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Chilean Patagonia hosts one of the extensive fiord systems in the world, spanning
more than 1,600 km between 41 and 55°S, and with a complex geomorphology
and hydrography that supports rich and unique assemblages of marine fauna. The
biodiversity of benthic organisms is possibly further enhanced by the geographic
position of the region that extends far south into subantarctic waters. However, we
currently lack an exhaustive picture of the zonation and ecological functioning of
the benthic communities within Chilean fjords. The present study provides a detailed
examination of the hard substrata megabenthic communities inhabiting the Puyuhuapi
and Jacaf fjord system, in the Aysén Region of Chile. Fifty-nine stations scattered along
these fijords were explored through SCUBA diving surveys, at depths between 5 and
30 m, and 16 stations were characterized in terms of benthic cover and diversity using
replicated underwater photography. Ten hard bottomn megabenthic communities were
identified within the fjords, with some communities newly described for this region.
Community composition varied both along-fiord, and with depth, and was apparently
driven by variation in environmental properties. Our characterization of these fijord
communities improves overall knowledge of the functioning of the fjords, and provides
a useful baseline against which future anthropogenic pressures can be assessed.
Future shifts in bathymetric and geographical distributions might indicate detrimental
effects of climate changes, and we therefore propose that characteristic communities
could be adopted as “sentinels” for overall environmental status of these unique
fiord ecosystems. In this regard, detailed mapping of the distribution of megabenthic
communities can provide a fundamental tool that assists in best management practices
for these ecosystems.

Keywords: Chilean Patagonia, megabenthic diversity, global warming, sentinel species, cold water benthic
communities
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INTRODUCTION

Fjords are deep, narrow incisions of high latitude coastlines
derived from ice cap retreat and subsequent erosion by glaciers
(e.g., Howe et al, 2010). Fjords represent some of the most
biogeochemically dynamic environments on earth, and link
terrestrial environments along coastlines to the open ocean
(Walsh, 1991; Gattuso et al., 1998). The coastline of Chilean
Patagonia represents one of the most extensive fjord regions in
the world, extending for 1,600 linear km between 41 and 55°S,
and characterized by highly heterogeneous geomorphological
and hydrographical conditions (Silva and Palma, 2008; Pantoja
et al, 2011; Sdnchez et al., 2011). The water column in
Patagonian fjords is estuarine in nature, driven by the interaction
between intrusion of oceanic subantarctic waters and freshwater
input derived from extremely high rainfall (annual mean varies
between 1,500 and 4,500 mm) and melting of coastal glaciers
(Lopez et al., 2010; Pantoja et al., 2011). Freshwater generates
a buoyant brackish surface layer in the fjords, up to depths of
10 m. Salinity, temperature, and depth of this surface layer varies
considerably during the year as a result of seasonal variation
in freshwater input, whilst properties of deeper oceanic waters
remain relatively stable. The interactions of oceanic water (rich
in nitrogen and phosphorous) and freshwater (rich in silica)
sustain high levels of primary production within the fjords that
fuel high biomass and productivity of associated zooplankton and
benthic organisms (Haussermann and Forsterra, 2009; Gonzalez
et al., 2010). Moreover, the biogeographical importance of the
Chilean fjord region is enhanced by its unique geographical
position that provides an extensive transition area between
the southern Antarctic coasts and the temperate northern
Chilean waters (Brattstrom and Johanssen, 1983; Escribano et al.,
2003).

This combination of geographical, geomorphological, and
hydrological features in Patagonian fjords shape a rich and
unique megabenthic community comprising about 1,650 species
of identified megafaunal organisms (Hdussermann and Forsterra,
2009). These communities are characterized by a high diversity
of endemic species (due to the relative isolation of the fjords
and their peculiar environmental traits), deep-water species
emergences (facilitated by the low penetration level of light
through the turbid superficial layer), and the occurrence of
species typically found in the Antarctic region (Brattstrom
and Johanssen, 1983; Escribano et al., 2003; Hiussermann and
Forsterra, 2009; Betti et al., 2017). Various zoological studies have
been conducted on many fjord benthic taxa, both of soft and
hard bottoms, including foraminiferans (Hromic et al., 2006),
sponges (Bertolino et al,, 2019, 2020), cnidarians (Forsterra
and Hiussermann, 2003; Hédussermann and Forsterra, 2007;
Sinniger and Haussermann, 2009), molluscs (Schwabe et al,
2006; Cardenas et al., 2008), polychaetes (Canete et al., 1999),
pycnogonids (Melzer et al., 2006), and crustaceans (Mutschke
and Gorny, 1999; Schmidt and Brandt, 2001; Betti et al., 2020).

