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Abstract

Tristan da Cunha Islands, an archipelago of four rocky volcanic islands situated in the South
Atlantic Ocean and part of the United Kingdom Overseas Territories (UKOTSs), present a
rare example of a relatively unimpacted temperate marine ecosystem. We conducted the
first quantitative surveys of nearshore kelp forests, offshore pelagic waters and deep sea
habitats. Kelp forests had very low biodiversity and species richness, but high biomass and
abundance of those species present. Spatial variation in assemblage structure for both
nearshore fish and invertebrates/algae was greatest between the three northern islands and
the southern island of Gough, where sea temperatures were on average 3-4° colder.
Despite a lobster fishery that provides the bulk of the income to the Tristan islands, lobster
abundance and biomass are comparable to or greater than many Marine Protected Areas in
other parts of the world. Pelagic camera surveys documented a rich biodiversity offshore,
including large numbers of juvenile blue sharks, Prionace glauca. Species richness and
abundance in the deep sea is positively related to hard rocky substrate and biogenic habitats
such as sea pens, crinoids, whip corals, and gorgonians were present at 40% of the deep
camera deployments. We observed distinct differences in the deep fish community above
and below ~750 m depth. Concurrent oceanographic sampling showed a discontinuity in
temperature and salinity at this depth. While currently healthy, Tristan's marine ecosystem
is not without potential threats: shipping traffic leading to wrecks and species introductions,
pressure to increase fishing effort beyond sustainable levels and the impacts of climate
change all could potentially increase in the coming years. The United Kingdom has commit-
ted to protection of marine environments across the UKOTSs, including Tristan da Cunha
and these results can be used to inform future management decisions as well as provide a
baseline against which future monitoring can be based.
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Introduction

In many places around the globe, the health of our oceans has declined over the past several
decades due to a myriad of human-induced stressors, including overfishing, habitat destruc-
tion, pollution, invasive species, and climate change [1+6]. There are very few places left on the
planet that are immune to anthropogenic impacts in some shape or form [7]. Remote locations
provide one of the last opportunities to develop a baseline of the status and health of marine
ecosystems where human impacts are minimized [8+10]. These quantitative baselines can pro-
vide unique opportunities to study future changes in population abundance, community struc-
ture, and ecosystem function through time, in addition to current spatial comparisons with
locations that have experienced greater anthropogenic impacts.

Numerous pristine or near pristine systems have been studied in the tropics [8, 11+13] and
in polar systems [14+17], highlighting the importance of bottom up forcing by oceanographic
conditions and top down control by apex predators for structuring species assemblages. In con-
trast, very few subtropical to temperate systems exist in a near pristine state, with the exception
of a number of remote islands in the Southern ocean (e.g., Prince Edward Islands). The likely
reason for this is a long history of human habitation and exploitation in temperate regions,
including the intensive harvesting and bycatch impacts on many fishes, pinnipeds, cetaceans,
turtles, and sea birds, from even the most remote islands over the last two centuries [7, 18, 19].

One relatively pristine temperate marine system occurs in Tristan da Cunha Islands, an
archipelago of 4 rocky volcanic islands situated in the South Atlantic Ocean, which is part of
the United Kingdom Overseas Territories. The main island of Tristan da Cunha has been
inhabited by upwards of 300 people since the late 1800s, while the islands of Inaccessible,
Nightingale, and Gough have remained uninhabited throughout much of their history. While
not free of human impacts, the marine ecosystem is thought to remain in a healthy state due to
low levels of exploitation of most species. The Tristan economy is based on a fishery for the
endemic Tristan rock lobster (Jasus tristani), which provides approximately 80% of the income
for local islanders [20]; this fishery is MSC certified as sustainable. Additional species of reef
fish are caught as for subsistence fishing and limited commercial fishing occurs at seamounts
within the EEZ, however the fishing intensity is thought to be light on most stocks at present,
particularly at the outer islands. Extreme weather conditions and a small exposed harbor pres-
ently limit access of local islanders to fishing offshore waters throughout most of the year.
Additional threats in the marine environment involve invasive fish and invertebrate species,
some of which became established with the grounding of a large oil rig in 2006 on Tristan and
the wreck of the cargo ship MS Oliva on Nightingale in 2011 [21, 22].

The Tristan Islands are located roughly at the boundary between the Southern Ocean and
the South Atlantic and sit at the confluence of two major ocean currents. The northern group
(Tristan, Inaccessible and Nightingale) is located north of the Subtropical Convergence (STC)
which is characterized by sharp differences in sea temperature and salinity [23] while Gough
sits on or below this front depending on the season. Consequently, Gough Island sea surface
temperature (SST) is on average 3+4ECcolder than the northern islands and likely experiences
enhanced nutrient availability. While the exact position and width of the STC varies [23, 24],
these types of 'fronts' are locations of enhanced productivity [25, 26] and often are hotspots for
marine organisms such as sharks, pinnipeds, cetaceans, and seabirds due to aggregations of
prey species [27+34]. Fishery species also tend to aggregate at fronts [35, 36], increasing the
probability of direct (bycatch, entanglement) and indirect (competition for prey) negative
interactions between fisheries and marine megafauna and seabirds (reviewed in [37]).

A number of scientific expeditions have explored the nearshore and deeper waters
(down to 1000 m) around the islands in the archipelago [38, 39]; however, comprehensive
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standardized quantitative surveys of marine assemblages from all islands have never been
undertaken, particularly for multiple marine habitats. As part of a National Geographic Pris-
tine Seas expedition, in partnership with the Tristan Government and the Royal Society for the
Protection of Birds, we conducted an expedition to Tristan da Cunha in JanuaryDFebruary of
2017. The goals for marine science research on the expedition were: (1) to conduct the first
quantitative surveys in nearshore, pelagic, and deep sea habitats, (2) to assess spatial differences
in the abundance and biomass of fishes, invertebrates, and kelps and associations among key
players in the nearshore food web and (3) to provide information to aid in the spatial manage-
ment of key resources and fisheries throughout the archipelago.

Materials and methods
Study region
Tristan da Cunha is a group of islands in the South Atlantic, representing the summits of mas-
sive shield volcanoes arising from abyssal depths. The archipelago lies over 2,700 km from
South Africa and 3,700 km from the nearest shores of South America. The island of Saint
Helena is the closest land, 2,400 km away to the north. This makes the Tristan archipelago one
of the most geographically isolated island groups in the world. The main island, Tristan da
Cunha (37E04'S, 12E18'W), is a circular volcanic cone that rises abruptly from the Atlantic
Ocean (with eruptions recorded as recently as 2004). The island is 12 km in diameter (96 km?)
and over 2,000 m at its summit. A narrow coastal plain in the northwest of the island supports
a human population of ~270 people in a single settlement, 'Edinburghof the Seven Seas’, mak-
ing it the world's most remote inhabited island. Three main islands form the rest of the archi-
pelago. Inaccessible (14 km? 37E18'S, 12E40'W) and Nightingale (4 km? 37£25'S, 12E19'W)
Islands lie approximately 30 km to the southwest and south of Tristan da Cunha respectively.
Gough Island (65 km?; 40£19'S, 9£57' W) is the most isolated in the group and lies 380 km to
the southeast. Gough and Inaccessible Islands have been given World Heritage Site status for
their near-pristine environments and vast populations of breeding seabirds and pinnipeds.
There have been several scientific expeditions to the Tristan da Cunha islands over the past
century and a half, most conducting limited sampling or surveys [39]. The most notable efforts
to exhaustively document marine biodiversity were the PhD thesis of Tim Andrew (1995)
which described the fishes present in the waters of the archipelago, and a Darwin Initiative
project that documented species diversity across multiple habitats and taxa [38, 39]. They
describe the nearshore rocky reefs of the Tristan da Cunha group, which are characterized by
underwater forests of the giant kelp, Macrocystis pyrifera, reaching depths up to 30+40 meters,
and the understory pale kelp, Laminaria pallida. The diversity of marine life varies greatly with
taxonomic group, but is generally low, given the remoteness of the archipelago. Fishes and
many invertebrate groups, including crustaceans and echinoderms are species-poor, especially
in nearshore habitats, while other groups, such as sponges and bryozoans, are more diverse.
Seaweeds, in contrast, appear to be relatively diverse compared to other taxonomic groups. In
deeper areas, very little is known about the distribution of habitat or species assemblages, and
how they vary with depth, particularly below 200+300 m. For a complete review of the marine
and terrestrial ecology, biodiversity, and conservation threats for the Tristan da Cunha archi-
pelago, see Scott [39].

