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Abstract
1.	 Non-native species threaten coral reefs by altering ecosystem structure and resil-

ience, particularly on isolated tropical islands experiencing strong local and global 
stressors. In Hawaiʻi, native reef communities face cumulative impacts from the 
incursions of multiple non-native fishes.

2.	 We combined species distribution models and hotspot analyses to identify po-
tential high-risk areas where environmental conditions favour co-occurrences of 
non-native species under present and future scenarios.

3.	 While predicted non-native richness was similar across islands, sub-island pat-
terns were highly heterogeneous, with areas near ports and developed shorelines 
consistently exhibiting elevated co-occurrence risk. Baseline hotspot analyses 
indicated that Oʻahu and Hawaiʻi Island host the majority of high-risk areas, fol-
lowed by Kauaʻi and Molokaʻi.

4.	 Crucially, we identified three hotspot trajectories across time and emission sce-
narios: persisting hotspots remaining high-risk (e.g. Pearl Harbour on Oʻahu; west-
ern Molokaʻi), emerging hotspots developing by mid- to late-century (e.g. Poʻipū 
on Kauaʻi) and contracting hotspots disappearing under future ocean conditions 
(e.g. Kailua-Kona on Hawaiʻi Island).

5.	 These patterns demand differentiated management strategies: (i) early detection 
and rapid response (also including biosecurity measures) in emerging hotspots, (ii) 
a combined approach that encompasses removal, monitoring and targeted out-
reach when non-native threats remain and (iii) habitat restoration or rehabilita-
tion where invasion risk contracts.

6.	 Synthesis and applications. By linking explicit hotspot projections to distinct man-
agement phases, this study provides a proactive framework for non-native spe-
cies control, transitioning from reactive eradication efforts to future-oriented 
planning that optimizes managers' often limited resources. This predictive frame-
work is readily adaptable to other tropical island ecosystems facing similar bio-
logical and environmental pressures.
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1  |  INTRODUC TION

The introduction of non-native species is increasingly recognized as a 
global environmental concern (Simberloff et al., 2013). In marine eco-
systems, biological invasions pose direct threats through predation, 
competitive displacement and increased mortality of native species 
(Molnar et al., 2008; Salimi et al., 2021). Beyond ecological disruption, 
non-native species inflict substantial economic costs, now exceeding 
USD 423 billion in damages annually, a figure that has quadrupled 
each decade since the 1970s (Roy et al., 2024). The total number of 
non-native species worldwide is projected to rise by 36% by 2050 
(Seebens et al., 2024). Yet, the threat posed by non-native species in 
marine environments is often overshadowed by other stressors such 
as overfishing, pollution and rising temperatures, particularly in tropi-
cal regions that are vulnerable to the combined pressures of environ-
mental change and biological invasions (Salimi et al., 2021). Therefore, 
identifying ‘hotspots’—areas where environmental conditions favour 
the co-occurrence of multiple non-native species—is critical for prior-
itizing targeted conservation and management actions (Li et al., 2016; 
O'Donnell et al., 2012).

Species distribution models (SDMs), also referred to as habitat 
suitability or ecological niche models, are widely used to predict 
species geographical distributions. These models incorporate geo-
referenced occurrences and abundance data from surveys and open-
source databases with environmental variables (e.g. temperature, 
salinity, productivity) to identify habitats that meet the conditions 
necessary for species survival (Valavi et al., 2023; Wiens et al., 2009). 
While SDMs have some limitations, such as not accounting for spe-
cies dispersal, competition or habitat filtering (Elith & Graham, 2009; 
Guisan et  al.,  2017), they have been extensively applied to pre-
dict range shifts in reef organisms (Chaudhary et al., 2023; Couce 
et al., 2012). Yet, relatively few studies have leveraged this tool to 
identify hotspots in tropical marine regions with multiple non-native 
species. This represents a key knowledge gap for decision-making, 
particularly for remote oceanic islands, which are both highly en-
demic and ecologically vulnerable (Manes et al., 2021).

Hawaiʻi is a prime example of such vulnerability and significant 
conservation interest (Friedlander et  al., 2020). Its geographical iso-
lation has fostered high levels of endemicity, with 25% of nearshore 
reef fishes found only there (Randall, 2007), yet it also ranks among the 
world's most invaded marine regions (Molnar et al., 2008). High volumes 
of maritime traffic serve as key vectors for non-native species intro-
ductions via ballast water and hull fouling (Eldredge & Carlton, 2002). 
Additional introductions have occurred through both intentional and 
accidental releases from aquaria and state-led fisheries enhancement 
programmes (Molnar et  al., 2008). For instance, the State of Hawaiʻi 
introduced several food and bait fishes in the 1950s, including the 
Bluestripe snapper or Taʻape (Lutjanus kasmira), Blacktail snapper or 

Toʻau (L. fulvus), Peacock grouper or Roi (Cephalopholis argus) and the 
Marquesan sardinella (Sardinella marquesensis) (Gaither et  al.,  2013; 
Maciolek,  1984; Randall,  1987). Others entered Hawaiian waters 
through the aquarium trade and mainly include ornamental butterfly-
fish and surgeonfish (Franklin et al., 2019). These species differ widely 
in their degrees of establishment and ecological impacts. Documented 
effects include predation on juvenile native fishes, competitive dis-
placement of endemics and transmission of pathogens (Dierking 
et al., 2009; Giddens et al., 2014; Schumacher & Parrish, 2005; Work 
et al., 2003). Despite their negative impacts on reef communities, those 
species are often not the focus of management efforts.

