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Abstract

The newly created Kawésqar National Park (KNP) and National Reserve (KNR) in
southern Chile consists of diverse terrestrial and marine habitats, which includes the
southern terminus of the Andes, the Southern Patagonia Ice Fields, sub-Antarctic rain-
forests, glaciers, fjords, lakes, wetlands, valleys, channels, and islands. The marine
environment is influenced by wide ranging hydrological factors such as glacier melt,
large terrigenous inputs, high precipitation, strong currents, and open ocean water mas-
ses. Owing to the remoteness, rugged terrain, and harsh environmental conditions, little
is known about this vast region, particularly the marine realm. To this end, we conducted
an integrated ecological assessment using SCUBA and remote cameras down to 600 m
to examine this unique and largely unexplored ecosystem. Kelp forests (primarily
Macrocystis pyrifera) dominate the nearshore ecosystem and provide habitat for myriad
benthic organisms. In the fjords, salinity was low and both turbidity and nutrients from
terrigenous sources were high, with benthic communities dominated by active suspen-
sion feeders (e.g., Bivalvia, Ascidiacea, and Bryozoa). Areas closer to the Pacific Ocean
showed more oceanic conditions with higher salinity and lower turbidity, with benthic
communities experiencing more open benthic physical space in which predators (e.g.,
Malacostraca and Asteroidea) and herbivorous browsers (e.g., Echinoidea and Gastro-
poda) were more conspicuous components of the community compared to the inner
fiords. Hagfish (Myxine sp.) was the most abundant and frequently occurring fish taxa
observed on deep-sea cameras (80% of deployments), along with several taxa of sharks
(e.g., Squaliformes, Etmopteridae, Somniosidae, Scyliorhinidae), which collectively
were also observed on 80% of deep-sea camera deployments. The kelp forests, deep
fijords, and other nearshore habitats of the KNR represent a unique ecosystem with mini-
mal human impacts at present. The KNR is part of the ancestral territory of the indige-
nous Kawésqar people and their traditional knowledge, including the importance of the
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land-sea connection in structuring the marine communities of this region, is strongly
supported by our scientific findings.

Introduction

The newly created Kawésqar National Park (KNP) and the marine component—the Kawésqgar
National Reserve (KNR)—is one of the largest park systems in the world and the second largest
in Chile after the adjacent Bernardo O’Higgins National Park. It consists of a diverse range of
terrestrial and marine habitats that includes the southern terminus of the Andes, the Southern
Patagonia Ice Fields, sub-Antarctic rainforests, glaciers, fjords, lakes, wetlands, valleys, chan-
nels, and islands. The region consists of largely unfragmented ecosystems, with relatively low
anthropogenic impacts, and low human population density [1]. The marine communities of
southern Patagonia are some of the healthiest on Earth [2, 3] and reside in a dynamic environ-
ment that is driven by a wide range of biophysical conditions.

Repeated abrasive expansions and retreats of glaciers, which occurred during the Quaternary
Period, along with the formation of the Southern Patagonian Icefield (SPI), have given this
region its dramatic geomorphology, which is characterized by deep valleys, rugged terrains, gla-
ciers, streams, channels, rivers, and fjords [4-6]. This semi-closed fjord system possesses an
extensive and complex seascape with large spatial variability in hydrographical features [7, 8],
which harbors a unique and diverse suite of species [9, 10]. The giant kelp (Macrocystis pyrifera)
is a ubiquitous component of the coastal seascape [11], and is able to colonize different types of
substrates across wide depth ranges and in various types of estuarine and fjord systems, which
are characterized by the high environmental variability of this region [12, 13]. The region is
dominated by species broadly distributed around the Southern Ocean, which coexist with
endemic species originating from vicariant processes driven by habitat fragmentation during
the Last Glacial Maximum [14]. The steep and narrow fjords of the region are deep, reaching
>1000 m depth in some areas [15, 16], but little is known about the fauna of these deep waters.

The Strait of Magellan is a 565 km interoceanic route and a major hydrological feature that
separates the South American continent from Tierra del Fuego. It is the confluence of water
masses from the Pacific and Atlantic oceans, with influence from the Southern Ocean [17, 18].
The waters of the Strait of Magellan are fresher and cooler than the open shelf waters, owing to
the effects of melting water from numerous glaciers [19]. The eastward influence of the Pacific
by the Antarctic Circumpolar Current (West Wind Drift) and the westward influence of
Atlantic waters result in the water column having a complex temperature structure with strong
tidal exchange [18, 20]. These strong physical forcing factors result in highly heterogenous
marine communities.

The KNR is part of the ancestral territory of the Kawésqar or Kawésqar Wees people, which
extends from the Gulf of Penas to the Strait of Magellan [21]. Evidence of human habitation in
the area suggests use by the Kawésqar at least 4,520 * 60 years ago [22]. Kawésqar descendants
still live in the region today, perpetuating their traditional knowledge through their native lan-
guage and oral tradition, as well as customary uses of the land and sea [23].

Owing to its remoteness, vast areas of this region have yet to be explored and remain under-
studied. Little is known about the marine communities of this vast remote area, particularly at
deeper depths, and what role these diverse habitats and oceanographic conditions play in
structuring this unique ecosystem. To this end, we conducted a comprehensive quantitative
survey of the health of this largely unknown marine environment, highlighting the drivers that
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influence this unique ecosystem, and examining these in the context of the traditional ecologi-
cal knowledge of the Kawésqar people.

Materials and methods
Ethics statement

Data were collected by all authors in a collaborative effort. Non-invasive research was conducted,
which included photographs, video, and visual estimates described in the methods below. The
Republic of Chile granted all necessary permissions to conduct this research. No vertebrate sam-
pling was conducted and therefore no approval was required by any Animal Care and Use Com-
mittee. Our data are publicly available at Data Dryad: doi.org/10.5061/dryad.f7mO0cfxvij.

Site description

The KNP and KNR include large swaths of the archipelagos in the provinces of Magallanes
and Ultima Esperanza, as well as half of Isla Riesco. The KNP includes over 34,000 km? of pro-
tected terrestrial land, while the KNR protecting > 26,000 km” of surrounding marine areas
under the Chile National Reserve category. Collectively they incorporate the former Alacalufes
Forest Reserve, new fiscal land, and land donation from Tompkins Conservation.

