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Red lionƤsh, Pterois volitans, a non-native marine species with potential to cause signiƤcant damage 
to Caribbean coral reefs, reached Barbados in late 2011. In 2012, before lionƤsh became locally 
established, Ƥsh surveys at ten reef sites in Barbados were undertaken every four months over a year 
to generate baseline data. Fisher catch surveys were also undertaken at two main landing sites twice 
in a year. A decade later, all surveys were repeated at the same sites. Post-invasion lionƤsh biomass 
was low across most sites and increased with site depth, likely due to Ƥshing. A comparison of reef 
Ƥsh biomass of selected key herbivores of high ecological and commercial importance (parrotƤshes 
and surgeonƤshes) and forage Ƥsh groups (damselƤshes and wrasses) pre- and post-invasion indicated 
no detectable eơects of lionƤsh on the key herbivores and wrasses, although damselƤsh biomass 
did decline with lionƤsh biomass increases. We also found no evidence of a decline in Ƥsher catch 
rates, suggesting no negative impacts on Ƥsher earnings. Furthermore, catch composition remained 
virtually unchanged for trap Ƥshers, while lionƤsh had become an important component of the catch of 
spearƤshers. Overall, our results suggest that control of lionƤsh through sustained Ƥshing eơectively 
protects key Ƥsh herbivores and might indirectly beneƤt reefs through a release of Ƥshing pressure on 
native Ƥshes by spearƤshers now targeting lionƤsh.
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�e lion�sh invasion (comprising two species) is unprecedented with regard to the speed and geographical range 
over which it has spread1,2, and its potential to become the most damaging marine �sh invasion globally to date3. 
Both species (the red lion�sh Pterois volitans and the common lion�sh P. miles) are now well established across 
the western North Atlantic since their �rst introductions in Florida in the late 1980s and early 1990s4,5. Since 
then, P. volitans has spread throughout the Gulf of Mexico and Caribbean basin from 2006, reaching the eastern 
Caribbean islands by 20102, and was �rst reported in Barbados in late November 20116. �e lion�sh invasion 
continues to expand with P. volitans now in the South Atlantic along the coast of Brazil7, and P. miles is spreading 
rapidly across the Mediterranean8.

�is remarkable invasion of the western Atlantic has been aided by the fact that P. volitans has been 
exceptionally successful at dispersing across locations and colonizing unfamiliar environments, reaching 
densities of more than 300 individuals per hectare and in some cases several 1000 individuals per hectare on 
patch reefs in the Bahamas9–12. As such, the red lion�sh is considered a potentially signi�cant ecological threat 
to the coral-reef ecosystems of the Caribbean through the consumption of native prey and displacement of 
potential competitors and resultant changes in the species composition and ecosystem services of reefs3,13,14. 
Of particular concern is lion�sh predation on parrot�shes and other key herbivore populations, such as 
surgeon�shes3,15,16, which provide two main types of services to humans. First, these herbivores graze large 
amounts of algae on the reefs, playing a key role in maintaining healthy and attractive reefs17,18 that contribute 
to coastal protection and support high biodiversity and recreational diving, an industry that generates millions 
of dollars annually across the Caribbean, including Barbados19. Second, they are among the most important 
target families in the nearshore �sheries of many Caribbean islands20. For example, in Barbados they contribute 
to food security and provide important income to �shers in small-scale �sheries that contribute several hundred 
metric tons to the island’s annual �sh landings21,22. �us, the invasion has also been viewed as a substantial 
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socio-economic threat to Caribbean countries14,23,24, especially those whose economies rely heavily on healthy 
reefs, such as Barbados25. �e ultimate impact of this threat being the loss of vital ecosystem services provided 
by reefs, including provision of food and livelihood security to reef �shers and the wider community and the 
aesthetic quality and value to the watersports tourism sector. As a result, the lion�sh invasion continues to be 
viewed as a key concern for marine conservation and management23,24.

Considering that management of established non-native species invasions is likely to involve extensive e�ort 
and associated costs, there is need to evaluate the actual costs of management action in relation to the true costs 
of ecosystem consequences (good and bad) of a non-native species invasion26. Proactive management, including 
early detection and intervention, are key aspects in slowing down the spread of biological invasions27. In this 
regard, the late arrival of lion�sh in Barbados within the context of the Caribbean invasion a�orded the country 
time to learn from others and prepare. In anticipation, the Government dra�ed a ‘Lion�sh Response Plan’28, 
which included a public education campaign, the promotion of harvesting lion�sh for human consumption, and 
training in handling and preparing lion�sh for the market. Today, lion�sh are actively targeted by commercial 
and recreational �shers and have become a valued market �sh in Barbados29.

Importantly, the Lion�sh Response Plan also involved conducting underwater reef �sh surveys at ten 
sites representative of Barbados’ reefs during the fall, winter, and summer of 2012 to characterize natural 
spatiotemporal variability in native reef �sh assemblages shortly before lion�sh became locally established. 
�ese surveys focused on key �sh herbivores (parrot�shes and surgeon�shes) and highly abundant forage �shes 
(wrasses and damsel�shes). Reef �sher surveys were also conducted twice in the same year (fall and summer) at 
two of the main landing sites in Barbados to characterize catch yields and composition. �us, this Plan allowed 
the provision of critical pre-invasion data that could be used as an ecosystem baseline in this study.

