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A B S T R A C T

Bottom trawl fishing (BTF) is one of the most destructive fishing practices, generating long-term impacts on 
benthic habitats and removing habitat-structuring species such as millenary deep-sea corals essential for 
demersal assemblages. Using the ROV SuBastian aboard the R/V Falkor (too), we assessed the effects of BTF on 
deep benthic communities of the Juan Fernández Archipelago (JFA) seamounts, Chile, more than 25 years after a 
BTF moratorium. We also surveyed “Solito”, a seamount in the Desventuradas ecoregion that, to our knowledge, 
has never been trawled. ROV video data were compared with historical trawling locations from the early 2000s. 
Evidence of past trawling was found across all JFA seamounts, whereas none was detected at Solito. Non-trawled 
areas displayed significantly higher cover of live habitat-forming corals and greater abundances of cnidarians 
and arthropods, while trawled areas were dominated by soft sediments and by high densities of the urchin 
Dermechinus horridus. We hypothesize that BTF disturbed substrates favor the proliferation of D. horridus. Habitat 
complexity was also significantly higher in non-trawled areas, indicating that BTF causes long-lasting simplifi
cation of benthic structure. Our results demonstrate persistent ecological degradation in the JFA >25 years after 
the moratorium, including reduced habitat complexity and altered species composition. While the JFA sea
mounts currently fall within Marine Protected Areas, Solito remains unprotected. We recommend establishing 
long-term biophysical monitoring to evaluate habitat recovery and species succession, and implementing spatial 
management measures for Solito to safeguard this pristine and diverse seamount from present and future 
anthropogenic impacts.

1. Introduction

Several fishing practices and gear types profoundly impact marine 
ecosystems, particularly seamounts, which are recognized for their high 
vulnerability to disturbances and slow recovery rate (Watling and 
Auster, 2017; Stephenson et al., 2025). Among these, bottom trawl 
fishing (BTF) is the most destructive, causing significant long-lasting 
impacts on benthic habitats, as well as on both commercial and 
non-commercial species worldwide (Cañete and Häussermann, 2012; 
Watling and Auster, 2017; Hiddink et al., 2020).

This practice destroys environments composed of habitat-structuring 

organisms that are essential for demersal species reproduction, feeding, 
and refuge, many of which are endemic, fragile, and long-lived (Cañete 
and Häussermann, 2012; Watling and Auster, 2017; Stephenson et al., 
2025). Recent studies have shown that BTF removes between 20 and 
50% of invertebrates along trawling paths, depending on the substrate 
and taxa present in the area (Collie et al., 2017; Hiddink et al., 2020), 
but estimates can range up to 70% for erect megafauna such as sponges 
and corals (Freese et al., 1999), and on seamounts bottom cover of stony 
corals can be decreased by 2 orders of magnitude, resulting in 3-fold 
declines in richness, diversity, and density of other megafauna 
(Althaus et al., 2009). The consequence is a marked reduction in species 
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richness and abundance (number and biomass), leading to a loss or 
simplification of habitat complexity such as three-dimensionality and 
functional role redundancy, modifying the environment to be domi
nated by short-lived fauna (van Denderen et al., 2015; Clark and 
Tittensor, 2010; 2016; Watling and Auster, 2017; Hiddink et al., 
2020). These impacts are likely to be more accentuated in areas which 
comprise habitat structuring invertebrates, such as deep-water sponges 
and cold-water corals (Roark et al., 2009; Kaiser et al., 2018; Hilborn 
et al., 2023).

Cold-water corals, similar to shallower warm-water corals, play a key 
ecological role in deep-sea ecosystems, giving shape to complex three- 
dimensional structures on the seafloor that harbor a high diversity of 
organisms. These ecological attributes, commonly provided by tightly 
associated communities of different species of soft, stony, black, and 
calcifying corals, offer an oasis for several species of fishes and in
vertebrates that use these structures as nursery grounds, breeding areas, 
and feeding zones, increasing fauna retention (Ragnarsson et al., 2017; 
Cordes et al., 2016; Maier et al., 2023). Furthermore, due to their ability 
to build calcium carbonate structures, these communities potentially 
play a crucial biogeochemical role in balancing these compounds 
(Cordes et al., 2016). Cold-water corals are extremely fragile and sus
ceptible to mechanical destruction (e.g., bottom trawling), and for many 
deep-water species (e.g., gorgonians) that have very long life spans and 
may reproduce only after long periods of gonadal build up (Eckelbarger 
and Watling, 1995; Watling et al., 2011), it can take decades to centuries 
to recover from destruction, and in the case of black corals, it could take 
millennia (Andrews et al., 2002; Roark et al., 2009; Prouty et al., 2014). 
Given the fragility of these environments, the extensive area used, and 
the increasing industry of BTF, this activity poses a profound threat to 
the world's oceans.

These concerns prompted international, national, and local stake
holders, including governments, scientists, communities, and NGOs, to 
advocate for conservation measures, resulting in the enactment of new 
legislation in Chile. Notably, in 2012, following extensive discussions in 
the Chilean parliament, Chile prohibited BTF on 117 known seamounts 
within its Exclusive Economic Zone, protecting approximately 
68,065.63 km2 of seafloor. This regulation was grounded in Law N◦

20.657, which states in Article 5 that “In accordance with the precau
tionary principle, regarding underwater mountains, bottom fishing shall 
not be permitted unless scientific research, conducted in accordance 
with the protocols specified in Article 6◦ B, demonstrates that such ac
tivities do not adversely affect the vulnerable marine ecosystems present 
in the area” (www.bcn.cl/ley20.657). To date, no evaluation of the ef
fects of this measure has been made. However, a prominent example of 
this type of conservation measure in Chile is the total ban on BTF within 
the Juan Fernández Archipelago (JFA), due to the collapse of the orange 
roughy (Hoplostethus atlanticus) and alfonsino (Beryx splendens) fisheries 
(Yañez et al., 2009). These fisheries, initiated in 1999, operated for 
approximately five years before closure in 2006 due to low catch rates 
rendering the fishery economically unviable (Labbé and Arana, 2001; 
Payá, 2013). After two years of exploratory fishing, more than 500 
trawled km, and three years of increasing catches, the industry accepted 
the closure, since catches were too low to be economically profitable 
(Payá, 2013; Tingley and Dunn, 2018).

