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High-seas seamounts in the Hawaiian-Emperor Seamount Chain are exposed to bottom-contact fisheries, i.e.,
historical and contemporary trawl, coral tangle net, longline, and gillnet fisheries, that disturb vulnerable marine
ecosystem megafauna, such as deep-sea corals and sponges. Koko Guyot is the largest of these features and has
experienced destructive fishing practices for more than half a century. To better understand the state of
vulnerable megafaunal communities on Koko, the submersibles Pisces IV and V obtained high-quality imagery

Disturbance
Recovery from replicate transects of 500 m length at two sites along 400, 500, and 600 m depth contours. Visual evidence
Resilience of fishing, trawl scars and anthropogenically sourced debris, were compared to the abundance, diversity, and

ecosystem function of benthic megafauna. Multiple faunal assemblages were observed, ranging from depauperate
communities dominated by sea urchins and cup corals to diverse coral gardens with octocorals and scleractinian
reef-forming species. Overall, megafaunal abundance, diversity, and metrics of ecosystem function were
significantly negatively correlated with increased visual evidence of fishing. Coralliid octocorals were previously
targeted by fisheries on the seamount chain and were found in low abundance on Koko, supporting the evidence
for disturbance. Yet the pockets of diverse octocoral gardens with small colonies of reef-forming scleractinian
species support the presence of remnant or recovering populations. Therefore, Koko appears to host a mosaic of
disturbed, recovering, and remnant communities requiring protection from future disturbance. This study
highlights the importance of fine-scale analyses for assessing disturbed, remnant and recovering communities.

1. Introduction

Globally, approximately 60 % of seamounts are exposed to fishing
activity, with 57 % targeted by longline fisheries and 7 % targeted by
trawling fisheries (Kerry et al., 2022). Despite this, the resilience of the
diverse resident seamount benthic communities is poorly understood.
This is of particular concern for fisheries management because rich
biogenic habitats and vulnerable marine ecosystems (VMEs) are often
associated with seamounts. These diverse ecosystems include cold-water
coral reefs, coral gardens, and sponge grounds that can be easily
removed and fragmented by bottom-contact fishing pressure (Baco
et al., 2019; Morgan and Baco, 2020; Buhl-Mortensen et al., 2010; Clark
et al., 2019; Colago et al., 2022; Waller et al., 2007; Watling and Norse,
1998; Yoklavich et al., 2018). Thus, these features are important
regional fishing grounds, but also critical biodiversity hotspots
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(reviewed in Freiwald et al., 2004; Rogers, 2018).

On seamounts of the Hawaiian-Emperor Seamount Chain (HESC),
significant bottom-contact fishing efforts (i.e., trawling, coral tangle net,
long-line, and gillnet fisheries) from the 1960s to 1980s targeted
precious corals, as well as finfishes, primarily pelagic armourhead
(Pentaceros wheeleri) and splendid alfonsino (Beryx splendens) (Grigg,
2002; Clark et al., 2007). Unfortunately, historical fishing effort has
been difficult to track within seamounts, as the historical methods of
tracking catch data only relayed regional effort (e.g., Tsounis et al.,
2010; Uchida et al., 1986). At a global scale, the HESC seamounts
cumulatively have experienced a larger number of fishing hours than
any other fished seamounts (Kerry et al., 2022; Clark et al., 2007).
Current fishing effort on the HESC has been reduced to a small number
of vessels and to seamounts outside of the Papahanaumokuakea Na-
tional Marine Sanctuary. Bottom-contact fishing leaves persistent
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impacts on the seafloor itself and on seafloor communities in the form of
trawl scars, lost weights, netting and lines, along with loss of biomass,
loss of richness, and loss of habitat heterogeneity that does not recover
in 5-15 years (Clark et al., 2019; Waller et al., 2007; Althaus et al., 2009;
Williams et al., 2001, 2010). Bottom trawling specifically removes the
sessile communities in the path of the trawling gear, resuspends par-
ticulates that can choke surrounding suspension feeders, removes tar-
geted and bycatch fauna from the food web (e.g., Clark et al., 2016;
Watling and Norse, 1998), and can lead to reduced heterogeneity of
seafloor morphology (Puig et al., 2012). Whereas lost gear from multiple
fisheries can damage habitats through continued ghost fishing and
entanglement (Gilman et al., 2021). Areas exposed to fishing pressure
and derelict gear have more fragmented and missing corals (Yoklavich
etal., 2018; Stone, 2006), exhibiting signs of significant adverse impacts
(SAI). These SAls are defined as fishing impacts with the capacity to alter
ecosystem structure and/or function, e.g., removing rare, fragile, or
long-lived organisms, decreasing the three-dimensional structure of
communities to rubble (FAO, 2009). Unfortunately, SAIs have been
observed on all studied seamounts currently and historically exposed to
fishing pressure in the HESC (Baco et al., 2019, 2020, 2023a).

However, the process of recovery is evident on several HESC sea-
mounts that were previously trawled and have remained undisturbed for
the past 40 years (Baco et al., 2019, 2023a). Recovery from disturbance
can include multiple community states before reaching an alternate
state or returning to the pre-disturbance state (reviewed in Lotze et al.,
2011). A disturbed state is often characterized by exceptionally low
abundances or the absence of taxa not resistant to the disturbance (Lotze
et al., 2011; Connell, 1978). Studies using imagery focusing on epi-
benthic hard substrate communities have found evidence that trawling
resistance is limited to small and or flexible specimens within seamount
communities (reviewed in Goode et al., 2020). From the disturbed state,
the process of recovery requires some forward progression towards the
original community, such as an increase in diversity metrics or abun-
dance (Lotze et al., 2011). This might include early colonizers and rapid
growers, as well as resistant and remnant taxa observed in the disturbed
state. Such progress has been observed in the HESC seamounts through
increased faunal abundance on seamounts protected for 30-40 years in
comparison to seamounts still experiencing fishing pressure (Baco et al.,
2019). In terms of recovering to the original state, the precious corals,
Pleurocorallium secundum and Hemicorallium laauense, once targeted by
the fishing industry in the same region, showed evidence of remnant or
recovering populations on select sites, with Koko Guyot as one site with
potentially recovering H. laauense populations (Baco et al., 2023a).

Koko Guyot is the largest non-emergent seamount of the HESC and
has been exposed to significant fishing effort since the 1960s (Morgan
and Baco, 2020; Clark et al., 2007; Clague et al., 1980). Located near the
bend of the HESC and inhabited by both Alaskan fauna and Hawaiian
fauna, Koko is noted for high regional biodiversity. Koko hosts a rich
community of corals and benthic fauna including particularly diverse
octocoral assemblages (Miyamoto et al., 2017; Dautova et al., 2019).
Dense communities of octocorals have been reported on ridges of the
seamount (Dautova et al., 2019) and Baco et al. (2017) also observed
reef-forming scleractinians. Based on trawl surveys, the southern
portion of Koko exhibits higher biodiversity than northern sites
(Miyamoto et al., 2017). One explanation of this increased biodiversity
could come from the habitat heterogeneity hypothesis, i.e. increased
habitat heterogeneity leads to an increase in ecological niche space and
therefore increased biodiversity (MacArthur and MacArthur, 1961). The
HESC seamounts often exhibit heterogeneous environments on separate
sides and between different depth bands of seamounts that are corre-
lated, within a seamount, to changes in community structure and
biodiversity (regional examples: Long and Baco, 2014; Mejia-Mercado
et al., 2019; Mejia-Mercado and Baco, 2022, 2023, Morgan et al., 2015,
2019; Schlacher et al., 2014).

An alternative explanation for the observed community heteroge-
neity on Koko, however, could be that fishing effort varies by location on
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Koko. Historical fishing disturbance may be spatially or temporally
distinct, leading to varied disturbance impacts and recovery across the
seamount. Current fishing effort and persistent evidence of trawling
such as trawl scars are tools that can track the extent and effects of
current and historical fishing practices. Based on the Automatic Identi-
fication System (AIS) vessel behavior, Morgan and Baco (2020) observed
greater coverage of expected trawling and fishing effort, in hours fished,
on the northern portion of the seamount than the southern portion.
Knowing that trawling homogenizes substrate and epibenthic commu-
nities, resulting in lower richness and evenness (Clark et al., 2016; Cryer
et al., 2002; Koslow et al., 2001), one would expect greater disturbance
in regions of higher fishing effort. The higher biodiversity on southern
sites on Koko observed by Miyamoto et al. (2017), could therefore be the
result of different levels of fishing effort and the subsequent varied
fishing impacts to the communities. Varied fishing impacts could lead to
a mosaic of remnant, recovering, and disturbed communities.