Oceanography

A RBR concerto conductivity, temperature, and depth sensing unit (CTD) coupled with JFE
Advantek O, sensor was attached to the Deep Ocean drop-cams (see below) to measure verti-
cal profiles of oceanographic characteristics at each island. A total of 11 CTD profiles were
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made and all islands were sampled (Gough # = 3; Inaccessible n = 1; Nightingale n = 2; Tristan
da Cunha n = 5). Data were downloaded directly from the instrument and processed using the
RBR software.

Visual SCUBA survey techniques

To characterize the nearshore marine environment, we employed visual SCUBA surveys based
on a modification of sampling methods developed by the Partnership for Interdisciplinary
Studies of Coastal Oceans (PISCO; www.piscoweb.org). PISCO survey methods have been
widely used in rocky reef and kelp forest monitoring throughout the world [40], allowing for
direct comparisons across locations. Sampling sites on each island were selected with the help
of Landsat kelp canopy data to identify where kelp forests (and thus rocky habitat) have histor-
ically existed at each island as well as expert local help. Sites were allocated around each island
in a stratified uniform design, with the spacing between sites dictated by island size (sites were
spread further apart on bigger islands) the presence of appropriate rocky habitat, and expedi-
tion logistics (Fig 1). On Gough island, inclement wind and swell conditions limited the spatial
survey effort to more sheltered shores.

At each survey site, divers quantified kelps (Macrocystis and Laminaria), macroinverte-
brates, and fishes in two depth strata, positioned at 10 and 20 m depths. At each depth strata
per site we ran 2 belt transects parallel to shore that were 30 m in length (n = 4 transects per
site). While laying out the tape, one diver counted and estimated the sizes of all fishes to the
nearest 1 cm along a 30 x 2 m transect. Counts along the transects extended to the surface or as
far as visibility allowed, to include species associated with the kelp canopy and water column.
At the end of each fish transect, the diver returned along the transect line, counting the num-
ber of giant kelp (Macrocystis pyrifera) plants and the number of stipes per plant, in addition to
the number of pale kelp (Laminaria pallida) individuals within the 30 x 2 m transect area. Size
thresholds were used to exclude juveniles of both species (M. pyrifera was counted if the stipe
was >1 m in length, while L. pallida when the stipe length was >10 cm). Finally, the fish
observer characterized the substrate type and vertical relief at each meter along the transect
line using uniform point contact methodology (n = 30 points). The substrate was classified as
bedrock, boulder (10cm-1m in the longest diameter), cobble (< 10cm), or sand, while vertical
relief was classified as the largest vertical distance between the highest and lowest points in a
0.5 x 1 m box surrounding the point. Relief categories were defined as: 0£10 cm, 10£100 cm, 1-
2m, and >2m. A second diver proceeded to count and estimate the size of all Tristan rock lob-
ster Jasus tristani to the nearest 1 cm (carapace length) within a 30 x 8 m transect along the
same line. At the end of the lobster transect, that diver swam back along the tape counting
other conspicuous macroinvertebrates (sea urchins, sea stars, etc.) in a 30 x 2 m swath. In total,
n = 34 sites were surveyed by SCUBA across the four islands (Fig 1).

Pelagic and deep drop camera survey techniques

Mid-water baited remote underwater video systems (BRUVYS) are designed to quantify pelagic
fish assemblages [41]. These pelagic BRUVS consisted of a cross bar with two GoPro cameras
fixed 0.8 m apart on an inward convergent angle of 8°. In longline formation, three units were
deployed concurrently and separated by 200 m. Rigs were baited with 800 g of crushed fish
and were deployed 2+4 km offshore of each island, with sampling sites stratified by island
group and shore (Fig 1). Pelagic BRUVS were deployed for 2+4 hours at each sampling site.
Using the software Event Measure, we identified all species to the lowest taxonomic level possi-
ble, and measured relative abundance (MaxN; maximum number of individuals observed in
any given video frame [42]) and individual fork lengths. From this we generated species
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Fig 1. Map of the study region. Map depicts the locations of the Tristan da Cunha Islands in the South Atlantic (top)
and locations of scuba surveys (n = 34), pelagic camera surveys (n = 26), and deep sea benthic camera surveys (n = 23)
in the four islands of the Tristan da Cunha Islands group (bottom).

https://doi.org/10.1371/journal.pone.0195167.9001

richness (the sum of individual species observed per sample) and total abundance (the sum of
MaxN across all species observed per sample). Site means were calculated by taking the mean
of the three camera units for that site. In total, n = 26 pelagic camera stations were sampled
across the four islands.
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National Geographic's Exploration Technology Lab has developed Deep Ocean Drop-
cams, which are high definition cameras (Sony Handycam HDR-XR520V 12 megapixel)
encased in a borosilicate glass sphere that are rated to 10,000 m depth. Viewing area per frame
is between 2+6 m”, depending on the steepness of the slope where the Drop-cam lands. Cam-
eras were baited and deployed for 2+4 hours. Lighting at depth is achieved through a high
intensity LED array directed using external reflectors. Depth gauging is accomplished using an
external pressure sensor. The Drop-cams are weighted with a 22 kg external weight as an
anchor with a descent rate of 1.5 m s™. The primary release mechanism from the anchor is a
burn wire that is activated using onboard battery voltage. The Drop-cams are positively buoy-
ant resulting in an ascent rate of 0.5 m s™'. Drop-cams have an onboard VHF transmitter that
allows for recovery using locating antennae with backup location achieved via communication
with the ARGOS satellite system. The Deep Ocean drop-cams were deployed at sites on each
side of every island (Fig 1), when conditions allowed and in a variety of depths on each island
(S1 Table). In total, n = 23 deep-water camera stations were sampled across the 4 islands. For
each drop, the camera rig was baited with 1 kg of frozen mackerel bait and the cameras and
lights were turned on for 40 min, off for 30 min, and back on for another 30 min. Relative
abundance of each species (MaxN) was measured as described above.

Data analysis

To estimate fish and lobster biomass from kelp forest surveys, counts were tallied by length
class and individual-specific lengths converted to body weights using the allometric length-
weight conversion: W = a L, where parameters a and b are species-specific constants, L is total
length for fishes and carapace length for lobsters in cm, and W is weight in grams. Length-
weight fitting parameters were obtained from FishBase [43] for fishes and Glass [20] for lob-
sters at the Tristan da Cunha islands, with the product of individual weights and numerical
densities used to estimate biomass density by species. Numerical density (abundance) was
expressed as number of individuals per 100 m* and biomass was expressed as tonnes (t) per
hectare (ha). We used linear mixed models to test for spatial differences in abundance and bio-
mass of fishes, macroinvertebrates, and kelps, and percent cover of substrate characteristics at
the island scale. These models compared variability among islands (fixed), sites (random), and
depth zones (fixed), using sites nested within islands, and depth zones nested within sites and
islands. We used a Restricted Maximum Likelihood Estimation (REML) method to obtain the
residual variance estimate for the random factor (JMP Pro 13). All variables were square root
transformed to improve normality and spread of residuals. To examine multivariate differ-
ences in the composition of fish and benthic assemblages among islands, we used the site-level
mean densities for each species. Nonmetric multidimensional scaling (nMDS) analyses were
used to visualize variation in fish and benthic communities among islands. Species abundances
were square root transformed prior to analysis and a Bray-Curtis similarity matrix was used.
PERMANOVA tests with the single factor of Island were used to statistically test for differ-
ences in fish and benthic communities among islands. We used SIMPER analyses to show the
average percent dissimilarity in fish and benthic community structure (separate analyses using
density) among pairs of islands and the percent contribution of particular species to commu-
nity dissimilarity.

Mean total abundance and mean species richness of pelagic fish assemblages from mid-
water BRUVS were tested for differences among islands using univariate PERMANOV A anal-
yses. We then tested the effect of island on assemblage structure using species abundances and
biomasses. We also used PERMANOVA models and displayed the main drivers of patterns
with canonical analysis of principal coordinates (CAP) plots. For these multivariate analyses,
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species abundances were square root transformed prior to calculation of Bray-Curtis similarity
matrices.

To test for variation in diversity and community patterns in the deepwater habitats, the
drop camera deployments were categorized into two different depth zones (0+750 m and
>750 m depth) and two different benthic types (primarily soft bottom and primarily hard bot-
tom). We tested the importance of these factors on species richness and total abundance with
T-tests while multivariate assemblage patterns were visualized using nMDS and tested with
PERMANOVA (using presence-absence data and the single factor of depth). All multivariate
analyses described above were conducted in PRIMER v.6.

This field study was conducted with permission from the Director of Fisheries, Tristan da
Cunha, Mr. James Glass after review of all protocols. No IACUC permission was required for
this observational study.

