrients (i.e., nitrate, phos-
phate and silicate), and negatively related to mean sea surface 
temperature. The second axis was negatively related to maxi-
mum bathymetry and mean primary production.

3.1   |   Niche Changes Over Time

Over the last two centuries, almost a half of marine invaders 
(49.9%) were introduced after 1950, with only around one fourth 
of species (25.8%) introduced before the 20th century (Figure S2). 
The magnitude of niche changes demonstrated clear tempo-
ral patterns over time, with species with longer residence time 
having relatively larger introduced niches (Figure 3; Figure S2). 
With increasing years since introduction, the magnitude of 
Stability consistently increased up to ~20% of the global niche, 
with a concomitant decrease in Unfilling. The magnitude of 
Expansion also generally increased over time, although it expe-
rienced a fluctuation between 150 and 200 years (Figure 3). For 

FIGURE 2    |    (a, b) Proportions of marine invasive species among native and introduced continents in terms of the number of species assessed 
for niche changes, respectively. Islands and archipelagos in the Pacific Ocean and the Indian Ocean were considered separately as ‘Pacific-Indian 
Ocean’. Note that species native to and/or introduced to more than one continent were assigned to each corresponding continent. (c) The number of 
marine invasive species across the globe at a resolution of 1.5 arc-degree based on their occurrences. Cells with a darker colour denote higher species 
richness.
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invaders with residence time < 100 years, more than two thirds 
of the global niche consisted of Unfilling, whereas Stability and 
Expansion only contributed 10%–20% each (Figure  S2). The 
magnitude of niche centre changes also decreased with increas-
ing residence time in general, despite a fluctuation between 150 
and 200 years. Across taxonomic groups, the overall pattern of 
niche changes was evident for algae and invertebrates, with de-
creased Unfilling and increased Stability over time (Figure S3). 
However, temporal patterns of niche changes were less apparent 
for fishes.

3.2   |   Niche Changes Across Space and Taxa

The magnitudes of niche indices were also strongly affected by 
organismal groups, as well as latitudinal gradients (Figure  4). 
Compared to invertebrates (reference group), fishes showed 
larger Unfilling (0.19 ± 0.04), smaller Expansion (−0.14 ± 0.04) 
and Stability (−0.05 ± 0.02), suggesting their relatively weaker 
ability to occupy introduced environments. No clear differ-
ence was found between algae and invertebrates except for 
a greater Stability (0.02 ± 0.02) for algae. Consistent with the 

FIGURE 3    |    Estimates of four niche indices for species with different years since introduction. Each niche index in each year was estimated using 
a moving window of 50 years. The size of points is proportional to the square-rooted transformed number of data used for estimating niche indices.
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moving window analysis (Figure 3), the year since introduction 
remained negatively related with Unfilling (−0.07 ± 0.03) and 
Centre deviation (−0.03 ± 0.02), and positively with Stability 
(0.06 ± 0.02) (Figure 4).

Niche indices were closely associated with native and intro-
duced latitudes (Figures  4 and 5). Native latitude was posi-
tively related to Unfilling (0.18 ± 0.03) and Centre deviation 
(0.05 ± 0.02), but negatively related to Stability (−0.04 ± 0.02) 
and Expansion (−0.14 ± 0.03). This means that the introduced 
niche was relatively smaller for species native to high latitudes. 
Additionally, the positive relation between native latitude and 
Centre Deviation suggests that species from low latitudes had 
more similar native and introduced niches. By contrast, intro-
duced latitude showed the converse relations and was nega-
tively related to Unfilling (−0.21 ± 0.03), but positively related 
to Stability (0.09 ± 0.02) and Expansion (0.14 ± 0.03). Given the 
contrasting latitude-niche relationships between native and 
introduced ranges, the combined effects of latitudes tended to 
cancel out when species invaded within latitudes (i.e., species in-
troduced from high to high latitudes, as well as from low to low 
latitudes) and showed the strongest effects for invasions across 
latitudes (e.g., species from high to low latitudes experience 
highest Unfilling, and low to high latitudes experience lowest 
Unfilling, Figure 5).