Early Detection and Rapid Response (EDRR) is a key tenet in 
non-native management by coupling timely monitoring with swift 
intervention to prevent establishment and further spread (Reaser 
et al., 2020; Venette et al., 2021). EDRR efforts are most effective 
when directed towards high-risk areas identified by predictive mod-
els, especially when non-native populations are small and localized, 
which greatly increases the likelihood of successful eradication 
(Venette et al., 2021). Recommended response measures include di-
rect species removal, deployment of emerging monitoring tools and 
raising public awareness to expand observation networks (Reaser 
et  al.,  2020). Crucially, EDRR programmes require clear decision-
making protocols, dedicated funding and interagency coordination 
to enable managers to act within weeks, not months, of detection to 
implement control measures (Simberloff et al., 2013).

To support EDRR and other management strategies, we generated 
SDMs for 27 non-native reef fishes across the main Hawaiian Islands. 
We quantified the relative importance of static (e.g. distance to shore 
and ports) and dynamic (e.g. ocean productivity, salinity, temperature) 
predictors based on the premise that certain environmental and anthro-
pogenic factors influence the distribution of non-native fishes. After 
that, we conducted hotspot analyses to identify high-risk areas under 
baseline (2000–2020) conditions and then projected changes under 
two carbon emissions scenarios (Shared Socioeconomic Pathways: SSP 
1–2.6 and 3–7.0) and selected two time-steps (2050 and 2090) to en-
hance the ecosystem-informed management of non-native species. By 
producing risk maps based on future predictions, our approach offers 
a spatially explicit framework to guide early detection, prevention and 
long-term strategies for managing non-native reef fish.

2  |  MATERIAL S AND METHODS

2.1  |  Species selection and occurrence data

We focused on 27 non-native fish taxa that are recorded in the 
non-indigenous aquatic species database from the U.S. Geological 
Survey  (2025). Over half are snappers and groupers intentionally 

K E Y W O R D S
adaptive management, climate change, coral reef, invasive, predictive modelling, risk 
assessment

 13652664, 2026, 6, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70452, W

iley O
nline L

ibrary on [28/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  3 of 13GAJDZIK and TANAKA

introduced for fisheries enhancements, with some species well estab-
lished throughout the Main Hawaiian Islands (MHI; Table S1). These 
ubiquitous taxa (e.g. Lutjanus kasmira, L. fulvus, Cephalopholis argus) 
have broad habitat use (including sand habitats, deep waters, artifi-
cial structures such as wrecks) and are generalist carnivores (Dierking 
et al., 2009; Schumacher & Parrish, 2005), which likely facilitated their 
establishment in Hawaiian waters. Approximately 30% of the other 
focal taxa are angelfishes and butterflyfishes, released from aquarium 
trade. Unlike introduced groupers and snappers, these highly prized 
ornamental fishes have not widely spread across the MHI, potentially 
due to more restrictive habitat and/or dietary requirements (e.g. reli-
ance on living corals for food or shelter; Semmler et al., 2025), more 
extreme environmental conditions (including strong swells during win-
ter times along the north shore coastlines), or other ecological and 
biological attributes (naivete, slow maturation, etc). These mechanisms 
remain hypothetical because Hawaiʻi-specific studies are rare; except 
for C. argus, L. kasmira and L. fulvus, Upeneus vittatus (a goatfish).

Occurrence data for the 27 fish species in Hawaiʻi (Table S1) were 
compiled from two open-source databases: the Global Biodiversity 
Information Facility (GBIF) via the rgbif R package (Chamberlain 
et  al.,  2024; Chamberlain & Boettiger,  2017) and the Ocean 
Biodiversity Information System (OBIS) via the robis R package 
(Whiting et al., 2016). Data pre-processing followed best practices to 
ensure spatial accuracy. We excluded vagrant records outside each 
species' known distribution and retained only records from 2000 on-
wards to match the BioOracle baseline (2000–2020). We used the 
CoordinateCleaner R package (Zizka et al., 2019) to remove spatial er-
rors and retain only marine records. In GBIF, we retained records la-
belled ‘PRESENT’, excluded fossils, and omitted captive or cultivated 
specimens. We removed records with coordinate uncertainties over 
5000 m, problematic values (e.g. 301, 999, 9999, 3036), coordinate 
precision under 0.01 or zero coordinates. For OBIS, we similarly ex-
cluded records with coordinate uncertainties over 5000 m or missing 
and zero coordinates. After filtering, we merged the GBIF and OBIS 
datasets for each species.