Results

Temperature, salinity and dissolved oxygen

We measured properties of the water column with a CTD attached to the deep water drop
cameras at all islands (Gough n = 3; Inaccessible n = 1; Nightingale n = 2; Tristan da Cunha
n =5). Sea temperature and salinity were different at Gough relative to the northern islands;
Gough waters were colder and less saline (Fig 2A and 2B). Surface (3-10m) mean water tem-
peratures were 14.9ECat Gough, 17.9ECat both Inaccessible and Nightingale, and 18.6ECat
Tristan da Cunha. The depth at which both temperature and salinity equilibrated among
islands was approximately 600+750 m, which matched the depth range where we observed a
divergence in community structure from the deep-water drop cameras. Nightingale Island,
which had similar surface temperature to Tristan da Cunha, diverged and became colder and
less saline at approximately 100 m depth and remained so to about 500 m. Inaccessible may
have shown the same pattern as Nightingale but our only drop at that island extended to 164
m. Patterns of dissolved oxygen were more difficult to interpret and less variable among
islands (Fig 2C).

Nearshore kelp forest surveys

Fish biomass and density. In general, the Tristan da Cunha islands have very low biodi-
versity in nearshore marine habitats, with 8 species of fishes observed in kelp forests down to
20 m depth, but high biomass and abundance of those species (Fig 3, S2 Table). Total fish bio-
mass (tonnes ha™) was not significantly different among the four islands (Table 1, Fig 3A).
Nightingale had the greatest fish biomass, largely driven by yellowtail (Seriola lalandi), which
are highly mobile and transient in the kelp forest. Total fish biomass differed significantly
among sites nested within islands (Table 1, Fig 4A). Inaccessible showed the least variation in
total fish biomass among sites (ranging from 0.7 to 2.3 tonnes ha™'). Nightingale had the great-
est site-to-site variation in total fish biomass (ranging from 1.0 to 8.8 tonnes ha') due to very
high biomass (primarily of yellowtail) at a site located on Stoltenhoff Island, slightly offshore
of the main island (Fig 4A). There was no effect of depth zone on total biomass (Table 2). Fish
density (no. 100 m?) differed significantly as a function of site (within island) and depth zone
(nested within island and site) (Table 2, Fig 3B). The highest numerical abundance was re-
corded at Inaccessible, followed by Gough. Inaccessible showed the least variation among sites
(ranging from 138.8 to 261.3 fish 100 m ) while Nightingale showed the most variation in
density among sites (54.2 to 333.3 fish 100 m ) again, largely driven by a single site on Stol-
tenhoff Island (Fig 3B). Total fish density was greater on the deep zone transects (190.1 + 14.3
fish 100 m™) than the shallow zone transects (121.1 + 11.3 fish 100 m™).
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Fig 2. Temperature, salinity and dissolved oxygen. Oceanographic properties of the water column from a CTD
attached to the deep-water drop cameras. A. Temperature (°C), B. salinity (PSU) and C. dissolved oxygen (mg/L) from
each island by shore orientation are shown. The depth at which both temperature and salinity equilibrated among
islands (approximately 600-750m) is shown in the grey band.

https://doi.org/10.1371/journal.pone.0195167.9002

Fig 3. Fish biomass and density-island means. Stacked bar plots depicting fish biomass and density patterns in nearshore habitats of
the Tristan da Cunha Islands from SCUBA surveys. Shown are the island-level mean (A) fish biomass (tonnes ha™') and (B) fish
density (no. m™) for each species observed. Error bars are + 1 standard error of the mean for the total fish biomass or total fish density
respectively.

https://doi.org/10.1371/journal.pone.0195167.9003
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Table 1. Linear mixed models testing the effects of island (fixed), site (random), and depth zone (fixed) on patterns of fish biomass among the Tristan da Cunha
islands. Density and biomass were square root transformed. Statistically significant p-values are in bold text. Presented for the random effect of site are Wald p-values and

percent of total variance explained.

Model r* Factors df F-ratio P-value Variance explained %
A. Total fish
0.76 Island 3 1.33 0.2820
Site[Island] 0.0447 22.8
Zone|[Site, Island] 34 0.97 0.5328
B. Five-finger (Nemadactylus monodactylus)
0.83 Island 3 12.35 0.1636
Site[Island] 6.76 0.001 59.0
Zone|Site, Island] 34 3.98 <0.0001
C. Tristan wrasse (Suezichthys ornatus)
0.85 Island 3 58.35 0.0004
Site[Island] 7.10 0.0009 60.4
Zone|Site, Island] 34 3.43 <0.001
D. False jacopever (Sebastes capensis)
0.87 Island 3 140.00 <0.001
Site[Island] 2.25 0.038 23.9
Zone|Site, Island] 34 1.08 0.38
E. Telescopefish (Mendosoma lineatum)
0.81 Island 3 10.41 <0.001
Site[Island] 1.05 0.86 1.4
Zone|Site, Island] 34 1.34 0.148
F. Klipfish (Bovicthus diacanthus) 3
0.76 Island 3 54.53 <0.0001
Site[Island] 2.30 0.0351 246
Zone|Site, Island] 34 1.30 0.1736
G. Invasive porgy (Diplodus argenteus)
0.90 Island 3 23.86 0.0120
Site[Island] 5.52 0.0016 53,1
Zone|[Site, Island] 34 5.24 <0.001
H. Yellowtail (Seriola lalandi)
0.39 Island 3 4.46 0.0464
Site[Island] 1.49 0.2442 10.9
Zone|[Site, Island] 34 0.73 0.8337

https://doi.org/10.1371/journal.pone.0195167.t001

There were significant island-to-island differences in the biomass and density of the major-

ity of individual fish species tested (Tables 1 & 2). Most of this variation was driven by differ-
ences between the northern islands and Gough (Figs 3 & 4). Five-finger (Nemadactylus
monodactylus) were both numerically abundant and composed a large part of the biomass at
all four islands, but average sizes were larger in size at Gough (S1 Fig). Though not significantly
different among islands, yellowtail (Seriola lalandi) were abundant at the northern islands but
absent at Gough. At Gough, where most fish were larger on average (S1 Fig), false jacopever
(Sebastes capensis) and telescope fish (Mendosoma lineatum) dominated the biomass estimates.
The most numerically abundant fish species at the northern islands was the endemic Tristan
wrasse (Suezichthys ornatus), with higher mean densities than the Five-finger. At Gough, tele-
scope fish were the numerically dominant species, often found in large schools of juvenile-
sized fishes. All species except for telescope fish, yellowtail and the less common klipfish
(Bovicthus diacanthus) differed significantly in biomass and density (density only for klipfish)
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Fig 4. Fish biomass and density-site means. Bubble plots depicting site-level variation in fish biomass, density, and species composition of kelp forest
fish communities in the four Tristan da Cunha Islands. Shown are plots of (A) fish biomass and (B) fish density. Bubble size scales with the biomass or
density estimated using site-level means of SCUBA surveys.

https://doi.org/10.1371/journal.pone.0195167.g004

among sites within islands. Yellowtail are known to be highly mobile (at scales of these islands)
and telescope fish mobility is unknown, but may play a role in the homogeneity across sites.
Depth zone mattered less for biomass than for density. Depth zone explained significant vari-
ance in biomass of Five Finger, Tristan wrasse (higher biomass on deep transects) and the
invasive Silver porgy (Diplodus agenteus) (higher biomass on shallow transects) but explained
significant levels of variance in density for all species except Yellowtail (Tables 1 & 2). In gen-
eral, telescope fish, Tristan wrasse, five finger, false jacopever, and yellowtail were all present in
greater density in the deep zone, while klipfish and silver porgy were more abundant in the
shallow zone.

Table 2. Linear mixed models testing the effects of island (fixed), site (random), and depth zone (fixed) on patterns of fish density among the Tristan da Cunha
islands. Density and biomass were square root transformed. Statistically significant p-values are in bold text. Presented for the random effect of site are Wald p-values and
percent of total variance explained.