4   |   Discussion

By leveraging a centuries-long history of marine invasions, we 
were able to examine patterns of niche change over time, and 
to gain insight into how environmental niche changes under 
novel contexts. As expected, Unfilling dominated the signal 
but decreased over time. Together with the relatively high dis-
tance between centroids of native versus introduced niches for 
early invasions, our results suggest that the greatest mismatch 
between predicted and observed occurrences should occur in 
the first decades of an invasion. High initial Unfilling was pre-
dicted, given that biological invasions are a dynamic process 
wherein species spread in the introduced range (Liu et al. 2020a; 
Petitpierre et al. 2012). However, species establishment in new 
ranges depend on the combined effect of both suitable envi-
ronments and propagule pressures (Leung et al. 2012; Redding 

et al. 2019). Thus, one could hypothesise either that invasions 
are most likely to initiate in the most suitable environments 
(Abellán et al. 2017; Broennimann et al. 2021) or that propagule 
pressure, which may be driven by other factors such as human 
activity (Cassey et al. 2018; Sardain et al. 2019), is more import-
ant in early invasion stages (Leung et al. 2012). These alternative 
hypotheses correspond to either a close match between native 
and introduced niches in recent invasions or a large mismatch 
between niches, respectively. Our results support the latter hy-
pothesis for marine invaders.

Our study suggests that patterns of niche change may strongly 
differ across biomes (e.g., marine vs. terrestrial), suggesting 
that niche changes need to be explicitly examined under differ-
ent contexts. In contrast to our results of low Stability for ma-
rine invaders, a recent synthesis reported a high contribution 
of Stability to the global niche (> 50%) of invasive species (Liu 
et al. 2020a). However, only few marine species were included in 
this synthesis. Further, previous studies of spatial transferability 
between native and introduced ranges using niche-based mod-
els reported that more recent invasions were more predictable 
based on models calibrated to the native range (Liu et al. 2020b; 
Nguyen and Leung 2022). This is in contrast to our result that 
the distance between native and introduced niche centre was 
highest for recent invaders. Again, marine species were the mi-
nority in Liu et al. (2020) and were entirely absent in Nguyen and 
Leung (2022). Thus, it is possible that niche-based models can 
be used more successfully for terrestrial than marine species, 
and that temporal relations with shifting niches fundamentally 
change across biomes. In fact, the distribution of marine invad-
ers has been shown to be harder to predict than of terrestrial 
invaders (e.g., Parravicini et al. 2015). Future studies should ex-
plore the mechanisms underlying these differences.

4.1   |   Niche Changes Across Time

As predicted, Unfilling decreased and Stability increased over 
time. Importantly, however, even after two centuries, Unfilling 
still generally remained high (> 50% of the global niche). The 
magnitude of Stability remained low, whereas Expansion into 
new environmental conditions contributed to a higher propor-
tion of the global niche. This suggests that marine invaders 

FIGURE 5    |    Conditional relationships between mean latitude of ecoregions and niche indices after controlling for effects of other factors. For each 
niche index, the fitted relationship and 80% credible interval were assessed using Bayesian multilevel models based on 32,000 posterior values from 
four chains, and shown in blue (Native range) and red (Introduced range) respectively. Values of latitude were first standardised with the mean of 0 
and the standard deviation of 1 to assess the effect, and then transformed to the original values for better visualisation.
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are approximately 20% more likely to initially occur in new 
environments than historical ones in the introduced range. 
Furthermore, this points to the possibility that inaccurate esti-
mation of distributions may persist under novel contexts, across 
policy relevant time frames. One possibility is that predictions 
could be improved by using integrative models that combine 
propagule pressure with niche-based models (e.g., Guisan and 
Thuiller  2005; Leung et  al.  2012). However, such integrated 
models remain in the minority of studies (Peterson et al. 2019), 
and whether they actually yield improved predictive power (i.e., 
consistency and magnitude) requires testing.