The expedition originated in Punta Arenas on 21 February 2020 and covered a total of
2,352 km (Fig 1 and S1 Table). We surveyed 25 stations (N = 50 25-m transects) for benthos
and fishes across a gradient of biophysical factors. The average depth of these transects, which
corresponded to the lower portion of the kelp zone, was 7.2 m (+ 1.9), with the shallowest tran-
sects at Poca Esperanza (X = 3.1 + 1.0) and the deepest at Bahia Woodward (X = 10.2 + 1.1).

In-situ surveys: Invertebrates and fishes

Two transects of 25-m length, carried out on SCUBA, were conducted parallel to shore,
towards the lower edge of the kelp zone. For sessile and mobile invertebrates, the number of
individuals was estimated within 1-m of either side of the transect line (50 m?). For colonial
organisms (sponges, some cnidarians, bryozoans, and some tunicates) colonies, rather than
individuals, were counted. Only non-cryptic invertebrates > 1 cm were enumerated. A second
diver counted the number of kelp stipes (M. pyrifera and Lessonia spp.) within 1-m on either
side of these transects. M. pyrifera holdfast diameters were measured by a third diver as an
indication of plant size and age [2]. This diver also measured test diameter of the sea urchin
Loxechinus albus in the general vicinity of the transect.

Species diversity was calculated from the Shannon-Weaver Diversity Index [25]: H = - X(p;
In p;), where p; is the proportion of all individuals counted that were of species i. Pielou’s even-
ness was calculated as: ] = H'/In(S), where S is the total number of species present.

For fish surveys, a scuba diver counted and sized all fishes within 1-m of either side of the
25-m transect lines (50 m?) at each survey site (N = 2 transects). The transect column extended
from the benthos to the surface, or as far as visibility allowed, to include species associated
with the kelp canopy and water column. Total fish lengths were estimated to the nearest cm. In
addition, photographs were taken in situ to assist with species identification, and document
underwater coloration and associated habitat. Fish species biogeographic affinities and trophic
group designations were obtained from published literature [26-28].

In addition to these quantitative surveys, we surveyed the deeper fjord slopes down to 40 m
where we qualitatively described these communities and recorded the presence of taxa visually
and with photography. Prior to each survey, temperature and salinity measurements were taken
at a depth of 5 m below the surface using a YSI model 556 handheld multiparameter instrument.
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Fig 1. Locations visited on the expedition to the Kawésqar National Reserve. Basemap derived from GEBCO Compilation Group (2020) GEBCO 2020 Grid
(d0i:10.5285/a29¢5465-b138-234de053-6c86abc040b9). Processing and assembly of the Global Self-consistent, Hierarchical, High-resolution Geography
Database for shoreline data from [24].

https://doi.org/10.1371/journal.pone.0249413.9001

Deep-sea camera surveys

National Geographic’s deep-sea cameras were used to quantify marine life in the deeper
areas of the KNR. These systems consist of high definition cameras (Sony Handycam
FDR-AX33 4K Ultra-High Definition video with a 20.6 megapixel still image capability) in a
33-cm diameter borosilicate glass sphere that is rated to ~7,000 m depth [29]. Viewing area
per frame for the cameras is ca. 17 m?, depending on the steepness of the slope where the
camera lands. Cameras were baited with ~ 1 kg of frozen sardines and deployed for ~ three
hrs. Lighting at depth was achieved with a high-intensity LED array. Depth gauging was
accomplished using an internal logging pressure sensor, or navigation charts in cases of sen-
sor fail. The cameras were weighted with a 12-kg locally procured biodegradable sandbag
weight and descended at a rate of ~1 ms™'. At the programmed time, sandbag weights were
automatically released, allowing the cameras to return to the surface.

Video footage was annotated for taxa present (identified to the lowest possible taxonomic
level), as well as for maximum number of individuals of a given taxon per video frame

PLOS ONE | https://doi.org/10.1371/journal.pone.0249413  April 14, 2021 4/26


https://doi.org/10.5285/a29c5465-b138-234de053-6c86abc040b9
https://doi.org/10.1371/journal.pone.0249413.g001
https://doi.org/10.1371/journal.pone.0249413

PLOS ONE

Marine communities of the Kawésgar National Reserve

(MaxN), which provides a metric of relative abundance. Frequency of occurrence (Freq. occ.
%) for each taxon observed was calculated as the percentage of incidence across all deploy-
ments. The substrata for each camera deployment were classified into standard geological cate-
gories consisting of mud, pebble, cobble, and boulder [30, 31]. Seafloor type was defined by
the approximate percent cover of the two most prevalent substrata in each habitat patch. The
first type was the substratum accounting for > 50% of the patch, and the second most preva-
lent substratum accounting for an additional > 30% of the patch.

Statistical analyses

Densities of M. pyrifera and Lessonia spp. at each station were compared using a one sample t-
test. The correlation between the densities of M. pyrifera and Lessonia spp. was compared
using Spearman’s rank-order correlation. The correlation of M. pyrifera stipe density with
temperature and salinity was also tested using Spearman’s rank-order correlation. The densi-
ties of Lessonia spp. and temperature and salinity were compared in a similar manner. The cor-
relation of M. pyrifera holdfast diameter with temperature and salinity was tested using
Pearson’s product moment correlation. Benthic taxa richness, numerical abundance, Shan-
non-Weaver diversity, and Pielou’s evenness were all compared with temperature and salinity
using Spearman’s rank-order correlation. Fish species richness, numerical abundance, bio-
mass, and Shannon-Weaver diversity were all compared with temperature and salinity using
Spearman’s rank-order correlation.

To describe the pattern of benthic community structure among locations and their relation-
ship to environmental variables, we performed direct gradient analysis (redundancy analysis:
RDA) using the ordination program CANOCO version 5.0 [32]. The RDA introduces a series
of explanatory (environmental) variables and resembles the model of multivariate multiple
regression, allowing us to determine what linear combinations of these explanatory variables
determine the gradients. Data were centered, standardized, and square root-transformed ben-
thic taxa abundance by station. Only taxa that occurred at three or more stations (> 12%)
were included in the analysis. Explanatory variables consisted of temperature (°C), salinity
(ppt), depth (m), M. pyrifera and Lessonia spp. stipe densities (N> m®), and M. pyrifera hold-
fast diameter (cm). To rank explanatory environmental variables in their importance for being
associated with the structure of the benthic community, we used a forward selection where the
statistical significance of each variable was judged by a Monte-Carlo unrestricted permutation
test with 499 permutations [33]. Deep-sea community structure among locations and their
relationship to environmental variables was also assessed using an RDA. Data were centered,
standardized, and square root-transformed benthic and fish taxa abundance by station.
Explanatory variables consisted of temperature (°C), salinity (ppt), and depth (m).