Because model calibration requires sufficient georeferenced data 
aligned with the Bio-ORACLE baseline, some non-native or potentially 
emerging taxa are not represented due to recency, rarity/low density, 
cryptic occurrence or limited digitization in public repositories. These 
exclusions reflect current data constraints rather than management 
importance. Therefore, our hotspot products should be interpreted as 
risk prioritization for the modelled taxa rather than a complete inven-
tory of all non-native fish risks in Hawaiʻi.

2.2  |  Species distribution modelling procedure and 
performance evaluation

We modelled the potential distributions of each non-native species 
using Maxent (v3.4.4), which is well suited for presence-only data-
sets and performs reliably with limited occurrence data (Pearson 
et al., 2007; Phillips et al., 2006). To reduce the influence of outliers 
and potential overprediction, we used the DBSCAN (Density-Based 

Spatial Clustering of Applications with Noise) algorithm to identify 
high-density clusters of species occurrence points (Ester et al., 1996). 
We then defined core habitat areas as the central 50% and, where ap-
propriate, the central 80% of occurrence records within these clusters 
for model calibration. Trimming occurrence data to these core habitats 
minimized outlier influence and led to more conservative models. We 
first calibrated the Maxent models with the central 50% range of oc-
currence data and, if necessary, expanded to the central 80% range to 
ensure robust prediction while reducing the overestimation of non-
native species potential.

We calibrated the Maxent models using high-resolution, 
open-source environmental data (~0.05°) (Phillips et  al.,  2006). 
Predictor variables, available for both baseline and future pro-
jection scenarios, were selected from 85 pre-screened parame-
ters in the Bio-ORACLE database (https://​www.​bio-​oracle.​org/​; 
Assis et  al., 2018, 2024; Tyberghein et  al.,  2012). These include 
maximum, minimum and average ocean conditions (temperature, 
salinity, water velocity and direction), along with nutrient con-
centrations, dissolved oxygen, iron, primary productivity, pH, ba-
thymetry and topographic features (slope, aspect, position index 
and terrain ruggedness). Bio-ORACLE v3 integrates in situ, satel-
lite and reanalysis products with CMIP6 model projections using 
delta-method bias adjustments to estimate future conditions 
across environmental parameters.

We also included Euclidean distance to shoreline and distance 
to the nearest port (Global Fishing Watch layers) as static spatial co-
variates to capture coarse coastal gradients relevant to non-native 
occurrences. We interpret these distance layers as composite proxies 
that can reflect multiple processes operating in invaded coastal sys-
tems, including coastal access and habitat modification, propagule 
pressure associated with maritime infrastructure and residual de-
tectability/sampling gradients. Accordingly, we use them to improve 
risk-of-occurrence mapping rather than as a direct, single-mechanism 
measure of ‘anthropogenic impact’ or fisheries extraction.

We reduced predictor multicollinearity using variance inflation 
factor (VIF) analysis, removing variables with correlation coefficient 
≥0.8 or VIF >5. This narrowed the predictors from 21 key variables 
to a final 10 variables (Table 1). The selected predictors represent 
baseline conditions (2000–2020) and two future (2020–2100) sce-
narios based on Shared Socioeconomic Pathways: SSP1-2.6, which 
limits warming to 1.8°C by 2100, and SSP3-7.0, which projects a 
3.6°C increase. We trained each Maxent SDM on 80% of the occur-
rence records and evaluated it with the remaining 20% using a boot-
strap approach (Förderer et al., 2018). Model accuracy was assessed 
with AUC (Phillips et al., 2006), ranging from 0.5 (random) to >0.9 
(high performance) (Metz, 1978).

2.3  |  Environmental predictors and scenario 
projections

For baseline SDMs, we used Bio-ORACLE v3 variables summa-
rized over 2000–2020 to align with the filtered occurrence record 
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period. For future projections, we used Bio-ORACLE v3 CMIP6 
delta-method products under SSP1-2.6 and SSP3-7.0 and gener-
ated projections for two time slices: mid-century (2050–2060) 
and late-century (2090–2100). Dynamic predictors consisted of 
the Bio-ORACLE environmental variables (Table 1) and were al-
lowed to vary across scenarios and time slices. Static predictors, 
bathymetry and Euclidean distance layers to shoreline and to 
the nearest port, were held constant across baseline and future 
projections because these layers are not scenario dependent and 
because our objective was to isolate the influence of changing 
oceanographic conditions on predicted suitability while retaining 
a consistent representation of coastal access and infrastructure. 
All predictor rasters were harmonized to a common grid prior to 
modelling. Bio-ORACLE rasters were used at their native resolu-
tion (~0.05°) and projected layers were resampled as needed to 
match the baseline grid. Predictors were masked to the MHI mod-
elling domain (consistent across baseline and projections), and 
no-data cells were excluded from prediction surfaces. For each 
species, a single Maxent model was trained using the baseline 
predictor stack and projected onto each future predictor stack 

(SSP × time slice) to generate scenario-  and period-specific suit-
ability maps. To reduce spurious inference in environmentally 
novel conditions, we applied Maxent's extrapolation controls 
consistently across projections (i.e. clamping settings reported in 
the model configuration) and interpret projections as relative risk 
surfaces rather than deterministic forecasts.