Model r* Factors df F-ratio P-value Variance explained %
A. Total fish
0.79 Island 3 1.92 0.1464
Site[Island] 0.0076 37.1
Zone|[Site, Island] 34 3.99 <0.001
B. Five-finger (Nemadactylus monodactylus)
0.83 Island 3 1.23 0.3139
Site[Island] 0.0010 59.2
Zone|Site, Island] 34 371 <0.001
C. Tristan wrasse (Suezichthys ornatus)
0.87 Island 3 13.20 <0.001
Site[Island] 0.0020 51.0
Zone[Site, Island] 34 2.34 0.0014
D. False jacopever (Sebastes capensis)
0.88 Island 3 30.68 <.0001
Site[Island] 0.0061 39.1
Zone[Site, Island] 34 2.43 0.0009
E. Telescopefish (Mendosoma lineatum)
0.84 Island 3 29.65 <0.001
Site[Island] 0.1693 13.5
Zone|Site, Island] 34 5.92 <0.001
F. Klipfish (Bovicthus diacanthus)
0.81 Island 3 37.07 <0.001
Site[Island] 0.1689 13.5
Zone[Site, Island] 34 1.99 0.0080
G. Invasive porgy (Diplodus argenteus)
0.90 Island 3 2.90 0.0513
Site[Island] 0.0006 67.8
Zone|[Site, Island] 34 8.01 <0.0001
H. Yellowtail (Seriola lalandi)
0.53 Island 3 2.55 0.0766
Site[Island] 0.2948 9.6
Zone|[Site, Island] 34 0.74 0.8353

https://doi.org/10.1371/journal.pone.0195167.1002
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Table 3. Linear mixed models testing the effects of island, site, and depth zone on patterns of invertebrate and macroalgal density and lobster biomass among the
Tristan da Cunha islands. Density and biomass were square root transformed. Statistically significant p-values are in bold text. Density and biomass were square root

transformed. Presented for the random effect of site are Wald p-values and percent of total variance explained.

Model r* Factors df F-ratio P-value Variance explained %
A. Lobster biomass (Jasus tristani)
0.62 Island 3 2.59 0.0711
Site[Island] 0.0341 24.8
Zone|[Site, Island] 34 1.72 0.0299
B. Lobster density (Jasus tristani)
0.69 Island 3 1.35 0.28
Site[Island] 0.0066 38.5
Zone|Site, Island] 34 1.82 0.0182
C. Sea urchin density (Arbacia dufresnii)
0.87 Island 3 37.50 <0.0001
Site[Island] 0.0078 36.9
Zone|Site, Island] 34 1.85 0.0158
D. Sea star density (Henricia simplex)
0.78 Island 3 11.34 0.28
Site[Island] 0.0025 48.2
Zone|Site, Island] 34 3.20 <0.0001
E. Octopus density (Octopus vulgaris)
0.69 Island 3 1.36 0.27
Site[Island] 0.0252 27.1
Zone|Site, Island] 34 3.18 <0.0001
F. Giant kelp plant density (Macrocystis pyrifera)
0.82 Island 3 0.24 0.87
Site[Island] 0.0013 55.6
Zone|Site, Island] 34 4.26 <0.0001
G. Giant kelp stipe density (Macrocystis pyrifera)
0.82 Island 3 0.30 0.82
Site[Island] 0.0011 57.5
Zone|[Site, Island] 34 4.22 <0.001
H. Pale kelp density (Laminaria pallida)
0.76 Island 3 2.12 0.1191
Site[Island] 0.0028 47.2
Zone|[Site, Island] 34 2.34 0.0014

https://doi.org/10.1371/journal.pone.0195167.t003

Invertebrate and kelp biomass and density. Lobster (Jasus tristani) biomass and density

both varied significantly among sites within islands and depth zone (Table 3, S2 Table). Inter-
estingly, the density and biomass patterns were inversely related across islands (Fig 5A and
5B). For example, lobsters were most numerous at Tristan and Inaccessible islands but biomass
was highest at Gough and Nightingale. This was due to differences in size structure (S1 Fig),
with larger lobsters at Gough (mean size 8.1 + 0.09 mm carapace length [CL]) and Nightingale
(7.5+0.11 mm CL) and smaller lobsters at Tristan (6.6 + 0.07 mm CL) and Inaccessible

(6.7 £ 0.09 mm CL). The variation in biomass among sites within islands was smallest at Night-
ingale (mean site biomass ranged from 0.10 to 0.21 tonnes ha') and was largest at Gough
(mean site biomass varied from 0.07 to 0.31 tonnes ha™’, Fig 6A). Sea urchins (Arbacia dufres-
nii) also varied significantly among islands but there was no effect of site and a weak effect of
depth zone (Table 3, Figs 5 & 6). Urchin density was highest at Gough and lower at Inaccessi-
ble, Nightingale and Tristan, respectively (Fig 5E, Fig 6B). Other invertebrate species were
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Fig 5. Invertebrate and algal biomass and density-island means. Bar plots depicting island-level variation in lobster biomass and the density of common
invertebrates and macroalgae in the Tristan da Cunha Islands from SCUBA surveys of nearshore habitats. Shown are mean values for each species + 1 standard error
of the mean.

https://doi.org/10.1371/journal.pone.0195167.9005

relatively rare (S2 Table). Henricia spp. and octopus densities varied significantly among sites
within island and depth zones (Table 3, Fig 5). Octopus were most abundant at Inaccessible
and Nightingale, while Henricia sea stars were most abundant at Tristan da Cunha. For these
two species, we did not observe consistent differences between the northern island group and
Gough. Giant kelp (stipes and plants) and pale kelp showed no differences among islands but
varied significantly among sites and depth zones.

Community structure and species interactions. For fish communities, we found signifi-
cant differences in assemblage composition among the islands (Table 4, Fig 7). Percentage sim-
ilarity was highest between the northern island pairs (ranging from 68.3 to 72.8%) while the
similarity of Gough to each of the northern islands was much less (ranging from 41.1 to
48.5%). Within islands, site to site variation in fish community structure was quite high and
ranged from 75.4% to 86.1%. The differences in fish communities were driven by higher abun-
dances of false jacopever, telescopefish, and klipfish at Gough, but higher abundances of yel-
lowtail, the invasive porgy, and the Tristan wrasse at the northern islands (Fig 7A). SIMPER

Fig 6. Invertebrate and algal biomass and density-site means. Bubble plots depicting site-level variation in (A) lobster biomass and (B) sea urchin density,
(C) giant kelp stipe density, and (D) pale kelp density across the four Tristan da Cunha Islands. Bubble size scales with the biomass or density estimated
using site-level means of SCUBA surveys in nearshore habitats.

https://doi.org/10.1371/journal.pone.0195167.g006
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Table 4. Results of a PERMANOVA testing differences in fish community structure among the Tristan da Cunha Islands.

A. PERMANOVA Results

Source df
Island 3

Error 30
Total 33

B. Post-hoc pairwise comparisons
Groups
Gough vs. Inaccessible
Gough vs. Nightingale
Gough vs. Tristan
Inaccessible vs. Nightingale
Inaccessible vs. Tristan

Nightingale vs. Tristan

C. Average percent similarity between/within Islands

Gough
Gough 86.1
Inaccessible 43.8
Nightingale 48.5
Tristan 41.1

https://doi.org/10.1371/journal.pone.0195167.1004

SS MS Pseudo-F P-value
21869.0 7289.5 28.61 0.001
7642.5 254.75
29511.0
t P-value
7.73 0.001
6.72 0.002
9.11 0.001
2.19 0.018
2.05 0.012
1.78 0.021
Inaccessible Nightingale Tristan
75.8
68.3 75.4
72.5 72.8 77.8

analyses showing the average percent dissimilarity in fish community structure among pairs of
islands and the percent contribution of particular fish species to community dissimilarity are
shown in S3 Table. For benthic communities (invertebrates and algae) there was also a signifi-
cant difference between islands in assemblage composition (Table 5), that was largely driven
by differences between Gough and all the northern islands (Fig 7B), similar to our findings for
fishes. Percentage similarity was high between the northern island pairs (ranging from 71.6 to
76.9%), while the similarity of Gough to each of the northern islands was less but still higher
than for fishes (ranging from 67.3 to 78.9%) (Table 5). Within islands, site-to-site variation in
benthic community structure ranged from 65.8% to 85.8%. The primary drivers of island-scale
variability in benthic community structure were urchins and the pale kelp. Sea urchins were
more abundant at Gough, while the pale kelp was more abundant at the northern islands (Fig
7). A few invertebrate species, the bat star (Odontaster penicillatus) and small pink urchin
(Pseudechinus magellanicus) were only observed at Gough. In contrast, lobsters and Henricia
were more abundant at the northern islands than Gough. SIMPER analyses showing the aver-
age percent dissimilarity in benthic community structure among pairs of islands and the per-
cent contribution of particular invertebrate and algal species to community dissimilarity are
shown in S4 Table.

Surprisingly, we found no relationship between giant kelp (primary producer) and urchins
(grazer) but a strong inverse relationship between pale kelp and urchins (Figs 5 & 6). During
survey and non-survey SCUBA dives, we never observed urchins grazing or resting on giant
kelp but we did observe urchins both on the holdfasts and blades of the pale kelp. Lobster den-
sity and biomass also showed no clear relationship with urchins (their putative prey) or octo-
pus (their putative predators) but did show similarly low levels of variation among islands as
giant kelp.