Here, we use these pre-invasion data as a baseline to assess whether the management response in Barbados 
has helped minimize negative impacts of lion�sh on both native reef �shes and �sher yields in Barbados. We 
do so by (1) quantifying post-invasion lion�sh biomass and densities across the selected reef sites and the 
contribution of lion�sh to �shers’ catches; (2) assessing whether the biomass of key �sh herbivores and forage 
�sh and/or reef �sher yields have decreased 10 years post-invasion, and (3) testing whether any such potential 
decreases in reef �sh biomass are explained by lion�sh biomass.

Results
Post-invasion lionƤsh biomass and density across reefs
Lion�sh were never recorded during the pre-invasion period, but were recorded in 11.8% of the 297 transects, 
43.3% of the 60 surveys, and 80.0% of the ten sites during the post-invasion period (Table 1). Mean lion�sh 
biomass estimates ranged between 0.00 and 0.53 kg per 100 m2 across the 30 surveys (3 seasons × 10 sites; Table 
1), yielding between 0.00 and 0.38  kg per 100 m2 per survey when survey data were averaged for each site 
(Fig. 1). Mean lion�sh density estimates varied between 0.00 and 1.46 lion�sh per 100 m2 across the 30 surveys, 
yielding between 0.00 and 1.28 lion�sh per 100 m2 per survey when survey data were averaged for each site. 
�ese data also revealed that, overall, lion�sh were more frequently found on the deep bank reefs (32.2% of 297 
transects) than on shallow patch (4.4% of 90 transects) and fringing reefs (2.5% of 120 transects). �is translated 
into a signi�cant positive relationship between average lion�sh biomass per survey at each site and site depth 
(p = 0.046; Fig. 1).

Spatiotemporal variability in native reef Ƥsh
Visual inspection of boxplots of the parrot�sh biomass transect data supported overall di�erences among sites 
based on median values per seasonal survey (e.g. Accra vs Sixmens; Fig. 2a), but no consistent evidence that 
post-invasion parrot�sh biomass was lower than pre-invasion levels when data were examined for each site 
across surveys (Fig. 2a). �e only instances supporting lower post-invasion parrot�sh biomass, based on a lack 
of overlap in boxplot interquartile ranges, took place during the fall survey (October) at Coconut Court and 
Southern Palms (2 out of 30 comparisons; Fig. 2a).

Similarly, there was evidence of marked di�erences among sites in overall surgeon�sh biomass (e.g. Accra 
vs Southern Palms; Fig. 2b) but no consistent evidence that post-invasion biomass was lower than pre-invasion 
levels when data were examined for each site across surveys (Fig. 2b). �e only case supporting lower post-
invasion surgeon�sh biomass was during the winter survey (January and February) at Holetown (1 out of 30 
comparisons; Fig. 2b).

For wrasses, there was also evidence of di�erences among sites in overall biomass based on median values 
(e.g. Batt’s Rock vs South Bellairs; Fig. 3a), although these di�erences were not as marked as those observed for 
parrot�shes and surgeon�shes. �at said, there was again no consistent evidence that post-invasion biomass was 
lower than pre-invasion levels when data were examined for each site across surveys (Fig. 3a). �e only instance 
supporting lower post-invasion surgeon�sh biomass took place during the fall survey at Batt’s Rock (1 out of 30 
comparisons; Fig. 3a).

Finally, for damsel�shes, there was also evidence of di�erences among sites in overall biomass based on 
median values (e.g. Coconut Court vs Josef ’s; Fig. 3b), although these di�erences were again not as marked as 
those observed for parrot�shes and surgeon�shes. �ere was again no consistent evidence that post-invasion 
biomass was lower than pre-invasion levels when data were examined for each site across surveys (Fig. 3b). �ere 
were, however, more instances to support lower post-invasion damsel�sh biomass than for the other three �sh 
groups, including the summer (May and June) and fall surveys at Accra, the summer survey at South Bellairs, 
and the winter survey at both Speightstown and Sixmens (5 out of 30 comparisons; Fig. 3b).
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Linking lionƤsh to variability in reef Ƥsh community structure
Changes in �sh community structure
A multivariate analysis of variance (MANOVA) of the transect-level data con�rmed that the �sh community 
structure (based on parrot�sh, surgeon�sh, wrasse and damsel�sh biomass) di�ered signi�cantly among the 
ten sites and periods (pre- vs post-invasion) (all p ≤ 0.002; Table 2), with di�erences between the pre- and 
post-invasion periods depending on a given site, as evidenced by the signi�cant interaction between these 
two variables (p = 0.008; Table 2). In contrast, such variability was not signi�cantly linked to season or lion�sh 
biomass, as evidenced by the lack of statistical signi�cance for these two variables (p  ≥0.582; Table 2).

Changes in individual �sh groups
�e mixed-e�ects linear model analyses focusing separately on parrot�sh, surgeon�sh, wrasse and damsel�sh 
biomass (with data averaged across transects during each survey) as a function of season and period (and their 
interaction) found that including lion�sh biomass as a predictor signi�cantly improved the models only in 
the case of damsel�shes (Table 3). In this case, lion�sh biomass had a signi�cant negative e�ect on damsel�sh 
biomass (Fig. 4; Table S1), whereas season and period (or their interaction) did not signi�cantly contribute to 
explain damsel�sh biomass variability (Table S1).

