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The spread of invasive species poses a major threat to global biodiversity, yet predicting
successful establishment of exotic species in novel environments remains challenging.
Darwin’s naturalization conundrum is a longstanding debate over whether exotic species
closely or distantly related to native communities are more likely to succeed. Despite its
long history, empirical studies continue to yield conflicting evidence. Here, we introduce
the dark diversity concept, which refers to species that could theoretically inhabit a site
but are currently absent. Combined with observed diversity, dark diversity integrates
information on the potential diversity (site-specific species pool size) of the resident
community and how completely that pool is locally present (community completeness).
Analyzing a 340-y record of successful and failed fish introductions across 516 Swedish
lakes, we showed that the effect of phylogenetic relatedness on invasion outcome depends
on dark diversity context. Exotics closely related to resident species were more likely to
establish in communities with smaller species pools and higher completeness, whereas
phylogenetically distant exotic species were more successful in communities with larger
species pools and lower completeness. Models with observed species richness obtained
considerably less support. Thus, integrating the dark diversity framework clarifies the
contrasting effects of phylogenetic relatedness on invasion outcomes, and helps reconcile
this 160-y-old conundrum.

biological invasions | community assembly | Darwin’s naturalization hypothesis |
phylogenetic relatedness | species pool

The global spread of invasive species has led to profound ecological and socioeconomic
consequences, threatening biodiversity, altering community structures, and modifying
ecosystem functions (1-3). Predicting which exotic species are likely to establish in which
environments is thus critical and a central goal of invasion science (4-6). This process is
inherently complex, as invasion success depends not only on a species’ adaptation to local
environmental conditions but also on its interactions with native species, as well as prop-
agule pressure and socioeconomic context (7-9). Although generalities remain elusive,
increasing attention has focused on how phylogenetic relatedness between exotic and
native species jointly shapes invasion outcomes, stemming from principles forged originally
by Charles Darwin (10-12).

On one hand, Darwin posited that exotic species closely related to native species are
more likely to establish, as they share similar environmental preferences with native species,
which is referred to as the preadaptation hypothesis (12, 13). On the other hand, Darwin
also suggested that exotic species phylogenetically distant to native species would tend to
be more successful, as they may face less competition and share fewer natural enemies
with native species in the novel environments (14). This hypothesis is known as Darwin’s
naturalization hypothesis (15). Together, these two seemingly contradictory hypotheses,
which predict whether exotic species that are closely or distantly related to native species
are more likely to succeed, constitute Darwin’s naturalization conundrum (15, 16). While
this conundrum has been widely tested across taxa and systems, accumulating evidence
indicates the two hypotheses are not mutually exclusive, but their relative support varies
with ecological context (17-20). The preadaptation hypothesis is more likely to be sup-
ported in regions characterized by stressful abiotic conditions, where environmental fil-
tering is the primary driver of species establishment (19, 21-23). In contrast, Darwin’s
naturalization hypothesis is more applicable to local communities in benign environments
with high species richness or abundant natural enemies, where niches are already occupied
by closely related natives and exotic species face stronger competition and enemy pressure,
reducing establishment of closely related exotics (11, 24, 25). However, despite this pro-
gress, identifying the ecological contexts in which each hypothesis applies remains difficul,
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as the environmental and biotic factors influencing species estab-
lishment are often difficult to quantify and disentangle.

We propose that the dark diversity framework, incorporating
site-specific species pool size and community completeness, pro-
vides a perspective for understanding the context dependence of
Darwin’s naturalization conundrum (Fig. 1). Dark diversity refers
to species that are currently absent from a given site but could
theoretically inhabit it based on local ecological conditions (26,
27). These absent species, along with the observed local diversity,
form the site-specific species pool, which reflects the biodiversity
potential of a local community (Fig. 14). Consequently, smaller
species pool sizes often reflect restrictive abiotic filters (28, 29),
such as low dissolved oxygen or resource-limited in aquatic hab-
itats, which may only allow the establishment of closely related
species with similar ecological requirements, consistent with the
preadaptation hypothesis (Fig. 1 Band D). In contrast, larger spe-
cies pools, indicative of more permissive environments and diverse
niches, may enable the establishment of distantly related species
to exploit distinct ecological roles, in support of Darwin’s natu-
ralization hypothesis. Community completeness, defined as the
ratio of observed to dark diversity, represents the extent to which
the species pool is realized in a given community (Fig. 14)
(27, 29). Low community completeness, characterized by a large
proportion of excluded potential species, may indicate unfilled
niches and be often associated with strong competitive exclusion
(30, 31). Such conditions may favor the establishment of phyloge-
netically distant species that occupy novel niches with minimal
direct competition (32-34), thus supporting Darwin’s naturalization

A Dark diversity framework

hypothesis (Fig. 1 Cand D). Conversely, high-completeness suggests
that niches are largely occupied, with few species excluded by biotic
interactions. In these saturated communities, any new species must
fit into an already crowded niche space. Consequently, invaders
preadapted to local conditions, often close relatives of native species,
are most likely to establish, sometimes by outcompeting natives,
consistent with the preadaptation hypothesis (11, 35-37).
Importantly, both species pool size and community completeness
can be readily estimated from native community data (38-40),
which act as indirect surrogates for niche diversity and filling.
Therefore, the dark diversity framework provides a practical per-
spective for reconciling Darwin’s naturalization conundrum, par-
ticularly in contexts where direct measurements of complex
environmental variables and species interactions are unavailable or
impractical.