After 20 years of a bottom trawling ban in the JFA seamounts, the 
“Seamounts of Southeast Pacific expedition” conducted in summer 2024 
on the RV Falkor too surveyed the archipelago's seamounts, recording 
56 h of video footage of the benthic habitats, including the formerly 
trawled seamounts JF1, JF2 and JF6, as well as a never trawled 
seamount with similar biotic and physical compositions. This expedition 
provided the first opportunity to evaluate the long-term effects of the 
bottom trawling fisheries in Chile.

The primary objective of this study was to evaluate the effects of BTF 
on the deep benthic communities (400–700 m depth) of the JFA sea
mounts, following two decades under a bottom-trawling moratorium. 
This assessment aimed to improve our understanding of the ecological 

consequences of past destructive fishing activities in this iconic Chilean 
oceanic archipelago. An untrawled seamount, located ~600 km north of 
this group, was used as a reference site for comparison.

2. Materials and methods

2.1. Study sites

The JFA is a group of three islands (Robinson Crusoe, Santa Clara, 
and Alejandro Selkirk) located approximately 700 km off continental 
Chile (33◦37′S; 78◦51′W), and emerging from the Juan Fernández ridge 
(Rodrigo and Lara, 2014). This archipelago has one of the greatest levels 
of marine endemism reported worldwide (87% of regional endemic 
nearshore fish and nearly 66% in marine mollusks), high fish biomass, a 
century-long sustainable artisanal lobster fishery, and a distinct com
munity culture (Brink and De Rodt, 2005; Fernández et al., 2014; 
Friedlander et al., 2016; Porobic et al., 2019). Nowadays, the JFA has 7 
Marine Protected Areas (MPAs), including 6 small scale No-take Marine 
Parks (MPs): El Palillo (0.04 km2), Lobería de Selkirk (2.58 km2), El 
Arenal (0.44 km2), Tierra Blanca (0.39 km2), Montes Submarinos Crusoe 
y Selkirk (1.078 km2); the Mar de Juan Fernández large scale MP 
(262.000 km2); and the Mar de Juan Fernández Multiple Uses Coastal 
Marine Protected Area (MU-MPA) (24.000 km2) (Fig. 1). The latter 
protects a series of seamounts that were heavily trawled during the 
2000s for orange roughy (H. atlanticus) and alfonsino (B. splendens) 
(Payá, 2013). Approximately 600 km north of the JFA, in the Desven
turadas Ecoregion, a previously unexplored seamount, unofficially 
named Solito, is located (Fig. 1). Despite its distance from the JFA, Solito 
harbors marine communities similar to those within the JFA, making it 
an ideal seamount for ecological comparisons.

The “Seamounts of the Southeast Pacific expedition”, FKt240108 
cruise was conducted in summer 2024 onboard RV Falkor (too) from the 
Schmidt Ocean Institute. The objective of the cruise was to maximize the 
surveyed area in the JFA by including both trawled zones and poten
tially pristine areas with a high diversity of habitats. Due to the 
remoteness of the region, the high operational costs, and the fact that the 
cruise was not exclusively focused on trawled areas, it was only possible 
to survey four seamounts in this area: “JF1”, “JF2”, “JF6” and “Solito”. 
These seamounts, except for Solito, were intensively bottom fishing 
trawled (BTF) for orange roughy (H. atlanticus) and alfonsino 
(B. splendens) more than 25 years ago. We mapped past BTF spots that 
were provided by the Fisheries Development Institute (IFOP) (Fig. 2), 
which included BTF spots for the JF1, JF2 and JF6 seamounts. It is 
noteworthy that even though no BTF spots were provided for JF6, 
trawling industry operated in the whole JFA during the alfonsino and 
orange roughy fisheries exploration period. The depth analysis at which 
BTF was executed in these areas revealed that ~90% of observations at 
JF1 and 80% at JF2 were concentrated between 400 and 700 m in depth.

2.2. Data collection

Data collection was conducted using the remotely operated vehicle 
(ROV) SuBastian aboard the R/V Falkor (too), capable of operating at 
depths up to 4500 m. The ROV was operated along the seafloor with 
exploratory transects moving upslope at < 5 m (<2 m when possible) off 
the seafloor. Video recordings primarily focused on benthic (sessile and 
mobile) and benthopelagic organisms, thus fish were not considered in 
this research because no standardized method for fish abundance was 
used during video transects. A total of 72 h of ROV footage for all sea
mounts was reviewed for this study, and frames were extracted from the 
videos using the ASNAP (auto snapshot) function in the Schmidt Ocean 
Institute SEALOG annotation system (Trotter et al., 2022; Pinner, 2024; 
Schmidt Ocean Institute, 2024; Carrasco et al., 2026), Image analysis 
was performed using ImageJ (version 1.53e) and IC Measure (version 
2.0.0.245). ROV frames were established as quadrats and were defined 
based on the following criteria: (i) a field of view between 1 m2 and 
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10 m2 to ensure accurate species identification; (ii) frames in which the 
ROV maintained a steady altitude between 1 and 5 m above the sub
strate, ensuring the visibility of the laser scalebar (two points positioned 
10 cm apart) for precise measurement. A total of 277 quadrats were 
obtained for all sites: 70 at JF1, 83 at JF2, 56 at JF6, and 68 at Solito.

Different depths are expected to harbor distinct community struc
tures and levels of functional biodiversity (Tapia-Guerra et al., 2021; 
Kennedy et al., 2025). To maintain consistency across sampling, bio
logical communities within each seamount were only compared with 
those occupying similar depth and substrate categories. This study 
considers depths up to 800 m, based on the most frequent depths used by 
the BTF industry that operated in the JFA.