Reef type Season Site

Biomass 
(kg per 100 
m2)

Density 
(number 
per 100 
m2)

Mean SD Mean SD

Bank Summer Accra 0.09 0.22 0.33 0.70

Bank Fall Accra 0.54 0.93 1.46 2.43

Bank Winter Accra 0.25 0.34 1.11 1.18

Bank Summer Holetown 0.18 0.39 0.33 0.70

Bank Fall Holetown 0.00 0.00 0.00 0.00

Bank Winter Holetown 0.01 0.02 0.33 0.70

Bank Summer Speightstown 0.53 0.70 2.00 1.72

Bank Fall Speightstown 0.23 0.53 0.50 1.12

Bank Winter Speightstown 0.40 0.64 1.33 1.72

Fringing Summer Batts Rock 0.00 0.00 0.00 0.00

Fringing Fall Batts Rock 0.00 0.00 0.00 0.00

Fringing Winter Batts Rock 0.00 0.00 0.00 0.00

Fringing Summer Greensleeves 0.00 0.00 0.00 0.00

Fringing Fall Greensleeves 0.00 0.00 0.00 0.00

Fringing Winter Greensleeves 0.11 0.34 0.17 0.53

Fringing Summer Sixmens 0.00 0.00 0.00 0.00

Fringing Fall Sixmens 0.00 0.00 0.00 0.00

Fringing Winter Sixmens 0.00 0.00 0.00 0.00

Fringing Summer South Bellairs 0.11 0.27 0.50 1.12

Fringing Fall South Bellairs 0.00 0.00 0.00 0.00

Fringing Winter South Bellairs 0.00 0.00 0.00 0.00

Patch Summer Coconut Court 0.02 0.07 0.17 0.53

Patch Fall Coconut Court 0.00 0.00 0.00 0.00

Patch Winter Coconut Court 0.00 0.00 0.00 0.00

Patch Summer Josef ’s 0.01 0.03 0.17 0.53

Patch Fall Josef ’s 0.00 0.00 0.00 0.00

Patch Winter Josef ’s 0.00 0.00 0.00 0.00

Patch Summer Southern Palms 0.04 0.08 0.33 0.70

Patch Fall Southern Palms 0.00 0.00 0.00 0.00

Patch Winter Southern Palms 0.00 0.00 0.00 0.00

Table 1. Lion�sh biomass and density estimates on 10 reefs (three bank, four fringing and three patch reefs) 

on the west and south coast of Barbados during three surveys (fall, winter, and summer surveys) during 

the post-invasion period (2021–2022). Data are shown as the mean and standard deviation (SD) of ten 60 

m2 transects for each survey, except for Accra in the fall and winter, with only eight and nine transects, 

respectively. Data were standardized to 100 m2
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Eơects of lionƤsh on Ƥshing yields and catch composition
Pre- and post-invasion period estimates of �shing yields (a�er pooling data across seasons and landing sites) 
were remarkably similar for both trap �shing (Fig. 5a) and spear�shing (Fig. 5b). Consistent with this, the e�ect 
of period was not statistically signi�cant (p ≥ 0.236) for either �shing type or season (p ≥ 0.122), although we did 
�nd a statistically signi�cant e�ect of landing site (p ≤ 0.013; Table 4).

For trap �shing, the numerical composition of the catch (by family), a�er pooling data across seasons and 
landing sites, was broadly similar between the pre- and post-invasion periods with parrot�shes (Scaridae), 
followed by grunts (Haemulidae), goat�shes (Mullidae), jacks (Carangidae) and surgeon�shes (Acanthuridae) 
accounting for approximately three quarters (74–77%) of the catch (Fig. 6a). Although lion�sh was recorded 
during the post-invasion period, it represented a negligible proportion of the catch (< 1%) (Fig.  6a). �e 
MANOVA indicated that the e�ect of period and landing site was signi�cant (p ≤ 0.017), but not that of season 
(p = 0.240; Table 5). �e indicator species analyses identi�ed squirrel�shes (Holocentridae) (statistic: 0.237, 
p = 0.008) as more speci�c to the pre-invasion period, whereas no �sh group was identi�ed as particularly 
speci�c to the post-invasion one.

In contrast, for spear�shing, there was a marked di�erence in numerical catch composition between the 
pre- and post-invasion periods (Fig. 6b). Most notably, lion�sh (Scorpaenidae) accounted for nearly a quarter 
of the �sh in the catch (23%) during the post-invasion period, whereas it was completely absent in the pre-
invasion period (Fig. 6b). Lion�sh thus became the second most important �sh group caught by spear�shers 
a�er parrot�shes (Scaridae; Fig.  6b). �e MANOVA indicated that the e�ects of period and season were 
signi�cant (p ≤ 0.017), but not that of landing site (p = 0.237; Table 5). �e indicator species analyses identi�ed 
�ve families, namely grunts (Haemulidae), surgeon�shes (Acanthuridae), large wrasses (Labridae), �le�shes 
(Monacanthidae) and squirrel�shes (Holocentridae) (all statistics: 0.460–0.661, all p ≤ 0.023) as more speci�c to 

Fig. 1. Relationship between post-invasion lion�sh biomass and depth across 10 reefs (three bank, four 
fringing, and three patch reefs) on the west and south coasts of Barbados. Biomass values represent the 
averages of three surveys at each site (winter, summer and fall surveys) (See Table 1 for survey values) during 
the post-invasion period. �e results of a Spearman rank correlation test between site depth and average 
lion�sh biomass per survey are also shown (n = 10).
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the pre-invasion period, whereas lion�sh was the only �sh group identi�ed as more speci�c to the post-invasion 
one (statistic: 0.237, p = 0.008).