The general increase in Expansion could be due to evolution-
ary adaptation or ecological effects such as the release of nat-
ural enemies in invaded ranges, facilitating invaders to occupy 
new environments (Levine et  al.  2004). With residence time 
further increasing, invasive species may further expand their 
niche under certain circumstances, such as genetic evolution 
(Sax et  al.  2007), genetic admixture (Sexton et  al.  2009) and 
phenotypic plasticity (Alexander and Edwards 2010). For exam-
ple, niche expansion driven by genetic adaptations has been re-
ported for the red seaweed (Gracilaria vermiculophylla), which 
was able to invade warmer environments by evolving greater 
heat tolerance (Sotka et  al.  2018). Likewise, phenotypic plas-
ticity is a primary contributor of improved thermal tolerance of 
the Pacific oyster (Crassostrea gigas) by adjusting the expression 
of heat-shock proteins, facilitating its survival in new ranges 
(Hamdoun et al. 2003). However, we note that a fluctuation oc-
curred for species introduced between 150 and 200 years. While 
the reasons for this fluctuation are unknown, the very long time-
horizons (> 170 years) had few species and could simply reflect 
stochasticity (i.e., we caution not to over-interpret it). The lower 
expansion of other early invasions (150–170 years) had more 
species represented, and arguably was not due to stochasticity. 
Potentially, these could be due to ecological-evolutionary inter-
actions of native species. For instance, human movement was 
historically much slower than in recent decades. This slower 
secondary spread rate could have allowed more time for native 
species to adapt to early invaders, thereby resulting in lower ex-
pansion. We note that these arguments are speculative, and a 
better understanding of mechanisms underlying niche expan-
sion (e.g., potentially via common gardens or reciprocal trans-
plants experiments) could improve predictive models of invasion 
success. Regardless, niche changes demonstrated a consistent 
patterns during policy relevant time frames, showing persistent 
high Unfilling, and although there were clear increases in 
Stability, these were never substantially greater than Expansion.

This study highlights the ongoing challenges to predicting ma-
rine invasions over time. Comparatively, terrestrial invasions 
showed higher Stability (Liu et al. 2020a). Additionally, for other 
anthropogenic drivers such as climate change, marine species 
show evidence of tracking changing conditions (Parmesan and 
Yohe 2003; Sunday et al. 2015), possibly because whole commu-
nities can move, thus preserving biotic interactions (whereas in-
vasive species are inserted into distinct communities, breaking 
historical biotic interactions and leading to high levels of ecolog-
ical novelty; Heger et al. 2019). That said, there may be critical 
thresholds as climate change progresses, wherein communities 
can no longer synchronously migrate (e.g., due to mismatched 

phenology, Poloczanska et al. 2013). If so, since most models use 
abiotic predictors (biotic relationships are often implicit, given 
a paucity of global community data), there is the potential risk 
that predictions no longer hold. Here, marine invasive species 
can provide some insight into the extent to which predictions 
may break down. By comparison, we expect less potential loss of 
predictiveness for terrestrial species, given the higher Stability 
observed (Liu et al. 2020a).

4.2   |   Niche Changes Across Space and Taxa

Within the marine biome, the patterns of niche changes differed 
across geographical regions and organismal groups. Specifically, 
we found a strong latitudinal effect on the magnitude of niche 
changes. These effects could arguably be understood in the con-
text of latitudinal biodiversity gradients, which show greater 
richness in the tropics (Costello and Chaudhary  2017). Thus, 
we might expect relatively stronger biotic resistance (e.g., com-
petition and predation) at low latitudes (Freestone et al. 2021), 
versus enemy release of invading species (Heger et al. 2024) and 
relatively greater importance of abiotic fundamental niches at 
higher latitudes. Our findings are consistent with these hypoth-
eses, where Unfilling was highest for species invading from 
high to low latitudes, potentially due to greater biotic resistance. 
Likewise, Expansion was greater for species invading from na-
tive low to high latitudes, consistent with greater enemy release.

We found greater Stability for species invading from low to high 
latitudes. At low latitudes, species occupy a narrower realised 
niche due to biotic constraints (Saupe et al. 2019). As biotic con-
straints weaken with increasing latitude, marine invaders could 
expand their environmental space (higher Expansion), but 
would also continue to survive in the historical habitats (higher 
Stability). Conversely, species invading from high to low lati-
tudes could experience increasing biotic resistance, resulting in 
lower Stability and less opportunity for Expansion. These find-
ings highlight the importance of predicting marine invaders in 
consideration of the spatial context. Given niche-based models 
implicitly rely on the overlap with historical environment space 
(Liu et  al.  2022), we should expect that spatial distributions 
should be more accurately predicted for marine species native to 
low latitudes and invading high latitudes, which showed higher 
Stability.