The substrate was classified into five categories: soft sediments, 
cobbles, boulders, coral rubble, and live habitat-forming coral (LHFC). 
Taxon counts (individuals per m2) and substrate cover (percent cover 
per quadrat) were used to characterize the biological assemblages at 
each seamount. Taxonomic identification was performed in situ to the 
lowest possible taxonomic level during ROV operations. When diag
nostic morphological characters were clearly visible, taxa were assigned 
to genus or species level; otherwise, visually distinct organisms were 
retained as operational taxonomic units (OTUs) for ecological analyses. 
Identifications were based on regional taxonomic literature and previ
ous faunal inventories from the Nazca and Salas & Gómez Ridges, 
Nazca–Desventuradas MP, and JFA (e.g., Parin et al., 1997; Yañez et al., 
2009; Dyer and Westneat, 2010; Friedlander et al., 2016; Retamal and 
Arana, 2016; Gorny et al., 2017; National Geographic, Pristine Seas 
et al., 2017; Tapia-Guerra et al., 2021), and complemented by voucher 
specimens collected during the expedition using the vessel ROV 

SuBastian. Specimens were preserved in 96% ethanol and deposited in 
the Sala de Colecciones Biológicas at Universidad Católica del Norte 
(SCBUCN, Coquimbo, Chile) for laboratory verification. Taxonomic 
identifications were further validated by taxonomic experts and 
cross-checked against authoritative global databases, including the 
World Register of Marine Species (WoRMS, 2025; www.marinespecies. 
org) and the Ocean Biodiversity Information System (OBIS, 2025; 
www.iobis.org). All occurrence records and associated metadata were 
curated and published through the SCBUCN dataset in the GBIF portal 
(Sellanes, 2022). Biological and geological collections were conducted 
under permit R. EX. N◦ E− 2023-612 issued by Undersecretary of Fish
eries (SUBPESCA), Chile.

The impact of BTF was denoted when trawling signs were visible 
along ROV dives from which quadrats were obtained. Following Watling 
and Auster (2017), seafloor features such as clear trawl lines and un
naturally broken coral fragments over extensive areas were considered 
evidence of BTF. This resulted in a binomial categorization of ROV 
frames according to seafloor status, classified as trawled (1) or 
non-trawled (0).

2.3. Derivation of structural and impact indices

To assess the structural impacts of BTF on the seafloor, we selected 
and adapted ecological indicators (e.g., colonies cover and height) based 
on their documented sensitivity to fishing disturbance, following the 
synthesis provided by Hiddink et al. (2020) and van Denderen et al. 
(2024). The Habitat Complexity index (HC) was identified as the most 
suitable for evaluating changes in physical habitat structure resulting 

Fig. 1. Map showing the Juan Fernández archipelago and the JF1, JF2 and JF6 seamounts. To the north, in the Desventuradas ecoregion, the Solito seamount is 
shown. Green color represents the No-take Marine Parks, and the Mar de Juan Fernández Multiple Uses Coastal Marine Protected Area (MU-MPA) is represented 
in purple.
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from bottom-contact gear. We adapted this index to our study case by 
integrating morphological attributes of LHFC, focusing on three 
ecologically dominant taxa: Leiopathes sp., Acanella sp., and branching 
Keratoisididae. For each observed colony, using the ROV measurement 
lasers, we quantified maximum height (cm) and cover (%). These two 
variables were selected due to their relevance in terms of their ecological 
role (i.e., providing habitat for other animals to forage, refuge and 
breed) and their feasibility for remote assessment. These components 
were standardized and combined to calculate a modified version of the 
HC index, following the conceptual framework of Jardim et al. (2025).

2.4. Statistical analysis

A one-way ANOVA was conducted to assess overall differences in 
seafloor composition among seamounts. Percent-cover data were 
arcsine square-root transformed to improve normality and stabilize 
variances (Legendre and Legendre, 2012). When significant effects were 
detected, pairwise comparisons between seamounts were performed 
using Bonferroni-adjusted post hoc tests to control Type I error inflation. 
Likewise, a one-way ANOVA was applied to compare benthic fauna 
abundance among seamounts, using log (x + 1)-transformed abundance 
data to reduce the influence of zeros and right-skewness. Significant 
results were followed by Bonferroni-corrected pairwise comparisons.

Diversity contrasting trawled and non-trawled areas was assessed 
through the calculation of taxon richness (S) and applying the Shan
non–Wiener (H′), and Pielou's evenness (J′) diversity indices. Calcula
tions were based on square-root transformed abundance data.

Spatial taxon associations with seafloor and BTF status at each 

seamount were assessed using Principal Component Analysis (PCA) 
based on the abundance of the 30 most abundant taxa. Taxa abundance 
data were Hellinger-transformed using the “decostand” function from 
the vegan R package (v2.6-4; Oksanen et al., 2024) to reduce the in
fluence of highly dominant taxa. To explore taxon–habitat relationships, 
we computed weighted averages of seafloor composition for each taxon, 
using relative abundances across sites as weights. The latter resulted in a 
matrix representing taxon-specific environmental centroids. The selec
tion of retained principal components was guided by the broken-stick 
model, implemented via the vegan package, which compares observed 
eigenvalues to those expected under a null distribution. Only compo
nents exceeding the broken-stick expectations were interpreted.

To identify taxa contributing most -in terms of taxa density-to faunal 
dissimilarities between trawled and non-trawled areas, a Similarity 
Percentage Analysis (SIMPER) was conducted using square-root trans
formed abundance data and Bray–Curtis dissimilarity matrices. To 
minimize the influence of rare taxa, only those occurring in at least 5% 
of transects were included. Cumulative contributions were used to 
identify the set of taxa explaining ≥70% of total dissimilarity between 
groups. Significance of taxon contribution was assessed via permutation 
testing (9999 permutations). Taxa with P < 0.05 were considered strong 
discriminators between trawling conditions.