Results
Nearshore communities

Stations varied in oceanographic conditions based on their proximity to open ocean or inland
locations, with locations closer to the Pacific Ocean having cooler temperatures and higher
salinity compared to more inland locations, which were influenced by freshwater runoff result-
ing in lower salinity (Fig 2 and S1 Table). Mean seawater temperature was 10.75°C (+0.88 sd),
with the highest temperature observed at Isla Gaeta (12.65°C) and the lowest at Carlos III
(9.08°C). Mean salinity was 25.92 ppt (+ 4.08), with the highest salinity observed at Isla Duntze
(31.14 ppt) and the lowest at Poca Esperanza (16.73 ppt). There was a significant negative cor-
relation between salinity and seawater temperature (p = -0.561, p < 0.001) with higher temper-
atures associated with lower salinities. Deeper transects (i.e., deeper kelp zones) were positively
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Fig 2. (A) Temperature (°C) and (B) Salinity (ppt) at sampling stations in the Kawésqar National Reserve.
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correlated with higher salinities (p = 0.441, p = 0.014) and negatively correlated with higher
temperatures (p = -0.615, p < 0.001).

Kelp and sea urchins. Kelp beds in the sheltered fjords tended to be narrow and shallow
(< 10 m) with numerous epiphytic taxa (e.g., Gaimardia trapesina, Spirorbidae, erect and
encrusting bryozoans, Sycozoa gaimardi), which caused the kelp fronds to be brittle and
sunken from the weight. Lessonia spp. were almost totally absent in the fjords, only becoming
abundant at the locations exposed to oceanic conditions (Fig 3). The density of M. pyrifera (X
= 7.4 +3.7) was 14-fold higher than the density of Lessonia spp. (X = 0.5 + 0.8) (t=9.1,

p < 0.001), which were absent at 21% of the stations, while M. pyrifera was present at all sta-
tions. The densities of M. pyrifera and Lessonia spp. were not correlated with each other (p =
0.14, p = 0.510). The density of M. pyrifera was significantly and negatively correlated with
temperature (p = -0.40, p = 0.047) but not salinity (p = 0.16, p = 0.441). The density of Lessonia
spp. was not significantly correlated with temperature (p = -0.36, p = 0.077) or salinity (p =
0.39, p = 0.053), although results are suggestive for salinity.

Kelp (M. pyrifera) holdfast diameter, which is a measure of plant size and age, averaged 24.2
cm (£ 10.7) and was significantly and negatively correlated with temperate (r = -0.44,

p = 0.029) and marginally positively correlated with salinity (r = 0.40, p = 0.048). The average
test diameter of the sea urchin, Loxechinus albus, was 8.9 cm (+ 1.5) and was not significantly
correlated with temperature or salinity (p > 0.05 for both).

Benthic taxa. We observed a total of 147 unique benthic taxa from 21 classes to infraorders
and 10 phyla on quantitative surveys (S2 Table). The Magellan mussel Aulacomya atra was the
most dominant species observed during our surveys (Table 1). It was present on 66% of the
transects and accounted for 35% of total numerical abundance. The Chilean mussel Mytilus chi-
lensis was the next most important species overall, occurring in 34% of the transects and
accounting for 14% of total abundance. Next in importance among benthic taxa was the colo-
nial tunicate Didemnum studeri, which was present on 80% of the transects and accounted for
2% of total abundance. The green sea urchin Arbacia dufresnii was the most important mobile
invertebrate, accounting for 1.6% of total abundance and present on 76% of all transects.

Active suspension feeders (e.g., Bivalvia, Polychaeta, Ascidiacea, and Gymnolaemata)
accounted for 74.2% of total abundance among all feeding groups, followed by carnivores
(7.6%, e.g., Malacostraca and Asteroidea), herbivorous browsers (7.2%, e.g., Echinoidea and
Gastropoda), passive suspension feeders (5.1%, e.g., Anthozoa), deposit feeders (4.7%, e.g.,
Ophiuroidea), and omnivores (1.2%, e.g., Malacostraca).

Benthic communities. There was an average of 30.2 (+ 9.3) benthic taxa per transect,
with a minimum of 11 and a maximum of 54 taxa (Fig 4). The number of benthic taxa per
transect was negatively correlated with temperature (p = -0.397, p = 0.049) and positively cor-
related with salinity (p = 0.30, p = 0.149), although the latter was not significant. The average
number of individuals m™ was 41.9 (+ 67.8), with a minimum of 88 individuals and a maxi-
mum of 28,204. The number of individuals was positively correlated with temperature (p =
0.487, p = 0.013) and negatively correlated with salinity (p = -0.642, p < 0.001). Shannon-
Weaver diversity averaged 1.9 (+ 0.8) with a minimum of 0.4 and a maximum of 3.2. Diversity
was negatively correlated with temperature (p = -0.650, p < 0.001) and positively correlated
with salinity (p = 0.523, p = 0.007). Pielou’s evenness averaged 0.6 (+ 0.2) with a minimum of
0.1 and a maximum of 0.9. Evenness was also negatively correlated with temperature (p =
-0.625, p < 0.001) and positively correlated with salinity (p = 0.458, p = 0.021).

Sampling stations were well separated in ordination space based on abundance of benthic
taxa, with salinity and temperature accounting for much of the separation (Fig 5 and Table 2).
Explanatory variables accounted for 39% of total model variation. The first two axes of the
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Fig 3. Densities (number of stipes m™) of kelp taxa in the Kawésqar National Reserve. (A) Macrosystis pyrifera and
(B) Lessonia spp.

https://doi.org/10.1371/journal.pone.0249413.9003
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Table 1. Top twenty invertebrate taxa based on Index of Relative Dominance (IRD).