Taxonomic groups also showed unequal magnitudes of niche 
changes. Contrary to our predictions, fishes showed higher 
Unfilling and lower Stability and Expansion, even though 
they have greater dispersal ability than invertebrates and algae 
(Alzate and Onstein 2022; Lester et al. 2007). As a post hoc ra-
tionale, dispersal ability might be uncoupled from geographic 
range size for marine species because they can colonise most 
suitable habitats of relatively high connectivity over evolutionary 
timescales (Lester et al. 2007; Sunday et al. 2012). Other possible 
reasons could be that fishes are likely more constrained by phys-
iological tolerances, habitat specificity or competition with na-
tive species (Levine et al. 2004), limiting their ability to establish 
and spread in novel environments. Further, the stronger capac-
ity of algae and invertebrates to expand their introduced niche 
could be partly attributed to the higher plasticity associated with 
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small organisms (Soininen et al. 2013; Soininen and Luoto 2014); 
small organisms also have shorter generation times and greater 
adaptability to novel conditions (Liu et al. 2020a; Soininen and 
Luoto 2014). Additionally, invertebrates and algae have specific 
reproductive strategies, such as asexual reproduction and dis-
persal via propagules (Stelzer 2015). With an increasing global 
shipping network, invertebrates are more likely to be introduced 
over broader distances by means of ballast water and hull bio-
fouling compared to fishes (Briski et al. 2012). Together, these 
factors could result in greater Expansion and Centre deviation 
of algae and invertebrates than fishes. While we expected differ-
ences in niche changes among taxonomic groups, the rationale 
for the specific patterns observed needs further testing and elu-
cidation. Another intriguing question is how species character-
istics (e.g., life history traits) are associated with the magnitude 
of niche changes.

We acknowledge the potential influence of biases in the use of 
species occurrence and present-day environmental data to es-
timate niche indices. For example, the number of occurrences 
was lower at tropical than at temperate latitudes, which may be 
due to sampling bias. Occurrence records are more available in 
environments with higher sampling efforts, potentially result-
ing in greater observational bias under water (Liu et al. 2020a; 
Peterson and Holt 2003). However, the COUE scheme has the 
advantage of controlling for sampling bias and efforts. To do so, 
species occurrence is first projected from geographical space 
to environmental space, and then a kernel function is applied 
to smooth occurrence density in the environmental space 
(Broennimann et  al.  2012). The lower richness of marine in-
vaders in tropical areas is potentially related to higher native 
biodiversity there, resulting in greater biotic resistance against 
invasive species (Briggs 2012). In addition, niche indices were 
estimated using data of present-day environmental conditions, 
without considering the historical environments in which 
species were recorded. Future studies could construct more 
complex models that incorporate temporal fluctuations in en-
vironmental conditions.

5   |   Conclusion

Biological invasions are considered as the leading threat to 
biodiversity and economic activities of marine systems (Anton 
et  al.  2019; Sardain et  al.  2019). Anticipating invasion risks 
of marine species remains an urgent priority for conserving 
marine diversity and environments (Parravicini et  al.  2015; 
Sardain et al. 2019). Increasing numbers of studies have applied 
niche-based models to anticipate potential distributions of ma-
rine invaders in new space and time (Carlos-Júnior et al. 2015; 
Crickenberger  2016), assuming that current correlations with 
environmental drivers will remain similar. However, our find-
ings echo concerns of applying this approach, because global 
marine invaders demonstrated low Stability even after two-
centuries of invasion history. Thus, predicting invasion risks 
based on models using current distributions should be viewed 
with caution, at least for marine species (Parravicini et al. 2015). 
Further, patterns vary by biome, geography and taxonomy, and 
thus the context dependency of predictiveness needs to be eval-
uated, potentially identifying where relationships may be stable 
and where they are not.
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