Koko is one site, within the most recent study of recovery on HESC
seamounts, with evidence of both disturbed communities and poten-
tially recovering populations (Baco et al., 2020, 2023a). Replicate sub-
mersible transects showed that the mean abundance of coralliids was
generally lower on actively trawled sites than on never trawled sites, but
at 500 m depth there was greater abundance on Koko (Baco et al.,
2023a). The height and width of the corals on Koko were smaller than on
never trawled sites which supports the process of recovery through new
recruitment (discussed in Baco et al., 2023a). However, due to such
early fishing effort, other than the precious corals (Baco et al., 2023a),
there is little information on the baseline community and biodiversity of
Koko prior to fishing effort. Therefore, a finer-scale analysis is required
to assess the distribution and prevalence of benthic communities on
Koko.

Thus, this study investigates the habitat and community heteroge-
neity on the heavily fished seamount, Koko Guyot, by characterizing
both megafauna presence and evidence of fishing at a finer scale than
previously investigated on the fished seamount. Fine-scale analyses
investigate seamount megafauna and evidence of disturbance within
multiple small sites on a single seamount rather than a broadscale
analysis across the entire seamount or multiple seamounts. Previous
studies included a subset of the surveys on Koko as a part of broad-scale
analyses (Baco et al., 2019, 2020, 2023a). Autonomous Underwater
Vehicle (AUV) imagery previously identified small areas of high abun-
dance but were unable to identify taxa to family groups due to the
vehicle height above the seafloor and the downward angle of the camera
(Baco et al., 2019, 2020). Here, human occupied vehicles (HOVs) were
used for surveys closer to the seafloor, with a camera that allowed a
face-on view of the corals and megafauna, allowing for taxonomic
identification to the species level. Multiple transects at two sites on the
north and south sides of the southeast corner of Koko were analyzed to
investigate 1) the composition, abundance, diversity, and ecosystem
function of benthic megafaunal assemblages at each side and depth and
2) the anthropogenic and abiotic environmental factors potentially
influencing assemblages at these sites.

2. Methods
2.1. Site

The HESC contains the Emperor Seamount Chain and the seamounts
of the Hawaiian Ridge. Koko Guyot, at 35°15'N, 171°35'E, is the largest
seamount within the HESC, with a summit area of 5800 km? (Clague
et al., 1980). The carbonate capped guyot is over 50 million years old
(Sharp and Clague, 1979) and has subsided to a summit depth of 260 m
(Davies et al., 1972). There is evidence that the shallow tropical coral
reef atop Koko stopped growing about 33 Ma as the guyot subsided
(Clague et al., 2010). Few studies have investigated the geomorphology
or water chemistry of Koko. However, ssamount-associated eddies along
the eastern side of Koko, as well as on Ojin/Jingu were observed using
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drifters in the 1990s (Vastano et al., 1985; Bograd et al., 1997). As Koko

is so large, only a small portion of the southeastern corner was explored
here (Fig. 1).

2.2. Imagery surveys

Imagery was collected as part of a larger project to examine the
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effects of trawling disturbance on seamount benthic communities in the
HESC (Baco et al., 2019, 2020, 2023a). In 2016 and 2017, the research
vessel Ka’imikai-O-Kanaloa (KOK) was used to deploy the Pisces IV and
Pisces V HOVs. The HOVs worked in tandem to survey three replicate
500 m long transects at depths of 400, 500, and 600 m at Northeast (NE)
and Southeast (SE) sites on the southeastern corner of Koko, totaling 18
transects (Table 1, Fig. 1). “Site” is from this point used to refer to the
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Fig. 1. Site map of the overall location within the Pacific Basin (A), Bathymetry of Koko of the Hawaiian- Emperor Seamount Chain (B) and the Northeast (C) and
Southeast (D) study sites. The legend for maps B, C, and D is within B, highlighting the bathymetry of Koko with shallower sites red and deeper sites yellow. Gold
lines represent the transect locations at 400, 500, and 600 m depths. Maps were created in QGIS v 3.36 using a resampled GEBCO 2021 bathymetry grid (GEBCO
Bathymetric Compilation Group, 2021) and Natural Earth free raster layers from naturalearthdata.com. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Table 1
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Metadata for each annotated transect at 400, 500, and 600 m on the Northeast (NE) and Southeast (SE) Koko Guyot study sites, as well as the start position (in Degree

Decimal Minutes) and total annotated length of each transect.

Date Dive Submersible Depth, m Side Transect Latitude, N Longitude, E Total length, m
9/21/17 893 Pisces V 400 NE 1 35 03.895 171 51.539 600
9/21/17 893 Pisces V 400 NE 2 35 03.625 171 51.839 700
9/21/17 893 Pisces V 400 NE 3 35 03.304 171 51.760 830
9/24/17 896 Pisces V 400 SE 1 34 53.337 171 55.159 680
9/24/17 896 Pisces V 400 SE 2 34 53.052 171 54.790 720
9/24/17 896 Pisces V 400 SE 3 34 52.732 171 54.690 650
9/20/17 325 Pisces IV 500 NE 1 35 02.898 171 57.712 640
9/22/17 327 Pisces IV 500 NE 1 35 03.058 171 56.982 620
9/22/17 327 Pisces IV 500 NE 2 35 02.822 171 56.633 730
9/23/17 328 Pisces IV 500 SE 1 34 49.418 171 53.230 630
9/23/17 328 Pisces IV 500 SE 2 34 49.448 171 53.690 610
9/23/17 328 Pisces IV 500 SE 3 34 49.795 171 54.216 630
9/22/17 894 Pisces V 600 NE 1 35 03.329 171 56.944 600
9/22/17 894 Pisces V 600 NE 2 35 03.319 171 56.602 630
9/22/17 894 Pisces V 600 NE 3 35 03.071 171 56.311 650
9/23/17 895 Pisces V 600 SE 1 34 49.274 171 53.196 600
9/23/17 895 Pisces V 600 SE 2 34 49.331 171 53.668 640
9/23/17 895 Pisces V 600 SE 3 34 49.597 171 54.019 640

side and depth combinations of each set of transects, e.g., 400 m SE.
Between transects, specimens and imagery were collected for taxonomic
identification and verification. Both HOVs had an Insite Pacific
MINI-ZEUS HDTV camera on a pan and tilt system that were used to
collect all imagery. Both vehicles followed an identical transecting
protocol to ensure consistency: lights on, camera angle facing the sub-
strate (remaining fixed throughout a transect) and maintaining a
consistent altitude (about 1 m) and speed (about 0.5 knots). All transects
started from a recorded position before traveling 500 m, then the vehicle
stopped in a suitable location to record the final position. Transects were
annotated from the recorded position when the vehicle was leaving the
substrate to when the vehicle returned to the substrate with documented
positions reported from the KOK using USBL sonar tracking.

2.3. Imagery annotations

Annotations for substrate type, substrate size, image roughness, and
image slope followed standardized methods using still images (e.g.,
Long and Baco, 2014; Mejia-Mercado et al., 2019; Mejia-Mercado and
Baco, 2022, 2023, Morgan et al., 2015, 2019). For substrate variables,
single video frames were captured from the videos at 10 s intervals to
eliminate overlap. ImageJ v1.51 (Schneider et al., 2012) was used to
generate 15 random points on each image. These 15 points were an-
notated for substrate size and type. The categories of substrate type
included basalt, carbonate, living biology, coral rubble, white sand, gray
sand, and anthropogenic litter. Substrate sizes followed the Wentworth
scale, including hardpan, pebble, cobble, and boulder, as well as coral
rubble (Wentworth, 1922). As each image within a transect was anno-
tated for substrate size and type using 15 points, the total number of
annotations was 15 times the total number of images per transect. Total
percent composition was then calculated for both substrate type and
substrate size by dividing the number of annotations within a substrate
category per transect by the total number of substrate annotations
within a transect. This was calculated for each category of substrate size
and substrate type. Image roughness and slope were assessed across the
entire image using scales determined visually from low to high. There-
fore, an average slope (1-4 for low slope to high slope) and average
image roughness (1-5 for low roughness to high roughness) could be
calculated across all images within a transect resulting in image slope
and image roughness per transect (further characterization of the cate-
gories can be found in Supplemental Table 1).

Videos were annotated for benthic megafauna along a consistent

950-pixel width of the field of view consisting of the best lit portion of
the imagery, to minimize bias from non-uniform illumination (similar to
Morris et al., 2014). Transects were annotated in random order by a
single annotator. Taxonomic identification followed established meth-
odology in the HESC (Morgan et al., 2015, 2019). Each megafaunal in-
dividual observed was assigned a provisional identification to the lowest
taxonomic resolution and assigned a confidence value on a scale from 1,
being highest confidence, to 4 being lowest confidence (following
Morgan et al., 2015, 2019). All confidence level observations were
included for standardized abundance analyses. Only identifications of a
score of 1 were included for diversity, multivariate, and trait analyses.