Phylum
Mollusca
Mollusca
Chordata
Echinodermata
Arthropoda
Echinodermata
Echinodermata
Cnidaria
Echinodermata
Mollusca
Arthropoda
Ectoprocta
Ectoprocta
Porifera
Chordata
Arthropoda
Arthropoda
Annelida
Porifera

Echinodermata

Class to Infraorder

Bivalvia
Bivalvia
Ascidiacea
Echinoidea
Malacostraca
Ophiuroidea
Asteroidea
Anthozoa
Echinoidea
Gastropoda
Cirripedia
Gymnolaemata
Gymnolaemata
Demospongiae
Ascidiacea
Malacostraca
Malacostraca
Polychaeta
Demospongiae

Holothurioidea

Taxa Feed. Freq. Num.m? (sd) % num. m™> IRD
Aulacomya atra 2 66.0 14.3 (39.0) 35.4 2334.9
Mytilus chilensis 2 34.0 5.8 (26.7) 14.3 487.7
Didemnum studeri 2 80.0 2.0 (4.6) 5.0 402.3
Arbacia dufresnii 3 76.0 1.6 (5.1) 4.0 301.0
Pagurus comptus 4 84.0 1.2 (2.8) 3.0 248.6
Ophiactis asperula 6 46.0 1.9 (3.4) 4.7 217.2
Cosmasterias lurida 4 92.0 0.7 (0.7) 1.8 170.2
Actinothoe lobata 1 18.0 1.5 (4.7) 3.8 68.7
Pseudechinus magellanicus 3 58.0 0.4 (0.6) 1.0 55.9
Nacella flammea 3 74.0 0.3 (0.7) 0.7 53.7
Balanus laevis 2 22.0 1.0 (4.3) 2.4 53.2
Beania magellanica 2 16.0 1.3 (5.5) 3.1 49.9
Cellaria malvinensis 2 64.0 0.3 (0.6) 0.8 49.2
Amphimedon maresi 2 60.0 0.3 (0.8) 0.8 47.1
Sycozoa gaimardi 2 58.0 0.3 (0.9) 0.8 46.2
Halicarcinus planatus 4 54.0 0.3 (1.4) 0.8 41.1
Munida gregaria 5 30.0 0.5 (2.3) 1.2 37.0
Spirorbis sp. 2 4.0 3.2(19.9) 7.9 31.7
Unidentified Chondrillidae 2 50.0 0.2 (0.6) 0.5 25.7
Psolus patagonicus 1 22.0 0.4 (1.4) 0.9 20.7

IRD = % numerical abundance (number of individuals.m ) x % frequency of occurrence (Freq.). Feed. = feeding groups: 1 = passive suspension feeders, 2 = active

suspension feeders, 3 = herbivorous browsers, 4 = carnivores, 5 = omnivores, 6 = deposit feeders.

https://doi.org/10.1371/journal.pone.0249413.t001

RDA triplot explained 25% of benthic taxa variance and 64% of the benthic taxa and environ-
mental variables relationship. Salinity contributed 41% of the variability in benthic community
structure. Temperature was orthogonal to salinity and contributed an additional 19% of the
variability. The density of Lessonia spp. contributed an additional 13% but was not significant
in the model.

Locations with low salinity (e.g., Poca Esperanza [12, 13], Peninsula Benson [18, 19], Isla
Hunter [16, 17], and Baverstock [4, 5]) clustered towards the high end of RDA Axis 1 and were
correlated with the Chilean mussel Mytilus chilensis and the orange trumpet sponge Amphime-
don maresi. Locations in the Strait of Magellan (e.g., Carlos III [1, 22], Isla Rupert [23], and
Isla Duntze [24, 25]) clustered towards the lower end of RDA Axis 1 and were correlated with
a diversity of mobile taxa, which included the sea stars Anasterias antarctica, Cosmasterias lur-
ida, the painted shrimp Campylonotus vagans, painted keyhole limpets Fissurella picta + oriens,
and an assemblage of chitons of the genus Tonicia. Isla Gaeta [10, 11] and Island Lobos [7]
were at the extreme north of the sampling area and had the highest seawater temperatures
among all the locations. These sampling locations had the most oceanic conditions and were
well separated from all other locations and were correlated with the bryozoan Schizomavella
spp., the cnidarian Actinothoe lobata, and the sea star Poraniopsis echinaster.

Kelp forest fish assemblages. A total of 19 species of fishes from 9 families and 4 orders
were observed on shallow water transects (S3 Table). Overall species richness was low, averag-
ing 2.8 (£ 0.8) species per transect (Fig 6). The number of fish species per transect was posi-
tively correlated with temperature (p = 0.341, p = 0.095) and negatively correlated with salinity
(p = -0.472, p = 0.017). The average number of individuals m > was 0.23 (+ 0.17), with a mini-
mum of 0.04 individuals and a maximum of 0.80. The number of individuals was positively
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Fig 4. Benthic community characteristics among sampling locations. (A) Species richness, (B) number of individuals m™ (C) Shannon-Weaver Diversity Index, (D)
Pielou’s evenness.

https://doi.org/10.1371/journal.pone.0249413.9004

correlated with temperature (p = 0.368, p = 0.071) and negatively correlated with salinity (p =
-0.750, p < 0.001). Most individuals were small, with a mean size of only 12.5 (+ 5.5) cm, and
therefore biomass only averaged 5.3 (+ 4.0) g m ™. Biomass was positively correlated with tem-
perature (p = 0.220, p = 0.291) and negatively correlated with salinity (p = -0.578, p = 0.003).
Shannon-Weaver diversity averaged 0.81 (+ 0.40) and was positively correlated with tempera-
ture (p = 0.362, p = 0.076) and negatively correlated with salinity (p = -0.232, p = 0.265).

The family Nototheniidae was the most specious with 8 species and accounted for 94% of
total numerical abundance and 95% of total biomass (Table 3). Patagonotothen cornucola was
the most abundant and common species comprising 36% of both total abundance and total
biomass and occurring in 76% of all transects. This was followed by Patagonotothen tessellata,
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Fig 5. Triplot of results of redundancy analysis on benthic taxa abundance by location with environmental variables (depth, salinity, temperature). Data
were centered and square root-transformed benthic taxa abundance by station. Environmental variables were standardized prior to analysis. Acti. lobate =
Actinothoe lobata, Amph. maresi = Amphimedon maresi, Anas. antarctica = Anasterias antarctica, Camp. vagans = Campylonotus vagans, Cosm. lurida =
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spp., Toni. atrata = Tonicia atrata+calbucensis+chilensis+lebruni+smithii.

https://doi.org/10.1371/journal.pone.0249413.9005

which accounted for 27% of total abundance, 35% of total biomass, and occurred on 42% of all
transects. Macrocystis fronds were an important habitat for many juvenile and cryptic fish
species.