Despite this extensive literature, a detailed overall picture
of the zonation and environmental factors influencing the
megabenthic communities of the Chilean fjords is yet to
emerge. The megabenthic diversity of a temperate fjord has

been investigated in a recent study (Villalobos et al.,, 2021);
in addition, Betti et al. (2017) described the hard substrata
infralittoral benthic communities and their variations inside
the Seno Magdalena, a 14 km long and narrow indentation
of the Isla Magdalena (44.656944°S, 7.80222°W). Five main
communities were identified on the basis of 60 recorded
Operative Taxonomic Units (OTUs), with distributions related
to differences in salinity, turbidity and terrigenous input. More
recently, the main soft-bottom communities of the Puyuhuapi
Fjord have been identified in a study describing wide, previously
unrecorded, aggregations of the squat lobster Munida gregaria
(Fabricius, 1793) (Betti et al., 2020).

The present study aims to describe the hard-bottom
megabenthic communities throughout the Puyuhuapi-Jacaf fjord
system, attempting to identify the recurrent assemblages, their
ecological role, their geographical variations, and the main
environmental factors driving their distribution. This more
localized information should help in understanding the dynamics
of fjord ecosystems on the larger regional scale, and provide
baseline data for their management and conservation.

MATERIALS AND METHODS

Site Description

The Puyuhuapi-Jacaf fjord system is located in the Aysén Region
of northern Chilean Patagonia (Figure 1A). The system is
composed of two fjords, which delimit the Isla Magdalena, a large
island located in the central portion of the Moraleda Channel
and subjected to protection (Parque Nacional Isla Magdalena)
(Figure 1B). The Puyuhuapi Fjord borders the southeastern
coast of the Magdalena Island. It is about 90 km long and
7 km width, with a large mouth connected to the Moraleda
Channel located in its southern portion. The Puyuhuapi Fjord
runs approximately SW-NE, ending in a large bay nearby the
Ventisquero Sound (Figure 1B). At around 15 km from the head
of the Puyuhuapi Fjord, the Jacaf Fjord runs approximately NW
for 55 km, delimiting the northern border of the Isla Magdalena
before joining the Moraleda Channel.

The main circulation of subsurface water is counter clockwise
(Figure 1B): oceanic waters enter the Puyuhuapi Fjord from the
South, flow NE, before entering the Jacaf Fjord and finally exiting
into the Moraleda Channel (Schneider et al., 2014). Ten main
rivers discharge into the Puyuhuapi Fjord, with the largest being
the Cisnes River, with an average flow rate of 233 m? s=! (Prado-
Fiedler and Castro, 2008), and with its mouth located in the
central portion of the fjord (Figure 1B). River runoff, together
with rainfall of up to 3,000 mm y’1 (DGA, 2003), contributes
to create a brackish surface layer that is up to 7-10 m deep,
highly stratified, and only partially mixed during winter months
(Gonzalez et al., 2011; Betti et al., 2017, 2020). Spatial variation
in riverine input results in a fresher northern section and a more
haline southern section to the Puyuhuapi Fjord, with the partial
exception of winter months, when the intrusion of oceanic water
via the Jacaf Fjord can locally reverse this pattern (Schneider et al.,
2014). The sharp haline stratification in the fjord system reduces
vertical mixing and results in a marked decrease in dissolved
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FIGURE 1 | Location of the study area (A) and explored stations (B). White circles indicate non-cohesive seafloors, black circles indicate rocky bottoms, red squares
indicate the stations selected for investigations, and black arrows indicate the main direction of water circulation. Frames and code letters identify the four
macro-areas considered in this study: S, southern Puyuhuapi; C, central Puyuhuapi; N, northern Puyuhuapi; and J, Jacaf Fjord.

oxygen, from concentrations close to saturation near to surface,
to 50% saturation at 50-100 m depth (Schneider et al., 2014).