Shipwreck site. We surveyed the shipwreck site of the M/V Oliva, which occurred on the
western end of Nightingale in 2011 [39]. Surveys took place across much of the structure of the
wreck. In general, we saw no dramatic differences relative to other sites at Nightingale (apart
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Fig 7. Fish and benthic community structure. Multivariate description of fish and benthic communities in the Tristan da
Cunbha Islands from nearshore SCUBA surveys. Plots depict non-metric multidimensional scaling (nMDS) analyses of (A) fish
assemblages and (B) benthic assemblages using site-level densities of species observed. Vectors overlaying the plot depict the
species that are driving separation among sites and islands in species composition in fish and benthic communities. Data were
square root transformed prior to analysis.

https://doi.org/10.1371/journal.pone.0195167.g007
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Table 5. Results of a PERMANOVA testing differences in benthic invertebrate and kelp community structure among the Tristan da Cunha Islands.

A. PERMANOVA Results

Source df
Island 3

Error 30
Total 33

B. Post-hoc pairwise comparisons
Groups
Gough vs. Inaccessible
Gough vs. Nightingale
Gough vs. Tristan
Inaccessible vs. Nightingale
Inaccessible vs. Tristan

Nightingale vs. Tristan

C. Average percent similarity between/within Islands

Gough
Gough 85.8
Inaccessible 78.9
Nightingale 67.3
Tristan 68.5

https://doi.org/10.1371/journal.pone.0195167.1005

SS MS Pseudo-F P-value
4165.3 1388.4 4.57 0.001
9122.7 304.1
13288.0

t P-value
2.86 0.001
2.64 0.001
3.84 0.001
0.68 0.72
1.61 0.046
0.56 0.85
Inaccessible Nightingale Tristan

83.3

74.6 65.8

76.9 71.6 76.3

from the structure of the wreck itself). Most of the remaining structure is covered completely
with benthic turfing and foliose algae and pale kelp (L. pallida). There was very little giant kelp
(M. pyrifera) at that site, which was situated on the most wave exposed side of the island. In
community structure analysis of the benthic community, this particular location was separated
in space from all of the other sites, and fell nearer to Tristan da Cunha benthic communities.
This result was due to high abundance of barnacles (common on the structure of the wreck)
and pale kelp and very low abundance of giant kelp and urchins. For fish communities, no
strong differences were observed, likely due to the mobility of this taxonomic group.

Pelagic camera surveys

Mid-water baited remote underwater video systems (BRUVS) recorded 402 individual pelagic
fishes, marine mammals, birds and turtles, representing 13 species from 11 families. Across all
sites, mean total abundance per sample set was 11.8 + 4.21 (SE) individuals. Mean species rich-
ness per sample set was 1.7 + 0.14 (SE) species. The most abundant species was a horse mackerel
(Trachurus sp. likely T. longimanus) with 198 individuals observed (MaxN) across 44.4% of sites
(S5 Table, S3 Fig). The second most abundant species was yellowtail amberjack (Seriola lalandi)
with 69 individuals observed, although this species was observed primarily in large schools and
thus was only present across 7.4% of sites, all of which were in the northern islands. Blue sharks
(Prionace glauca) by contrast were observed at 55.6% of sites both in the northern group and

at Gough Island, with 23 individuals observed. Yellowfin tuna (Thunnus albacares) were ob-
served at 11.1% of sites with 3 individuals noted, all around the northern islands. Observations
of all remaining species consisted of one or two individuals occurring at single sites only, this
included one sub-Antarctic fur seal (Arctocephalus tropicalis) at Gough Island, one loggerhead
turtle (Caretta caretta), one porbeagle shark (Lamna nasus), one pilot fish (Naucrates ductor),
one crested bellowfish (Notopogon lilliei), one oval driftfish (Schedophilus velaini), one striped
marlin (Kajikia albida) and two albacore (Thunnus alalunga) at Tristan da Cunha, and two
Shepherd's beaked whales (Tasmacetus shepherdi) oft Inaccessible Island (S3 Fig).
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Mean total abundance (summed over all species) differed significantly among islands
(N =27,df =3, p=0.049; PERMANOVA, Fig 8) driven by the high total abundance at Tristan
compared to the other islands. Species richness did not differ among islands (N = 27, df = 3,

p = 0.171; PERMANOVA, Fig 8).

There was also significant island-to-island variation in pelagic assemblages characterized by
individual species abundances (Table 6). Pairwise comparisons revealed significant differences
in assemblage structure between Tristan and Gough, and Nightingale and Gough (Table 6)
indicating that the northern islands have a different species composition to Gough. A CAP
plot of pelagic species abundance by site (Fig 9) indicated that all sites at Gough were extremely
similar to one another and that the primary species driving differences in assemblages among
sites were blue sharks with more found at Gough and horse mackerel which tended to be more
abundant at Tristan.

In some cases, the camera rigs were left to drift longer than the standardized 2 hr period.
This additional footage was scanned for the presence of additional species. This extension
yielded 106 additional individuals, new species included a single bluefish (Hyperoglyphe ant-
arctica) of 84.8 cm at Nightingale Island, a northern rockhopper penguin (Eudyptes moseleyi)
of 36.7 cm, and 5 dusky dolphins (Lagenorhynchus obscurus) at Gough Island. There is a large
population of northern rockhopper penguins on Gough Island and large pods of dusky dol-
phins were seen at the surface on multiple occasions while sampling on the northern side of
the island.

Deep-water drop camera surveys

Deep water drop cameras were deployed at multiple sites (Fig 1) and in a variety of depths on
each island (S1 Table). In all, we completed n = 23 deep water drops to depths ranging from 164
m to 1414 m (S1 Table). Cameras were timed to record for 2 hours but several drops suffered
premature releases, sometimes due to sharks severing the anchor lines (Drops T9, T17 and T21;
S1 Table). We observed a total of 21 species or species groups and frequency of occurrence
(occurrence on a drop/total number drops) ranged from 0.04 to 0.61 (S6 Table). Several species
or groups were observed on greater than 30% of deep-water drops (S4 Fig). These included:
Bluenose (Hyperoglyphe antarctica), Lantern sharks (Etmopyerus granulosus), Bluntnose sixgill
shark (Hexanchus griseus), Grenadiers (family Macrouridae), Deepwater cod (Physiculus kar-
rerae), and Cutthroat eel (Synaphobranchus sp., likely brevidorsalis). Shark observations varied,
with lantern sharks seen at 56% of drops from 714+1404 m, Bluntnose sixgill sharks on 30% of
drops from 190+1027 m and a single Sevengill shark recorded on a drop at 164 m. Not all
recorded organisms were fish, a southern elephant seal (Mirounga leonina) was observed at a
single camera drop at 190 m depth. Habitat varied on the deep-water drops. Observed biotic
habitat forming organisms included whip corals, gorgonians, sea pens and sea fans (54 Fig).
The benthos also varied with some drops on sand/mud habitat and others on what appeared to
be moderate to high rock relief.

Species richness ranged from 2 to 8 species per drop and did not exhibit consistent spatial
patterns except that the four drops at Nightingale were all relatively low in species richness
(Fig 9A). Total MaxN (sum of MaxN across species in a drop) ranged from 2 to 28 individuals
per drop and differed spatially among drop-camera stations (Fig 10B), with the highest fish
abundances on Gough and Tristan compared to the other two islands. Drop camera stations
were categorized as having primarily soft or rock substrate. We observed a non-significant
trend for higher species richness in drops on rocky habitat (t,; = 1.64, P = 0.11) and a signifi-
cant effect of substrate on total MaxN (t,; = 2.47, P = 0.022), with more fish individuals
observed in drops on rocky habitat. Drop camera stations were also categorized into two
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Fig 8. Species richness and abundance from pelagic BRUVs. Bubble plots depicting A. site-level variation in species
richness and B. numerical abundance from pelagic BRUV stations sampled across the four Tristan da Cunha Islands.
Bubble size scales with the richness or total abundance of individual organisms observed from each pelagic BRUV
deployment. Inset bar plots show mean values for each island + 1 standard error of the mean.

https://doi.org/10.1371/journal.pone.0195167.9g008

different depth zones (0+750 m and >750 m depth) for further analysis of diversity and com-
munity patterns. We did not observe significant differences in species richness (t,; = 0.93,

P =0.36) or total MaxN (t,; = 1.04, P = 0.31) between the drops conducted in the two depth
zones. However, we found that the deep-water fish assemblages differed significantly between
the shallower and deeper strata, but did not differ among islands (Fig 11, Table 7). Communi-
ties shallower than 750 m were characterized by the presence of soldiers (Heliocolenus mou-
chezi), Southern butterfish (Hyperoglyphe antarctica), wreckfish (Polyprion oxygeneios), small
seabass and roughy (Lepidoperca coatsii, Beryx decadactylus), while communities deeper than
750 m were composed of deepwater and antimora cods (Physiculus karrerae, Antimora sp.),
cusk eels Unidentified in this study), grenadiers (Coelorinchus sp.), cutthroat eels (Synapho-
branchus sp. (likely brevidorsalis)), and lantern sharks. (Etmopterus sp. (likely granulosus)).