Deep reefs and vulnerable marine ecosystems

Deeper reefs below the Macrocystis forests harbored unique communities that varied depend-
ing on oceanographic conditions. We observed a total of 69 invertebrate taxa from 19 classes
and 9 phyla in these habitats. Of these taxa, 29 were not recorded on transects in the kelp for-
ests (S4 Table). Fish species observed in depths > 20 m but not in the kelp forests included the
Patagonian redfish Sebastes oculatus and Patagonian cod Salilota australis.
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Table 2. Results of redundancy analysis (RDA) on benthic communities. A. RDA on sqrt-transformed benthic community density data with environmental (tempera-
ture, depth, salinity) and kelp variables (Macrocystis stipe density, Lessonia spp. stipe density, Macrocystis holdfast diameter). B. Conditional effects of Monte-Carlo permu-

tation results on the RDA.

A. Axes

Eigenvalues

Explained variation (cumulative)
Pseudo-canonical correlation
Explained fitted variation (cumulative)
B. Factor

Salinity (ppt)

Temperature (°C)

Lessonnia spp. stipe density
Depth (m)

Macrocystis stipe density

Macrocystis holdfast diameter (mm)

https://doi.org/10.1371/journal.pone.0249413.t002

Axis 1 Axis 2 Axis 3
0.17 0.07 0.07
16.83 24.56 31.23
0.91 0.83 0.75
43.64 63.68 80.99

% explained % contribution Pseudo-F P
15.7 40.7 4.3 0.002
7.3 18.8 2.1 0.010
4.8 12.5 1.4 0.128
4.0 10.2 1.2 0.280
33 8.6 1.0 0.480
3.5 9.0 1.0 0.422

In the fjords, the steep slopes below the kelp beds were dominated by large sponges (e.g.,
Mpycale magellanica, Amphimedon maresii), whip corals (Primnoella chilensis), and bryozoans
(Carbasea ovoidea). In these protected fjords, fine sediments covered much of the substrate,
and increased with depth. In the areas more exposed to oceanic conditions, the coral-water
hydrocoral Errina antarctica, which is considered a vulnerable marine ecosystem (VME) spe-
cies, was observed at several locations. The most extensive community was found off Isla de
los Lobos at depths from 20 to 40 m. Within the hydrocoral beds we observed several species
that were uncommon in the shallows such as Actinostola chilensis, Carbasea ovoidea, Adeonella
sp. 2, Gorgonocephalus chilensis, Florometra magellanica, Grammaria abietina, Ophiuroglypha
lymani, Microporella hyadesi, Labidiaster radiosus, a tubular sponge Haliclona and a large cer-
vicorn black bryozoan. Below 30 m, the density of Errina antarctica decreased but soft corals
such as Acanthogorgia sp., Thouarella koellikeri and Thouarella sp. 2 became more abundant.

Deep-sea camera surveys

A total of 10 deployments of the deep-sea cameras were conducted in February and March
2020 (S5 Table). Deployment depths ranged from 192 to 600 m (X = 338.4 m + 142.2), with
sand and silt being the primary habitats. Only Faro Félix, close to the mouth of the Strait of
Magellan on the Pacific side and the most exposed of all the locations, had boulders as a sec-
ondary habitat type at 300 m.

Deep-sea fishes. An average of 5.4 (£ 2.5) fish taxa were observed on deep-sea camera
deployments.

Hagfish (Myxine sp.) was the most abundant and frequently occurring fish taxa observed,
occurring in 80% of the deployments, with an average MaxN of 5.4 (+ 7.2) and a maximum of
20 individuals per frame (S6 Table). Sharks were observed on 80% of deployments and
included four different distinguishable taxa. Dogfish sharks (Squaliformes) were observed on
70% of deployments and included the families Etmopteridae (lantern sharks) and Somniosidae
(sleeper sharks), which were observed on 60% and 50% of the deployments, respectively. Cat-
sharks (Scyliorhinidae) were observed on 50% of deployments and included two species:
Schroederichthys bivius was observed on 30% of deployments, and Bythaelurus canescens was
observed on 40% of deployments. Several deployment locations—Faro Félix (300 m), Islas
Caceres (600 m), and Islas Lobos (250 m)—had particularly high diversity of observed sharks,
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Fig 6. Fish assemblage characteristics among sampling locations. A. Species richness, b. number of individuals m™, c. biomass (g m ), d. Shannon-Weaver Diversity
Index.

https://doi.org/10.1371/journal.pone.0249413.9006

and these locations were the most exposed to open ocean influences. No other fish taxa
occurred in > 30% of the deployments.

Deep-sea invertebrates. Mobile invertebrate diversity on the deep-sea camera deploy-
ments was low with only 12 unique taxa identified (S7 Table). Krill (Euphausiacea) were the
most prevalent invertebrate taxa, observed on every deployment (MaxN X = 1.8 + 1.6).
Amphipods (Amphipoda) occurred on 80% of the deployments and were the most numeri-
cally abundant invertebrate taxa with an average MaxN of 47.7 (+ 94.2), although this was
skewed by two deployments with 200 and 250 individuals each. The only other group that was
frequently encountered was arrow worms (Chaetognatha), which occurred on 70% of deploy-
ments with an average MaxN of 0.9 (+ 0.7)
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Table 3. Summary statistics for shallow-water fish species observed on quantitative transects.