Data Collection and Sampling Design

Between 2014 and 2019, a total of 59 stations were randomly
chosen along the Puyuhuapi and Jacaf fjords (Figure 1B)
and were subsequently explored by SCUBA diving. To avoid
seasonality variations, all campaigns were conducted during the
month of March. After a visual characterization, these stations
were classified according to main seafloor type in rocky vs. soft
bottoms (following Betti et al., 2020). Of the total stations, 18
were dominated by soft bottoms and were not considered in the
present study, but instead analyzed using a different methodology
[the results were published in Betti et al. (2020)]. Six stations
characterized by hard substrata were localized in the small lateral
inlet of Seno Magdalena and were reported in a different study
(Betti et al., 2017). Among the remaining rocky sites, 16 were
characterized by similar vertical or sub-vertical rocky cliffs and
were used as representative sites for hard-bottoms megabenthic
communities of the Puyuhuapi-Jacaf fjord system. The selected
stations were located in four different “macro-areas” (four sites
for each macro-area), corresponding to different sections of the
Puyuhuapi and Jacaf fjords: S, including the stations scattered
in the southern portion of the Puyuhuapi Fjord; C, including
the stations in the central portion of the Puyuhuapi Fjord; N,
representing the northern part of the fjord, and J, including the
sites located in the Jacaf Fjord. Within each station, six different
depths were investigated, namely 5, 10, 15, 20, 25, and 30 m. For
each depth, five replicates photographs of 50 x 35 cm? areas were
taken, each representing the sampling unit (SU) adopted in this
study. Images were shot using a Nikon D7000 camera and Tokina
10-17 mm lens in underwater housing and were later analyzed to
identify the taxa present at up to the lowest possible taxonomic

level. Voucher samples for those species for which identification
through the video footage was difficult were manually collected
and subsequently dried or fixed in absolute ethanol for further
taxonomic identification. When specific identification was not
possible, other OTUs were adopted.

Diversity Patterns
To characterize the rocky benthic communities of the
Puyuhuapi-Jacaf fjord system, differences among macro-
areas were investigated in terms of cover, species richness (SR),
abundance of organisms, and diversity. The percentage cover
of cyanobacteria, algae, and metazoans was calculated for each
photographic area using the ImageJ64 software package: the
standard frame of the pictures was used to calibrate the tools
allowing the precise measures of each organism’s perimeter
in each picture. SR was calculated as number of species per
SU, equally considering metazoan organisms identified as
morphospecies under different taxonomic levels (species, genus,
or higher taxa). Local abundance of organisms was calculated
considering the number of organisms per SU. Megabenthic
diversity was estimated for each SU using two indices that give
complementary information on the community and possess
different statistical properties: (i) the Shannon’s diversity index
(H') applied to the densities of individuals and based on the
natural logarithm, which provides an indication of community
composition and frequency of species in a community (Shannon,
1948; Magurran, 2013), (ii) Simpson’s diversity index (1-D;
Magurran, 2013) which ranges from 0 to 1 and represents the
probability that two individuals drawn at random from the
community belong to different species.

In order to detect differences in terms of cover of
cyanobacteria, algae, and metazoans among the four investigated
macro-areas, a one-way analysis of variance (ANOVA) was
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conducted considering the entire dataset [data normally
distributed, sqrt(x) transformed, with n = 431]. In order
to describe the community and to identify the effect of
environmental predictors, a series of Generalized Linear
Mixed Models (GLMMs) was built, on four different metrics:
abundance, SR, and diversity indices. To model community
metrics, depth, and distance from Puyuhuapi mouth were
considered as predictors, SU as a random effect. Different error
distributions and link functions were employed, on the basis
of the response metrics: (i) Poisson error distribution and log
link for count derived metrics (i.e., local abundance and SR;
O’Hara and Kotze, 2010), (ii) gaussian distribution and identity
link for Shannon diversity index (Leps et al., 2015), and (iii)
binomial distribution and logit link for Simpson’s diversity index,
using sample count as prior weight for the number of trials
(Warton and Hui, 2011). Analyses were performed using Past
3.20 (Hammer et al, 2011) and package “Lme4” (Bates et al.,
2007) within the R environment.