Discussion
In contrast to the ‘gloom and doom’ scenarios predicted by studies early in the Caribbean lion�sh invasion 
e.g.11,13,30,31, we �nd no evidence of negative impacts on key reef �sh herbivores, i.e. parrot�shes and 
surgeon�shes, or on reef �sher catch yields for both trap �shers and spear�shers in Barbados. �is is likely due 
to the low lion�sh density observed across most of the study sites, which is likely the result of sustained levels 
of lion�sh �shing in Barbados since its arrival. �e changes we reveal in both the reef �sh communities and 
spear�sher catch composition indicate that the current level of management is su�cient to mitigate expected 
negative impacts of the lion�sh invasion.

First, we only found evidence of negative e�ects of lion�sh for damsel�shes, with a general trend of biomass 
decrease (relative to the seasonal baseline) at the deepest bank reefs (Accra and Speightstown; Figs. 3b and 4), 
where lion�sh was most abundant (Fig. 1). �is is not unexpected given that these damsel�shes are one of the 
most abundant small prey �shes on Barbados’ reefs (representing 51.4% of all small �shes in our surveys). �e 

Fig. 2. Boxplots of �sh biomass transect data during the pre-invasion (light blue boxplots) and post-
invasion (orange boxplots) period for parrot�shes (a) and surgeon�shes (b) at 10 reefs (one panel per reef) 
representative of three reef types (B: bank; F: fringing; P: patch) during the fall, winter and summer seasons. 
All surveys involve ten 60 m2 transects except for Accra during the fall (n = 8) and winter (n = 9) seasons 
of the post-invasion period and Holetown during the winter of the pre-invasion period (n = 9). Data were 
standardized to 100 m2. Dashed vertical reference line represents the overall median transect value for the data 
pooled across all sites and surveys. Biomass values on the y-axis are shown on a fourth root transformed scale.
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high abundance of damsel�shes (which are not taken by reef �shers) is also likely to be driven by the unnatural 
lack of competitors and predators32 due to the high levels of �shing pressure to which the reefs of Barbados 
have been subjected for many years33 preventing recovery of reef �sh biomass34. Damsel�shes are also known 
to be highly susceptible to consumption by lion�sh35 and are the most frequently reported family in lion�sh 
diet studies across the Caribbean14. Although S. partitus, a generalist feeder, accounted for most (59.4%) of the 
damsel�sh biomass recorded during our study, the remaining biomass (40.3%) included ‘algal farming’ Stegastes 
species such as S. planifrons, S. adustus and S. diencaeus (Microspathodon chrysurus only accounted for 0.3%). 
A controlling e�ect of lion�sh on the populations of these ‘algal farming’ damsel�shes could even be seen as 
potentially bene�cial for live coral in Barbados (which has dramatically decreased since the 1970’s with little 
evidence of recovery34,36) since farming members of the genus, and most notably S. planifrons, are known to 
cause signi�cant damage to coral by biting live tissue to extend their turf algae territories37,38.

Second, we found no evidence of a decrease in �shing yields (and hence income) for either trap �shers or 
spear�shers, with the latter actively targeting lion�sh as a commercially valuable species. �is contrasts with 

Fig. 3. Boxplots of �sh biomass transect data during the pre-invasion (light blue boxplots) and post-invasion 
(orange boxplots) period for wrasses (a) and damsel�shes (b) at ten reefs (one panel per reef) representative of 
three reef types (B: bank; F: fringing; P: patch) during the fall, winter, and summer seasons. All surveys involve 
ten 60 m2 transects except for Accra during the fall (n = 8) and winter (n = 9) seasons of the post-invasion 
period and Holetown during the winter of the pre-invasion period (n = 9). Data were standardized to 100m2. 
Dashed vertical reference line represents the overall median transect value for the data pooled across all sites 
and surveys. Biomass values on the y-axis are shown on a fourth root transformed scale.
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the only other studies of lion�sh impacts on Caribbean �sheries of which we are aware, where the abundance 
of lobsters in both lobster condos in the Bahamas39,40 and lobster traps in the Florida Keys41,42 signi�cantly 
decreased in the presence of lion�sh, lowering the lobster catch per unit e�ort in those �sheries. In our study, 
the fact that �shing yields remained constant while lion�sh had become the second most important �sh group 
in the catch of spear�shers during the post-invasion period suggests a release from spear�shing pressure for 
native �sh groups as �shers shi� their attention towards lion�sh as a viable commercial alternative. �at said, we 
acknowledge that our sample sizes for the �shing yield estimates were small, which warrants some caution in the 
interpretation of this �nding and should be the focus of future research.

Recent studies highlight the ongoing debate regarding negative impacts of lion�sh invasions on native reef 
communities across the Caribbean14,43. �e review by Côté and Smith43 noted that not all the early gloomy 
predictions have come to pass (e.g. strong competition with native predators, shi�s in composition of reef 
benthos, local species extinctions). Interestingly, they also pointed out a potential geographical bias, with 
the few studies so far conducted in natural reef systems of the southern Caribbean (e.g. Belize: Hackerott et 
al.44; Venezuela: Elise et al.45) reporting little to no impact of lion�sh, thus contrasting with studies reporting 
impacts on surveyed reefs from more northerly locations (e.g. SE USA: Ballew et al.13 ; Bahamas: Green et al.31, 
Lesser and Slattery16). However, this variation is likely a result of very di�erent lion�sh densities as well as reef 
characteristics, an issue that remains a topic of active research and contention.