Freshwater fishes are among the most frequently introduced ani-
mal taxa, with human activities such as aquaculture, recreational
trade, and ballast water transport facilitating their movement far
beyond their native ranges (5, 41). Along with frequent passive dis-
persal, at least 551 exotic fish species have established self-sustaining
populations in more than half of the world’s freshwater basins, pos-
ing a significant threat to these ecosystems (35, 42). Most empirical
studies on freshwater fishes emphasize the dominant role of envi-
ronmental preadaptation in establishment and the higher success
rates of closely related exotic species (35, 43, 44). In contrast, the
role of biotic interactions remains underexplored, though some
studies have emphasized their importance and reported greater suc-

cess of distantly related species (5, 35, 45, 46). To explain these
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Fig. 1. The dark diversity concept as a framework for reconciling Darwin’s naturalization conundrum. (A) Dark diversity (black) refers to species absent from
a local community but capable of inhabiting it, together with observed diversity (blue) it defines the site-specific species pool and community completeness
(ratio of observed to dark diversity). (B) Smaller species pools, likely reflecting stronger abiotic filtering, would favor the establishment of exotics (red) that are
closely related to native species, supporting the preadaptation hypothesis (PAH). In contrast, larger species pools may facilitate the success of distantly related
exotics (red), aligning with Darwin’s naturalization hypothesis (DNH). (C) Lower community completeness, characterized by more unfilled niches due to biotic
exclusion of native species, favors the establishment of distantly related species, consistent with DNH. Conversely, higher community completeness, indicating
fewer unfilled niches and reduced biotic interactions, enhances the success of closely related species, supporting PAH. (D) The PAH predicts exotic species
phylogenetically close to native species are more likely to establish, whereas DNH predicts exotic species distantly related to natives are more likely to succeed.
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contrasting outcomes, we applied the dark diversity framework to
investigate the phylogenetic patterns of fish establishment across 516
freshwater lakes in Sweden, using a 340-y dataset documenting 748
introduction events of 22 exotic fish species (Fig. 2 and ST Appendix,
Fig. S1) (47). This unique dataset, which documents initial com-
munity compositions and the outcomes of each introduction event,
provides a valuable opportunity to empirically test Darwin’s natu-
ralization conundrum. Using these data, we estimated the dark
diversity of each community with the hypergeometric method (39),
and subsequently calculated site-specific species pool size and com-
munity completeness (Fig. 2). For each introduction record, we
performed a species-level analysis to relate establishment probability
to the phylogenetic distance between each introduced fish and the
resident assemblage (including both native and previously estab-
lished exotic species), and how this relationship is modulated by
species pool size and community completeness. For each lake, we
conducted a community level analysis to assess how species pool size
and community completeness modulate the phylogenetic distances
between successfully established exotic species and the native species
in the lake. Our findings demonstrate that the validity of preadap-
tation hypothesis and Darwin’s naturalization hypothesis is contin-
gent on both the site-specific species pool size and community
completeness of the native communities, highlighting the potential
of the dark diversity framework as a unified approach for reconciling
Darwin’s naturalization conundrum.

Results

Phylogenetic Patterns of Fish Establishment at Species Level.
At the species level, the effect of phylogenetic distance to the
resident assemblage on the establishment success of introduced
fishes depended strongly on site-specific species pool size and
community completeness (Fig. 3 and S/ Appendix, Fig. S2 and
Tables S1-S4). Across all introduction records, there was a