2.4  |  Non-native species richness and hotspot 
analysis

We estimated grid-cell non-native species richness by summing 
Maxent-derived species occurrence probabilities across 27 species 
(Calabrese et al., 2014), yielding continuous richness values from 0 to 
27. To detect statistically significant clustering, we applied the Getis–
Ord Gi* statistic (Ord & Getis, 1995) to the richness surface using a 
spatial weight matrix with k = 8 nearest neighbours. Grid cells with 
high positive z-scores (|Gi*| ≥ 2.58) were classified as high-risk areas 
(hotspots) where non-native fish species are likely to co-occur. To en-
sure our results were not overly influenced by any single species, we 

TA B L E  1 Environmental and anthropogenic variables used for species distribution modelling.

Variables (units) VIF Ecological relevance

Maximum ocean temperature (°C) 1.91 Temperature governs metabolic rates, with warmer waters promoting the range 
expansion of non-native fishes. (Friedlander & Parrish, 1998; Pickens et al., 2021)

Range ocean temperature (°C) 1.48 Fluctuations in temperature can stress species, creating new ‘thermal niches’ for non-
native fishes (Johnson et al., 2017; Pickens et al., 2021)

Mean pH 1.41 pH affects reef fish through impacts on calcification and acid–base regulation, with 
shifts favouring non-native species better adapted to changing ocean chemistry (Doney 
et al., 2020; Pickens et al., 2021)

Mean phytoplankton (mg m−3) 1.41 Phytoplankton concentration (proxy for primary productivity) can attract early life 
stages of non-native fishes seeking foraging hotspots (Pickens et al., 2021; Pittman & 
Brown, 2011)

Minimum salinity (PSU) 1.97 Osmotic constraints impact growth and survival, with non-native fishes with 
broader salinity tolerance may out-compete natives in nearshore brackish conditions 
(Carlton, 1999; Pickens et al., 2021)

Mean ocean current speed (m s−1) 1.17 Currents disperse larvae and can facilitate the geographical range expansion of non-
native fishes (Pickens et al., 2021; Toonen et al., 2011)

Minimum bathymetry/depth (m) 1.66 Depth dictates light availability and habitat complexity. Deeper areas can act as refugia 
for certain organisms (Pickens et al., 2021; Pittman & Brown, 2011), such as non-native 
fishes

Distance from nearest port (km) 1.96 Ports are key entry points for non-native species through maritime traffic with the 
potential corollary that areas closer to ports may harbour more non-native fishes (Bax 
et al., 2003; Pickens et al., 2021)

Distance from shoreline (km) 1.69 A coarse proxy for coastal accessibility and nearshore gradients that may influence non-
native occurrence through multiple pathways, including habitat modification, propagule 
pressure near developed coastlines, observation probability (detectability/sampling) 
and higher likelihood of introductions. This variable is interpreted as a composite risk 
proxy rather than a direct measure of fishing pressure (Friedlander et al., 2003; Pickens 
et al., 2021)

Note: Environmental variables (1–7) are derived from Bio-ORACLE v3 (Assis et al., 2024) as long-term climatological surface averages for the baseline 
period (2000–2020) and were time-varying across future projections. Spatial layers (8–9) were derived from Global Fishing Watch and, together 
with bathymetry, were treated as static covariates and held constant across baseline and future projections. Variables 1–7 were extracted from 
surface layers; variables 8–9 were calculated as Euclidean distances. Pairwise Pearson correlation coefficients ranged from −0.0027 (bathymetry 
[min] ~ average ph) to 0.5242 (distance from shore ~ distance from port). No multicollinearity was detected (all Variance Inflation Factor [VIF] < 2).
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performed a leave-one-out sensitivity analysis, iteratively removing 
one species and averaging the resulting hotspot maps.

3  |  RESULTS

3.1  |  Species-specific model performance

All 27 non-native fish SDMs achieved AUC values >0.9 (Table  S2). 
Predicted habitat suitability varied across species and islands (Figure 
S1). For instance, Paracanthurus hepatus exhibited a broad suitability 
(0.63–1.00) across nearshore and mid-shelf zones, suggesting a wide 
environmental tolerance and potential for widespread establishment. 
Lutjanus kasmira showed moderate-to-high average suitability in coastal 
habitats (0.60), consistent with its observed dominance in nearshore 
reef systems. In contrast, Epinephelus irroratus showed restricted suit-
ability, primarily confined to isolated, low-productivity areas, reflecting 
a narrower niche. These spatial differences highlight heterogeneity in 
suitability patterns across non-native reef fishes in Hawai‘i.