The impacts of BTF on habitat ecological functioning were assessed 
through the Habitat Complexity index (HC). For each coral colony 
(Leiopathes sp., Acanella sp., and branching Keratoisididae) height (cm), 
cover (%), and abundance (ind. m− 2) were standardized and combined 
to calculate a modified version of the HC index, following the proced
ures developed by Jardim et al. (2025). All variables represented mean 

Fig. 2. Maps showing the seamounts (JF1, JF2, JF6, and Solito) studied in 2024 during the Seamounts of Southeast Pacific expedition (green dots and lines, rep
resenting the ROV dive tracks) and the bottom trawl fishing spots (red dots) for the orange roughy (Hoplostethus atlanticus) and alfonsino (Beryx splendens) fisheries 
executed in this area during 2000-2002. The purple polygon in the upper panel represents the Mar de Juan Fernández Multiple Uses Marine Protected Area.
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values per transect, and their combined product was scaled between 
0 and 1 using min–max normalization across all samples. This rescaling 
allowed direct comparisons among sites, where values close to 1 re
flected structurally complex and ecologically intact habitats, while 
values near 0 indicated structurally degraded areas.

Differences in HC values between trawled and non-trawled areas 
were tested using Welch's t-tests, which account for unequal variances 
and sample sizes. A linear regression analysis was conducted to evaluate 

the relationship between colony height and coral coverage, as a proxy 
for local habitat suitability and structural complexity.

All statistical analyses were conducted in R version 4.3.2 (R core 
team, 2024). Community analyses were performed with the package 
vegan (v2.6-4; Oksanen et al., 2024), A one-way ANOVA was performed 
using the “CAR package” (Fox and Weisberg, 2019). Differences in 
assemblage composition across trawled and non-trawled areas were 
tested using the non-parametric statistics, Kruskal–Wallis tests for 

Fig. 3. Seafloor habitats observed across JF1, JF2, JF6, and Solito seamounts. (A) Disturbed shallow habitat at JF1 with coarse sand, flattened rocky slabs, coral 
rubble, and trawl scars. (B) Sandy plain at JF1 displaying linear drag marks consistent with intensive bottom trawl fishing. (C-D) High-relief rocky habitat at JF6 and 
Solito seamounts colonized by dense Madrepora oculata coral aggregations. (E) Degraded benthic environment at the JF2 seamount dominated by Dermechinus 
horridus. Image credits: SOI/ESMOI-UCN.
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overall differences, followed by pairwise Mann–Whitney U tests with 
Bonferroni correction for multiple comparisons following Borcard et al., 
2014. While data processing and visualization used dplyr (Wickham and 
Bryan, 2023), tidyr (Wickham et al., 2024), and ggplot2 (Wickham, 
2016). Additional figure composition was supported by reshape2 and 
patchwork (Chang, 2018).

3. Results

3.1. Juan Fernández and Solito seamounts seafloor composition

The seafloor across JF1, JF2, JF6, and Solito seamounts revealed 
significant differences based on its seafloor composition and signs of 
past BTF in all JFA seamounts (Fig. 3). A total of 47 quadrats were 
categorized as trawled over a general total of 277 for all the seamounts 
studied. Among them, 12 occurred at JF1, 30 at JF2, and 5 at JF6. No 
signs of BTF were detected at Solito seamount. The average depth of 
quadrats categorized as trawled was 544 m (SD: 57,10), the shallowest 
recorded was at 439 m at JF2, while the deepest was at 718 m on the 
same seamount. No evidence of BTF was detected beyond this depth.

Seafloor composition among seamounts differed significantly (Fig. 4; 
Table 1). Soft sediment cover was significantly higher (p < 0.05) at JF1, 
exceeding 50% mean cover. JF6 and JF2 had lower soft sediment cover 
but were not significantly different from each other, whereas Solito had 
a significantly lower cover of soft sediment (Fig. 4A; Table 1). Cobbles 
showed a low cover in all seamounts (<20%), and boulders were even in 
all seamounts, covering ~30% of the bottom. Coral rubble had low 
cover in all seamounts, but it was significantly (p < 0.05) more abundant 
at Solito compared to all other areas (Fig. 4D; Table 1), this high cover at 
Solito is explained by the presence of great accumulations of Madrepora 
oculata. skeletons. Finally, LHFC was significantly (p < 0.05) higher at 

Solito compared to all other areas. JF6 was also significantly different 
(p < 0.05) from JF1 and JF2, which did not differ from each other 
(Fig. 4E; Table 1).

3.2. Benthic communities across seamounts

A total of 74 operational taxonomic units (OTUs) were identified 
across the study depth. Benthic communities spanned six phyla, with 
Cnidaria (53%), Echinodermata (15%), Arthropoda (11%) and Porifera 
(11%) comprising the majority (90%) of invertebrate richness. The 
remaining OTUs were represented by Mollusca (6%) and Annelida (4%).

The abundance of the major phyla assessed across all seamounts was 
significantly different (Fig. 5; Table 2). Cnidarians showed the highest 
density at Solito, and the lowest at JF1 and JF2 (p < 0.05); however, JF6 
did not differ from Solito (Fig. 5A; Table 2). Echinoderms were more 
abundant at JF1, JF2, followed by JF6, but they were significantly less 
abundant at Solito (p < 0.05) (Fig. 5B; Table 2). Arthropods were 
significantly more abundant (p < 0.05) at Solito than at all other sites. 
The lowest density was observed at JF1 (p < 0.05) (Fig. 5C; Table 2). 
Finally, Porifera was significantly (p < 0.05) more abundant at Solito, 
compared to the other three seamounts, where this phylum was almost 
absent (Fig. 5D; Table 2).