Community Analysis

To identify the major megabenthic communities of the
Puyuhuapi and Jacaf fjords, a matrix of 431 observations
(SU) per 95 variables (OUT abundance values) was created.
Those species that accounted for fewer than three individuals
throughout the whole dataset were considered rare and
removed from the multivariate analyses. In addition, to reduce
the background noise produced by the large number of
samples with low abundance, only SUs with more than 10
individuals were included in the statistical analyses. Species
associations were determined using the clustering algorithm
Ward’s minimum variance method, constructed over square-
root Bray-Curtis dissimilarity measures that were previously
calculated from the square-root transformed abundance data.
Clustering was performed using the function hclust of the
package stats in the R environment. The optimal number
of groups in which to split the dataset was determined
using the silhouette function included in the cluster package.
A distance-based permutational multivariate analysis of variance
(PERMANOVA, number of permutations = 999) was run to
determine statistically significant differences between groups,
using the adonis function included in the vegan package
(Oksanen et al., 2016). The indicator value (IndVal) was
used to determine the relative importance of all taxa in each
community, identifying those species that can be considered
characteristic of each association (Dufréne and Legendre, 1997;
Dominguez-Carrié, 2018). IndVal measures were computed
using the function indval included in the labdsv package (Roberts,
2016). Finally, the spatial distribution of all the identified
megabenthic communities was mapped using the open-source
software Quantum GIS.

Environmental Parameters

To better understand which factors contribute most significantly
to variations in species composition among megabenthic
communities, two environmental parameters were used to
characterize each SU, namely water depth and distance from
the fjord mouth. A distance-based redundancy analysis (dlbRDA)

was computed over the square-root of Bray—Curtis dissimilarity
measures and the environmental matrix, with standardized
values using the function capscale included in the vegan package
(Oksanen et al., 2016).

RESULTS

Diversity Patterns

The exploration of the 16 selected stations within the Puyuhuapi-
Jacaf fjord system provided a total of 456 photographic quadrants,
corresponding to a total explored area of 79.8 m?. Table 1
summarizes the main features of the macro-areas, while a detailed
description of the stations is given in Supplementary Material 1.

On average, 95% of substrata were covered by organisms,
with macroalgae - always dominated by a coralline encrusting
red alga (Order Corallinales) - the most important group, on
average occupying 67% of the total biotic cover (Figure 2A).
Cyanobacteria contributed on average 17% to total cover, with
all the other components combined accounting for about 16%
of total cover. Significant differences were shown among the
four investigated macro-areas (J, N, C, and S) in terms of
cyanobacteria (one-way ANOVA, df = 3, MS = 3386.59, F = 41.52,
p < 0.001, and Tukey’s pairwise test JAN-£C#S) and algal cover
(one-way ANOVA, df = 3, MS = 1003.69, F = 13.09, p < 0.001,
and Tukey’s pairwise test ] = N#£C#S).

A total of 51,517 individual metazoans - belonging to
137 OTUs - were identified in the photographic quadrants
(Supplementary Material 2). Up to 67% of the taxa could be
identified to species (51%) or genus level (16%). Porifera, with
35 OTUs (23% of the total identified taxa) represented the
most diverse group, followed by Mollusca (22%), Echinodermata
(16%), and Cnidaria (15%) (Figure 2B). Annelids were the
most abundant group (50% of total abundance), followed
by echinoderms (21%), poriferans (8%), and cnidarians (8%)
(Figure 2C). The remaining phyla contributed 14% of the
total number of organisms. The polychaete Spiochaetopterus sp.,
occurred in about 63% of the samples, and represented the most
abundant organism with more than 12,500 individuals observed
(Supplementary Material 2). Other abundant polychaetes were
Spirorbinae (8,632 individuals, in 53% of SUs) and Chaetopterus
variopedatus (Renier, 1804) (4,126 individuals, in 39% of SUs).
The holothurian Psolus sp. (3,190 individuals, in 47% of SUs), the
sea urchin Loxechinus albus (Molina, 1782) (2,901 individuals,
in 25% of SUs) and the sea anemone Metridium cfr. Senile
(Linnaeus, 1761) (2,710 individuals, in 10% of SUs) were also
particularly abundant.