Observations of anthropogenic influence were annotated from the
HOV imagery as part of the same annotation process as the benthic
megafauna. Each observation of an anthropogenic object was annotated
for material type and fishing or non-fishing origins. All observations of
fishing and non-fishing materials were summed per transect into the
metric, “Total Debris Abundance”. Total Debris Abundance includes all
fishing gear, litter, and debris, e.g., soda cans, plastic bags, lines, and
nets. Additionally, observations of trawl scars, visible scars on the sea-
floor where bottom-contact gear has marked the substrate, were counted
per transect. All fishing material as well as observations of trawl scars
were summed to create the joint metric of “Visual Evidence of Fishing”.
Visual Evidence of Fishing does not include debris items that could have
fallen from vessels other than fishing vessels, i.e., soda cans and plastic
bags are not included in Visual Evidence of Fishing. Both Total Debris
Abundance and the Visual Evidence of Fishing metrics were then stan-
dardized by transect length for analyses.

2.4. Environmental data collection

Table 2 contains an overview of the environmental parameters
included in this analysis. Bathymetry, collected by an EM 122 Kongsberg
multibeam echosounder aboard the R/V Kilo Moana in 2015, was used to
derive the depth, slope, curvature, aspect, and topographic roughness
index along each transect in QGIS v 3.22. ArcMap v10.4.1 was used to
calculate bathymetric position index (BPI) finescale (3 and 25 inner and
outer radii) and BPI broadscale (25 and 250 inner and outer radii). R
v4.0.1.3 (R Core Team, 2022) was used to wrangle environmental data
and for statistical analyses. R packages ncdf4 v3.1-157 (Pierce, 2025)
and httr v1.4.3 (Wickham, 2023), were used to download and manipu-
late netcdf files of the environmental parameters from the NOAA Envi-
ronmental Research Division Data Access Program, ERDDAP (Wilson
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Table 2
Environmental parameters utilized in the study. Bathymetry is from EM302
Kongsberg multibeam echosounder aboard R/V Kilo Moana in 2015 surveys.

Parameter Name Units Resolution Source

Chlorophyll mg m-3 0.025 deg NASA - Aqua Modis

Salinity PSU 0.025 deg NASA - Aqua Modis

Surface Temperature C 0.025 deg NASA - Aqua Modis

Modeled Water C 0.025 deg HYCOM

Temperature

Modeled Salinity PSU 0.025 deg HYCOM

Modeled v cm/s 0.025 deg HYCOM

Modeled u cm/s 0.025 deg HYCOM

Modeled Surface Elevation cm 0.025 deg HYCOM

Depth m 0.0001 deg  Derived from
bathymetry

Slope (0-90°) 0.0001 deg Derived from
bathymetry

Curvature 0.0001 deg  Derived from
bathymetry

Aspect (0-360°)  0.0001 deg  Derived from
bathymetry

Topographic Roughness m 0.0001 deg  Derived from
bathymetry

BPI finescale 0.0001 deg  Derived from
bathymetry

BPI broadscale 0.0001 deg  Derived from
bathymetry

Substrate Type % 0.005 deg Annotated

Substrate Size % 0.005 deg Annotated

Image Roughness 0.005 deg Annotated

Image Slope 0.005 deg Annotated

et al., 2020), including Aqua-MODIS chlorophyll (NASA Goddard Space
Flight Center), and the Hybrid Coordinate Ocean Model (HYCOM,
hycom.org (Chassignet et al., 2007)). Satellite and modeled environ-
mental parameters include 10-year average surface chlorophyll, surface
salinity, surface temperature, modeled water temperature, modeled
salinity, modeled north-south current (v), modeled east-west current
(u), and modeled surface elevation. The downloaded parameters were
converted to rasters with a resolution of 0.025° using bilinear resam-
pling, and values were extracted using R package raster v3.5-21
(Hijmans, 2025). Several additional Global Ocean Data Analysis Proj-
ect (GLODAP v 2021 (Lauvset et al., 2021)) and Lamont-Doherty Earth
Observatory Surface Ocean CO; Climatology parameters (Takahashi
et al., 2014) were initially included in the analysis but due to the
proximity of the sites and transects (16 km between sites, and ~100 m
between transects) and the low resolution of the data, there was no
variation among transects on a single side. Although initially included,
due to lack of variability across the area of study, these parameters were
also excluded from multivariate analyses; oxygen, nutrients, tempera-
ture at 600 m, total organic carbon, anthropogenic carbon, total alka-
linity, pH, aragonite saturation state, and calcite saturation state.

2.5. Statistical analysis

2.5.1. Univariate data and analyses

Abundance within a transect was totaled for the faunal observations
for all confidence values in the dataset and standardized by dividing by
the total transect length for each transect. Diversity and multivariate
analyses used only annotations with a taxonomic confidence level of 1.
Hill diversity indices for species richness (« = 0), Shannon Entropy (o =
1), and inverse Simpson’s Dominance (a = 2), up to the Berger-Parker
dominance (¢ = o0), were calculated for each transect (Hill, 1973;
Chao et al., 2014). A Rényi plot was used to visualize the difference in
diversity between sites (Rényi, 1961; Tothmérész, 1995). As Rényi’s
diversity index is the natural log of Hill’s diversity index, this plot can be
used to visualize the diversity calculated here while also providing
measures of diversity along the gradient of influence of dominant taxa
(Rényi, 1961; Tothmeérész, 1995). As a increases, the influence of the
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dominant taxa increases, from species richness where all taxa are equal
to the inverse Berger-Parker dominance which calculates the abundance
of only the most dominant taxa. These diversity indices and total
abundance were tested for normality using the Shapiro-Wilk test
(Shapiro and Wilk, 1965). Hill diversity metrics were found to be nor-
mally distributed while standardized total abundance, Total Debris
Abundance, and Visual Evidence of Fishing were not normally distrib-
uted. A two-way crossed analysis of variance (ANOVA) was run with
depth and side as fixed factors for all indices as it has been shown that
ANOVA is robust to non-normally distributed data (Feir-Walsh and
Toothaker, 1974; Blanca et al., 2017, 2023). The results of the ANOVA
were plotted on QQ plots to assess the fit. Packages used in R for these
univariate tests include hillR v0.5.1 (Li, 2018) for Hill diversity indices,
and base R v4.1.3 (R Core Team, 2022) for Shapiro-Wilks and ANOVA.

To understand the potential influence of historical fishing and
derelict fishing gear on megafauna communities on Koko the relation-
ships between both total megafaunal abundance and species richness
with Visual Evidence of Fishing were investigated using a linear
regression.

2.5.2. Multivariate data and analyses

Multivariate analyses used the package vegan (Oksanen et al., 2019)
in R or the statistical software Primer v7.0.13 (Anderson et al., 2008). To
test for variance in community structure, a PERMANOVA was used with
depth and side as factors. The community structure was visualized using
a nMDS plot of the square-root transformed Bray-Curtis dissimilarity
matrix.

Distance based linear modeling (DistLM) was used to determine the
environmental parameters that best explained the variance in the
dataset using PRIMER (Anderson et al., 2008). Environmental variables
were filtered prior to analyses. Parameters tested for inclusion in the
dbRDA analysis include those in Table 2, as well as the annotated
metrics of Total Debris Abundance, Visual Evidence of Fishing, and
abundance of trawl scars as metrics of potential anthropogenic influence
and fishing effort. Spearman correlation was used to remove correlated
variables from the dataset. Variance inflation factor (VIF) was used to
further filter correlated variables until all VIF values were less than 10.
The final parameters included: 10-year mean chlorophyll, percent sand,
bathymetry derived aspect, bathymetry derived slope, bathymetry
derived curvature, bathymetry derived BPI finescale and broadscale,
Visual Evidence of Fishing, and presence of trawl scars. AIC was used to
calculate the best model. Results were plotted on the first two dbRDA
axes in R using vegan v2.6.8 (Oksanen et al., 2019).

2.5.3. Indicator species

Using the R package indicspecies 1.7.12 (De Caceres and Legendre,
2009), the individual taxa that were most associated with each site were
determined (De Caceres et al., 2010). These results were filtered to
statistically significant interactions, p-value < 0.05.