Species

Patagonotothen cornucola
Patagonotothen tessellata
Patagonotothen squamiceps
Patagonotothen brevicauda
Patagonotothen sp.
Paranotothenia magellanica
Leptonotus blainvilleanus
Agonopsis chiloensis
Patagonotothen longipes
Patagonotothen sima
Cottoperca trigloides
Austrolicus depressiceps

Crossostomus chilensis

Helcogrammoides cunninghami

Careproctus pallidus
Dadyanos insignis
Harpagifer bispinis
Muraenolepis marmoratus

Muraenolepis orangiensis

Num. ha™ % num. Grams ha™ % biomass % freq.
82.0 (80.8) 36.0 1.92 (2.11) 36.4 76
60.4 (105.1) 26.5 1.87 (4.33) 354 42
452 (62.4) 19.9 0.69 (0.97) 132 52
8.8 (24.0) 3.9 0.16 (0.51) 3.1 14
7.2 (21.3) 3.2 0.04 (0.09) 0.7 16
5.2 (15.0) 2.3 0.21 (0.75) 3.9 14
4.0 (13.4) 1.8 0.02 (0.06) 0.4 12
3.6 (9.6) 1.6 0.03 (0.09) 0.5 14
2.8(9.9) 1.2 0.09 (0.35) 1.7 8
2(83) 0.9 0.03 (0.14) 0.6 6
1.6 (6.8) 0.7 0.11 (0.59) 2.0 6
1.2 (6.3) 0.5 0.02 (0.11) 0.4 4
0.8 (4.0) 0.4 0.01 (0.03) 0.1 4
0.8 (4.0) 0.4 0.01 (0.04) 0.1 4
0.4 (2.8) 0.2 0.003 (0.019) 0.1 2
0.4(2.8) 0.2 0.006 (0.045) 0.1 2
0.4 (2.8) 0.2 0.003 (0.02) 0.1 2
0.4 (2.8) 0.2 0.036 (0.253) 0.7 2
0.4 (2.8) 0.2 0.036 (0.253) 0.7 2

Num. ha! = number of individuals per hectare, freq. = % frequency of occurrence.

https://doi.org/10.1371/journal.pone.0249413.t003

Deep-sea communities. Deep-sea sampling stations were well-separated in ordination
space based on MaxN of all taxa, with salinity and temperature accounting for much of the
separation (Fig 7 and Table 4). Explanatory variables accounted for 59% of total model varia-
tion. The first two axes of the RDA explained 33% of community-level variance and 81% of the
community and environmental variables relationship. Temperature contributed 42% of the
variability in community structure. Salinity was orthogonal to temperature and contributed an
additional 37% of the variability.

Poca Esperanza was at the extreme high end of RDA?2 and Isla Gaeta was at the extreme
high end of RDA1. Poca Esperanza was the most distant from the open ocean with the lowest
salinity and low taxonomic abundance (Table 5). The community at Isla Gaeta was also dis-
tinct from the other stations and was correlated with higher salinity and closer proximity to
open ocean. Poca Esperanza and Isla Carreta had high MaxN but low diversity and low even-
ness, which were driven by the abundance of Amphipoda. Analysis without Amphipoda
showed similar results. Isla Gaeta had a distinct assemblage that was dominated by gelatinous
plankton from multiple phyla, which is likely related to its proximity to open ocean. Faro Félix
had the highest species richness and diversity. This location was at the western entrance to the
Strait of Magellan and was the most exposed to large oceanic swells.

Discussion

The Kawésqar National Reserve possesses a diversity of fjords, channels, islands, mountains,
glaciers, kelp forests, and coasts exposed to the Pacific that are rich in biotic resources, cultural
landscapes, and represent a unique ecosystem with minimal human impacts at present. Envi-
ronmental conditions (e.g., temperature, salinity, proximity to the open ocean and to glaciers)
are the primary drivers of the variability we observed in these marine communities. The high
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temperature, and distance to open ocean). Data were centered and square root-transformed community abundance by station. Environmental variables were
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heterogeneity in the benthic communities that we observed is likely due to the extreme envi-
ronmental conditions and the extraordinarily complex coastline of the region. The continental
fjords and channels to the east are strongly influenced by freshwater inputs received from the

Southern Patagonian Ice Fields. These are the largest ice fields on earth outside the polar
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Table 4. Results of redundancy analysis (RDA) from deep-sea camera deployments. A. RDA on square root-transformed MaxN deep-sea community data with envi-
ronmental (temperature, depth, salinity, and distance to open ocean). B. Conditional effects of Monte-Carlo permutation results on the redundancy analysis (RDA).

A. Axes Axis 1 Axis 2 Axis 3

Eigenvalues 0.21 0.12 0.08

Explained variation (cumulative) 21.15 33.35 41.23

Pseudo-canonical correlation 0.98 0.92 0.91

Explained fitted variation (cumulative) 51.30 80.88 100.00

B. Factor % explained % contribution Pseudo-F P
Temperature (°C) 17.5 424 1.7 0.014
Salinity (ppt) 15.3 37.0 1.6 0.044
Depth (m) 8.5 20.6 0.9 0.678

https://doi.org/10.1371/journal.pone.0249413.t1004

regions [34, 35], and are extremely important to the function of the entire region. The Patago-
nian glaciers comprise one of the most active glaciological systems in the world, a system that
has been one of the largest contributors to sea level rise in the past decade [36].

The fjords and channels of the KNR are characterized by complex geomorphologies where
water inputs from terrestrial and marine ecosystems overlap and mix. This interaction
between oceanic waters and freshwater from multiple sources (e.g., rivers, surface and ground-
water runoff, snow/glacier melting, and precipitation) produces strong vertical and horizontal
gradients in temperature, salinity, nutrient ratios, and light availability [37, 38]. The strong
interplay between land and sea within the region affects carbon fluxes (the “Biological Pump”)
and biogeochemical balances, and ultimately affects the composition and biomass of the entire
biotic community [37, 39].

Salinity explained much of the variation in benthic communities and ranged from 16.7 ppt
in the inland fjords to 31.1 ppt at sites closer to the Pacific Ocean. While temperature only var-
ied by 3.6°C (39% difference between high and low), the pattern was not as expected, with
colder temperatures at sites more exposed to the open ocean and sites farther from the ocean,
and closer inland having warmer temperatures.

Kelp forests are the dominant nearshore ecosystem in the region. Deeper and wider kelp
zones were associated with more oceanic conditions (e.g., higher salinity), while shallower
and narrower kelp forests were found in the interior fjords, where salinity was lower. Ben-
thic communities in the fjords were dominated by active suspension feeders such as mussels

Table 5. Deep-sea benthic community summary statistics.