For example, Benkwitt12 determined that the relationship between lion�sh density and native prey �sh 
communities is non-linear, with low impacts at low densities, signi�cant impacts at medium densities and 
leveling o� at very high densities. However, the experiments were conducted on small, isolated patch reefs with 
a range of lion�sh densities from 1–12 lion�sh m−2. As such her lowest experimental lion�sh density (1 m−2) 
equates to a density of 10,000 lion�sh ha-1. Although this was well below the highest natural density observed 

Fish group Fixed e�ects component Df AIC logLik Deviance Chisq p

Parrot�shes Without lion�sh 8  − 5.68 10.84  − 21.68

With lion�sh 9  − 4.22 11.11  − 22.22 0.54 0.462

Surgeon�shes Without lion�sh 8 19.19  − 1.59 3.19

With lion�sh 9 20.50  − 1.25 2.50 0.69 0.406

Wrasses Without lion�sh 8  − 35.32 25.66  − 51.32

With lion�sh 9  − 33.32 25.66  − 51.32 0.01 0.934

Damsel�shes Without lion�sh 8  − 21.86 18.93  − 37.86

With lion�sh 9  − 28.93 23.47  − 46.93 9.08 0.003

Table 3. Summary of statistical comparison of mixed-e�ects linear models with and without lion�sh biomass 

as an additional �xed e�ect predictor for each of four �sh groups. All models used average �sh biomass per 

transect during a given reef survey for a given �sh group as response variable and period (pre- and post-

invasion) and season (winter, summer and fall) (and their two-way interaction) as �xed e�ect factors. Site 

was treated as a random e�ect. Df- degrees of freedom; AIC- Akaike Information Criteria value; logLik- log 

likelihood ratio value; Chisq- Chi square statistic; p-p-value (based on one degree of freedom). Bold font 

indicates that adding lion�sh biomass to the model signi�cantly (p < 0.05) improved the model. All biomass 

values were square root transformed prior to the analyses.

 

Factor Df SS R2 F p

Site 9 15.42 0.2 16.8 0.001

Season 2 0.16 0 0.77 0.582

Period 1 0.87 0.01 8.55 0.002

Lion�sh biomass 1 0.03 0 0.32 0.797

Site:Season 18 2.19 0.03 1.19 0.168

Site:Period 9 1.63 0.02 1.78 0.008

Season:Period 2 0.21 0 1.04 0.385

Site:Season:Period 18 2.38 0.03 1.29 0.097

Residual 535 54.56 0.7

Total 595 77.45 1

Table 2. Results of the MANOVA testing for the e�ect of site (10 sites), season (winter, summer and fall) 

and period (pre- and post-invasion) (and their three-way interaction) as well as lion�sh biomass on reef �sh 

assemblage structure (based on biomass of parrot�shes, surgeon�shes, wrasses, and damsel�shes) at reef 

sites on the west and south coasts of Barbados. Df- degrees of freedom; SS- Sum of squares; R2 – Coe�cient 

of determination; F-F statistic; p-p-value. N = 596 transects. Bold font indicates terms that were signi�cant 

(p < 0.05).
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on her study site reefs (8 lion�sh m-2), it nonetheless could be considered an extraordinarily high density of 
lion�sh. Other authors of manipulative experimental studies �nding signi�cant impacts of lion�sh on native 
�shes in small Bahamian patch reefs did not state the densities of lion�sh used per area, but did give numbers 
per reef. For example, Albins and Hixon46 placed single lion�sh on reefs of approximately 1 m2 and 3 m2, 
equating to densities of 10,000 and 3,300 lion�sh ha-1 respectively. Likewise, Albins47 used densities of one 
lion�sh per 4 m2 reef (2,500 lion�sh ha-1). Again, these are at the high end of observed natural densities. Green 

Fig. 4. Modelled �xed e�ect of average lion�sh biomass per transect on average damsel�sh biomass per 
transect at a given reef survey. In the mixed e�ects model, period (pre- and post-invasion) and season (winter, 
summer and fall) (and their two-way interaction) and lion�sh biomass were treated as �xed e�ect factors and 
site was treated as a random e�ect. Only lion�sh biomass was signi�cant (Table 3 and Table S1).
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et al.9 modelled prey biomass production response to variable lion�sh densities to predict a critical threshold of 
lion�sh abundance for Bahamian patch reefs below which minimal impacts on native reef communities would 
be likely (i.e. prey species productivity is able to outstrip lion�sh consumption). �eir model, intended as a 
decision support tool for managers, used a metabolic theory of ecology (MTE) framework incorporating ambient 
temperature, lion�sh size and density, and standing biomass of prey to determine this critical threshold and thus 
an appropriate target abundance for lion�sh mitigation e�orts. �ey noted, however, that the high variation in 
prey abundance among reefs precluded a de�nitive threshold level of lion�sh abundance that could be applied 
to other locations. Although they did not explicitly state the lion�sh densities across their 26 experimental patch 
reefs, they indicated that reefs were between 100–150 m2 and stated lion�sh numbers per reef. Using these values 