3.3. Associations between seafloor type cover and species composition

The numerical abundance of invertebrate taxa explained ~68% (PCA 
1, 43.1% and PCA 2, 25.7%) of the total variation in spatial ordination 
based on abundance and seafloor cover (Fig. 6). Trawled and non- 
trawled areas were opposite in PCA 1, non-trawled areas showed asso
ciation with coral rubble and LHFC in the same axes, and were associ
ated with species like Stelletta sp., Enallopsammia rostrata, Acanthogorgia 

Fig. 4. Mean seafloor cover (%) across depth strata and JF1, JF2, JF6, and Solito seamounts. Categories included are: Soft Sediment, Cobbles, Boulders, Coral Rubble, 
and Live Habitat-Forming coral. Sites (black bars) with the same letter are not significantly different (ANOVA, p > 0.05).

I. Petit et al.                                                                                                                                                                                                                                      Deep-Sea Research Part I 230 (2026) 104723 

6 



sp., Chrysogorgia sp., Projasus bahamondei, and Leiopathes sp., among 
others (Fig. 6). At the opposite end, trawled seafloor was related to soft 
sediment showing association with species such as Chaceon chilensis, 
Paragorgia sp., Nematocarcinus sp., and Actinoscyphia sp., among others. 
Cobbles were orthogonal to boulders, where cobbles showed association 
with Hormathia sp. while boulders were associated with Thouarella sp., 
D. horridus, and Parantipathes sp. These last two species were also 
associated with the trawled vector, occurring in the middle between 
both axes (Fig. 6).

Among the taxa contributing most to the differences between 
trawled and non-trawled areas, only two showed a significant associa
tion according to the SIMPER analysis (Table 3), the branching bamboo 
coral Keratoisididae and the deep-sea urchin D. horridus, both taxa were 
significantly associated with trawled areas (Table 3).

D. horridus was the most abundant echinoderm, particularly associ
ated with the JF1 and JF2 seamounts in the JFA, showing a highly 
gregarious behavior in both adult (Figs. 3E and 7) and juvenile phases. 
D. horridus was seen at JF2 seamount on the polyps of a bamboo coral 
(Keratoisididae) next to a trawled area (Fig. 7).

3.4. Differences in benthic habitat complexity and coral colony structure 
related to bottom trawl fishing status

The Benthic Habitat Complexity Index (HC) differed significantly 
between trawled and non-trawled areas (p < 0.05; Fig. 8A). HC values 
were lower with a narrower range in trawled areas (HC index ~ 0.18) 
compared to non-trawled areas (HC index ~ 0.32) (Fig. 8A). When the 

relation of coral height vs. cover of Acanella sp., Keratoisididae, and 
Leiopathes sp. (taxa chosen due to their relevance as engineering species 
ecosystem health proxy) was assessed, a positive linear relation was 
observed between these metrics across all seamounts (Fig. 8B; 
R2 = 0.11). Colonies of Leiopathes sp. (media: 62.4 cm; SD: 11.2) and 
branched Keratoisididae. (media: 62.5 cm; SD: 53.0) were higher than 
Acanella sp. (media: 40.1 cm; SD:27.8) (Fig. 8B). Colony height was 
significantly (p < 0.05) smaller in trawled areas than in non-trawled 
areas, with the tallest colonies observed in non-trawled areas 
(Fig. 8B). Coral cover was greater in non-trawled areas than in trawled 
locations, except for two observations of Leiopathes sp. and Keratoisi
didae that showed high cover but small height.

The species richness (S) was higher in non-trawled compared to 
trawled locations (Table 4), and a similar pattern was observed with 
respect to biodiversity, as indicated by the Shannon index. Regarding 
Pielou's evenness J′ values, both trawled and non-trawled areas were 
similar, with a slightly higher value in trawled areas.

4. Discussion

Evidence of BTF activity was observed in footage from all studied 
JFA seamounts, clearly overlapping with historical trawling grounds. In 
contrast, the non-trawled Solito Seamount, located in the neighboring 
Desventuradas Ecoregion, exhibited markedly different seafloor char
acteristics, community structure and composition, and higher habitat 
complexity. Our observations suggest that deep-sea benthic commu
nities in the JFA show little to no sign of recovery, even after two de
cades of cessation of BTF in these seamounts. Vulnerable marine species’ 
recovery like cold-water corals and sponges might take (depending on 
the taxa) 20 to 40 years post-fishing activity (Risk et al., 2002; Baco 
et al., 2019; Stephenson et al., 2025), however, this is accentuated 
when species such as black corals Leiopathes sp. and glass sponges are 
affected, both present in the JFA, as these species can live for as long as 
2800 years and can take centuries to recover (Roark et al., 2006; Prouty 
et al., 2014). It is noteworthy that the slow growth rate and longevity of 
these organisms represent the most evident drivers of the fragility of 
biodiversity threatened by BTF. However, other factors, such as the long 
periodicity of reproduction, which may occur only once every 5 to 10 
years depending on location and the variability of ocean currents and 
larval dispersal, might also contribute significantly to this fragility 
(Eckelbarger and Watling, 1995). For instance, Watling et al. (2013)
found that, in a gorgonian-dominated habitat in the northwest of 
Hawaii, all colonies were remarkably large, estimated to be decades to 
centuries old, and no juvenile individuals were observed, suggesting a 
possible lack of recruitment over at least a century.

The seafloor composition in the JFA was dominated by soft sediment 
and a low cover of LHFC, particularly at JF1 and JF2, the two most 
intensively trawled seamounts in this area. On these seamounts, exten
sive sandy plains with parallel drag marks were observed on the sea
floor, features previously proposed as indicators of past BTF activity 
(Watling and Auster, 2017). It is noteworthy that even though these 
seamounts were heavily trawled during early 2000s we were able to 
observe some patchy coral colonies composed of live and dead bamboo 
corals (i.e., Acanella spp.), indicating that these areas had the biological 
and physical features for harboring healthy cold-water coral colonies, 
similarly to less trawled areas such as at JF6 and the non-trawled Solito 
seamount; thus, their absence might be attributable to anthropogenic 
activity. Even though some evidence of BTF was detected at JF6, rocky 
substrates without trawl scars and healthy deep coral colonies (i.e., 
Madrepora oculata) were observed, suggesting slower past BTF pressure 
at this site.