3.2  |  Drivers and spatial patterns of non-native fish 
richness

We quantified environmental factors shaping non-native reef fish 
distributions by averaging variable contribution metrics across 
the 27 Maxent SDMs. Distance from shoreline and ports was 
the most influential predictors, followed by ocean productiv-
ity and minimum salinity, sea surface temperature (range and 
maximum), pH and current velocity contributing moderately  
(Figure 1a).

Predicted species richness (sum of occurrence probabilities 
across grid cells) was relatively consistent across islands (10–11 
species per island) but showed pronounced sub-island variability. 
Higher richness was found in southern Kaua‘i (15.13 ± 0.36), south 
O‘ahu (16.93 ± 0.35) and coastal Hawai‘i (16.41 ± 0.35; Figure  1a). 
These localized hotspots, particularly near major ports (Figure S3) 
and along densely populated coastlines (Figure S5), suggest an as-
sociation between co-occurrence risk and developed, high-access 
nearshore settings.

F I G U R E  1 Spatial patterns and 
drivers of non-native reef fish richness 
across the Main Hawaiian Islands. (a) 
Map of summed Maxent occurrence 
probabilities for 27 non-native species, 
showing predicted richness across 
grid cells (blue–green gradient). The 
accompanying bar chart displays the mean 
permutation importance (%) of the top 
eight predictors: Distance from shore and 
port, average (avg.) productivity, minimum 
(min) salinity, range and maximum (max) 
sea surface temperature (SST), average 
pH and velocity (current). (b) Getis–
Ord Gi* hotspot analysis of the same 
richness surface, highlighting statistically 
significant high-richness clusters (pink 
squares) that indicate areas of high-risk 
for non-native fishes. Major port locations 
(yellow diamond icon) based on the Global 
Fishing Watch dataset (Global Fishing 
Watch., 2020. Distance from Port, Version 
1.0.) are also shown for reference. For the 
continuous ‘distance from port’ map see 
(Figure S3).
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Baseline hotspot analysis (2000–2020) identified 36 high-risk 
areas across four islands, concentrated on Hawaiʻi and Oʻahu (70%), 
followed by Molokaʻi (22%), and Kauaʻi (8%) (Figure 1b). Predicted 
richness exhibited greater uncertainty near populated coastal zones 
(Figure S2). Within islands, hotspots clustered near major ports and 
adjacent developed shorelines, including Puʻuloa (Pearl Harbour) 
on Oʻahu and Waikoloa-Waikui, Kailua Bay and Pier, and Hilo Bay 
on Hawaiʻi (Figure  1b). These patterns indicate that nearshore 
conditions and maritime infrastructure align with non-native co-
occurrence risk at multiple spatial scales.

3.3  |  Projected shifts in non-native fish hotspots 
under future projection scenarios

Our projections under two emissions scenarios (SSP1-2.6 and SSP3-
7.0) and two time slices (mid-century: 2050–2060, and late-century: 
2090–2100) revealed shifts in the distribution of non-native fish 
hotspots (Figure  2a,b). Temperature exhibits the largest projected 
change. But declines in pH and salinity, as well as modest increases 
in total phytoplankton and lower current speeds, also occurred 
and altered habitat suitability (Figure  S4). Under SSP3-7.0, hot-
spot counts generally increased across most islands, except Hawaiʻi 
Island. Several areas consistently emerged as high-risk under both 
scenarios and time slices, including Pu‘uloa-Barbers Point Harbour 

on Oʻahu, Kaluakoʻi (western end) on Molokaʻi and areas near 
Waikoloa-Waikui and Hilo on Hawaiʻi Island. Additional emerg-
ing hotspots under SSP3.7–0 included Kāne‘ohe Bay and Kailua 
Bay on O‘ahu, and Līhu‘e and Kōloa in Kaua‘i (Figure  2b). Under 
SSP1-2.6, more high-risk areas were projected on Hawai‘i Island 
than under SSP3-7.0, including the late-century reappearance of 
hotspots around Waikoloa-Waikui and Kailua-Kona after their ab-
sence at mid-century (Figure  2). In contrast, under SSP3.7-0, hot-
spots around Kailua-Kona Bay and the Honokōhau Harbour were no 
longer identified. A hotspot off Pākanaka Fishpond on Molokaʻi was 
only detected under baseline conditions (Figure 2b). Together, these 
projections show that environmental trajectories may shift, expand 
or contract hotspot locations.