Generalized Linear Mixed Models conducted on local
abundance showed a significant effect of distance from fjord
mouth (Wald test: y? = 4.41, Df = 1, p < 0.05; Table 2), with
the abundance decreasing with distance, while no significant
effect of depth was observed (Wald test: x2 = 2.29, Df = 1,
p = 0.13; Table 2). SR was also negatively affected by distance
from fjord mouth (Table 2; Wald test: x> = 23.55, Df = 1,
and p < 0.001) and positively affected by sampling depth
(Table 2 and Figure 3; Wald test: x> = 156.95, Df = 1, and
p < 0.001). Finally, the same pattern has been observed for
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TABLE 1 | Overall differences in species composition and diversity of the invertebrate megafauna between the four study macro-areas.

Area n° of SU Av. n° spp.  Av. n° org. per SU Av. H per Number of species

per SU (£ SD) SU (+ SD)

(+SD)

POR CNI MOL ANN ART BRY BRA ECH CHO Tot.

Jacaf 105 7.7(+£83.2) 102.2 (£ 82.4) 1.2(£0.5) 15 5 15 7 0 5 2 12 2 63
Puyuhuapi N 97 8.9(+4.2) 158.8 (+ 135.6) 1.3(£0.5) 16 5 18 6 2 3 1 14 2 67
Puyuhuapi C 112 9.8(+4.1) 128.3 (£ 94) 1.5(+0.4) 22 7 17 7 2 5 2 12 5 79
Puyuhuapi S 17 9.4 (+83.9 94.1 (£ 58.8) 1.6 (£ 0.6) 22 10 15 7 0 5 2 14 2 77

SU, Sampling Unit; SD, Standard Deviation; POR, Porifera; CNI, Cnidaria; MOL, Mollusca; ANN, Annelida; ART, Arthropoda; BRY, Bryozoa, BRA, Brachiopoda; ECH,

Echinodermata; CHO, Chordata.

diversity indices, both Shannon’s (Figure 4) and Simpson’s
diversity indices being affected significantly and positively by
depth (Wald test Shannon’s H': x? = 249.95, Df = 1, p < 0.001;
Wald test Simpson’s 1-D: x2? = 162.79, Df = 1, p < 0.001; Table 2
and Figure 3) while negatively by distance from Puyuhuapi
mouth (Wald test Shannon’s H': 2 = 53.99, Df = 1, p < 0.001;
Wald test Simpson’s 1-D: x2 = 3820, Df = 1, p < 0.001;
Table 2).

Megabenthic Communities

The clustering of 431 SUs was judged to be suitable for statistical
analysis, and provided a total of 10 communities (Table 3 and
Figure 5) that were significantly different from each other based
upon species composition (PERMANOVA, df = 9, MS = 5.90,
F = 33.62, and p < 0.001). The geographical distribution of
the 10 megabenthic communities is shown in Figure 6, and a
comprehensive list of the most important species characterizing
each community (based on the IndVal index) is provided in
Table 4. A description of each identified community follows:

Community 1: Psolus sp. Aggregations

Small passive filter feeder holothurians belonging to the genus
Psolus tend to aggregate in large numbers on vertical and
sub-vertical walls, with a maximum recorded density of 1,023
individuals per m? (ind. m~2). The aggregations are typically
found between 5 and 25 m depth and are widespread along the
Puyuhuapi and Jacaf fjords, being more common in the latter
(Figure 5a).

Community 2: Spiochaetopterus sp. and
Heterocucumis godeffroyi Gardens

This community occurred between 10 and 30 m depth and was
more common in the Jacaf Fjord and the southern Puyuhuapi
area. Polychaetes belonging to the genus Spiochaetopterus
produce long and thin membranaceus tubes and can create wide
and extremely dense aggregations (up to 1,886 ind. m~2) that
protrude from rocky walls and overhangs. Using two long palps,
these worms capture organic matter from the water column.
The passive filter feeding holothurian H. godeffroyi (Semper,
1867) is associated with these polychaete gardens, living amongst
the tubes and reaching a maximum density of 194 ind. m™—2
(Figure 5b).

Community 3: Serpulidae Aggregations

This community is characterized by patches of bare rocks
covered only with unidentified serpulid polychaetes, which reach
a maximum density of 109 ind. m~2; the polyplacophoran Chiton
boweni King 1832 is also often associated with these serpulids.
This community is particularly frequent in the Jacaf Fjord,
typically at depths of 25-30 m, but can also be occasionally found
at depths of 5-10 m in the southern and central Puyuhuapi,
mainly dominated by C. boweni (Figure 5¢).