2.6. Trait analysis

Functional traits, in this case morphological and ecological traits,
were used to assess the ecological role of species within their commu-
nity. Here four functional trait classes were assessed to test for potential
effects of fishing disturbance on ecosystem function: Individual Colony
Structure, Group Colony Structure, Trophic Guild, and Mobility. The
first two of these were morphological traits related to the ability of a
species to form habitat: Individual Colony Structure and Group Colony
Structure. Individual Colony Structure forming taxa were primarily
sponges, most gorgonians, and several scleractinians. Group Colony
Structure includes those taxa known to create three-dimensional struc-
ture among multiple colonies in the form of coral reefs, coral gardens or
forests, as well as sponge beds. A third trait class was Trophic Guild,
differentiated into suspension feeders and non-suspension feeders, the
latter including predators and scavengers. The final trait class, Mobility,
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included two categories: sessile and mobile. Community trait pro-
portions were then calculated across transects for number of species and
overall abundance. Proportional trait species richness was calculated
per trait by dividing the number of species within a transect with each
trait by the total number of species within the transect. Whereas pro-
portional trait abundance was calculated per trait by dividing the
number of fauna observations within a transect with each trait by the
total number of fauna annotations within the transect. Proportional
abundance of each of the four sets of community functional traits were
then regressed on Visual Evidence of Fishing.

Visual Evidence of Fishing by Site
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3. Results
3.1. Substrate

Hardpan carbonate was the dominant substrate type (average: 91 %,
range: 33-100 % of a transect) observed across all 18 transects con-
ducted on Koko Guyot. Few boulders, cobbles or pebbles and little coral
rubble were observed. Less than two percent coral rubble was found
within the 500 m and 600 m zones, and no coral rubble was observed at
the 400 m depth zones on either side. Sand was less than 10 % of the
substrate composition per transect, except one transect on the NE side at
600 m depth that was 60 % sand. Image derived and bathymetry derived
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Fig. 2. (A) Boxplot representing the standardized Visual Evidence of Fishing observed at each site. Visual Evidence of Fishing incorporates derelict fishing gear and
the abundance of trawl scars. (B) Boxplot representing the standardized total abundance of fauna observations per site. Colors note the depth zone, while filled boxes
with no lines represent the NE sites and boxes containing gray diagonal lines represent the SE sites. (C) Regression of the log standardized total abundance per
transect against Standardized Visual Evidence of Fishing, with regression line and equation, and (D) Regression of Hill’s Species Richness against Visual Evidence of
Fishing, with regression line and equation. Points represent transects in the regression plots, gray shadow denotes the 95 % confidence interval. Bolded numbers
indicate p-value <0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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slope and roughness were similar between transects, with the greatest
bathymetry derived slope observed on the deepest transects at 600 m,
and the greatest bathymetry derived topographic roughness observed at
the 500 m SE sites. There was a pattern of decreasing BPI with increasing
depth for both fine scale and broadscale BPI (Supplemental Fig. 1).

3.2. Debris observations and abundance

Debris and derelict fishing gear were observed at every site, with a
total of 236 anthropogenic debris items observed, averaging 0.2 per m
overall. Total Debris Abundance included glass bottles, fishing weights
and lines, plastic, rubber buoys, and netting. A total of 20 sets of trawl
scars were observed on the seafloor; included within Visual Evidence of
Fishing (Fig. 2A, Supplemental Fig. 2). Overall, the dominant debris
types were nets and lines found at all sites. The NE sites had a greater
composition of net observations than the SE sites (Supplemental Fig. 2),
while two of the SE sites had a greater proportion of trawl scars. The
mean Visual Evidence of Fishing was greater on NE sites than the SE sites
at all depths (Fig. 2A). Greatest Visual Evidence of Fishing was found at
the 400 m NE sites, similar to overall debris.

When tested against the null hypothesis of no change between sites,
Total Debris Abundance differed significantly overall (p = 0.0028, F =
6.3, df = 5) by depth (p = 0.0221, F = 8.571, df = 2) by side (p = 0.0032,
F =9.151, df = 1) and the interaction of side and depth (p = 0.0203, F =
5.505, df = 1) (Table 3). Visual Evidence of Fishing also varied between
sites overall (p = 0.0057, F = 5.8657, df = 5), by depth (p = 0.0180, F =
5.7156, df = 2), by side (p = 0.0073, F = 10.4142, df = 1), and the
interaction of depth and side (p = 0.05, F = 3.7417, df = 2) (Table 3).

3.3. Benthic megafaunal observations and abundance

Over 18,700 faunal observations were annotated in this study.
Megafauna included scleractinian corals (e.g., Enallopsammia rostrata
and Madrepora oculata), octocorals (e.g. H. laauense and Chrysogorgia
geniculata), and antipatharians, as well as Hexactinellid sponges, echi-
noderms (e.g. Brisingid sea stars and Gorgonocephalidae basket stars),
and crustaceans (e.g., the purple Chaceon imperialis). Scleractinians
observed included solitary cup corals, colonial fan morphotypes, and
patches of reef-forming colonies. Precious red corals were observed at
several sites, although not on all transects on Koko in this study. While
not annotated, a surprising number of small sharks were observed on
Koko as well (Supplemental Fig. 3).

Corals were by far the dominant group on the surveyed areas of
Koko. Octocorals (Octocorallia and Acanthogorgia spp.) comprised over
60 % of the overall abundance (Fig. 3A). Multiple sites were dominated
by yellow Paramuriceids in the genus Acanthogorgia to the point that
they comprised 24 % of the overall composition across sites. Almost 20
% of the community on Koko were scleractinian corals. Distinct colonies
of reef forming scleractinians on Koko include pink, orange, and white
varieties often observed in small clumps. Both M. oculata and Sol-
enosmilia variabilis are present on Koko (Miyamoto et al., 2017), how-
ever HOV imagery is unreliable for differentiating between the two, so
they were annotated as a single morphotype. While no reef structures
were observed on Koko in this study, M. oculata and S. variabilis form
reefs at other features within the HESC (Baco et al., 2017). Of the

Table 3
Results of a two-way ANOVA with depth (400, 500, or 600 m) and side (NE or
SE) as factors. Bolded values indicate p-value <0.05.

Metric Overall Depth, m Side Interaction
Total Debris Abundance 0.0028 0.0221 0.0032 0.0203
Visual Evidence of Fishing 0.0057 0.018 0.0073 0.05

Total Abundance 0.0212 0.1226 0.0038 0.2994
Species Richness 0.0069 0.0034 0.0169 0.54
Shannon’s Entropy 0.0334 0.0846 0.0346 0.0886
Inverse Simpson’s Dominance 0.0243 0.1106 0.024 0.0522
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scleractinians observed overall, 15 % were reef forming and 85 % were
non-reef forming species (Fig. 3B). The next most abundant higher
taxonomic group was Porifera with 8 % of the overall abundance, and
the remaining other invertebrates composed 5 % of the assemblages and
included crustaceans and echinoderms. Antipatharians comprised less
than 2 % of the total Koko composition.

Similar to the overall assemblage, the most prevalent taxon at each
site were types of corals, predominantly octocorals (Fig. 3A). Dominant
octocorals include the distinct yellow Acanthogorgia spp. with almost 50
% of the observations at the 400 m NE site. This taxon was also the most
abundant single octocoral group at the 500 m SE site, making up 12 % of
the composition. An antipatharian whip coral was also an abundant
coral with their greatest numbers at the 500 m NE site. These whip corals
were not observed at the 600 m sites. Both 600 m NE and 500 m NE sites
were dominated by scleractinians, which were almost entirely cup
corals. The greatest proportion of reef-forming scleractinian species was
observed at the 500 m SE transects (Fig. 3B). Increasing in percent
composition with depth, scleractinians were more prevalent at the NE
sites in comparison to the SE sites, comprising more than 65 % and 50 %
total composition of the 600 m NE and 500 m sites, respectively, but at
all other sites were <10 % (Fig. 3A). Sponges comprised 17 % of the total
community at the 600 m SE site, but at all other sites sponges comprised
less than 10 % of the total assemblage. Example images of communities
observed in the 400 m NE and 500 m NE sites in comparison to the 500
m SE sites are included in Fig. 4.

A species of note due to the historical fishing pressure of this target
species, the precious red coral H. laauense, was rarely observed on Koko.
The greatest number of observations of this coral were made on the SE
sites overall, with a total of 0.35 observations per m on SE sites and 0.18
observations per m on NE sites. The greatest number of coralliids
observed was at the 500 m SE site followed by the 500 m NE site (0.27,
0.12 individuals per m respectively). Overall, 400 m and 600 m had only
0.04 observations per m and 0.10 observations per m respectively.