Fig. 5. Average �shing yields for a trap �shing during the pre-invasion period (n = 22 �shing trips, average 
yield 3.0 kg/trap) and post-invasion period (n = 34 �shing trips, average yield 3.1 kg/trap) and b spear�shing 
during the pre-invasion period (n = 11 �shing trips, average yield 1.5 kg/hr) and post-invasion period (n = 27 
�shing trips, average yield 1.7 kg/hr).
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and extrapolating density based on the median reef area (125 m2) to give a ballpark estimate of density, suggests 
that reef-speci�c critical threshold density values appear to range between 66–480 lion�sh ha-1 for these reefs. 
�is model was subsequently challenged48,49 on the basis of its extreme sensitivity to temperature, although 
further defended by its authors50.

An alternative model based on mortality-weight coe�cients was proposed by Valderrama et al.49, although not 
yet widely �eld-tested, and neither model has yet been used as a management tool to the best of our knowledge. 

Term

Trap �shing Spear�shing

Df SS R2 F p Df SS R2 F p

Period 1 0.38 0.02 2.601 0.026 1 1.110 0.09 6.222 0.001

Landing site 1 1.04 0.06 7.242 0.001 1 0.249 0.02 1.398 0.237

Season 1 0.20 0.01 1.412 0.240 1 0.492 0.04 2.757 0.017

Residual 116 16.73 0.91 56 9.994 0.82

Total 119 18.30 1.00 59 12.192 1.00

Table 5. Summary statistics of the MANOVA to test for the e�ect of period (pre- v post-invasion), season 

(on- vs o�- pelagic season) and landing site (Pile Bay vs Oistins) on the catch composition of trap �shers and 

spear�shers. Df- degrees of freedom; SS- Sum of squares; R2 – Coe�cient of determination; F-F statistic; p-p-

value. Signi�cant (p < 0.05) terms are in bold. Trap data include 19 �sh families. Spear data include 17 families.

 

Fig. 6. Average catch relative composition (by �sh numbers within families) in a �sh trap landings during the 
pre-invasion (N = 62 �shing trips) and post-invasion period (n = 58 �shing trips) and b spear�shing landings 
during the pre-invasion (n = 32 �shing trips) and post-invasion period (n = 28 �shing trips).

 

Term

Trap �shing Spear�shing

Estimate SE t p Estimate SE t p

Intercept 2.31 0.21 11.20  < 0.001 0.41 0.25 1.62 0.115

Period  − 0.23 0.19  − 1.20 0.236  − 0.30 0.29  − 1.02 0.317

Landing site  − 0.64 0.19  − 3.45 0.001 0.77 0.29 2.63 0.013

Season 0.11 0.19 0.59 0.559 0.45 0.28 1.59 0.122

Table 4. Summary statistics of the linear model to test for the e�ect of period (pre- vs post-invasion), season 

(on- vs o�- pelagic season) and landing site (Pile Bay vs Oistins) on the �shing yield of trap �shers and 

spear�shers. SE- Standard error; t-t-statistic; p-p-value. Signi�cant (p < 0.05) terms are in bold.
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As such the critical threshold for lion�sh density remains elusive. More recently, Green and Grosholz51 agreed 
that low densities of lion�sh do not elicit a marked decline in prey species and suggest that maintaining lion�sh 
density at or below approximately 25 lion�sh ha-1 could prevent declines in native �sh and result in low rates of 
recolonization by lion�sh. Similar to the �ndings of Hackerott et al.44 and Elise et al.45 across natural reef systems 
at a scale relevant to management, we have demonstrated that lion�sh densities in Barbados (between 0 and 
128 lion�sh ha-1) have remained low enough (8 out of 10 reefs below 25 ha-1 threshold) not to cause detectable 
negative impacts on native �sh communities (except potentially for damsel�shes in the two reefs above the 
threshold) or �sher catches, an important benchmark for ongoing management e�orts. �e lion�sh densities 
in Barbados are within the range of those reported from Belize and Mexico44 and references therein where, like 
Barbados, management e�orts have encouraged lion�sh consumption and targeted spear�shing by recreational 
and commercial �shers52. �ese and other studies e.g.53–55 provide support for the suggestion by Green and 
Grosholz51 that lion�sh is a good candidate for managing through ‘functional eradication’ (i.e. suppressing 
invader populations below levels that cause unacceptable ecological e�ects). Using targeted spear�shing for 
human consumption is now being promoted or adopted as a cost-e�ective mitigation tool across many other 
locations in the Caribbean e.g.52,56–59, as opposed to attempting full eradication. In line with our own �ndings, 
Chapman et al.52 point out that this management strategy not only suppresses lion�sh abundance but provides 
livelihood support to �shers and could alleviate �shing pressure on other reef species. An important role of 
spear�shing in controlling lion�sh in Barbados is further supported by the negative relationship found here 
between depth and lion�sh biomass (Fig. 1), with deeper reefs likely acting as a depth refuge e.g.60,61.

In summary, our study highlights the importance of establishing baseline data to adequately assess the 
ecological and economic impact of invasive non-native species. �is is critical for guiding and prioritizing cost-
e�ective local and regional management actions against invasives when resources are limited, as is generally the 
case in small Caribbean Island states. Importantly, it shows that functional eradication of lion�sh via sustained 
�shing can be feasible and e�ective in such a context.