4  |  DISCUSSION

4.1  |  The power and limitations of modelling  
non-native incursions

Although long-term environmental changes remain a predominant 
threat to coral reefs, the introduction of non-native species poses 
an additional risk, particularly in regions where high endemicity 
and localized human impacts heighten vulnerability. In this context, 
species distribution models (SDMs) that identify ‘high-risk’ hotspot 

F I G U R E  2 Projected changes in non-native reef fish hotspots under two emissions scenarios and three-time steps. Hotspots were 
identified using Getis–Ord Gi* on summed occurrence probabilities for 27 species under (a) low (SSP1-2.6) and (b) high (SSP3-7.0) carbon 
emissions. Each panel shows hotspot cells for baseline (pink; 2000–2020), mid-century (blue; 2050–2060) and late-century (green; 2090–
2100) conditions. Overlapping hues denote persistence across two periods (pink + blue = dark blue; blue + yellow = green, pink + yellow = red), 
and dark grey cells indicate hotspots maintained in all three-time steps. These projections highlight how alternative climate trajectories may 
shift, expand or contract high-risk areas for non-native fishes.
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areas can support targeted monitoring and management actions. 
Prioritizing early detection and rapid response (EDDR) in these areas 
can increase cost-effectiveness and reduce reliance on intensive, 
and often infeasible, eradication campaigns (Cariton & Geller, 1993; 
Westbrooks & Eplee, 2011). A proactive approach requires identify-
ing current hotspots and anticipating where new ones may emerge as 
environmental conditions depart from historical baselines. Extreme 
events and associated environmental shifts can facilitate the spread 
and establishment of non-natives into native communities (García 
Molinos et al., 2016), making scenario-based projections a practical 
component of long-term management.

While hotspot analyses provide a useful framework for map-
ping non-native co-occurrence risk, application in local contexts 
requires careful interpretation. Model performance depends on 
data availability and quality. Because our framework relies on pub-
lic georeferenced records aligned with environmental baselines, it 
will under-represent taxa that are newly introduced, rare, cryptic or 
inconsistently reported. This constraint is particularly problematic 
early in an incursion, when low detection probability and delayed 
digitization can lag on-the-ground management needs. Thus, ab-
sence from our models reflects a reporting gap rather than low risk. 
Improving coverage requires targeted surveys in locations prone to 
introductions (e.g. major ports, boat ramps and other high-access 
shorelines) and standardized reporting workflows that include effort 
information and, where feasible, true absences.

Additionally, Maxent modelling links occurrences to environ-
mental gradients but does not explicitly represent the biological and 
contextual processes shaping realized spread and persistence (Elith & 
Graham, 2009; Guisan et al., 2017; Syfert et al., 2013). Such processes 
likely operate non-uniformly across our pool of 27 species, which span 
diverse introduction pathways (e.g. aquarium vs fisheries release) and 
habitat associations (e.g. artificial wrecks vs living corals; Table  S1). 
Dispersal pathways, fine-scale habitat features (e.g. depth, rugosity), 
biotic interactions (e.g. naivete, competitive advantage) and life-history 
traits (e.g. maturation rates, thermal tolerance) can constrain expan-
sion even where predicted suitability is high. Unlike native assem-
blages, which have adapted to Hawaiian conditions over evolutionary 
timescales, non-native fishes are introduced at specific foci and must 
establish over shorter, ecological timescales, potentially limiting spread 
and establishment even under favourable environmental conditions. 
While these constraints must be considered when interpreting hotspot 
projections, scenario-based SDM analyses remain the most practical 
tool for broad-scale risk mapping and surveillance.

4.2  |  Ports and coastal proximity remain persistent 
hotspots, requiring multifaceted management actions

Ports and nearshore-access gradients emerge as dominant 
predictors in our SDMs (Figures  1 and 2), consistent with global 
marine invasion patterns (Cariton & Geller,  1993; Carlton,  1985; 
Coles et  al.,  2004; Seebens et  al., 2013). Distance-to-port and 
distance-to-shore are coarse, composite covariates that can reflect 

maritime traffic, structural habitat alteration and detectability/
sampling gradients associated with accessibility. Accordingly, 
these predictors function as spatial indicators of non-native co-
occurrence risk rather than direct measures of species-specific 
habitat preference. This is supported by the fact that several ports 
(Figure S3), did not correspond to predicted hotspots, indicating that 
proximity to infrastructure alone does not guarantee establishment.

Hawai‘i is a major maritime hub in the North-central Pacific, re-
ceiving vessels from North America, Asia and the South Pacific 
(Carlton, 1987). Maritime traffic concentrates through Puʻuloa (Pearl 
Harbour), Honolulu Harbour and Kalaeloa Barbers Point on Oaʻhu 
(Coles et  al.,  2002, 2006), which are focal points for introductions 
(Figure 2). Secondary dispersal may also occur via inter-island shipping 
routes to ports such as Kawaihae and Hilo, which were also identified 
as baseline hotspots (Figure 2). Our results indicate that ports-adjacent 
areas are likely to remain high-risk hotspots for non-native reef fish 
through the end of the century under both emissions scenarios. These 
persistent hotspots require sustained strategies that combine removal, 
monitoring and coordinated outreach (Figure 3).