Discussion
Overview

Tristan da Cunha Islands are a unique archipelago with healthy marine ecosystems, although
species-poor, likely due to the extreme isolation of the four islands from any other landmasses
(>2000 km distance) [44]. Despite low levels of biodiversity, the high abundance and biomass
of the taxa present indicates that the nearshore ecosystem is healthy and relatively intact. The
health of the ecosystem in light of an ongoing commercial rock lobster fishery (which provides
80+90% of the income for the islands) and subsistence fishing for local islanders, indicates that
exploitation levels are relatively low and that the resources are being well managed. These

Table 6. Results of a PERMANOVA testing differences in pelagic community structure among islands from the mid-water BRUVS surveys at the Tristan da Cunha
Islands. Data are species abundances (MaxN) and were square root transformed.

PERMANOVA Resultstsquare root transformed data

Source df
Island 3

Error 20
Total 23

Post-hoc pairwise comparisons
Groups
Tristan, Nightingale
Tristan, Gough
Tristan, Inaccessible
Nightingale, Gough
Nightingale, Inaccessible

Gough, Inaccessible

Average percent similarity between/within Islands

Tristan
Tristan
Nightingale
Gough

Inaccessible

https://doi.org/10.1371/journal.pone.0195167.t006

29.3
24.4
15.1
21.1

SS MS Pseudo-F P-value
21782 7260.8 3.1425 0.006
46211 2310.5
67993
t P-value
1.46 0.095
2.92 0.001
0.98 0.477
1.77 0.017
0.39 1
1.71 0.181
Nightingale Gough Inaccessible
355
43.3 69.4
39.5 35.7 0
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Fig 9. Multivariate description of pelagic assemblages in the Tristan da Cunha islands from mid-water BRUVS surveys. Plots
depict canonical analysis of principal coordinates (CAP) analyses based on a Bray-Curtis resemblance matrix site-level species specific
abundances. Vectors overlaying the plot depict the species that are driving separation among sites and islands in species composition.
Data were square root transformed prior to analysis.

https://doi.org/10.1371/journal.pone.0195167.g009

remote temperate islands provide one of few remaining places in the world to establish a base-
line for an unimpacted temperate system, given the concentration of human populations in
coastal temperate zones across the planet. Prior to this expedition, quantitative data describing
abundances and biomass of key organisms in nearshore kelp forests was lacking, while pelagic
and deep sea benthic habitats were mostly unexplored.

Kelp forests

Fish biomass. Although there are few temperate island systems to compare to, and none
as isolated as Tristan, we found that levels of fish biomass were comparable to remote islands
in Chile as well as to less remote islands in California, USA. Both locations are broadly similar
to Tristan in habitat (i.e. kelps as the dominant biotic habitat former) and sea temperature,
and both are locations with spiny lobster fisheries. Total fish biomass across the Tristan da
Cunha islands ranged from 1.5 to 2.75 t ha"' compared with an average of 2.3 t ha™ at the
remote Desventuradas and Juan Fernandez islands in Chile [45]. The northern Channel
Islands (NCI) in California is an area with a large amount of available long term monitoring
data [40, 46] and despite very large differences in fish species richness (214 species per site in
Tristan da Cunha and 11+22 per site in the NCI), total fish biomass in the Tristan Islands is
comparable to and in many cases higher than most sites in the NCI. Thus, for the few species
observed at Tristan, abundance and biomass is extremely high. The average fish biomass across

PLOS ONE | https://doi.org/10.1371/journal.pone.0195167 March 29, 2018 22/35


https://doi.org/10.1371/journal.pone.0195167.g009
https://doi.org/10.1371/journal.pone.0195167

Tristan da Cunha community structure

PLOS ONE | https://doi.org/10.1371/journal.pone.0195167 March 29, 2018 23/35


https://doi.org/10.1371/journal.pone.0195167

Tristan da Cunha community structure

Fig 10. Species richness and abundance from deep water drop cameras. Bubble plots depicting A. site-level variation in
species richness and B. numerical abundance from deep-water drop-camera stations sampled across the four Tristan da
Cunbha Islands. Bubble size scales with the richness or total abundance of individual fishes observed from each drop
camera deployment. Inset bar plots show means (+ 1 standard error of the mean) for the two benthic types.

https://doi.org/10.1371/journal.pone.0195167.9010

the NCI locations was 1.2 t ha™'. The highest recently recorded fish biomass for the Channel
Islands was 2.7 t ha™ and this was inside a marine reserve that restricted fishing for over 10
years [46]. Other temperate and tropical locations have recorded biomass estimates from as
low as 0.4 t ha™' to as high as 4.5 t ha™ The variation is related to levels of fishing pressure and
abundance of large bodied sharks and other top predators [13, 47, 48].

Lobster density and biomass. Lobster density was also extremely high at the Tristan da
Cunha Islands with a mean of 6.4 to 8.8 lobsters per 100 m” across the islands, compared to an
average density of rock lobsters in the NCI (a different species to Tristan, Panularis interrup-
tus) of 0.66 per 100 m?. In California, the highest density of lobster ever observed on an annual
survey over 15 years of monitoring was 9.1 lobsters per 100 m* and this occurred inside a
marine reserve that has been protected from fishing for over 30 years (Caselle unpub. data).
Despite being fished at Tristan da Cunha, lobster abundances there are comparable to densities
of lobsters in protected areas in other parts of the world. For example, mean densities of the
spiny lobster, Panulirus cygnus, in protected areas in Rottnest Island, West Australia were 7.08
lobsters per 100 m* (compared to 0.2 per 100 m” in fished areas) [49] and the highest densities
of Jasus edwardsii in multiple protected areas across New Zealand were 6 and 12 lobsters per
100 m? in two MPAs that were protected for roughly 15 years [50]. While lobster densities and

Fig 11. Multivariate description of the fish community in the Tristan da Cunha Islands from deep-water camera
surveys. Multivariate description of the fish community categorized into two depth strata (0+750 m and >750 m
depth). Shown is a non-metric multidimensional scaling (nMDS) analysis of the fish assemblage using presence/
absence data at each station and a Euclidean distance matrix. Vectors overlaying the plot depict the species that are
driving separation among sites and islands (Gough = triangle symbols, Inaccessible = diamond symbols,

Nightingale = circle symbols, Trista da Cunha = square symbols) in species composition in deep-water fish
communities.

https://doi.org/10.1371/journal.pone.0195167.g011
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Table 7. Results of a PERMANOVA testing differences in fish community structure between depth categories (0+
750 m vs. >750 m depth) from the deep-sea drop-cam surveys at the Tristan da Cunha Islands.

A. PERMANOVA Results+Presence/absence data

Source df SS MS Pseudo-F P-value
Depth category 1 15.21 15.2 8.7 0.001
Error 21 36.7 1.7

Total 22 51.9

https://doi.org/10.1371/journal.pone.0195167.t007

biomass at Tristan da Cunha differed little among islands, there were some important within-
island variability. Notably, the lowest biomass was observed closest to the harbor and settle-
ment on Tristan, indicating the potential for some local depletion due to fishing pressure in
proximity to port. Lobsters also exhibited spatial differences in size structure, with the largest
lobsters occurring in the colder waters of Gough, similar to previous reports [20] and fisheries-
dependent data. Anecdotally, during the expedition several small lobster pots were set at Tris-
tan for personal consumption and we observed 20+40 lobsters caught per trap with soak times
as little at 3 hours. Our experience in California, where lobster fishing pressure is much more
intense, is that even larger traps set for several days would not catch that density of lobsters.
However, it should also be noted that the same duration trap sets at Gough during the expedi-
tion all came up empty or with lower numbers, indicating some variance in CPUE across
islands. We saw no evidence for density dependent interactions with lobster, in fact, settlement
of this species in the Tristan islands is hypothesized to occur in shallow rockpools and inter-
tidal areas, and not likely overlapping with the adult distribution.