Station S N d 7 H’(log,) 1-»
Carreta 11 272 1.78 0.12 0.30 0.09
Baverstockl 12 20 3.67 0.94 2.35 0.94
Baverstock2 10 22 291 0.88 2.02 0.87
Lobos 14 34 3.69 0.85 2.25 0.88
Caceres 15 53 3.53 0.84 2.28 0.88
Gaeta 15 32 4.04 0.79 2.14 0.81
Poca Esperanza 6 224 0.92 0.23 0.41 0.20
Vancouver 8 9 3.19 0.98 2.04 0.97
Hunter 11 39 2.73 0.67 1.61 0.67
Felix 15 25 4.35 0.90 2.44 0.92

Univariate diversity indices by station. S = total taxa, N = total individuals, d = species richness (Margalef): d = (S-1)/Log(N), ]’ = Pielou’s Evenness: ]’ = H’/Log(S), H' =
Shannon Weiner diversity: H = -SUM(Pi*Log(Pi)) [base e], Simpson’s Index: 1-A’ = 1-SUM(Ni* (Ni-1)/(N*(N-1)).

https://doi.org/10.1371/journal.pone.0249413.t005
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and sponges. High nutrient inputs from terrigenous sources and strong pelagic-benthic
coupling create a favorable environment for this trophic guild to flourish [40, 41]. Benthic
communities exposed to more oceanic conditions had more open space on the substrate,
with predators and herbivores as conspicuous components of the benthic community in
these locations.

The kelp forests of Southern Chile are some of the healthiest on earth [2, 3, 42] and much of
the coastline of the KNR is dominated by this important habitat. The kelp forests of the KNR
are an important nursery habitat for the Chilean king crab (Lithodes santolla), which is one of
the most important fisheries in the region. Juvenile L. santolla were observed on 42% of our
transects, with an average density of 204.0 individuals (+ 319.4) ha™'. According to the Chilean
ministry of fisheries annual report on the status of fisheries, the king crab fishery is fully
exploited and trending towards over-exploitation [43]. These kelp forests are also nursery hab-
itat for early stages of some fishes like Harpagifer bispinis and Patagonotothen spp. [44], and
the Patagonian squid Doryteuthis (Amerigo) gahi uses the kelp stipes to attach its egg masses in
this region [45].

Qualitative surveys of deep reefs (20-40 m) revealed a diverse assemblage of species. On the
rocky slopes and boulder habitat, tunicates, echinoderms, mollusks, bryozoans, and sponges
were abundant, some of which were not found in shallower water. The fjord region is a
dynamic mixing zone, resulting from deep-water emergence, where typically deep-water
organisms can be found in comparably shallow water [46, 47]. This deep and mid-depth spe-
cies mix resulted in novel communities in the fjord region and because of the barriers to dis-
persal and the dynamic environment, the deep Chilean fjords represent a unique region, with
high biodiversity value.

The coral-water hydrocoral Errina antarctica found within the KNR provides habitat for
numerous macroepibenthic species and plays an important role for the biodiversity of the
Chilean fjord region, but colonies are slow-growing and easily damaged [46]. It is widely rec-
ognized that bottom fishing gear can cause extensive damage to the benthos, especially benthic
invertebrates that form fragile biogenic structures, and numerous policies have been enacted
to help protect these VMEs [48, 49]. Despite these policies, these sensitive ecosystems remain
at risk, and destruction of these habitats have been documented in Patagonia [50] and else-
where [51]. Recovery of these species can take decades to centuries to occur, if at all.

The deeper habitats of this region (200-600 m) were dominated by sandy and silty benthic
substrate with low structural complexity of the benthos. As a result, species diversity was low,
particularly for benthic invertebrates. Commercially important species such as Austral hake
(Merluccius australis), Patagonian grenadier (Macruronus magellanicus), southern blue whit-
ing (Micromesistius australis), and Chilean deep-sea king crab (Lithodes turkayi) were
observed on deep-sea camera footage, but their distributions were highly variable. All these
species are targeted by industrial and artisanal fisheries, with the Austral hake stock having col-
lapsed and the stocks of Patagonian grenadier and southern blue whiting over-exploited in the
region [43]. This exploration of deep-sea biological communities of the Chilean fjords provides
some of the first information of its kind in the region and highlights the need for more exten-
sive sampling.

The Kawésqar people divided the territory into two parts, based on the geographical and
biological characteristics of the territory [21]. Jautok refers to the interior channels to the east
where the seas are calm, and is typified by dense forests of Nothofagus spp., with large cliffs
and cobble beaches [23, 52, 53]. Malte is the name given to the outer coast, with numerous
islands surrounded by sandy beaches and the strong influence of large waves where the inter-
tidal bull kelp (Durvillaea antarctica) became common [23, 53, 54]. Our scientific findings
were highly consistent with the traditional knowledge held by the Kawésqar people.
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Climate change

Kelps dominate cold-water coastal zones and can become physiologically stressed at high sea
temperatures, particularly when nutrient availability is low [55, 56]. Climate-mediated changes
are occurring to kelp forests worldwide due to increases in temperature, explosions of sea
urchin populations, an increase in herbivorous fishes, and overfishing [57]. The Humboldt
Current is the only boundary current that is not currently showing signs of tropicalization
[57], and this region may therefore be less impacted by climate change compared with kelp
forests elsewhere around the world, at least in the near-term.

The unique climatic conditions in the fjords and channels of Chilean Patagonia’s frag-
mented coastline have made this part of the world one of the last refuges for giant kelp. Recent
research has shown that kelp forests in the region can acclimate to new environmental condi-
tions caused by increasing glacial retreat due to global warming by producing anti-stress com-
pounds, which may make it possible to cope with increased ultraviolet radiation, temperature,
and the presence of herbivorous invertebrates [58]. Therefore, the kelp forests in these fjords
may persist despite stressed-inducing conditions, even with intensifying glacial melting rates
[2, 11, 59]. In addition, glacial retreat within the region has allowed M. pyrifera to successfully
colonize new habitats resulting from deglaciation [58], which could actually lead to a spatial
expansion of kelp forests locally.