A Species pool size B

significant negative effect of both mean phylogenetic distance
(MPD) and phylogenetic nearest-neighbor distance (PNND)
between exotic and resident species on establishment probability
(P =0.002, 0.001, respectively; Fig. 34 and SI Appendix, Fig. S2
and Tables S1-S4), indicating that introduced fishes more
closely related to resident species were more likely to establish,
supporting preadaptation hypothesis. Additionally, species pool
size had a significant negative effect (P = 0.014), while community
completeness had a positive effect on establishment success (P
= 0.004; Fig. 34 and SI Appendix, Fig. S1 and Tables S1-S4),
indicating that exotic fishes were more likely to establish in lakes
with smaller species pools and higher community completeness.
Further analysis revealed a significant positive interaction between
exotic-resident phylogenetic distance (MPD and PNND) and
species pool size in explaining establishment probability (Fig. 34
and ST Appendix, Fig. S2A). In lakes with smaller species pools,
exotic fishes more closely related to the resident community had a
higher probability of establishment, supporting the preadaptation
hypothesis. However, as species pool size increased, this pattern
reversed, and distantly related species became more likely to
establish, aligning with Darwin’s naturalization hypothesis
(Fig. 3B and SI Appendix, Fig. S2B). We also observed a significant
negative interaction between exotic-resident phylogenetic distance
(MPD and PNND) and community completeness (Fig. 34
and ST Appendix, Fig. S2A). In lakes with higher completeness,
closely related species were more likely to establish, supporting
preadaptation hypothesis. In contrast, as completeness decreased,
distantly related species had a higher probability of establishment,
consistent with Darwin’s naturalization hypothesis (Fig. 3C and
SI Appendix, Fig. S2C). In contrast, without considering the
dark diversity framework, species richness alone had neither a
significant direct effect nor an interaction with phylogenetic
distance in explaining establishment outcomes, and models using
richness as predictor had both lower explanatory power and model
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Fig. 2. Species pool size (A), community com-
pleteness (B), and geographical distribution of
516 studied freshwater lakes in Sweden. Circle
size corresponds to lake area, with the color
gradient indicating the site-specific species
pool size (A) and community completeness
(B) for each lake. Community completeness
was calculated as In (observed/dark diversity).
Histograms display the density distribution
of species pool size (A) and community com-
pleteness (B) across all lakes, with the black
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dashed line showing the mean value. Map
lines delineate the study area and are not nec-
essarily national boundaries.
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Fig. 3. The effect of phylogenetic distance on the establishment of exotic fishes varies with species pool size and community completeness. (A) The effect
sizes of mean phylogenetic distance (MPD) between exotic and resident species, species pool size, community completeness, and their interactions on the
establishment probability of exotic fishes (n = 748 introduction events). Circles indicate coefficient estimates, with error bars representing 95% confidence
intervals. Blue circles denote negative effects, while red circles indicate positive effects. See S/ Appendix, Tables S1 for further details. (B and C) Model predictions
showing how the relationship between MPD and establishment probabilities of exotic fishes changes with species pool size (B) and community completeness
(0), fixed at the 10%, 30%, 50%, 70%, and 90% quantiles. Species pool size was reflected-log transformed prior to model fitting. All statistical analyses and
prediction curves were generated using generalized linear mixed models (GLMMs) with a binomial error distribution.

support according to Akaike Information Criterion (AIC) and ~ composition or the identity of the introduced species. Standardized
Akaike weights (AW) (S/ Appendix, Fig. S3 and Tables S1 and S3). effect sizes (SES) of phylogenetic distances from these null models
These patterns were robust to alternative definitions and esti-  yielded results similar to those based on raw phylogenetic distances

mation methods of dark diversity. Specifically, results were con- (87 Appendix, Fig. S9).

sistent when using a stricter definition of the potential pool

(suitability > 0.7), or when restricting the regional species list to ~ Phylogenetic Patterns of Fish Establishment at Community Level.
species recorded within the same biogeographic region (Fig. 3and At the community level, we considered all introduction records
SI Appendix, Figs. S4 and S5). We also obtained similar patterns ~ together, and calculated the phylogenetic distance between all
when estimating dark diversity using the Beals-based favorability ~ successfully established exotic fishes and the initial native assemblage
method instead of the hypergeometric co-occurrence approach in each lake. We found the exotic-native phylogenetic distance was
(SI Appendix, Fig. S6). The results remained consistent when add-  significantly influenced by the site-specific species pool size and
ing lake area as a covariate (8] Appendix, Fig. S7). To minimize community completeness of each lake (Fig. 4 and SI Appendix,
potential effects of serial introductions, we repeated the analysis  Fig. S10 and Tables S5 and S6). Importantly, species pool size and
using only the first recorded introduction per lake and defining ~ community completeness were better predictors of exotic-native
the resident assemblage as the native community prior to any  phylogenetic distance compared to other lake characteristics,
introductions, and the results were similar (S7 Appendix, Fig. S8). including lake area, latitude, elevation, and accumulated water
Finally, because phylogenetic distance can covary with resident  temperature (Fig. 44 and SI Appendix, Fig. S10 and Tables S5 and
species richness, we performed null models that held resident S6). Specifically, both the mean pairwise phylogenetic distance