Methods
Assessment of reef Ƥsh communities
Underwater �sh surveys using SCUBA gear were conducted on 10 coral reef sites in 2012, before the establishment 
of a local lion�sh population; these data represent the pre-invasion baseline period. �e same surveys were 
repeated at the same sites 10 years a�er, between 2021 and 2022; these data represent the post-invasion period. 
�e 10 sites were selected to represent the three main reef types present in Barbados, namely nearshore shallow 
fringing reefs (depth: 3–5 m; located on the leeward west coast), nearshore shallow patch reefs (depth: 7–13 m; 
located on the windward south coast), and o�shore deeper bank reefs (depth: 14–26 m; located on both coasts) 
(Fig. 7).

In 2012, a total of ten 30 × 2 m belt transects were haphazardly deployed and georeferenced at each site 
during each survey. All �sh belonging to a few key �sh families were subsequently counted, identi�ed to 
species level, and sized along each transect. Because of their size and mobility, we distinguished between large 
mobile �shes and small sedentary �shes during the surveys. Large mobile �shes here included all species of 
parrot�shes (Sparisoma spp. and Scarus spp.), surgeon�shes (Acanthurus spp.), and lion�sh (Pterois volitans) 
and one relatively large species of damsel�sh, M. chrysurus. Small sedentary �shes included all small wrasses 
(�alassoma bifasciatum and all Halichoeres spp. except H. garnoti) and all small damsel�shes (Stegastes spp.). 
Our surveys were thus speci�cally designed to assess potential impacts of lion�sh on the key roving herbivores 
on Caribbean reefs, the parrot�shes and surgeon�shes62, which are also of economic importance for the reef 
�shery in Barbados21,22. We were also particularly interested in assessing potential e�ects of lion�sh on wrasses 
and damsel�shes because they are the dominant and conspicuous small �sh taxa on Barbados’ reefs and thus 
likely to be commonly preyed upon by lion�sh14.

During each �sh survey, we �rst moved along the 2 m-wide belt transect identifying and recording all the 
large mobile �shes and sizing them to the nearest 1 cm in total length. We then moved back recording the small 
sedentary �shes along the same transect length, but using a belt transect width of 1 m, and assigning each �sh 
to one of three size classes, namely < 5 cm in total length, 5–10 cm, and > 10 cm. We used FishBase63 length-to-
weight parameter values to convert individual �sh length estimates to individual biomass estimates. For the large 
mobile �shes we used their size (recorded to the nearest cm) and for small sedentary �sh, we used the mid-points 
of each size interval (2.5 cm, 7.5 cm and 12.5 cm, respectively) for the length-to-weight conversions. Overall, 
small sedentary �sh in the > 10 cm category were rare (< 10% of all small sedentary �sh counts). �e large mobile 
�sh and small sedentary �sh abundances and biomass estimates were standardized to 100 m2.

In 2012, these underwater �sh surveys were �rst conducted at each site in the winter (January 2012) and then 
repeated in the summer (May and June 2012) and fall (October 2012) to ensure that any seasonal variation in �sh 
population abundance was captured. Between 2021 and 2022, the post-invasion period, these �sh surveys were 
again repeated at each site using the same georeferenced transects in the summer (June 2021), fall (Oct 2021) 
and winter (Feb 2022) seasons. In three out of the 60 surveys (2 periods × 3 seasons × 10 sites), 8–9 transects were 
deployed (instead of ten) due to logistic constraints.

Assessment of reef Ƥshers’ catch composition
Reef �sher surveys were conducted at the two main reef �sh landing/marketing sites (Oistins and Pile Bay; Fig. 7) 
in 2012, before the establishment of a local lion�sh population; these data represent the pre-invasion baseline 
period. Fishers from these two sites are known to �sh all reef areas on the west and south coasts where our �sh 
surveys were conducted33. �e same surveys were repeated at the same landing sites 10 years later, between 
2021 and 2022; these data represent the post-invasion period. For both the pre- and post-invasion periods, two 
surveys were conducted: one within the winter pelagic �shing season (extending from November–June) and 
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Fig. 7. Location of the ten coral reef sites on the west and south coasts of Barbados used for the repeat surveys 
of native coral reef �sh and lion�sh (orange, blue and black circles) and main reef �sh landing sites where �sher 
surveys were conducted (blue stars). Map created using ArcGIS Desktop 10.8.2 ( h t t p s :   /  / w w  w . e s r  i . c  o m /  e  n  - u s /  a r 
c  g i  s / p r o d   u c t s /  a r  c g i s - d e  s k t o p / o v e r v i e w).
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the second within the summer o�-season for pelagic �shing (July–October)64. �is was to ensure that all reef 
�shers (those �shing full-time as well as those engaging in the reef �shery only during the pelagic o�-season) 
were sampled, and to ensure that data were not biased by any potential seasonality in the reef �sh themselves.

Reef �shers using spears or �sh traps were haphazardly surveyed to obtain information on their �shing e�ort 
(number of traps hauled, number of hours spear�shing) and the species composition of the catch at the end of 
a �shing trip. �e latter implied either identifying to species level all individual �sh landed or identifying the 
�sh from a haphazard sub-sample of the catch of approximately 2.5 kg. When possible, the total fresh weight of 
landed �sh for a �shing trip was also recorded at the time of sale, which allowed calculation of �shing yields for 
trap �shing (kg caught per trap deployed) and spear�shing (kg per hour of �shing).