The 500 m depth zone transects on the SE site had the greatest total
megafauna abundance within the study, with one transect totaling more
than 4000 observations overall (Fig. 2B). The lowest abundance was
found at the 400 m depth zone transects on the NE side. Standardized
total abundance was greater on SE transects than NE, often double the
mean abundance found on the NE transects at the same depths (Fig. 2B).
Standardized total megafaunal abundance varied significantly overall
(p =0.0212, F = 4.0905, df = 5) and by side (p = 0.0038, F = 12.7557,
df = 1). While abundance was generally greater at 500 m than the 400 m
or 600 m transects, neither the difference in abundance with depth nor
the interaction of depth and side were significant (Table 3).

Anthropogenic factors were further investigated by plotting the Vi-
sual Evidence of Fishing against the log standardized total megafauna
abundance and species richness (Fig. 2C and D). There was a pattern of
decreasing abundance and number of species with increased Visual
Evidence of Fishing (Abundance: R? = 0.4067, p = 0.0026; Species
Richness: R? = 0.0405, p = 0.0027).

3.4. Diversity

The Rényi diversity index, Fig. 5, highlights the change in diversity,
with the influence of dominant taxa on the diversity index increasing as
o increases. The Rényi index is directly related to the common Hill di-
versity indices which makes it ideal for visualizing diversity
(Tothmeérész, 1995). As reviewed by Tothmérész (1995), when
comparing sites using a Rényi plot one can assume the greater diversity
is at a site that is wholly above other lines on the plot and does not cross
paths with the line of another site. Evidence of this is seen in Fig. 5, with
the 500 m NE site being wholly above the 400 m NE and SE line as well
as the 600 m NE line. This suggests that the 500 m NE site has greater
overall diversity than 400 m NE, 400 m SE, and 600 m NE. Additionally,
the 600 m SE Rényi index line is greater than the 400 m SE line, indi-
cating 600 m SE has greater overall diversity than 400 m SE. However,
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the 500 m SE line crosses all others, so there can be no comparisons of
overall diversity to this site, solely comparisons of the components of
diversity: richness, Shannon Entropy, inverse Simpson’s Dominance,
and Berger-Parker dominance.

At an «a of 0 all taxa are weighted equally to calculate species rich-
ness. All NE sites show lower species richness than the SE sites within the
same depth zones (Fig. 5). The SE sites have lower Shannon Entropy
than the NE sites at an « of 1. At 400 m and 500 m, the divergence of
diversity patterns between NE and SE sites becomes more apparent with
increasing influence of dominant taxa. As o increases to 2, inverse
Simpson’s Dominance, the SE sites decrease in evenness, leading to
lower values of inverse dominance, while the NE sites have greater
values of inverse dominance (increased evenness) than the SE sites at
400 m and 500 m. The 600 m transects are more similar in dominance
between respective NE and SE sites. The last points at oo, represents the
inverse Berger-Parker dominance, which is greatest on the NE sites at all
depths, except at 600 m where the two sides are equal.

Interestingly, the 500 m SE site shows the lowest inverse Simpson’s
dominance (lowest evenness) and the highest richness, while 400 m NE
site shows the lowest richness and 500 m NE has the greatest inverse

dominance (Fig. 5). In the two-way ANOVA tests, all diversity metrics
had significant overall tests (Table 3). The three diversity metrics also
differed significantly by side (Richness: p = 0.0169, F = 7.6866, df = 1;
Shannon’s Entropy: p = 0.0346, F = 5.6738, df = 1; Inverse Simpson’s
Dominance: p = 0.024, F = 6.6678, df = 1) but no index differed
significantly by the interaction of side and depth (Table 3). Richness was
the only single index which differed significantly by depth (p = 0.0034,
F =9.5051, df = 2) (Table 3).

3.5. Multivariate statistics

Based on PERMANOVA, the assemblage structure differed signifi-
cantly across all sites, (overall p = 0.001, F = 5.7275). Assemblage
structure differed between sides (side: p = 0.003, F = 4.1868), between
depths (depth: p = 0.002, F = 9.1603), and with the interaction of depth
and side (depth: side p = 0.001, F = 3.0650). The variation in com-
munity structure, as shown in the nMDS plot in Supplemental Fig. 4,
organizes the communities on Koko by depth along the x-axis with all NE
sites also separated above the SE sites on the y-axis (non-metric fit R? =
0.995, stress = 0.073). The transects at 400 m depth have the greatest
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Fig. 4. Example images of benthic megafauna communities found on Koko Guyot. (A) Cidaroid urchin near netting on 400 m NE. (B) Brisingids and a purple Chaceon
imperialis crab hanging from the cliff face at 500 m NE site. (C & D) Diverse assemblage of corals at 500 m SE. Example derelict fishing gear items included within
Visual Evidence of Fishing, (E) a weight with chain and (F) a thick line. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

dissimilarity between the NE and SE sites at the same depth, while the
600 m transects have the smallest dissimilarity.

3.6. Indicator taxa

A total of 21 taxa were indicated as significantly associated with one
or more site (Table 4). The 400 m SE transects were highly associated
with multiple primnoids, antipatharian whip corals, and a non-reef
forming scleractinain. The 500 m SE site was highly associated with
primnoids, the abundant yellow Acanthogorgia spp. as well as the
structure forming coralliids. The SE site at 600 m was associated with a
small white scleractinian and a reef-forming scleractinian species. A
cidaroid urchin was the only taxon associated with the 400 m NE
transects. The 500 m NE cluster was most associated with two medium
sized primnoid taxa and a brisingid. The 600 m NE cluster was associ-
ated with small sea urchins, a feathery brisingid, a small anemone, and a
flexible Chrysogorgia.

3.7. Functional trait analysis

Visual Evidence of Fishing was significantly correlated with each of
the categories of functional traits (Fig. 6). Increasing Visual Evidence of
Fishing when modeled with Individual Colony Structure and Group
Colony Structure showed a negative correlation with the proportion of
traits by species (Fig. 6A and B; 2 = 0.6733 p < 0.0001, r* = 0.2092 p =
0.0323) and a similarly negative, though less strong correlation with
proportion of trait abundance (Supplemental Fig. 5A and B; % = 0.1871
p = 0.0415, ? = 0.0809 p = 0.1337). Similarly, for Trophic Guild, the
proportion of suspension feeders decreased with Visual Evidence of
Fishing (Fig. 6C; 2 = 0.464 p = 0.0011), with an increase in proportion
of non-suspension feeders, predators and scavengers. This aligns with
the results for the Mobility classes which indicated a decrease in sessile
fauna with increasing Visual Evidence of Fishing (Fig. 6D, 72 = 0.1968 p
= 0.0372).
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3.8. Environmental and anthropogenic factors

After removing correlated environmental and anthropogenic vari-
ables, nine parameters were left to include in the dbRDA analysis
(Table 5A). The strongest correlates to the observed community struc-
ture individually (Table 5A) were Visual Evidence of Fishing (p =
0.007), Slope (p = 0.001), BPI broadscale (p = 0.001), and BPI finescale
(p = 0.052), and each explained high proportions of the total variance
(Visual Evidence of Fishing 0.1384, Slope 0.2084, BPI broadscale
0.1145, and BPI finescale 0.3212) (Table 5A). The best fit model
included only three variables, Visual Evidence of Fishing, BPI finescale,
and BPI broadscale (Table 5B). Although slope individually explained
21 % of the variance it reduced the fit when added back into the model.
Visual Evidence of Fishing, BPI finescale, and BPI broadscale together
explained 51.99 % of the total variation. Sites were clearly separated by
depth along dbRDA axis 1 (Fig. 7), which was most strongly correlated
with BPI broadscale (correlation of 0.995, Table 5C). Most SE transects
within each depth group were observed above the NE site transects for
each depth on dbRDA axis 2. This was most pronounced in the 400 m
transects. This axis correlates most strongly with Visual Evidence of
Fishing (correlation of 0.971, Table 5C). The 3rd axis (not plotted) was
most strongly correlated with BPI finescale (correlation of —0.971,
Table 5C).