richness constant while randomizing either resident community (MPPD) and mean nearest taxon distance (MNTD) between
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Fig. 4. Effects of species pool size, community completeness, and environmental conditions on phylogenetic distance between established exotic and native
fishes. (A) The effect sizes of different abiotic and biotic variables on the MPPD between all successfully established exotic and the initial native fishes in each
lake (n = 516 lakes). Circles represent standardized effect sizes, with error bars indicating 95% confidence intervals. Blue circles represent negative effects, red
circles represent positive effects, while gray circles indicate nonsignificant effects. See S/ Appendix, Tables S5 for further details. (B and C) The correlations of
exotic-native MPPD with species pool size (B) and community completeness (C). Solid lines illustrate significant effects at the a = 0.05 level, with shaded areas
indicating 95% confidence intervals. Species pool size was reflected-log transformed prior to model fitting. All statistical tests and prediction curves were
obtained using linear models.
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all successfully established exotic and native fishes increased with
species pool size (P < 0.001, P = 0.003, respectively; Fig. 4B
and S7 Appendix, Fig. S10B), indicating that larger species pools
facilitated the establishment of distantly related exotic fishes, in line
with Darwin’s naturalization hypothesis. In contrast, both MPPD
and PNND significantly decreased with increasing community
completeness (P < 0.001; Fig. 4C and SI Appendix, Fig. S100),
showing that successful exotic species tend to be more closely related
to natives in lakes with higher completeness, consistent with the
preadaptation hypothesis. Furthermore, models that used species
pool size and community completeness as predictors of exotic—
native phylogenetic distance consistently had higher explanatory
power and stronger support than models based on observed species
richness (AW = 1 and = 0, respectively; Fig. 4 and SI Appendix,
Figs. S10 and S11 and Tables S5 and S6).

To assess the robustness of community-level patterns, we also
conducted a series of robustness analyses. We found consistent
results when we 1) estimated dark diversity using a more conserv-
ative probability threshold (>0.7) (SI Appendix, Figs. S12), 2)
restricted the regional species list to those recorded within the
same biogeographic region (SI Appendix, Figs. S13), 3) estimated
dark diversity using the Beals-based favorability method instead
of the hypergeometric co-occurrence approach (SI Appendix,
Fig. S14), and 4) defined native communities using the most
recent native species records rather than the initial assemblage
(SI Appendix, Fig. S15). Further, null-model standardized dis-
tances (i.e., SES.MPPD and SES.MNTD), generated by ran-
domizing either the native or the exotic assemblage while holding
richness unchanged, yielded patterns consistent with the observed

distances (87 Appendix, Fig. S16).

Discussion

As a longstanding paradox in invasion ecology, Darwin’s natural-
ization conundrum has gained renewed attention over the past
three decades, particularly in the context of fish invasions (12, 14,
15, 20, 43). Although most studies of freshwater fish support the
preadaptation hypothesis (35, 43, 44), substantial evidence also
supports Darwin’s naturalization hypothesis (5, 45, 46), making
it difficult to specify a priori which hypothesis will apply in a given
community. In this study, we provided a lens for reconciling this
conundrum by employing the dark diversity framework, which
integrates site-specific species pool sizes and community complete-
ness to capture both environmental and biotic effects. We revealed
that the preadaptation hypothesis is more relevant in communities
with smaller species pools and higher completeness, while Darwin’s
naturalization hypothesis is more likely supported in communities
with larger species pools and lower completeness. The models with
observed species richness received much less support. These pat-
terns were robust to alternative phylogenetic metrics, including
mean and nearest phylogenetic distances, which capture overall
vs. nearest phylogenetic relatedness to recipient communities and
reflect diffuse biotic resistance from all native species versus
stronger effects of closest relatives, respectively (11, 15, 16). Our
results are consistent with recent findings showing that the prea-
daptation hypothesis is better supported in constrained environ-
ments where restrictive abiotic filters limit establishment, but that
Darwin’s naturalization hypothesis is more valid in less constrained
environments with greater biotic interactions and available niches
(19, 21, 23, 24). Moreover, species pool size and community
completeness, as central elements of the dark diversity framework,
can be estimated based on native community data, allowing appli-
cations even in contexts where direct measurements of complex

PNAS 2026 Vol.123 No.24 2604929123

environmental variables and species interactions are not feasible
(38-40). Furthermore, we demonstrated that the dark diversity
framework explained the context dependence of Darwin’s natu-
ralization conundrum more effectively than traditionally consid-
ered factors like species richness, lake area, elevation, latitude, and
water temperature. Together, these findings underscore the value
of quantifying species pool size and community completeness for
better understanding the establishment of exotic species.