Giant kelp. Giant kelp, Macrocystis pyrifera was the major habitat forming species across
the Tristan Islands, with the pale kelp, Laminaria pallida forming dense sub-canopy forests at
some sites. Interestingly, giant kelp plants across the Tristan islands were dominated by small
(median = 25 stipes per plant across the four islands; S1 Fig) individuals, compared to other
regions of the world where each plant can be massive, often containing 100's of individual stipes
[51, 52]. For example, in another south Atlantic island of the Falklands, stipes ranged from 67+
109 per plant [53] while Macrocystis in California range from 10£15 stipes per plant on average
although stipe counts of >100 are frequently found [54]. Stipe number is a measure of growth
in Macrocystis and is sensitive to temperature, depth, latitude, degree of wave exposure, upwell-
ing, and other factors [55+57]. Divers also observed that the giant kelp at Tristan appeared to be
extremely tough, with blades that resisted tearing, very thick stipes and numerous floats. Sea
conditions at Tristan da Cunha are notoriously rough; storms, large waves and very high winds
are common (often limiting fishing opportunities to ~60 days per year) and it is likely that M.
pyrifera suffer frequent high mortality events. It has been suggested that plants with low stipe
counts might have higher survivorship due to a lowered rate of entanglement and dislodgement
[58]. California's kelp forests have demonstrated high turnover rates, with standing crops esti-
mated to regenerate upwards of seven times per year [51], and high rates and intensity of distur-
bance at Tristan da Cunha likely cause even higher rates of turnover. The small size and young
age of the kelp plants likely reflects the high probability of dislodgement for larger plants that
experience higher drag forces [59, 60]. Giant kelp at Tristan da Cunha are potentially locally
adapted to the inclement sea conditions experienced year round, but this remains to be further
investigated through comparative biomechanic and genetic studies. The consequences of this
growth form for resilience to climate change-induced effects (which may include increased sea
temperatures or increases in waves and sea state) are currently unknown.

Spatial variation among and within islands. We found large differences in kelp forest
assemblage structure between the southern island of Gough and the three northern islands.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195167 March 29, 2018 25/35


https://doi.org/10.1371/journal.pone.0195167.t007
https://doi.org/10.1371/journal.pone.0195167

Tristan da Cunha community structure

The differentiation was stronger for fish but also existed for the benthic invertebrate and algal
communities. The differences in both species composition and size structure between Gough
and northern islands is likely driven by differences in temperature and oceanographic produc-
tivity above and below the subtropical convergence zone (STC). The STC is a major feature of
the Tristan's offshore waters and is normally located between the northern islands and Gough,
with Gough sitting somewhere in the frontal region. The STC delimits the northern limit of
the Antarctic Circumpolar Current [61] and corresponds to the boundary of the Southern
Ocean (following [62]). The STC is generally characterized by a surface- temperature disconti-
nuity of 4 or 5ECand a salinity difference of 0.5 x 10~ [24] with warmer, more saline waters
north of the front, partly derived from strong southward currents. Our oceanographic sam-
pling confirmed a strong temperature and salinity difference somewhere between the northern
islands and Gough. Surface water temperature ranged from 14.9ECat Gough to 18.6ECat Tris-
tan da Cunha while surface salinity ranged from 34.57 PSU at Gough to 35.23 PSU at Tristan
da Cunha. Colder temperature and higher productivity lead to faster growth rates, potentially
explaining the larger fish and lobsters at Gough relative to the other islands. However, lower
fishing pressure at Gough may also contribute to the presence of larger animals at that island.

Within each island, we found a remarkable lack of variation in measured habitat features
such as benthic substrate and physical relief (S2 Fig). Although we focused on rocky reefs that
had emergent kelp canopy and avoided large expanses of volcanic sand (which do exist
between reefs), almost all sites surveyed were composed of moderate or very large sized boul-
ders and very low cover of sand or cobbles. Even within our coarse categories of physical relief,
the average relief across islands was similar (S2 Fig). There are virtually no flat areas on these
reefs. These boulder reefs provided ample crevices and large overhangs that were utilized
extensively by lobsters. We also found very similar island-wide averages of kelp plant and stipe
density, despite large differences in temperature between the northern islands and Gough. We
hypothesized that Gough would have thicker, healthier kelp beds due to exposure to colder
and more nutrient rich waters below the subtropical convergence [23, 63], but this was not
found. It is likely that the primary driver of kelp abundance in this system is physical stress due
to chronic, year round wave and storm impacts [64, 65].

The lack of biodiversity in the kelp forests of Tristan results in a very simple food web with
limited ecological interactions. While detailed feeding habits and information for the key spe-
cies in Tristan's kelp forests are unknown at this time, we can hypothesize the linkages based
on known prey preferences for these taxa in other locations [38, 44, 66+72]. Our surveys quan-
tified the key components of this simple food web, with kelps at the base providing both food
and biophysical habitat; urchins (and possibly the invasive silver porgy) as the primary grazers;
telescopefish as likely planktivores; five-finger, wrasses, and lobsters as omnivores; octopus
and false jacopever as carnivores; and sevengill sharks and possibly yellowtail as the primary
piscivores. Additional species that may occasionally feed in the kelp forest include subantarctic
fur seals and rockhopper penguins. Simple food webs such as Tristan's may be less resilient in
the face of perturbations that might reduce or remove one of the key trophic links than systems
with greater functional redundancy [73, 74]. The extreme isolation of the Tristan da Cunha
likely prevents colonization via dispersal and species turnover or changes in dominance are
less likely than in more highly connected systems. We identified two key members of this food
web that might be at risk. Some areas of the world have experienced massive declines in giant
kelp (M. pyrifera) [75, 76], (but see [77, 78]) and in Tristan's northern islands this species may
currently be at or near its upper thermal limits. Future increases in temperature could place
this species at risk with unknown but likely dramatic effects on the entire ecosystem. Pale kelp
(L. pallida), while abundant and more resilient to higher sea temperatures, might increase but
its role as a potential additional foundation species in the ecosystem is unknown. We observed
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urchins grazing only on pale kelp, not on giant kelp, but lobsters have been observed to con-
sume both pale kelp and giant kelp [44]. Lobsters are the other key species that may be at risk
from both fishery effects and climate change. Currently the lobster fishery appears extremely
well managed, with conservative annual quotas [20]. However, many important life-history
attributes such as recruitment and growth rates are not known and could be affected by cli-
mate related changes, either directly or through indirect responses to changes in the ecosystem
or prey base. Lobster are the purported predators on urchins in this system and it has been
demonstrated in many temperate systems that the loss of this key species can transition sys-
tems to urchin barrens [79482]. For simple food webs with little functional redundancy and
hence resilience, it is critical to ensure that the key players remain at healthy levels of abun-
dance [83, 84].

Shipwreck site. Nightingale Island suffered the wreck of the bulk carrier MS Oliva in
March 2011, which ran aground on the western end of the island. The subsequent break-up of
the vessel contaminated Nightingale and nearby Inaccessible with 1500 t of heavy fuel oil,
depositing 65,000 t of soya beans on the seabed around Nightingale. Our surveys of the wreck
indicated that fish and lobster biomass were low at the wreck site itself and the benthic com-
munity differed, with high barnacle abundance and no giant kelp. Otherwise, the surrounding
area was typical of a highly wave exposed site in this region. At the island-scale, Nightingale
currently has the highest total fish biomass and the second highest lobster biomass, indicating
that direct effects of the wreck were localized and that the marine life has begun to recover.

Pelagic and deep-sea habitats

The subtropical convergence zone around the Tristan da Cunha islands is a hotspot for pelagic
diversity in the Atlantic Ocean, likely due to high productivity of these oceanic fronts. Recent
work has demonstrated the importance of oceanographic features such as fronts to apex preda-
tors via enhanced primary and secondary productivity [28, 85]. The Tristan islands are a glob-
ally recognized region for seabirds and also home to pelagic sharks, tunas, cetaceans and seals.
During our expedition, we documented many of these offshore roaming marine species on
our pelagic cameras including blue and porbeagle sharks; tunas, yellowtail and marlin; dol-
phins; fur seals, turtles and the rare Shepard's beaked whale. The extent to which these species
and the seabirds utilize the STC as a critical feeding area is unknown at this time but in other
regions, these areas are important for population persistence [27, 29, 86]. The pelagic cameras
recorded an average species richness of 1.7 species per drop and average abundance (measured
as MaxN) of 11.8 individuals. Notably, blue sharks were extremely common in the pelagic
zone, occurring on just over half of camera deployments. Surprisingly, we recorded a relatively
high abundance of small juvenile and likely newborn blue sharks, indicating that the islands
may serve as a pelagic nursery for this species. Observations of a juvenile porbeagle shark and
Shepherd's beaked whales are the first underwater documentation of these species in the
islands.