Data handling and analysis
Reef �sh assemblage data
To assess changes in reef �sh assemblage between the pre-invasion and post-invasion period and potential 
e�ects of lion�sh, we focused on reef �sh biomass because this metric incorporates information in both �sh size 
and abundance and because we expected lion�sh impacts on the selected �sh groups to primarily act through 
trophic interactions (predation) for which biomass represents the best currency. We then summed species-level 
biomass data within the parrot�sh, surgeon�sh, wrasse, and damsel�sh families and treated these families as our 
target �sh groups.

We expected a decrease in biomass for all the �sh groups in the post-invasion period relative to the pre-
invasion one and we expected such a decrease to be associated with lion�sh biomass. To assess these expectations, 
for each �sh group, we �rst used boxplots to visually compare (using median values and overlap (or lack thereof) 
of interquartile ranges) between the pre- and post-invasion period the �sh biomass data collected during the 
three surveyed seasons (winter, summer, and fall) at each site.

We then conducted two sets of analyses. �e �rst analysis operated at the reef �sh assemblage level and 
involved conducting a MANOVA that tested for the e�ect of site (10 sites), period (pre- and post-invasion), 
and season (winter, fall and summer) and their three-way and two-way interactions on variability in �sh 
assemblage structure using parrot�sh, surgeon�sh, wrasse and damsel�sh biomass as a response matrix. Lion�sh 
biomass (fourth-root transformed) was also included in this analysis as an additional explanatory factor. �e 
transect values were used as replicates (n = 596); thus this analysis also explored links between reef �sh biomass 
composition and lion�sh at the transect level. �e �sh assemblage biomass response matrix was �rst fourth-
root transformed to minimize the in�uence of extreme values and subsequently Hellinger-transformed65. �is 
analysis was performed using the adonis function in the vegan package66 in R67.

�e second analysis explored links between �sh biomass and lion�sh biomass for each �sh group separately 
and did so at the site level. �is involved conducting a mixed-e�ects linear model using the average biomass 
per transect of the �sh group of interest as response variable and period (pre- and post-invasion) and season 
(winter, fall and summer) (and their two-way interaction) and corresponding average lion�sh biomass per 
transect estimate as �xed-e�ect predictors. Sites were treated as a random e�ects factor. �is full model was then 
compared with a nested one in which lion�sh biomass was removed from the model. �e statistical signi�cance 
of including lion�sh biomass in the model was assessed via a likelihood ratio test based on maximum 
likelihood68. Average �sh biomass estimates (n = 60) were square-root transformed to ensure meeting conditions 
for parametric testing. Model �tting and con�rmation of meeting parametric conditions for model �tting were 
conducted in R using the glmmTMB69 and DHARMA70 packages, respectively.

Reef �shers catch data
Fishing yield per unit e�ort For trap �shing, we used total �sh weight landed per trap during a �shing trip as 
an estimate of �shing yield per unit e�ort. For spear�shing, we divided total weight landed during a �shing trip 
by an individual �sher by the number of hours spent �shing to yield an estimate of weight landed per hour of 
spear�shing. We then ran a linear model to test for the e�ect of period (pre- vs post-invasion), season (on- vs 
o�-pelagic season), and landing site (Pile Bay vs Oistins) on �shing yield for trap �shing and spear�shing, sepa-
rately. �e number of �shing yield records across combinations of levels for the three main factors was small and 
unbalanced, which precluded reliably assessing interaction terms between factors. �us, only the main e�ects 
were assessed. Yield data were log-transformed to ensure meeting conditions for parametric testing.

Fisher catch composition For both trap �shing and spear�shing, we turned the numbers of individual �sh 
recorded during a given (trap or spear) �shing trip into relative abundance estimates broken down by family. 
Lion�sh was the only member of the Scorpaenidae family recorded in catches, so they are reported here as 
lion�sh. We subsequently used a MANOVA to test for the e�ect of period (pre- vs post-invasion), season (on- 
vs o�- pelagic season), and landing site (Pile Bay vs Oistins) on the �sh family composition of the �shing trip 
catch. �e number of relative abundance records across combinations of levels for the three main factors was 
small and unbalanced, which precluded reliably assessing interaction terms between factors. �us, only the main 
e�ects were assessed. Relative abundance data were Hellinger-transformed prior to this analysis. If the e�ect of 
period on catch composition (a�er accounting for that of season and landing site) was signi�cant, we identi�ed 
the �sh families that were more strongly associated with the pre- and post-invasion periods, respectively, using 
the species indicator framework71. �is is a powerful approach to identify relationships between species and 
environmental factors, combining a species relative abundance with its relative frequency of occurrence in the 
various groups of sites72. �is implied using the default settings of the “multipatt” function of the “indicspecies” 
package71, whereby the raw numerical abundances of the families were used as community data and the pre- 
and post-invasion periods were treated as two groups of separate sites (with the composition of separate �shing 
trip landings representing “sites”). �e statistical signi�cance of these indicator species tests was assessed via 
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restricted permutations that accounted for the e�ect of the other potentially signi�cant factors identi�ed by the 
MANOVA (i.e. season and/or landing site).

All graphs were produced using MS Excel and the ggplot R73 and jtools74 packages in R.

Data availability
�e datasets used during the current study are available from the corresponding author on reasonable request.
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