The preadaptation hypothesis, which posits that closely related
exotic species are more likely to establish, has long been considered
a consequence of environmental filtering. Harsh environmental
conditions may limit community composition to a few species with
similar adaptive traits, favoring the establishment of closely related
exotic species that share these requirements with native species (13,
16, 36). Numerous studies have explored Darwin’s naturalization
conundrum along environmental gradients, such as elevation and
latitude (21, 23), and in relation to specific environmental variables
like temperature and precipitation (20, 24). These studies often
found stronger evidence in supporting preadaptation hypothesis
in more constrained environments (18, 19, 22). However, revealing
the roles of specific environmental variables remains challenging
due to their complex interactions, and their relative importance in
determining environmental filtering is often indistinguishable (6,
7, 24). In contrast, species pool size provides a more integrated
measure, capturing both measured and unmeasured abiotic varia-
bles that influence environmental constraints (28, 29, 48). In this
study, our findings suggested that, for freshwater fish introductions
in Swedish lakes, species pool size may serve as a more informative
predictor of the phylogenetic patterns of species establishment than
specific environmental variables such as lake area, latitude, eleva-
tion, or water temperature (Fig. 44 and SI Appendix, Fig. S10A4).
Moreover, smaller species pools may reflect not only specific envi-
ronmental filters but also broader ecological processes that constrain
species establishment, such as stronger disturbances or environ-
mental fluctuations, which may further favor the establishment of
closely related species (17, 21, 49, 50). Together, our study demon-
strates that species pool size can serve as a holistic indicator of
site-level environmental suitability, capturing a wide range of eco-
logical processes that influence exotic species establishment.

In contrast to the preadaptation hypothesis, Darwin’s natural-
ization hypothesis has long been attributed to biotic interactions,
where distantly related species are thought to avoid competition
by occupying novel ecological roles (16, 19, 34) and escaping from
natural enemies that target closely related species (37, 51).
However, quantifying the strength and ecological consequences
of such interactions remains inherently challenging, especially in
fish communities (12, 16, 52). Owing to their mobility, fish may
mitigate interspecific pressures through movement, and their
interactions often involve complex dynamics such as intraguild
predation, hybridization, and cross-trophic effects (35, 53, 54).
Nevertheless, despite being poorly understood, biotic interactions
are likely to exert meaningful influences on species establishment
in spatially and resource-limited systems such as lakes (45, 55-57).
Besides, if there are more underutilized resources and unfilled
niches within the community, this may also facilitate the estab-
lishment of phylogenetically distant exotic species that occupy
distinct niches from natives (32-34). Our findings suggest that
community completeness, by quantifying the realization ratio of
the species pool, provides a suitable proxy for the strength of biotic
interactions and the extent of niche filling in these freshwater fish
communities (26, 29, 58). In particular, lower community com-
pleteness would indicate stronger biotic interactions or more
unfilled niches (26, 29, 58), hindering the establishment of closely
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related exotic species and aligning with the prediction of Darwin’s
naturalization hypothesis. Importantly, our results showed that
community completeness was a more effective predictor of the
validity of Darwin’s naturalization hypothesis than species rich-
ness. While species richness is a commonly used proxy for local
biotic interactions (e.g., competition), it also depends on the
potential diversity that communities can support, which may limit
its effectiveness (52, 59, 60). In contrast, by incorporating dark
diversity, community completeness isolates the influence of biotic
interactions on the site-specific species pool from the confounding
effects of environmental variability (29, 58). Because it is defined
relative to each community’s species pool, completeness also ena-
bles meaningful comparisons of biotic saturation across heteroge-
neous and different regions. In addition, lower completeness may
also arise from nonbiotic processes such as dispersal limitation or
stochastic variation (29, 31), which restrict species’ access to avail-
able niches and may similarly favor the establishment of distantly
related species. Thus, our study supports the idea that community
completeness could integrate complex biotic and niche-based
processes into a single and informative metric, highlighting the
potential of the dark diversity framework to enhance predictions
of invasion outcomes when disentangling each ecological interac-
tion individually is not feasible.

This study provides an application of the dark diversity concept
to invasion biology, demonstrating its capacity to reconcile the
context dependence of Darwin’s naturalization conundrum.
However, several limitations should be acknowledged. First, while
Darwin’s naturalization conundrum research has expanded to
include taxa such as plants, birds, fishes, and microorganisms (12,
13,61, 62), our analysis was restricted to a single taxonomic group
(freshwater fish) in one region (Swedish lakes). Therefore, testing
the dark diversity framework across additional taxa will be crucial
to assessing its generality and potentially for resolving this
160-y-old conundrum. Second, the lack of data on the number
of introduced individuals and native species may introduce uncer-
tainty, as propagule pressure and numerical dominance are known
to influence establishment success (5, 6, 35). Third, our study
primarily focuses on regional scale and establishment stage of fish
invasions. Given that the phylogenetic patterns of invasion often
vary across spatial scales, modes of introduction, and invasion
stages (11, 22, 36, 37, 62), future research should explore the
application of the dark diversity framework across multiple scales
and at other stages of invasion. Fourth, while recent Darwin’s
naturalization conundrum research has increasingly incorporated
multidimensional ecological differences, such as phylogenetic,
functional, niche, and fitness differences (16, 17, 61, 63), it
remains critical to assess whether the dark diversity framework
can resolve the inconsistencies generated by these diverse differ-
ence measures. However, quantifying ecological differences beyond
phylogenetics in long-term observational datasets remains par-
ticularly challenging due to their inherent variability. Finally, by
definition, dark diversity cannot be directly observed and must
be inferred statistically (40). While previous work has provided
consistent support for the robustness of hypergeometric
co-occurrence—based methods across diverse ecological contexts
(27, 38-40), they still rely on underlying assumptions about spe-
cies associations and data structure of the available data, and
co-occurrence patterns provide only simplified summaries of
underlying ecological relationships (39). Ongoing methodological
advances are likely to further improve dark diversity inference and
expand the scope of this framework.