In contrast to the JFA, the non-trawled Solito seamount depicted the 
greatest cover of LHFC and the lowest cover of soft sediment, probably 
due to the lack of human intervention. Moreover, coral rubble, 
composed of Madrepora oculata “skeletons” accumulation, was almost 
absent in the JFA seamounts, but it was abundant at Solito. When there 

Table 1 
Results of analysis of variance test for the fixed effects of site and pairwise 
comparison between each seamount based on each seafloor category cover: soft 
sediment, cobbles, boulders, coral rubble, and Live Habitat-Forming coral.

Terms F seamount P-value seamount

Soft sediment 21.085 <0.000*
Cobbles 5.725 <0.000*
Boulders 1.862 0.135
Coral rubble 16.991 <0.000*
Live habitat-forming coral 19.780 <0.000*

Pairwise comparisons for seamount
Cover Type Seamount comparison P-value (Bonferroni)

Soft sediment JF6 vs SOLITO 0.001*
Soft sediment JF1 vs SOLITO <0.000*
Soft sediment JF2 vs SOLITO <0.000*
Soft sediment JF1 vs JF6 0.004*
Soft sediment JF2 vs JF6 1.000
Soft sediment JF1 vs JF2 1.000
Cobbles JF6 vs SOLITO 1.000
Cobbles JF1 vs SOLITO 1.000
Cobbles JF2 vs SOLITO 1.000
Cobbles JF1 vs JF6 0.209
Cobbles JF2 vs JF6 0.221
Cobbles JF1 vs JF2 1.000
Boulders JF6 vs SOLITO 1.000
Boulders JF1 vs SOLITO 1.000
Boulders JF2 vs SOLITO 0.208
Boulders JF1 vs JF6 1.000
Boulders JF2 vs JF6 0.586
Boulders JF1 vs JF2 1.000
Coral rubble JF6 vs SOLITO <0.000*
Coral rubble JF1 vs SOLITO <0.000*
Coral rubble JF2 vs SOLITO <0.000*
Coral rubble JF1 vs JF6 1.000
Coral rubble JF2 vs JF6 1.000
Coral rubble JF1 vs JF2 1.000
Live habitat-forming coral JF6 vs SOLITO <0.000*
Live habitat-forming coral JF1 vs SOLITO <0.000*
Live habitat-forming coral JF2 vs SOLITO <0.000*
Live habitat-forming coral JF1 vs JF6 0.0100*
Live habitat-forming coral JF2 vs JF6 0.0090*
Live habitat-forming coral JF1 vs JF2 1.000
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is no mechanical damage or seafloor removal by BTF or other human 
activity, natural colonies’ mortality remains (i.e., carbonate-calcium 
structures), resulting in a buildup of coral rubble on the seafloor. To 
our knowledge, the ecological effects of this coral rubble accumulation 
are unknown; however, from a physical perspective, dead colonies may 
still contribute to habitat tridimensionality, providing refuge and/or 
settlement substrate for other organisms (Helder et al., 2022) even after 
colonies death.

Benthic communities across JFA seamounts showed a common 
pattern of community composition disruption potentially due to BTF. On 
the contrary, highly vulnerable groups such as corals and sponges were 
significantly more abundant at Solito seamount, revealing a non- 
disturbed, healthy deep-sea community that could be used as a base
line for ecological comparisons with neighboring seamounts. Williams 
and colleagues (2020) proposed a BTF impact set of indicators, sug
gesting that habitats with “High relief, fully intact coral matrix (dead or 
alive)” should be categorized as unimpacted, which could be the case for 
Solito. In contrast, based on what we observed in the JFA, even though 
we found some coral colonies in trawled areas, these colonies were 
shorter than 40 cm and covered less area than in non-trawled locations. 
Thus, although coral species (i.e., Leiopathes sp. Keratoisididae and 
Acanella sp.) were present in disturbed areas (survivals or remanent 
coral fragments of bamboo and black corals from BTF), these commu
nities cannot provide the ecological functions (e.g., habitat for refuge, 
reproduction, and feeding) they provide in undisturbed environments. 
Due to the slow growth rates of species such as Leiopathes, it remains 
uncertain how long these colonies would take to re-establish their 
ecological functions, or whether these functions may be altered 
indefinitely.

A similar pattern was observed for Arthropoda, suggesting that this 
group is attracted to healthy habitats features (i.e., high heterogeneity 

and tridimensionality) provided by corals and sponges. The presence of 
commercially relevant crustaceans, such as the Chilean golden crab 
(Chaceon chilensis) and the Juan Fernández deep-sea lobster (Projasus 
bahamondei), suggests that deep cold-water corals support a higher 
biomass of megabenthic invertebrates compared to trawled locations, as 
it has been reported for other seamounts (Buhl-Mortensen et al., 2010; 
Goode et al., 2020). Thus, the presence of LHFC not only contributes to 
sustaining greater deep-sea biodiversity but also to the sustainability of 
crustacean fisheries, such as the JFA artisanal fisheries. In the PCA 
analysis, vectors corresponding with trawled and soft sediments were 
also associated with C. chilensis and Nematocarcinus sp., both highly 
mobile species. Particularly, C. chilensis is reported as an opportunistic 
species that may take advantage of trawled habitats, feeding on the 
organic matter produced from disturbed substrate (Ahumada and Arana, 
2009), which might explain its association with disturbed habitats as 
shown in our analyses.