While kelp forests in the fjord region may be able to cope with increasing water tempera-
tures and nutrients, other future changes in ocean chemistry may be a cause for concern. It has
been shown that ocean acidification and a CO,-enriched environment can lead to imbalances
in kelp ecosystems by reversing the dominance of producers (i.e., kelp) to subordinates (i.e.,
turf algae) and by suppressing the abundance and feeding rate of the primary grazers of turf
algae (sea urchins), which can dramatically alter the competitive dominance within the ecosys-
tem [60, 61]. Additionally, synergistic effects of low silicic acid concentrations and poor light
penetration because of salinity-driven stratification of glacier meltwater in springtime
appeared to negatively affect phytoplankton carbon biomass and primary production in this
region [62], and this trend will likely increase as deglaciation accelerates. Another aspect of cli-
mate change for the region is the potential for increases in the frequency and intensities of
storms associated with changes in the Southern Hemisphere subpolar gyres [63-65] and their
potential impact on the distribution and survival of kelp and associated organisms. The combi-
nation of regional climatic-oceanographic events (e.g., El Niflo Southern Oscillation, Southern
Annular Mode), hydrological changes (e.g., decreasing rainfall and freshwater river inputs),
and more frequent microbial outbreaks (harmful algal blooms) create a dynamic and unpre-
dictable future. These variations cause highly uncertain trajectories for the basic functionali-
ties, structure, and feedback responses of coastal systems and their coupling with hydrological
(e.g., river streamflow) or biogeochemical (e.g., biological carbon pump) processes. This
uncertainty raises concern for the persistence of these ecosystems in the future [66].

Salmon farms and other anthropogenic influences

Chile is the world’s second largest producer of farmed salmon and the industry is currently
expanding into the Aysén and Magellan regions due in part to a large-scale outbreak of an
infectious salmon anemia virus between 2008 and 2010 around Chiloé Island [67, 68]. Salmon
farming in Chile has created a value chain through direct and indirect employment, demand
for services, taxes contribution, etc. but has produced negative environmental impacts and
conflicting demands for coastal space [68, 69]. Copious amounts of feces, unconsumed feed,
and dead fish greatly increase the nutrient load in fjords and other sheltered areas with poor
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circulation, resulting in lethal consequences to the benthic communities associated with these
salmon net pens [47].

Escaped salmon, which are not native to Chile, have invaded nearly the entire Patagonia
region [67], constituting a major threat to biodiversity to the area [70]. Chinook salmon have
been documented spawning in rivers off the Beagle Channel, and the establishment of spawn-
ing populations has the potential to severely impact native fishes and invertebrate populations
throughout the region [71]. There are currently 58 aquaculture concessions granted and 176
new requests for concessions within the KNR (Fig 8) and this is only expected to increase in
the years to come.

According to the Chilean Fisheries Service, many of the demersal fisheries in southern
Chile are overexploited [43]. The major commercial benthic fisheries in the KNR are sea
urchin (Loxechinus albus), red marine algae (Gigartina skottsbergii), and Chilean king crab
(Lithodes santolla), with annual landings between 3,000 and 6,000 t. In addition, southern scal-
lop (Chlamys vitrea), Magellan mussel (Aulacomya atra), Chilean mussel (Mytilus chilensis),
razor clam (Ensis macha), and the clam (Eurhomalea exalbida) are landed in smaller quantities
[72,73,]. Gallardo, pers. com.]. The Patagonian blenny (Eleginops maclovinus) and sea silver-
side (Odontesthes regia) have been fished by the Kawésqar people for centuries and this tradi-
tional fishery persists today at a small scale in the Almirante Montt Gulf area, close to Puerto
Natales [74, 75].

From 2000-2010, the artisanal fishery for southern hake (Merluccius australis) constituted
the main target species of the mixed demersal fisheries in the KNR with annual landings
between 1,300 and 3,300 t [76]. This fishery also targeted pink cuskeel (Genypterus blacodes)
and yellownose skate (Zearaja chilensis) with the main fishing areas in Nelson Strait, close to
Islas Lobos, and the Strait of Magellan, close to Carlos III [76, 77]. Currently, demersal fisheries
landing in the KNR are extremely low, comprised of pink cuskeel (50 t) and southern hake (5
t) (J. Gallardo, pers. com.).

Conclusions

The KNR is a highly diverse and productive ecosystem with unique characteristics that is mini-
mally impacted at present. This region is classified to be amongst the highest global conserva-
tion priority areas due to its high degree of endemism, its significance for numerous
threatened and endangered species, and its importance for valuable fisheries species, [10, 78-
81]. It is important to the Kawésqar people in helping to perpetuate their cultural identity, as
well as their traditional and local natural resource knowledge through customary uses of the
land and sea. The Kawésqar National Park comprises the land portion of the region and does
not allow any commercial use under Chilean law. However, the Kawésqar National Reserve,
which occupies the marine portion adjacent to the park, allows for some commercial activities
(e.g., fishing, aquaculture) and is administered by the National Forest Corporation (CONAF)
and the Ministry of Agriculture rather than Chile’s National Fisheries Service (Sernapesca),
which manages marine reserves. The Kawésqar people recognize the inseparable connection
between land and sea and do not make a distinction between these two management units.
Our scientific results clearly show the importance of the land-sea connection in structuring the
marine communities of this region, which supports the traditional ecological knowledge held
by the Kawésqar people.

The major impending threat to the region is rapid expansion of the aquaculture industry;
however, overexploitation of fisheries stocks, destructive fishing practices, and the future
threats associated with climate change will all require proactive management actions to mit-
igate potential negative impacts. To safeguard the unique and irreplaceable nature of the
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ecosystem of the Kawésqar National Park and Reserve and the biocultural integrity of the
Kawésqar people, conservation measures must respect the unity of the ancestral territory
that does not recognize divisions between the sea and the land and acknowledges the princi-
ples of autonomy and self-determination of the native peoples that inhabit this area. In
order to significantly advance the effective conservation of this region, it is essential to
implement a co-administration system, where the formulation of management actions is
co-designed together with the Kawésqar people, incorporating and recognizing their ances-
tral knowledge. These management actions should include restrictions on commercial fish-
ing (e.g., ban trawling, catch quotas, limited entry, etc.), identification and protection of
VMEs, establishment of marine protected areas, monitoring of ecosystem health and
human use, and support of indigenous management and traditional ecological knowledge.
Our scientific findings are consistent with indigenous knowledge of the region and high-
light the importance of incorporating this knowledge in research and management of this
inimitable region.
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