This expedition provided one of the first surveys of very deep habitats around Tristan (but
see [24] for list of all prior work, including deep water scientific trawls). The deep-sea drop-
cameras indicated that species richness and abundance is positively related to the presence of
hard rocky substrate (present on 35% of camera drops). Biogenic habitats were present at the
deep-sea camera sites on 40% of the deployments, including sea pens, crinoids, whip corals,
and small to very large gorgonians. Many of the taxa observed in the deep-sea off Tristan da
Cunha also occur in other locations around the globe where these camera systems have been
deployed [47, 87], indicating some level of uniformity in deep-sea fish communities. However,
we did observe distinct differences in the fish community above and below 750 m depth. Our
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oceanographic sampling also showed a discontinuity or ‘breakpoint'in temperature and salin-
ity at approximately 600+750 m depth. At this depth range, we found that both variation
among islands and total variation became minimal with further increases in depth Although
levels of dissolved oxygen with depth showed more complex patterns, it was at this same depth
range where among island variation was reduced. While our CTD measurements were a snap-
shot in time, this dataset is the first to our knowledge in the nearshore areas of Tristan Islands.
Further work will be needed to understand the effects of ocean conditions on deepwater
assemblages, however here we have identified depth zones between which both assemblage
structure and oceanography showed marked differences.

Conservation and management recommendations

The Tristan da Cunha islands are a unique archipelago with healthy marine ecosystems+
although with low species diversity, likely due to extreme isolation [44]. This remote temperate
archipelago provides one of the few places in the world to establish a baseline for unimpacted
temperate systems. Quantitative data from the kelp forests was lacking and pelagic habitat and
deep benthos were mostly unexplored prior to this expedition. We found that, despite an
important commercial fishery for lobster and subsistence fishing for local islanders, marine
habitats and biota appeared in very good condition. Biomass of fishes and lobster in particular
were high. However, this unique marine ecosystem is not without potential threats: shipping
traffic leading to wrecks and species introductions, pressure to increase fishing effort beyond
sustainable levels and the impacts of climate change all could potentially increase in the com-
ing years. Currently, the low population density, difficult access to the marine environment
and a pro-active, well-managed lobster fishery provide a level of protection to nearshore habi-
tats. However, offshore areas including seamounts, would benefit from strong, enduring pro-
tection, especially from illegal, unlicensed and unregulated fishing activity.

The Tristan da Cunha Exclusive Economic Zone (EEZ) spans just over 3Elatitude and con-
tains approx. 754,000 km?. Due to the unique placement of the islands in the Southern ocean
the EEZ also includes a range of oceanographic features and offshore habitats such as sea-
mounts. The Tristan Islands are a globally recognized region for seabirds and also home to
pelagic sharks, tunas, cetaceans, and seals. Recent work has demonstrated the importance of
oceanographic features such as fronts to apex predators via enhanced primary and secondary
productivity [28, 85]. Unfortunately, fronts and convergences are also areas with high fishing
pressure, primarily from longline vessels. Longline fishing is responsible for the deaths of an
astonishing number of seabirds annually [88] and interactions between pelagic sharks and
longline vessels is common [34]. While there is currently little to no longline fishing in Tri-
stan's waters, protection of these offshore habitats (such as convergence zones and seamounts)
would likely add significant future insurance for a large number of important species that uti-
lize them.

Deep sea habitats around the Tristan islands were diverse with many sites having biogenic
coverage on rocky substrates that provided habitat for fishes. These deep biogenic habitats are
extremely vulnerable to disturbance from trawl gear and future management should geared
towards limiting bottom contract with trawl operations at offshore seamounts. Our drop cam-
era surveys only scratched the surface of deep water exploration in the region and we were,
regrettably, not able to survey the many seamounts in the EEZ. Deep water biodiversity and
assessment of the vulnerability of these habitats should be the focus of future research and
monitoring efforts.

The United Kingdom has committed to protection of over four million square kilometers
of marine environment across the UK Overseas Territories, including Tristan da Cunha. The
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Blue Belt program aims to support the commitment by providing scientific information and
guidance on management strategies including enforcement and surveillance (https://www.
gov.uk/government/publications/the-blue-belt-programme). Our surveys and the results pre-
sented here can be used to inform future management decisions as well as provide a baseline
against which future monitoring can be based.

Supporting information

S1 Fig. Size structure from SCUBA surveys. Spatial variation in size structure of lobsters,
giant kelp, and two common nearshore fish species estimated using visual SCUBA surveys.
Shown are size frequency histograms for each species pooled at the island-level. Arrows above
the histogram depict the estimated mean size at each island. Values on plots are the mean

size + 1 standard error of the mean.

(PDF)

S2 Fig. Substrate and habitat relief. Substrate composition and habitat complexity estimated
using visual SCUBA surveys in nearshore kelp forests (10 and 20 m depth) in the Tristan da
Cunha Islands. Shown are the percent cover of (A) four different substrate categories and (B)
vertical relief in four different relief categories.

(PDF)

S3 Fig. Pelagic BRUV species. Photos depicting representative species observed on pelagic
camera drops at the Tristan da Cunha Islands. (A) Krill school (Euphausids spp.), Gough; (B) Blue
sharks (Prionace glauca.), Nightingale; (C) Recently born blue shark (Prionace glauca.), Tristan da
Cunha; (D) Porbeagle shark (Lamnin nasus), Tristan da Cunha; (E) Southern horse mackerel (Tra-
churus longimanus), Inaccessible; (F) Yellowtail amberjack school (Seriola lalandi), Tristan da
Cunha; (G) Striped marlin (Kajikia albida), Tristan da Cunha; (H) Yellowfin tuna (Thunnus alba-
cares), Tristan da Cunha; (I) Loggerhead turtle (Caretta caretta.), Tristan da Cunha; (J) Subantarctic
fur seal (Arctocephalus tropicalis), Gough; (K) Dusky dolphin (Lagenorhynchus obscurus), Gough;
(L) Shepherd's beaked whale (Tasmacetus shepherdi); Inaccessible.

(PDF)

S4 Fig. Deep sea species. Photos depicting representative fish and habitat-forming benthic
species observed on deep-sea camera drops at the Tristan da Cunha Islands. (A) Bluntnose
sixgill shark (Hexanchus griseus), (B) Lantern shark (Etmopterus sp., likely granulosus), (C)
Cutthroat eel (Synaphobranchus sp., likely brevidorsalis), (D) Deepwater cod (Physiculus kar-
rerae), (E) Roughy (Beryx decadactylus), (F) Oreo dory (Neocyttus sp.), (G) Soldier (Helioco-
lenus mouchezi) and Octopus (Octopus vulgaris), (H) Southern butterfish (Hyperoglyphe
antarctica.), (I) Oval driftfish (Schedophilus velaini), (J) Whip coral, (K) Deepwater gorgonian,
(L) Field of gorgonians and crinoids, (M) Sea pens.

(PDF)

S1 Table. Deep-sea drop camera deloyments. Details of the deep-sea drop camera deploy-
ments for all stations surveyed in the Tristan da Cunha Islands group.
(PDF)

$2 Table. Biomass and density from SCUBA surveys. Biomass (tonnes ha-1) and density
(no. 100 m2) of fish, conspicuous benthic invertebrates, and kelps observed on SCUBA surveys
at 10 and 20 m depth in the Tristan da Cunha Islands. Values are means + 1 standard error of
the mean for each island.

(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0195167 March 29, 2018 29/35


https://www.gov.uk/government/publications/the-blue-belt-programme
https://www.gov.uk/government/publications/the-blue-belt-programme
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195167.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195167.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195167.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195167.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195167.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195167.s006
https://doi.org/10.1371/journal.pone.0195167

Tristan da Cunha community structure

$3 Table. Similarity Percentage Analysis (SIMPER) showing the average percent dissimi-
larity in the fish assemblage structure among the four Tristan da Cunha islands. Shown are
the top three species contributing to community dissimilarity on each island and the percent
contribution of each species to community dissimilarity in each pair-wise comparison. Mean
densities of these and other species by site are shown in S2 Table.

(PDF)

S4 Table. Similarity Percentage Analysis (SIMPER) showing the average percent dissimi-
larity in the benthic community structure among the four Tristan da Cunha islands.
Shown are the top three species contributing to community dissimilarity on each island and
the percent contribution of each species to community dissimilarity in each pair-wise compar-
ison. Mean densities of these and other species by site are shown in S2 Table.

(PDF)

S5 Table. Pelagic BRUV taxa and abundance. Species observed in pelagic BRUVS surveys at
Tristan da Cunha group. Total number of individuals recorded using the maximum MaxN per
site, and the Mean MaxN per site with associated standard error (SE), and the percentage of
sites that species were present.

(PDF)

S6 Table. Deep sea fish. Fish taxa observed on deep-sea drop-cams in the Tristan da Cunha
Islands group. Freq.tfrequency of occurrence out of all drops (n = 23).
(PDF)
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