In summary, our study highlights the value of the dark diversity
framework in advancing our understanding of Darwin’s natural-
ization conundrum. Specifically, we suggest that the estimation
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of species pool size and community completeness based on native
community data offers practical, integrated metrics of local envi-
ronmental suitability and biotic interactions, moving holistically
beyond species richness and specific environmental factors. This
dark diversity framework disregards detailed ecological processes
but instead provides two convenient indicators for predicting the
conditions under which the preadaptation hypothesis or Darwin’s
naturalization hypothesis is more likely to be supported. Moving
forward, we encourage future research to apply the dark diversity
framework across a broader range of taxa, habitats, and commu-
nity types, considering different invasion stages and spatial scales.
Such studies will deepen our understanding of how ecological
differences between exotic and native species influence biological
invasion across various scenarios.

Materials and Methods

Data Collection. We analyzed a comprehensive dataset of 1,157 documented
introductions of 26 freshwater fish species across 821 Swedish lakes during
1658-2002, as sourced from Henriksson et al. (47). This dataset meticulously
compiled both the native species composition of the lakes and the outcomes of
introductions (failure or success) for each introduction record. Successful estab-
lishment was defined as the introduction of a fish that either reproduced in the
lake or remained present for more than 20y (47). Based on efforts to compile a
broader national database, these records integrate historical reports, gillnet data,
and interviews with local fishermen, and were rigorously validated to ensure
data quality (47, 64). For each lake, area, latitude, longitude, and elevation were
recorded. Accumulated water temperature was directly measured for 198 lakes,
while for the remaining lakes it was estimated using a multiple regression func-
tion based on measured data and geographic characteristics (47, 63).To ensure
accurate calculation of phylogenetic distances, we followed the approach of Xu
etal. (63) by further refining the dataset to include 965 introduction records of
species with confirmed presence and clear phylogenetic information. Moreover,
we only focused on lakes with at least three species to ensure a sufficient number
of observations for accurately constructing species co-occurrence matrices and
estimating dark diversity (38, 39). As a result, our analysis was conducted using
a refined dataset comprising 748 introduction records for 22 fishes across 516
lakes (Fig. 2 and SI Appendix, Fig. S1). Among these records, 337 introductions
(45%) were successful.

Phylogenetic Analyses. We obtained molecular phylogenetic data for all fish
species from Xu et al. (63). Briefly, Bayesian phylogenetic trees for these spe-
cies were constructed based on three mitochondrial gene sequences (cytb, COI,
and 76S rRNA) retrieved from GenBank, with Carcharodon carcharias serving as
an outgroup. Subsequently, we calculated the pairwise phylogenetic distances
between all species in the dataset using the cophenetic.phylo function of the R
package ape (65).

At the species level, for each introduction record, we classified all fish species
present prior to the introduction as resident assemblage, while the introduced
species was categorized as exotic (47, 63, 64). Accordingly, in lakes with multiple
introduction records, previously established exotic species were treated as part of
the resident community for each introduction event, as they coexist with native
species and jointly influence the establishment of subsequent introductions.
To avoid potential influence from serial introductions, we repeated the analysis
using only the first recorded introduction per lake, and defining the resident
assemblage as the native community prior to any introductions, which produced
results consistent with those from the full dataset (Fig. 3 and S/ Appendix, Fig. S8).
We calculated two metrics using the R package picante (66) to assess the phyloge-
netic relationship between each exotic species and the resident communities:
the mean phylogenetic distance (MPD) and the phylogenetic nearest neighbor
distance (PNND) between each exotic fish and all resident fish species in the lake
(16, 67, 68). MPD quantifies the average phylogenetic relatedness between an
exotic species and the entire resident assemblage, thereby capturing deeper
patterns in the phylogeny. In contrast, PNND reflects the distance to the closest
relative and is more sensitive to terminal phylogenetic relationships. Together,
these metrics provide complementary information, with MPD representing the
overall phylogenetic distinctiveness of the invader, whereas PNND captures the
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potential for strong niche overlap with the most similar resident species (11, 16).
To assess whether the effects of observed phylogenetic distance on establishment
differ from random assembly while controlling for species richness, we computed
standardized effect sizes (SES) of MPD and PNND using two complementary null
models (4, 11, 15). In the first null model, we randomized the resident assem-
blage by drawing species without replacement from the full resident species
pool, while keeping resident richness and the identity of the introduced species
fixed. In the second null model, we randomized the introduced species identity
by sampling from all exotic species in the dataset, while keeping the resident
richness and composition fixed. Each null model was run 999 times to generate
null distributions of MPD and PNND, from which SES values were calculated as
the difference between the observed metric and its null expectation divided by
the standard deviation of the null distribution. These SES values were then used as
alternative predictor variables in the species-level analyses, to evaluate the effects
of phylogenetic distance on establishment after accounting for the influence of
resident richness (S/ Appendix, Fig. S9).