Even though some stony corals, such as Paragorgia sp., Keratoisididae 
spp., Parantipathes sp. were observed across trawling paths, and in 
particular Keratoisididae spp. were significantly associated with trawled 
areas in the SIMPER analysis, in most cases these encounters corre
sponded to remnant populations or broken fragments resulting from 
BTF. Similarly, evidence from multiple regions shows consistent pat
terns of trawling impacts on bamboo corals, probably due to trawling 
often targeting fish-rich habitats that commonly overlap with bamboo 
coral fields (Husebo et al., 2002; Stone, 2006; Baker et al., 2019). In 
submarine canyons of the Northwest Atlantic, Baker et al. (2019) re
ported corals of the same family frequently occurring in trawled areas 
and displaying clear signs of degradation. A similar pattern was 
observed by Yoklavich et al. (2018) who found that in heavily trawled 
areas, only half of the bamboo corals were considered healthy, with 
many colonies sheared at the base and extensive linear swaths of broken 

Fig. 5. Species density at JF1, JF2, JF6, and Solito seamounts. The four major phyla Arthropoda, Cnidaria, Echinodermata, and Porifera were considered based on 
their dominance across all study sites. Bars with the same letter were not significantly different (ANOVA, p > 0.05).
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or dead colonies. At JF2, we observed both healthy and damaged corals 
(Fig. 7) along with reduced colony sizes (Fig. 8), reflecting degradation 
patterns consistent with those documented in other deep-sea ecosystems 
affected by BTF.

Remarkably, the cactus sea urchin D. horridus was strongly associ
ated with trawled areas, being one of the only two species that showed 
significant associations in our SIMPER analysis. This species was present 
at trawled seamounts in JFA and at Solito, but its abundance at Solito 
was comparatively lower, suggesting that trawled zones may be favoring 
this sea urchin. Based on its high abundance in some areas of JFA (i.e., 
JF2, the most heavily BTF seamount) it is feasible to consider that this 
species could potentially be causing an ecological imbalance, for 
example in predatory pressure upon corals and on recruits of many 
species also trying to take advantage of the open bare substrate, such as 
barnacles, bryozoans, hydroids, and mussels. Notably, evidence from 
seamounts in Tasmania and South Africa shows that the same genus 
occurred in high abundance within trawled areas, where deep-sea coral 
species simultaneously exhibit clear signs of tissue damage (Althaus 
et al., 2009; Buhl-Mortensen et al., 2022).

The ecological consequences of a potential overpopulation of 
D. horridus on trawled environments are unknown, but we could use 
D. horridus abundance at Solito seamount as a reference baseline. Sea 
urchins are globally known for their profound impacts on the environ
ment when their populations erupt (Lawrence, 2014; Ling et al., 2015; 
Jeong et al., 2023; Perreault et al., 2014). Dietary changes occur during 
the ontogeny of D. horridus, passing from invertivorous (mainly cor
allivore foraging behavior) in the early stages to suspension feeding in 
adults (Boschen et al., 2016; Stevenson and Kroh, 2020; Buhl-Mortensen 
et al., 2022). In our surveys, juvenile D. horridus were observed appar
ently feeding on bamboo corals next to a trawled area at JF2 (Fig. 7). 
Therefore, we suggest that future studies should test the hypothesis that 
these sea urchins, through coral predation, could be further delaying the 
recovery and growth of cold-water coral colonies, potentially resulting 

in a delay or deviation of the species’ natural successional pattern. 
Particularly, assessing whether coral colonies can recover despite high 
D. horridus abundance or whether this could result in an alternative 
degraded stable state, similar sea-urchin dominated barren grounds 
observed in shallow benthic ecosystems (Chapman, 1981). The latter 
could significantly contribute to the understanding of the ecological 
long-term impacts of BTF on these vulnerable marine ecosystems.

The evidence presented in this study demonstrates that trawled 
seamounts in the JFA still exhibit strong ecological consequences from 
intense BTF activity by the Orange Roughy and Alfonsino fishing in
dustry during the early 2000s, sharply contrasting with the healthy 
ecosystem observed at the ecologically comparable and non-trawled 
Solito seamount (Tapia-Guerra et al., 2026). Due to the vulnerability 
of deep-sea fauna, BTF is causing irreparable damage to deep-sea marine 
ecosystems worldwide, with long-term ecological and economic conse
quences still unknown.

According to the FAO Deep-Sea Fisheries Guidelines (FAO, 2008; 
Thompson and Reid, 2024), impacts can be considered temporary if 
ecosystem recovery occurs within approximately 5–20 years. Impacts 
beyond that timeframe are defined as Significant Adverse Impacts (SAI), 
which is based on a series of impacts related to habitat alteration, 
long-lasting habitat recovery, destruction of habitat-forming taxa, and 
modification in ecosystem structure and function, among others (FAO, 
2008; Kenny et al., 2025). Here it is demonstrated that the persistence 
of benthic alteration in VMEs, such as in the JFA seamounts, has 
exceeded this threshold for more than 25 years, indicating that the JFA 
has suffered SAI from BTF activity and, at the same time, setting un
certainty about how long recovery will take in these types of areas 
dominated by fragile deep-sea fauna.

Given that recovery following disturbance of VMEs in our study sites 
may last decades to centuries, can generate stable alternative degraded 
states, and added to the ecological relevance of these ecosystems (e.g., 
species connectivity, breeding grounds, migratory corridors) (Shank, 
2010; Miller and Gunasekera, 2017; Flores et al., 2026), these areas 
warrant particular attention. From a management perspective our 
findings support the adoption of more precautionary global manage
ment approaches for VMEs such as deep-sea seamounts. Managers may 
prioritize creating or expanding Area-Based Management Tools world
wide, such as BTF closures, as well as reducing the opening of new areas 
to exploratory bottom-contact fisheries, rather than continuing to use 
fisheries management as a reactive approach to ecosystem degradation 
or population decline, which has been proven to have negative global 
impacts on species and habitats (FAO, 2008; Kenny et al., 2025; Yan 
et al., 2026).