4. Discussion

Seamount communities have been impacted by industrial bottom-
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contact fishing efforts for over half a century (reviewed in Clark et al.,
2007), yet there is still little understanding of the scale of disturbance, or
of the potential for ecosystem recovery or resilience to such disturbance.
Individual seamounts are often treated as entirely impacted or entirely
pristine, but there is evidence that fishing practices and fishing sites can
change through time on a given feature (Morgan and Baco, 2020; Stel-
zenmiiller et al., 2008). This could result in heterogeneous patterns of
disturbance. Previous studies on Koko Guyot reflect this variability, with
findings of a high diversity of coral taxa (Miyamoto et al., 2017; Dautova
et al., 2019), patches of high faunal abundance in AUV imagery, as well
as low abundance areas and evidence of bottom contact fishing (Baco
et al., 2019, 2020). However, these studies did not provide a fine-scale
analysis of faunal communities in relation to environmental or fishing
impact data. Other similar studies used satellite fishing hours (Morgan
and Baco, 2020), or fishing history of entire features (Baco et al., 2019,
2023a) in comparison to community metrics, whereas the current study
investigates patterns of fishing evidence taken from the same imagery
used for community metrics. After half a century of fishing, Koko still
hosts a heterogeneous array of benthic fauna displaying a mosaic of
communities spanning high abundance structure-forming sessile sus-
pension feeding assemblages, to impacted sites with low abundance of
predominantly higher mobility scavenging assemblages.

4.1. Observed debris patterns

Observations of derelict fishing gear on Koko were generally higher
than has been documented at other fished seamounts or canyons
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Table 4

Indicator species, here labeled by morphospecies number, that had significant
values for each site with association statistic and significance. Bolded numbers
indicate p-value <0.05.

Site Taxa Association p-value
400 NE
Urchin.03 0.98 0.02
400 SE
Scleractinia.10 1 0.015 *
Primnoid.03 1 0.015 *
Primnoid Unbranched 0.938 0.025 *
Paramuriceid.02 0.881 0.015 *
Paramuriceid.01 0.861 0.035 *
Antipatharia.11 0.851 0.015 *
Antipatharia.03 0.836 0.04 *
500 NE
Primnoid.01 0.911 0.015 *
Brisingid.01 0.889 0.01 hid
Primnoid.12 0.668 0.02 *
500 SE
Yellow Acanthogorgia 0.972 0.005 i
Primnoid.08 0.927 0.005
Primnoid.10 0.858 0.005 e
Coralliid 0.831 0.005 wx
600 NE
Urchin.04 1 0.005 hid
Actiniaria.01 1 0.005 i
Brisingid.03 0.977 0.005 i
Chrysogorgia.01l 0.776 0.01 hid
600 SE
Scleractinia.01 0.942 0.005 o
Scleractinia Pink 0.897 0.005 i

(reviewed in Amon et al., 2020), which would be consistent with known
high fishing activity over multiple decades on Koko. Cobb Seamount,
another North Pacific feature with an extensive fishing history, had an
average of 7 items per km ranging up to 29 items per km (Du Preez et al.,
2020), whereas on Koko, an average of 20 items per km were found,
with one transect having 76 debris items within the 700 m transect
(which extrapolates to 109 observations per km). Similarly, both Cobb
Seamount and Koko showed variability in the spatial distribution of
derelict fishing gear on the features. This could indicate seamounts of
the Pacific, not just Koko, exhibit variability in fishing effort within a
feature.

4.2. Overall community composition

Benthic assemblages on Koko were dominated by octocorals at each
site, reflecting regional observations across the north and central Pacific
(Long and Baco, 2014; Morgan et al., 2015, 2019; Auscavitch et al.,
2020; Parrish, 2007; Parrish and Boland, 2004; Baco, 2007). However,
antipatharians composed a smaller proportion of the overall assemblage
on Koko (<2 %) compared to central Pacific seamounts (12 %)
(Auscavitch et al., 2020). In the central North Pacific, deep-sea scler-
actinian reefs are relatively rare (Baco et al., 2023b), although they have
been found on seamounts on the northwestern end of the HESC sea-
mounts from Koko to Pioneer Bank (Baco et al., 2017, 2023b). Scler-
actinian colonies were found within all sites studied here except the site
with the greatest Visual Evidence of Fishing (400 m NE). Although no
reef structures were observed on the transects in this study, a significant
percentage of the communities on Koko were comprised of colonies of
scleractinian species known to form reefs.

The most abundant coral overall was the yellow octocoral Acantho-
gorgia spp. (Family Paramuriceidae). This genus has been found previ-
ously on Koko (Miyamoto et al., 2017; Dautova et al., 2019) and
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paramuriceids are found in abundance on central Pacific seamounts
(Auscavitch et al., 2020). On the Makapu’u coral bed paramuriceids
were the third most abundant family (Long and Baco, 2014) and para-
muriceids were prominent on two sites on Mokumanamana (Morgan
et al., 2019). However, the dominance found on Koko across sites is
much greater (25 % of total composition) in comparison to these other
studies. In contrast, the coralliid precious red coral, H. laauense, is found
in high abundance on seamounts of the Hawaiian Ridge (Baco et al.,
2023a; Long and Baco, 2014; Parrish, 2007; Baco, 2007) but in low
abundance on Koko (0.6 % of total composition). This result for cor-
alliids was expected, as a subset of these transects were included in a
previous analysis across the HESC that showed a reduction in both size
and abundance of coralliids at sites with a history of fishing (Baco et al.,
2023a). The disproportional abundance of the Acanthogorgia spp. is
harder to explain. Paramuriceid octocorals are relatively fast growing in
comparison to other corals, including coralliids, with growth rates for
Paramuricea spp. specimens of 0.56 + 0.05 and 0.58 + 0.08 cm/yr,
determined by bomb radiocarbon dating (Sherwood and Edinger, 2009).
Consequently, the observed dominance of this taxon across Koko could
be explained given these comparatively rapid growth rates if this species
is also capable of rapid colonization through fragmentation or high local
recruitment. Overall, the prevalence of paramuriceids and the lack of
coralliids is not consistent with the never trawled or protected recov-
ering sites within the Papahanaumokuakea National Marine Sanctuary.

4.3. Abundance and diversity patterns

It is common for abundance, diversity, and community composition
to vary with changing depth on seamounts (Long and Baco, 2014;
Morgan et al., 2015; Victorero et al., 2018). Variation in abundance and
diversity across depth bins and sides on Koko also reflect depth-related
diversity gradients and horizontal gradients in diversity that have been
observed on other HESC seamounts, (e.g., Mejia-Mercado et al., 2019;
Mejia-Mercado and Baco, 2022, 2023; Morgan et al., 2019). For
example, on the unfished HESC feature Mokumanamana, all diversity
metrics also vary with both depth and seamount side (Morgan et al.,
2019).

On Koko, the variation in abundance and diversity were also
significantly correlated with Visual Evidence of Fishing. The statistically
significant inverse relationship of Visual Evidence of Fishing to abun-
dance and species richness found here has also been observed on
actively trawled and recently fished seamounts in the South Pacific
(Clark et al., 2019; Althaus et al., 2009). A subsequent study showed that
those sites had not recovered in either abundance or diversity in the 15
years since the end of trawling (Clark et al., 2019). Similarly, the sig-
nificant correlation of Visual Evidence of Fishing with megafaunal
abundance on Koko likely reflects the persistent effects of fishing pres-
sure. Even after fishing pressures are removed from a region, derelict
fishing gear continues to negatively impact benthic seamount commu-
nities (Yoklavich et al., 2018; Gilman et al., 2021). Therefore, Visual
Evidence of Fishing is not only evidence of fishing practices but also
implies ongoing impacts to these sites.

4.4. Community structure patterns and drivers

Assemblage structure on Koko and other features within the HESC,
including Mokumanamana Island and the Makapu'u coral bed, similarly
show a separation of benthic assemblage structure by depth (Long and
Baco, 2014; Morgan et al., 2019) and both Koko and Mokumanamana
had variation in structure by side (Morgan et al., 2019) that are also
reflected in benthic fishes of the HESC (Mejia-Mercado et al., 2019;
Mejia-Mercado and Baco, 2022, 2023), highlighting the influence of
habitat heterogeneity on seamount benthic communities. This pattern
may be generalizable as it was also observed on the Graveyard features
off Tasmania, with benthic faunal assemblage correlated to depth, but
also to environmental parameters such as slope (Goode et al., 2021).
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Similarly, water mass was most correlated to broadscale changes in
benthic assemblages at sites in the central Pacific (Auscavitch et al.,
2020).