Atthe community level, successfully established species from all introduction
events were classified as the established exotic community in each lake, while all
resident species present prior to the first introduction were identified as the native
community. For each lake, we calculated the mean pairwise phylogenetic distance
(MPPD) and the mean nearest taxon distance (MNTD) between the established
exotic and native communities (11, 16), providing complementary information
on overall phylogenetic structure and nearest-neighbor relatedness. To assess the
robustness of these community-level patterns, we additionally calculated SES.
MPPD and SES.MNTD using two complementary null models (4, 15, 36). The first
null model randomized the native community by sampling species from the full
native pool while maintaining observed native richness and the exotic assem-
blage. The second randomized the exotic assemblage by sampling from the full
exotic pool while holding the exotic richness and native community constant. SES
values derived from these null models were then used as alternative response var-
iables in subsequent community level analyses (S/ Appendix, Fig. S16).To account
for potential changes in native species composition over time, we additionally
used native species observed in the final postintroduction period (i.e., the most
recent records) as an alternative reference for the native community, and recalcu-
lated the phylogenetic distances between the exotic community and this updated
native community. The results of this robustness analysis were consistent with
those based on the initial native communities (Fig. 4 and S/ Appendix, Fig. S15).

Estimation of Species Pool Size and Community Completeness. \We
estimated the dark diversity of each community using the hypergeometric co-
occurrence-based method from the R package DarkDiv (39). Species pool size of
each community was then measured as the sum of observed diversity and dark
diversity. Community completeness was calculated as the ratio of observed diver-
sity to dark diversity: In (observed/dark diversity) (29, 31). Although both metrics
are derived from observed and dark diversity, recent studies have demonstrated
that these two metrics offer complementary insights and are often weakly corre-
lated with each other (29, 58). The hypergeometric method infers the suitability
of absent species for specific sites by comparing observed pairwise species co-
occurrences with random expectations, thereby quantifying species associations
under given community compositions. In this framework, consistently positive
associations between an absent species and the species of the observed com-
munity indicate a higher likelihood that the species belongs to the site's dark
diversity. Previous evaluations based on both simulated and empirical datasets
indicate that the hypergeometric method provides well-calibrated estimates of
species suitability, shows limited sensitivity to species frequency, and performs
consistently across a wide range of sample sizes (38-40). In applications to empir-
ical datasets, hypergeometric co-occurrence-based methods have been shown to
capture broad patterns of species’ environmental affinities and ecological asso-
ciations, while avoiding extreme predictions and effectively distinguishing the
suitability of common and rare species across sites (27, 39, 40).

By applying the hypergeometric method, we compared the observed co-
occurrence of resident species across all communities with the random expecta-
tion described by the hypergeometric distribution (39, 69). The difference between
observed and expected co-occurrences was standardized using the standard devia-
tion of expected values, yielding effect sizes that quantify the strength of species pair
associations (39, 40). For each absent resident species, we averaged its associations
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with all species present to estimate its probability of belonging to the community’s
dark diversity, ranging from 0 to 1(38,40). A probability close to 0.5 indicates neu-
tral association, while values substantially above or below reflect stronger positive
or negative deviations from random expectations (39). We calculated dark diversity
using two thresholds for absent resident species: i) all predicted probabilities in
the main text (27, 40), and ii) a stricter threshold (probability > 0.7), representing
a more conservative species pool (39, 40), in S/ Appendix. As a robustness anal-
ysis, we re-estimated dark diversity using the Beals-based favorability method.
Specifically, we calculated Beals index for each absent native species based onits co-
occurrence patterns with observed species across sites, transformed these indexes
into favorability values to reduce the influence of regional species frequency, and
summed favorability values across absent species to quantify dark diversity for each
community [(38, 39) and S/ Appendix, Figs. S6 and S14].