A first priority is targeted removal in persistent hotspots, where 
feasible, coupled with approaches that increase participation and 
sustained effort. In Hawaiʻi, fishing holds cultural significance 
for subsistence and community sharing (Goto,  1986; Vaughan & 
Ayers, 2016), and events such as the ‘Invasive Species Round-up’ 
(Angler's Atlas) can contribute to local reductions. Where appro-
priate, removal programmes can be paired with initiatives that 
encourage utilization of non-native catch (Giakoumi et  al., 2019), 
analogous to market-based efforts used to curb the population 
of the invasive lionfish in the Caribbean and Western Atlantic 
(Chapman et al., 2016; Green et al., 2014). In Hawaiʻi, commercial 
uptake may be constrained by preferences for native species and 
toxicity concerns for some taxa (e.g. C. argus; Bienfang et al., 2012). 
Alternative uses may provide complementary pathways, such as 
fish-skin leather applications reported for L. kasmira (Toʻau) through 
efforts piloted by Conservation International (CI press release, 14 
April 2025).

Beyond removal, long-term management benefits from coor-
dinated monitoring and community engagement (Westbrooks & 
Eplee,  2011). Public awareness and community science reporting 
can improve detection, while education and outreach can increase 
support for sustained interventions (Hart & Larson, 2014). Overall, 
managing persistent hotspots is most likely to succeed through in-
tegrated strategies that combine targeted removal, feasible com-
mercialization that leverages traditional practices and continuous 
monitoring supported by cross-agency coordination.

4.3  |  Emergence and disappearance of hotspots 
over time, necessitating tailored management actions

Projected environmental change may alter suitable habitats for 
non-native fish, particularly in densely populated coastal areas and 
near ports (Figure 2). Under both emissions pathways (SSP1-2.6 and 
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SSP3-7.0), new hotspots emerge by mid-century on Kaua‘i (Poʻipū; 
Kukuiʻula to Nawiliwili; between Līhuʻe and Kōloa) and Oʻahu 
(Kāneʻohe and Kailua; Honolulu Harbour; Figure 2). These shifts are 
consistent with the expectation that changes in temperature, salin-
ity and productivity can enhance suitability for some non-native 
taxa, particularly those that exploit modified environments (Bradley 
& Wilcove, 2009; Song et al., 2024).

Kāneʻohe Bay is frequently cited as one of the most heavily in-
vaded marine systems in Hawaiʻi, with ~200 non-native species re-
ported (Coles et al., 2002), and yet it was detected as a hotspot only 
in future projections. This discrepancy may reflect gaps in publicly 
digitized records (particularly for cryptic and/or low-density taxa), 
taxonomic misidentification or local drivers not captured at our pre-
dictor resolution. In emerging hotspots (Figure  3), strengthening 

F I G U R E  3 Conceptual diagram illustrating the temporal dynamics of non-native fish species hotspots across four Hawaiian Islands, linked 
to corresponding management phases, from early detection through restoration to long-term management. Coloured bands illustrate the 
projected changes in hotspot distribution under two future emission scenarios (low SSP1-2.6 and high SSP3-7.0). Graduated lines represent 
the number of hotspots per scenario and types of hotspots, including persisting (stable), emerging and contracting (disappearing) hotspots, 
requiring different targeted, area-specific management strategies.
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EDRR protocols is critical and can start with biosecurity measures 
that include both ballast water (e.g. filtration, chemical treatment) 
and biofouling management (e.g. antifouling coating, physical barri-
ers, and ultrasonic technologies; Westbrooks & Eplee, 2011). EDRR 
efforts should also incorporate community science initiatives, where 
local agencies and grassroots organizations help monitor for new in-
cursions using tools like online databases and standardized reporting 
systems (Azzurro et al., 2013; Clements et al., 2021).

In contrast, Hawaiʻi Island exhibits more variable hotspot trajec-
tories. Under the high emission scenario (SSP3-7.0), some western 
coastal hotpots diminish, whereas under the low emission pathway 
(SSP1-2.6), they re-emerge by late century. These contrasting trends 
suggest sensitivity to conditions that can exceed non-native spe-
cies’ physiological tolerances, leading to localized extirpation (Comte 
& Olden,  2017). While temperature exhibited the largest projected 
change, shifts in pH, salinity, productivity and current velocity may also 
influence suitability by altering metabolic constraints, resource avail-
ability or dispersal conditions (Figure S4). Similar declines are projected 
for parts of southern Kailua-Kona and a small area in southern Molokaʻi 
(Figures  2 and 3). Areas projected to decline in suitability for non-
natives may represent opportunities for environmental rehabilitation 
focused on reducing local stressors (e.g. pollution, habitat degradation) 
and improving resilience through coral transplanting or building arti-
ficial reefs (Hoegh-Guldberg, 2014). Where native communities have 
declined due to interacting environmental and ecological stressors, 
additional restoration strategies may eventually be needed, potentially 
including assisted gene flow or translocation of resilient genotypes to 
support adaptations (Bradley et al., 2009).