Benthic community structure is also heavily influenced by the
habitat heterogeneity created by bathymetric parameters in the deep sea
(reviewed in Levin et al., 2001). The correlation of community structure
to bathymetric parameters, BPI finescale, BPI broadscale, and slope
found here is consistent with other Pacific seamounts (Long and Baco,
2014; Mejia-Mercado et al., 2019; Mejia-Mercado and Baco, 2022, 2023;
Morgan et al., 2019; Schlacher et al., 2014; Du Preez et al., 2016).
Bathymetric parameters of both BPI and slope can indicate changes in
features within a seamount as well as large scale seamount flanks or
summits. BPI finescale may be correlated to small terraces on the flanks
of Koko, whereas broadscale BPI could pertain to where the feature
starts to plateau at the summit. Structures such as ridges, valleys, pla-
teaus, terraces, and outcrops can alter the flow of the currents and in-
crease suitability for suspension feeders, often evidenced by corals atop
ridges and boulders (Buhl-Mortensen et al., 2015; Genin et al., 1986;
Kennedy and Rotjan, 2022; Rogers et al., 2007). Currents can influence
not only food availability (Thiem et al., 2006; Purser et al., 2010; Orejas
et al.,, 2016; Mienis et al., 2019) but also sweep sediments away to
prevent burial or clogged polyps (Genin et al., 1986). Another consid-
eration is that aspects of bathymetry may be correlated with likelihood
of trawling disturbance. The site with the greatest BPI, at 500 m SE,
displayed a terraced seafloor geomorphology that might provide a level
of protection to benthic megafauna from trawling. In studies of trawl-
able areas in the Gulf of Alaska, BPI, slope, aspect, and rugosity were key
factors in determining the distribution of areas suitable for trawling
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(Baker et al., 2018). The influence of BPI and slope on trawlable area on
Koko may therefore also contribute to the spatial variability in suitable
trawling locations and therefore to the levels of Visual Evidence of
Fishing observed.

A novel aspect of the current study was the incorporation of metrics
of anthropogenic impact into the multivariate analysis. Intriguingly,
despite the strong signal of the background natural environmental
variability discussed above, the correlation of Visual Evidence of Fishing
to community structure could be clearly detected, implying that fishing
disturbance is having an impact not only on abundance and diversity,
but also on community structure.

4.5. Ecosystem function

The variation between sites, in abundance, diversity, and community
structure, were so significant that the ecosystem function also varied
across sites on Koko. Higher evidence of fishing was correlated to
reduced two-dimensional and three-dimensional structure. A similar
decrease in the proportion of sessile taxa and decrease in suspension
feeders was also observed on sites with greater Visual Evidence of
Fishing. Given the parallel reductions in overall abundance, this pattern
was likely the result of the loss of structure forming and sessile sus-
pension feeding megafauna and not the result of new recruitment of
small flexible fauna or a migration of mobile fauna.

The substantial loss of structure with increased fishing could lead to
cascading effects for the community of associated organisms. The tran-
sects with the greatest Visual Evidence of Fishing contained a greater
proportion of small cup corals and flexible paramuriceids and black
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Table 5

Results of the Best Fit DistLM Procedure in Primer. (A) Input variables with
individual correlations to the variance in the dataset. Bolded numbers indicate
p-value <0.05. (B) Top 10 models calculated from the Best Fit procedure. (C)
Axis correlations of the dbRDA to the model variables.

A. Marginal Tests

Variable SS(trace) Pseudo-F P Prop.
1 10-yr Chlorophyl 4041.6 1.5695 0.107 0.0893
2 Sand 1970.7 0.7287 0.755 0.0435
3 Visual Evidence of Fishing 6264.7 2.5717 0.007 0.1384
4 Scars 4063.3 1.5788 0.086 0.0898
5 Aspect 4396.9 1.7224 0.077 0.0971
6 Slope 9420.8 4.2079 0.001 0.2082
7 Curvature 3566 1.3691 0.192 0.0788
8 BPI finescale 5182.8 2.0701 0.052 0.1145
9 BPI broadscale 14534 7.5729 0.001 0.3212
B. Overall Best Solutions

Selections AIC R? RSS No. Variables
1 3,8,9 135.72 0.5199 21720 3
2 1,3,4,7-9 135.77 0.5691 19493 6
3 3,4,7-9 135.77 0.5691 19493 5
4 1,3,7-9 135.78 0.5690 19501 5
5 3,79 135.78 0.5690 19501 4
6 1,3,4,6-9 135.79 0.5688 19509 7
7 3,4,6-9 135.79 0.5688 19509 6
8 1,3,6-9 135.8 0.5686 19517 6
9 3,69 135.8 0.5686 19517 5
10 1,3,8,9 136.14 0.5602 19898 4
C. Biplot Scores
Variable dbRDA1 dbRDA2 dbRDA3
Visual Evidence of Fishing 0.063 0.971 0.232
BPI fine 0.079 0.227 0.971
BPI broad 0.995 0.079 0.062

corals. These morphological traits, e.g., small or flexible, have been
attributed to benthic megafaunal species with greater resilience to
fishing disturbance on fished features or after bottom-contact fishing has
occurred (reviewed in Goode et al., 2020). Unfortunately, decreased size
or increased flexibility of structure forming organisms, especially corals,
is directly related to decreasing numbers of associated organisms
(Buhl-Mortensen and Mortensen, 2006; De Clippele et al., 2019).
Furthermore, three-dimensional structure, whether a single colony or in
a group structure such as a reef, creates important niches for associated
species (Buhl-Mortensen et al., 2010). The structures created by coral
and sponge colonies also functions as a “feeding-platform”, allowing
smaller invertebrate suspension feeders such as shrimps and crabs to rise
above the benthic boundary layer to access food particles in the flowing
currents (Buhl-Mortensen et al., 2010; De Clippele et al., 2015). The loss
may also have cascading impacts on local trophic transfer as both coral
reefs, living and dead structure, and sponges have been linked to
nutrient regeneration and recycling, either through biofilms associated
with coral skeletons (De Clippele et al., 2021; van Oevelen et al., 2018),
or the “sponge loop” regenerating nutrients through diverse bacterial
communities within sponge species (de Goeij et al., 2013; Rix et al.,
2016). Therefore, the loss of Individual and Group Colony Structure
within coral and sponge systems documented here would be expected to
lead to decreased niche space and refugia for associates, likely resulting
in a loss of associated biodiversity. As such, the fauna found in more
impacted regions of Koko are likely to host lower associated biodiversity
in comparison to sites with more structurally complex communities not
removed by bottom-contact gear.

The loss of suspension feeders at impacted sites parallels the loss of
this trophic group observed after the Deepwater Horizon oil spill
(Nunnally et al., 2020). The megafaunal community at background sites
not impacted by the spill were composed of predominantly sessile filter
feeding megafauna, with both traits completely lost at impacted sites
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even seven years after the oil spill (Nunnally et al., 2020). These traits
were replaced with increases in mobile benthic foragers, scavengers, and
surface deposit feeders (Nunnally et al., 2020). However, there is no
evidence for replacement of suspension feeders on Koko on sites with the
greatest Visual Evidence of Fishing.

Disturbance, whether anthropogenic or natural, has been shown to
decrease functional trait richness leading to decreased ecosystem func-
tioning (reviewed in Mouillot et al., 2013). Regular trawling on
soft-sediment habitats of the Mediterranean has led to altered organic
matter content and carbon regeneration in comparison to less impacted
sites (Pusceddu et al., 2014) highlighting the change in ecosystem
functioning with changing community composition. Consistent with
these patterns, the loss of functional traits observed on Koko collectively
indicate substantial loss of ecosystem function proportional to increased
fishing pressure. On the most impacted sites on Koko, therefore, the
change in functional traits has likely led to synergistic negative effects
on associated biodiversity requiring additional time for recovery.

A caveat of these analyses is that the 400 m NE site shows drastically
higher values of Visual Evidence of Fishing that may bias the regression
analyses. Indeed, when this site is removed from the ecosystem function
models the strength of some of the correlations is reduced, although both
proportional trait abundance of sessile and suspension feeding fauna
remain significant (p < 0.0005, with 72 values 0.45 and 0.68, Supple-
mental Fig. 7). Global Fishing Watch data from Morgan and Baco (2020)
shows trawling activity adjacent to the 400 m NE transects. Further-
more, all images were analyzed by a single annotator, and there are
three replicate transects that support the same result. Therefore, it is
likely that these data are representative of the state of the ecosystem at
the highest end of the range of impact levels, rather than being true
outliers. Having more sites along a continuous gradient of Visual Evi-
dence of Fishing would help to better resolve the shape and significance
of the regression curves for these analyses.

4.6. Inferences about disturbance states on Koko

Fishing has occurred on Koko Guyot for over 60 years, with evidence
of varied fishing effort spatially and temporally (Morgan and Baco,
2020). Ecological theory surrounding disturbance incorporates distur-
bance strength and time since disturbance event as drivers of diversity
(reviewed in Viljur et al., 2022). Therefore, communities on Koko would
be not only impacted by the spatial distribution and localized effort of
fishing impacts, evidenced by Visual Evidence of Fishing, but also by
temporal variability in fishing impacts. Disturbance can lead to several
community states: a post-disturbance community that remains
disturbed, a post-disturbance community that recovers to the original
undisturbed state, or a post-disturbance community that recovers to an
alternate state (reviewed in Lotze et al., 2011). The drivers of recovery
include reduced anthropogenic disturbance but are also a function of life
history and environment (Lotze et al., 2011), with the process acceler-
ated by remnant and resilient patches of fauna that survived the
disturbance event (Gunderson, 2000). Results presented here and in
previous work (Baco et al., 2017, 2019, 2020, 2023a; Morgan and Baco,
2020) support the presence of all community disturbance states on
Koko.