Community 4: Loxechinus albus Aggregations

The sea urchin L. albus, reaching maximum densities of 1,211 ind.
m~2, is often associated with the gastropod Crepipatella dilatata
(Lamarck, 1882) and another common sea urchin, Arbacia
dufresnii (Blainville, 1825). The predatory sea star Cosmasterias
lurida (Philippi, 1858) is also usually present. The community
typically occurred at depths of 5-15 m in all studied areas
(Figure 5d).

Community 5: Pentactella leonina Aggregations

This community was found almost exclusively along the Jacaf
Fjord at depths of 5-15 m (Table 3). In the Puyuhuapi Fjord, the
community was recorded only once at 15 m depth in the central
portion of the fjord. The characteristic species was P. leonina
(Semper, 1867), a holothurian that passively filters large particles
and reached a maximum density of 1,023 ind. m~2. The small
sea star Asterina fimbriata Perrier, 1875 was often found in the
same environment (Figure 5e).

Community 6: Community of Deep Walls and
Crevices

This was the most commonly observed community in the
study area, and is widespread below 5 m depth in water more
influenced by oceanic water (Table 3). The community was
particularly notable in the central portion of the Puyuhuapi
Fjord but was poorly represented in the Jacaf Fjord. The
community is constituted mainly by spirorbin polychaetes,
together with encrusting bryozoans. Other important taxa are
the sponges Axinella crinita Thiele, 1905, and Neopodospongia
tupecomareni Hajdu, Desqueyroux-Faindez, Carvalho, Ldbo-
Hajdu & Willenz, 2013, and an unidentified erect yellow sponge,
the hard corals Desmophyllum dianthus (Esper, 1794), and
Caryophyllia huinayensis Cairns, Haussermann & Forsterra,
2005, the erect bryozoans Aspidostoma giganteum (Busk,

Frontiers in Marine Science | www.frontiersin.org

July 2021 | Volume 8 | Article 635430


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Betti et al.

Megabenthic Communities of Patagonia Fjords

A Total biotic cover |
| |
S
) | | |
ecC
& | | |
S
SN
J
I I I T
0% 20% 40% 60% 80% 100%
Percentage cover
ECYANOBACTERIA DALGAE ®BMETAZOAN
B Species number
s |
g |
ocC
©
)
&
=N |
! |
0% 20% 40% 60% 80% 100%
Percent number of species
oPOR ©oCNlI sMOL sANN sART =BRY oBRA sECH =CHO
c Total abundance
S
©
ecC
©
o
[&]
SN
J
0% 20% 40% 60% 80% 100%
Percentage abundance
OPOR OCNI EMOL mANN ©ART @BRY oOBRA BECH mCHO
FIGURE 2 | Diversity of megafauna species along the Puyuhuapi-Jacaf fjords. Total biotic cover of Cyanobacteria, algae, and metazoans (A), percentage of the
number of species (B), and total abundance (C) of megafauna for each phylum in each of the four macro-areas.

1854), and Reteporella magellensis (Busk, 1884), and the
brachiopod Magellania venosa (Dixon, 1789). This brachiopod
may occasionally form dense facies (Figure 5f).

Community 7: Chaetopterus variopedatus
Aggregations

The principal representatives of this community are the
polychaete C. variopedatus which produces membranous tubes
attached to the rocks, and various species of encrusting sponges.
The maximum recorded density of the polychaete was 1,309 tubes

m~2. Other species typical of the community are the sponges
Clathrina fiordica, Scopalina sp. and an unidentified massive
yellow sponge, together with the encrusting ascidian Didemnum
studeri. This community showed the highest average number of
species per SU and the highest diversity H' (Table 3) (Figure 5g).

Community 8: Aulacomya atra Belts

Reaching a maximum density of 594 ind. m~2, the ribbed mussel
A. atra (Molina, 1782) created extensive large belts between the
intertidal zone and the deepest extent of the brackish layer. This
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community occurred throughout the Puyuhuapi Fjord but was
not observed in the Jacaf Fjord. Different species of barnacles
were often observed associated with the mussels, together with
the small sea star Anasterias antarctica (Lutken, 1857). This
community showed the lowest average number of species per SU
and the lowest H' (Table 3) (Figure 5h).