4.4  |  Recognizing indigenous knowledge 
in non-native species management

While this study uses Western scientific timelines and management 
framing, Indigenous knowledge systems offer nuanced, place-
based perspectives on stewardship. This is exemplified by Māori 
communities in Aotearoa New Zealand, whose documentation of 
introduced species following 19th-century colonization provides 
a long-term ecological record that predates and enriches standard 
Western datasets (Mercier et al., 2022; Wehi, 2006). Scientific terms 
in western science, such as ‘invasive’, ‘introduced’ or ‘naturalized’, 
emphasize origin and ecological stage, whereas Indigenous 
languages are centred around relationships, place and responsibility 
(Wehi et  al., 2023). In ‘Ōlelo Hawaiʻi, descriptors such as malihini 
(newcomer), lawe ʻia mai (brought here) or mai nā ʻāina ʻē (from other 
lands) provide relational language (Pukui & Elbert, 1986). This framing 
does not minimize ecological harm but rather situates management 
within cultural histories and responsibilities (Kealiikanakaoleohaililani 
et al., 2018; Kimmerer, 2020; Tadaki et al., 2023).

We suggest treating Indigenous and scientific perspectives as 
distinct but overlapping knowledge systems that can inform inclu-
sive, adaptive management. Māori-led biosecurity initiatives provide 
models of integrated approaches (Black et al., 2019), and analogous 

collaborations can be explored in Hawaiʻi. Efforts that honour 
Indigenous language, values and decision-making authority along-
side scientific tools can strengthen non-native species management 
in culturally grounded and ecologically effective ways.

5  |  CONCLUSION

As marine ecosystems shift away from historical environmental 
baselines while facing intensifying local human pressures, the 
challenge of managing non-native species grows increasingly urgent. 
Our results revealed persistent hotspots near ports and developed 
areas, validating these locations as primary introduction foci that 
will likely maintain their high-risk status under future conditions. 
By integrating SDMs with hotspot analyses, we provide a scalable, 
spatially explicit EDRR framework to prioritize prevention, early 
monitoring and rapid intervention in emerging hotspots and 
sustained strategies (removal, rehabilitation and long-term planning) 
in persistent ones. Effective management also requires social 
engagement and cultural grounding beyond ecological modelling. 
Integrating place-based Indigenous knowledge alongside Western 
science can promote community-inclusive approaches for non-
native species management in Hawaiʻi, yielding long-term results.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table  S1. List of non-native taxa in Hawaiʻi with additional 
information regarding pathway of introduction, region of origin, 
habitat association in native and introduced ranges, and potential 
impacts.
Table S2. Number of occurrence records for non-native (and native) 
reef fishes in Hawaiʻi from two open-source databases—GBIF (Global 
Biodiversity Information Facility) and OBIS (Ocean Biodiversity 
Information System)—and corresponding AUC values from Maxent 
distribution models. Occurrence records reflect the total number 
of georeferenced specimens or observations available. AUC values 
(>0.9 indicate strong predictive performance) were obtained after 
filtering, cleaning and modelling each species' distribution.
Figure S1. Predicted habitat suitability for 27 non-native reef fish 
species across the Main Hawaiian Islands under baseline conditions 
(2000–2020), based on Maxent models. Suitability values range from 
0 (unsuitable) to 1 (highly suitable), with warmer colours indicating 
more favourable conditions. Species exhibit distinct spatial patterns, 
reflecting differences in ecological preferences and environmental 
tolerances.
Figure S2. Mean predicted non-native reef fish richness (left) and 
associated uncertainty (right) across the Main Hawaiian Islands 
under baseline conditions (2000–2020). Richness values represent 
the sum of occurrence probabilities across 27 species, with darker 
shades indicating higher species richness. Uncertainty is represented 
by the standard deviation of richness values across bootstrap 
replicates, highlighting spatial variation in model confidence. Higher 
uncertainty was generally observed in areas of elevated richness 
near populated coastal zones.
Figure S3. Distance to port across the main Hawaiian Islands, based 
on the Global Fishing Watch anchorage dataset (Global Fishing 
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Watch., 2020. Distance from Port, Version 1.0.). Port labels highlight 
key commercial, military and regional harbour facilities. Overlaid 
points (yellow circles) indicate statistically significant invasive 
species hotspots, identified using Getis-Ord Gi analysis.
Figure S4. Distribution of six oceanographic variables across three 
time periods under two SSP scenarios: Baseline (2000–2020), 
2050s (mid-century) and 2090s (end-of-century). Values represent 
nearshore conditions within 5 km of the coast across Hawaiʻi. Data 
are from Bio-ORACLE v3.1.
Figure S5. Human population density across the main Hawaiian 
Islands, representing the average density from 2000 to 2020 based 
on the Gridded Population of the World, Version 4.11 (GPWv4) 
dataset from NASA's Socioeconomic Data and Applications Center 

(SEDAC) (CIESIN. 2018). The colour scale shows population density 
(persons per km2) on a logarithmic scale. Overlaid points (pink 
squares) indicate statistically significant population hotspots, 
identified using Getis-Ord Gi analysis.
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