Evidence found in this study supporting a disturbed state includes
transects at 400 m NE and 500 m NE with particularly low benthic
megafauna abundance and diversity, and particularly high observations
of derelict fishing gear, especially nets, and the presence of trawl scars.
Coral abundance on Koko at the 400 m NE site resembled impacted sites
on Yuryaku and Kammu, with similarly low megafaunal abundance
adjacent to Visual Evidence of Fishing (Baco et al., 2020). Trait-based
analyses found these sites had low structural complexity and were
dominated by mobile opportunistic megafauna rather than sessile sus-
pension feeders. These sites also had low presence of precious red corals,
H. laauense, another potential indicator of disturbance found on fished
seamounts of the HESC (Baco et al., 2023a). Support for disturbed sites
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on Koko is corroborated by the SAIs on seafloor communities observed
on adjacent seamounts (Baco et al., 2019, 2020), resembling the loss of
scleractinian reefs and associated biodiversity on fished seamounts of
the South Pacific (Clark et al., 2016; Koslow et al., 2001).

Evidence from this study and past research also supports a state in
the process of recovery on Koko. Baco et al. (2023a) provide some evi-
dence for recovery on Koko based on mean coralliid size. Coralliids were
significantly smaller on Koko and other trawled seamounts than on
never trawled features, suggesting new recruitment or resilience of
smaller individuals (Baco et al., 2023a). In addition, this study found
widespread dominance of the yellow Acanthogorgia spp. across all sites.
Paramuriceid octocorals are somewhat flexible and relatively fast
growing as outlined above. Consequently, a significant colonization
event for this species could lead to the observed dominance of this taxon
across Koko. Therefore, the presence of the potentially faster growing
yellow Acanthogorgia spp. at the most depauperate sites combined with
high visual evidence of fishing, could indicate assemblages in the early
stages of the process of recovery after disturbance. Unfortunately, this
research was conducted post fishing disturbance, so it is unknown
whether the Acanthogorgia spp. was a part of the baseline community or
is an early colonizer indicating the start of the recovery process.

Evidence found in this study supporting remnant or resilient patches
includes the localized patches of highly diverse and abundant mega-
faunal assemblages, some of which may be protected by seafloor geo-
morphology. These assemblages consist of large slow-growing isidids,
primnoids, and patches of scleractinian reef-forming colonies, as well as
precious red coral H. laauense colonies found on sites with fewer ob-
servations of derelict fishing gear and trawl scars. The lack of reef
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structure may indicate previous trawling impacts with the individual
colonies representing recovering fragments or new recruitment, similar
to other fished seamounts (reviewed in Goode et al., 2020), although it is
also possible that reefs were not a part of the pre-disturbance community
and instead small patches are consistent with the pre-disturbance com-
munity. The reef-forming species, M. oculata and S. variabilis, found on
Koko are susceptible to trawling disturbance and are relatively slow
growing, with linear growth rates between 4 and 9 mm/yr for M. oculata
(Orejas et al., 2011; Lartaud et al., 2014; Chapron et al., 2020), and
0.5-3.5 mm/yr for S. variabilis (Fallon et al., 2014; Gammon et al.,
2018). Similarly, there is evidence of slow growth rates for several of the
large corals found within the localized patches of high abundance, e.g.
less than 3 cm/yr in linear growth in the north Atlantic; 0.3-1 cm/yr:
Acanella arbuscula, Keratoisis ornata; 1.2-1.36 cm/yr: Stauropathes arc-
tica; 1-2.6 cm/yr: Primnoa resedaeformis (Sherwood and Edinger, 2009).
It is therefore unlikely, with these growth rates, that the larger corals
found in these patches on the SE side could be evidence of new coloni-
zation during continued disturbance, and instead are more likely to
represent patches of remnant biodiversity. Similarly, the particularly
high abundance and species richness at the 500 m SE site suggests
reduced impacts from fishing effort. Therefore, the communities
observed on Koko appear to represent a mosaic of remnant and recov-
ering patches alongside more recently disturbed areas.

4.7. Management implications: VME presence and significant adverse
impacts

Gorgonians, antipatharians, and scleractinians are found in
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abundance on Koko and are recognized as VME indicators by the North
Pacific Fishery Commission (NPFC). A density threshold for the desig-
nation of a VME through visual observations of VME indicators in the
NPFC has not been agreed upon. However, recent work by international
experts suggests VMEs can be determined for specific VME indicator
groups through inspection of individual imagery (Baco et al., 2023c).
Using the framework for identifying a VME from a single image designed
in (Baco et al., 2023c) the presence of large VME taxa in high densities
and the presence of taxa threatened by fishing pressure supports the
presence of VMEs across transects on Koko.

Diverse cold-water coral and sponge patches found on Koko, whether
untouched by fishing disturbance through spatial and temporal het-
erogeneity of fishing activity, or recovering from disturbance, are
functionally significant habitats hosting individuals that can reseed
impacted sites. Taxa with structure-forming traits were proportionally
more abundant in sites with lower evidence of fishing. These potentially
protected patches of diversity and biogenic structure increase habitat
complexity providing important habitat space (Buhl-Mortensen et al.,
2010; Buhl-Mortensen and Mortensen, 2006) and act as sources of
propagules for recolonization of impacted areas. Similar remnant
patches in other habitats are known to increase rates of recovery from
disturbance, i.e., eelgrass beds (Hall et al., 2021; Johnson et al., 2021)
and shallow tropical corals (reviewed in Connell et al., 1997; Gilmour
et al., 1979). Therefore, the remnant and recovering patches found on
Koko provide functionally significant habitat in their role as biogenic
habitat formers and sources of recolonizing diversity, both of which are
diagnostic characteristics of VMEs.

This is not the sole observation or support for VMEs on Koko, or the
other still trawled seamounts of the HESC. Koko, Yuryaku, Kammu, and
Colahan Seamounts (as well as several sites within the
Papahanaumokuakea Marine National Sanctuary) support VMEs
alongside evidence of SAIs from bottom contact fisheries (Baco et al.,
2019, 2020). These SAIs compromise ecosystem structure and function
(UNGA and Resolution adopted by the General 61,/105, 2007), with
examples found here including derelict fishing gear, removal of coral
and sponge garden or reef habitat, and loss of biodiversity. The previous
observations of VMEs and SAIs on these features should warrant pro-
tection, based on NPFC and Fisheries and Aquaculture Organization
(FAO) guidelines (Baco et al., 2020), yet these features remain open to
bottom-contact fishing. Here, derelict fishing gear and the presence of
trawl scars, incorporated within the Visual Evidence of Fishing metric,
directly correlated to a loss of ecosystem function, one of the defining
components of SAIs. Decreased structural complexity through loss of
Individual and Group Colony Structure, as well as reduced sessile sus-
pension feeders has the potential to decrease nutrient regeneration and
abundance of coral and sponge associated invertebrates. Therefore, this
study provides further evidence of SAIs to VMEs on Koko.

5. Conclusions

Koko Guyot, a feature with over 60 years of significant bottom-
contact trawling effort, hosts not only depauperate impacted mega-
benthic communities, but also unexpected diversity and abundance.
Arranged in a mosaic of recovering, remnant, and recently disturbed
sites, Koko has a surprising abundance of slow-growing and complex
biogenic habitats indicative of VMEs in several areas. Overall, the richer
areas on Koko are representative of other seamount communities in the
Pacific, with a high abundance and diversity of octocorals as well as
scleractinians, while the most impacted sites are more similar to
depauperate seamounts such as seamounts within the Milwaukee Banks,
Kammu and Yuryaku, with exceptionally high historical fishing effort.
Heterogeneity in fishing effort seems to strongly structure Koko benthic
megafaunal communities. This study found negative influences on
abundance, diversity and ecosystem functioning, and changes in com-
munity structure and traits of benthic megafauna with increased evi-
dence of fishing impacts, constituting an SAI to these VME areas. Yet
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among the heavily impacted sites there were also patches of large and
diverse biogenic habitat formers. These patches of remnant and recov-
ering fauna urgently need protection before they are lost, as they are
likely to accelerate the recovery process in more heavily impacted areas.
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