Community 9: Deep Gorgonian Forests

This community is mainly constituted by large aggregations
of the gorgonian Thouarella cfr. variabilis Wright & Studer,
1889, reaching a maximum density of 194 ind. m~2. Accessory
species within the community are the whip gorgonian Primnoella
chilensis (Phillipi, 1894), the epibiont ophiuroid Astrotoma
agassizii Lyman, 1875 — sometimes living on branches of T. cfr.
Variabilis - and an unidentified brachiopod. This community was
present only at depths of 25-30 m in the central Puyuhuapi Fjord,
and occurred only once in the northern portion. The community
was absent from the Jacaf Fjord (Figure 51i).

Community 10: Metridium cfr. senile Gardens

The sea anemone M. cfr. senile creates large aggregations of
up to more than 1,500 ind. m~2, representing the highest
average number of individuals per SU observed in any of the
communities (Table 3). The polyplacophoran Chiton sp. is often
associated with this community. This community occurred only
at depths of 5-15 m in the southern and central Puyuhuapi Fjord
(Figure 5j).

Relationship With Environmental

Parameters

Based on the dbRDA, the selected factors only partially
explained total variability in species composition, with the first
two axes explaining about 16% of the constrained variance
(CAPI1: 12.3%, CAP2: 3.6%; Figure 7A). Depth and distance
from the fjord’s mouth represent good predictors in modeling
the spatial distribution of benthic fauna (Figure 7B). The
biplot shows that the shallow area at the mouth of the

TABLE 2 | Generalized Linear Mixed Models (GLMMs) parameter estimates for
four community metrics: local abundance of organisms, species richness (SR),
Shannon’s diversity index (H’), and Simpson’s diversity index (1-D).

Community metric Parameter Estimate Z(t)-value p-value
Local abundance Intercept 419 39.14 p < 0.001
Depth 0.07 1.52 p=0.13
Distance —0.09 -2.10 p < 0.05
Species richness (SR) Intercept 2.10 101.82 p < 0.001
Depth 0.25 12.53 p < 0.001
Distance —0.09 —-4.85 p < 0.001
Shannon’s H’ Intercept 1.36 65.72 p < 0.001
Depth 0.32 15.81 p < 0.001
Distance -0.15 —7.34 p < 0.001
Simpson’s 1-D Intercept 0.50 11.61 p < 0.001
Depth 0.56 12.76 p < 0.001
Distance -0.27 —6.18 p < 0.001

Depth = depth of the sampling unit; Distance = distance from Puyuhuapi mouth.

fjord, characterized by well-oxygenated waters with intermediate
levels of salinity, is dominated by the sea anemone M. cfr.
senile. The communities dominated by P. leonina and A. atra
tend to prosper in shallow, low-salinity, and well-oxygenated
waters of the central portion of the Puyuhuapi Fjord. With
increasing salinity and depth, communities are dominated by
Spiochaetopterus sp., H. godeffroyi, C. variopedatus, Psolus sp.,
C. dilatata, and echinoderms. In addition, Spiochaetopterus sp.
results particularly abundant also at shallow depth in the Jacaf
Fjord. Finally, spirorbin polychaetes, brachiopods and encrusting
bryozoans are the most representative organisms in deeper water,
where salinity levels are more stable and oxygen saturation is
lower than in shallower water.