Because the Swedish lake dataset spans different bioregions, we further eval-
uated whether the definition of the regional species list influenced dark diversity
estimates. Following the Infrastructure for Spatial Information in Europe (INSPIRE)
Geoportal (hitps://inspire-geoportal.ec.europa.eu/), we assigned each lake to one
of three bioregions: boreal, alpine, or continental. For each lake, the dark diversity
was allowed to include only the species recorded in other lakes within the same
bioregion. Variation in species availability among regions was further accounted for
inthe statistical models by including bioregion as a random effect. Results from this
bioregion-restricted approach were highly consistent with those obtained using the
full native species pool (Figs. 3 and 4 and S/ Appendix, Figs. S5 and 512).

Statistical Analyses. At the species level, we assessed how the phylogenetic
distance between exotic fish species and the native community affected their
establishment success, and how this effect varied with site-specific species pool
size and community completeness of native communities. We employed binomial
generalized linear mixed models (GLMMs) with logit link functions to model estab-
lishment outcomes (success or failure) of introduced fishes, using the R package
Ime4 (70).The explanatory variables included MPD (or PNND), species pool size,
and community completeness. We also tested for interaction effects between MPD
(or PNND) and species pool size, as well as between MPD (or PNND) and commu-
nity completeness. Because species pool size exhibited a pronounced negative
skew, we applied a reflected-log-transformation prior to model fitting, in which
values were reflected, log-transformed, and reflected back to preserve the original
ordering. To account for the nonindependence of multiple introductions within
each lake and repeated introductions of the same species, we incorporated lake
and species identity as random effects. To further investigate whether lake area
influences phylogenetic patterns of species establishment within the dark diver-
sity framework, we expanded the GLMMs to include lake area as an additional
explanatory variable. Specifically, we tested whether lake area directly affects
species establishment and modifies the interaction between species pool size,
community completeness, and exotic-native phylogenetic distance. To evaluate
whether the dark diversity framework offers insights beyond species richness, we
also reconstructed the GLMMs by substituting species pool size and community
completeness with species richness, using species richness, MPD (or PNND), and
their interactions as explanatory variables. These models were compared using
the Akaike Information Criterion (AIC) and Akaike weights (AW), which estimate
the relative likelihood thata given model is the best-supported model among the
candidate set. We calculated standardized effect sizes for all explanatory variables
and evaluated model fit using marginal R (variation explained by fixed effects)
and conditional R? (variation explained by both fixed and random effects) via the
tab_model function in the sjPlot package (71,72). Interaction effects were visual-
ized using the visreg package (73), setting species pool size and community com-
pleteness values to the 10%, 30%, 50%, 70%, and 90% quantile across all lakes.

To address potential phylogenetic nonindependence among introduced species
and ensure analytical robustness, we constructed a Bayesian phylogenetic hierar-
chical model. This model used the same response variable, explanatory variables,
and random effects as the GLMMs, but additionally incorporated a phylogenetic
covariance structure. We generated the phylogenetic covariance matrix for the
entire phylogeny using the R package ape and extracted the submatrix specific to
the introduced species. The model was built using the R package INLA (74), which
employs integrated nested Laplace approximation for Bayesian inference. We
applied default INLA priors for all fixed effect parameters and log-gamma priors for
the random effect parameters. Results from the Bayesian phylogenetic hierarchical
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models were consistent with those from the GLMMs, reinforcing the reliability
of our findings. Therefore, we present the results of the GLMMs in the main text,
while the Bayesian model results are provided in S/ Appendix, Tables S2 and S4.

At the community level, we examined how phylogenetic distances between
all successfully established exotic species and the native species in each lake
were influenced by native species pool size, community completeness, and
additional lake characteristics. Using the R package Imed4, we constructed lin-
ear models with the MPPD (or MNTD) between all established exotic and native
species in each lake as the response variable. We used species pool size and
community completeness as primary explanatory variables, and included lake
area, latitude, elevation, and accumulated water temperature to assess whether
the dark diversity framework more effectively explains the context dependence
of exotic-native phylogenetic distances. Both MPPD and MNTD models showed
approximate normality, with only minor deviations apparentin quantile-quantile
plots (S/ Appendix, Fig. S17). Similarly, we calculated standardized effect sizes for
all explanatory variables via the tab_model function (71).

At both species and community levels, we found that the results based on
nearest distance indices (PNND and MNTD) were largely consistent with those
from mean distance indices (MPD and MPPD). Therefore, we present only the
mean distance indexes in the main text, with nearest distance indexes included
in SI Appendix, Figs. S2 and $10 and Tables S3 and S4. All statistical analyses
were conducted in Rv.4.2.3 (75).

Data, Materials, and Software Availability. The data and code used in this
study are available in Figshare (https://doi.org/10.6084/m?9.figshare.28369766)
(76).The Swedish fish introduction records are sourced from the data paper pub-
lished by Henriksson et al.(47). We obtained molecular phylogenetic data for all
fish species from Xu et al. (63).
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