The government of Chile and the community of the JFA and Des
venturadas Islands have made significant progress in protecting their 
surrounding waters through several large-scale Marine Protected Areas 
(Friedlander and Gaymer, 2021), however the Solito seamount remains 
unprotected and vulnerable to detrimental human activities. Despite 
being a pristine ecosystem that harbors fragile and still-unknown 
deep-sea fauna, Solito may play a crucial role in species connectivity 
along the eastern Pacific Ocean (Flores et al., 2026; Tapia-Guerra et al., 
2026). Moreover, it can also serve as a valuable reference point for 
future monitoring of neighboring MPAs and for tracking the recovery of 
the severely impacted JFA seamounts.
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Fig. 6. Principal Component Analysis ordination depicting changes in invertebrates' composition across sites. The ordinations were based on benthic taxa (blue dots) 
constructed on abundance data, seafloor cover (soft sediment, coral ruble, Boulders, LHFC [Live Habitat-Forming Coral] and Cobble) and trawling status (red 
vectors). All JF1, JF2, JF6 and Solito seamounts were included in this analysis.

Table 3 
SIMPER analysis results showing species contribution to non-bottom fishing trawled and trawled areas across the JF1, JF2, JF6, and Solito seamounts. The analysis 
considered the 15 most abundant taxa.

Taxa Average SD Ratio Non-trawled Trawled Cum.Sum P -value

Dermechinus horridus 0.21 0.32 0.67 0.92 2.96 0.22 0.009**
Apomatus sp. 0.08 0.24 0.32 0.98 1.33 0.30 0.261
Leiopathes sp. 0.06 0.15 0.42 0.27 0.02 0.37 0.903
Enallopsammia rostrata 0.05 0.16 0.32 0.31 0.00 0.42 0.979
Serpulidae 0.04 0.16 0.28 0.13 0.48 0.46 0.098
Psolus sp. 0.04 0.13 0.33 0.28 0.16 0.51 0.35
Madrepora oculata 0.04 0.13 0.32 0.30 0.00 0.55 0.96
Keratoisididae branched 0.04 0.09 0.37 0.02 0.14 0.59 0.003**
Acanthogorgia sp. 0.03 0.11 0.27 0.25 0.02 0.62 0.876
Stelletta sp. 0.03 0.13 0.23 0.32 0.00 0.65 0.911
Antedonidae 0.03 0.08 0.33 0.10 0.26 0.68 0.298
Projasus bahamondei 0.02 0.06 0.33 0.08 0.01 0.70 0.791
Plexauridae 0.02 0.06 0.34 0.07 0.05 0.72 0.223
Caryophyllia sp. 0.02 0.07 0.23 0.11 0.05 0.73 0.624
Chaceon chilensis 0.02 0.08 0.21 0.02 0.02 0.75 0.359

** Indicates significant differences (p < 0.01).
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Multiscale Characterization of Solito Seamount: an Undescribed Feature of Potential 
Conservation Value (accepted). 

Thompson, A.B., Reid, K., 2024. Review of the implementation of the international 
guidelines for the management of deep-sea fisheries in the high seas. FAO Fisheries 
and Aquaculture Technical Paper, No. 703. FAO, Rome. https://doi.org/10.4060/ 
cd0243en. 

Tingley, G., Dunn, M., 2018. Global Review of Orange Roughy (Hoplostethus Atlanticus), 
their Fisheries, Biology and Management. FAO Fisheries and Aquaculture. Technical 
Paper No. 622. 

Trotter, J.A., Taviani, M., Foglini, F., Sadekov, A., Skrzypek, G., Mazzoli, C., Remia, A., 
Santodomingo, N., Castellan, G., McCulloch, M., Pattiaratchi, C., Montagna, P., 
2022. Unveiling deep-sea habitats of the southern Ocean-facing submarine canyons 
of southwestern Australia. Prog. Oceanogr. 209 (102904), 102904. https://doi.org/ 
10.1016/j.pocean.2022.102904.

van Denderen, P., Plaza-Morlote, M., Vaz, S., Wijnhoven, S., Borja, A., Fernandez- 
Arcaya, U., et al., 2024. Complementarity and sensitivity of benthic state indicators 
to bottom-trawl fishing disturbance. Ecol. Appl.: A Publication of the Ecological 
Society of America 34 (8), e3050. https://doi.org/10.1002/eap.3050.

van Denderen, P.D., Bolam, S.G., Hiddink, J.G., Jennings, S., Kenny, A., Rijnsdorp, A.D., 
van Kooten, T., 2015. Similar effects of bottom trawling and natural disturbance on 
composition and function of benthic communities across habitats. Mar. Ecol. Prog. 
Ser. 541, 31–43. https://doi.org/10.3354/meps11550.

Watling, L., France, S.C., Pante, E., Simpson, A., 2011. Biology of deep-water octocorals. 
Adv. Mar. Biol. 60, 41–122.

Watling, L., Rowley, S., Guinotte, J., 2013. The world's largest gorgonian? Zootaxa 3630, 
198–199. https://doi.org/10.11646/zootaxa.3630.1.10.

Watling, L., Auster, P.J., 2017. Seamounts on the high seas should be managed as 
vulnerable marine ecosystems. Front. Mar. Sci. 4. https://doi.org/10.3389/ 
fmars.2017.00014.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. https://ggplot2.tidy 
verse.org.

Wickham, H., Vaughan, D., Girlich, M., 2024. Tidyr: Tidy Messy data (R package version 
1.3.1). https://CRAN.R-project.org/package=tidyr.

Wickham, H., Bryan, J., 2023. Readxl: read excel files (R package version 1.4.3). 
https://CRAN.R-project.org/package=readxl.

Williams, A., Althaus, F., Maguire, K., Green, M., Untiedt, C., Alderslade, P., Clark, M.R., 
Bax, N., Schlacher, T.A., 2020. The fate of deep-sea coral reefs on seamounts in a 
fishery-seascape: what are the impacts, what remains, and what is protected? Front. 
Mar. Sci. 7. https://doi.org/10.3389/fmars.2020.567002.
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