DISCUSSION
A Diversity Hotspot

In recent years, the Puyuhuapi and Jacaf fjords have attracted
an increasing number of studies, from oceanographic (e.g.,
Schneider et al., 2014; Pérez-Santos et al., 2018; Montero et al,,
2021), to biochemical (e.g., Daneri et al., 2012), and zoological
(e.g., Forsterra et al., 2016; Betti et al., 2017, 2020; Bertolino
etal,, 2019, 2020) perspective. Therefore, our study of the benthic
communities along the coastline of the two fjords complements
this previous information to improve our understanding of how
ecosystems function in this region. The Puyuhuapi and Jacaf fjord
system can be considered very rich and complex because of the
sheer number of megafauna species sustained, accounting for 137
identified metazoan taxa of hard bottoms. The high number of
species observed is related to the large total sampled area (about
80 m~2 along a 150 km stretch; Supplementary Material 3), but
also to the high diversification of the environmental conditions
occurring along the rocky walls of the fjords. We identified ten
distinct megabenthic communities, all typically dominated by
heterotrophic suspension feeders, a functional group that plays
a fundamental role in the transfer of matter and energy from
the pelagic to the benthic realm. These communities are also
structured to varying extents by conspicuous habitat-forming
species, such as sponges, anthozoans, polychaetes, mussels, and
bryozoans, all capable of modifying surrounding biotic and
abiotic environmental properties. As a consequence, individuals
within these communities build the so-called marine animal
forests that are characterized by high complexity and biodiversity
of benthic macrofauna (Forsterra et al., 2016; Rossi et al., 2017).
Forsterra et al. (2016) reported ten megabenthic aggregations
structured by habitat-forming species throughout the whole
region of Chilean Patagonian. Two of these aggregations, namely
“mussel beds” and “gorgonian gardens,” closely overlap with
communities 8 and 9 identified in the present study, and these
were also recently reported in the small Seno Magdalena inlet that
extends in an approximately NW direction about halfway along
the Puyuhuapi Fjord (Betti et al., 2017). Most of the remaining
aggregations discussed by Forsterra et al. (2016) are also
reported in the present study, but are present as separate mono
or paucispecific facies within several other communities. For
example, “sponge fields” were distributed within communities
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6 and 7. The aggregation “polychaete fields” partially overlaps
with community 7 (being both dominated by C. variopedatus)
and, to a minor extent, with communities 2, 3, and 6. Similarly,

aggregations of barnacles and ascidians may occur within
communities 8 and 7, respectively. Community 6 consisted of
deep walls and crevices and was more diversified. This included
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TABLE 3 | Main features of the 10 communities identified in this study.

ID Characteristic Depth Occupancy JAC PUY_ N PUYC PUYS Av. n° spp. Auv. n° org. per SU Av. H' per SU
species range (%SU) per SU (+SD) (£SD) (£SD)
(m)
1 Psolus sp. 5-25 10.2 21 7 1 6.9(+2.5) 48.5 (£ 47) 1.4 (£0.5)
2 Spiochaetopterus sp. 10-30 17.4 26 12 8 29 9.0 (+2.7) 164.3 (+ 146.6) 1.2(£0.5)
3 Serpulidae 5-30 7.4 20 2 5 5 7.0(+2.98) 54.3 (£ 41.1) 1.3(+£0.4)
4 Loxechinus albus 5-30 5.3 3 8 6 49(+2.6) 128.3 (£ 119) 0.8 (+0.4)
5 Pentactella leonina 5-15 4.4 16 - 3 - 5.7 (+24) 106.5 (£ 63.5) 0.9 (£ 0.5
6 Spirorbinae 5-30 26.7 12 30 48 25 11.7(£3.2) 123.9 (£ 65.3) 1.7 (£ 0.3
7 Chaetopterus 10-25 13.9 7 25 13 15 125 (+2.8) 154.4 (£ 88.7) 1.9(£0.3
variopedatus
8 Aulacomya atra 5 4.9 - 13 3 5 3.1 (£ 1.3 96.6 (£ 70.3) 0.5(£0.5)
9 Thouarella cfr. Variabilis 25-30 4.6 - 4 10 6 72(+21) 57.6 (£ 30.7) 1.4(+£04)
10 Metridium cfr. senile 5-15 5.1 - - 7 15 6.6(+2.98) 166.3 (£ 99.4) 1.0(£0.4)

ID, indicates the identified community; SU, Sampling Unit; SD, Standard Deviation; JAC, Jacaf; PUY_N, northern Puyuhuapi; PUY_C, central Puyuhuapi; PUY_S,

Southern Puyuhuapi.

five of the aggregations proposed by Forsterra et al. (2016),
dominated by sponges, D. dianthus, polychaetes, bryozoans, and
brachiopods, and the remaining four aggregations identified in
Seno Magdalena by Betti et al. (2017). Community 4, represented
by aggregations of the sea urchin L. albus, is widespread at
the same depth range throughout northern Patagonia, with
maximum densities comparable to those observed in the
Puyuhuapi Fjord (Molinet et al., 2016; Contreras et al., 2019).
Finally, three of the communities reported here are the first
descriptions in the scientific literature for fjord ecosystems,
and these were dominated by holothurians (1 and 5), and
sea anemones (10).

From a wider perspective, the uniqueness of the fjords’
ecosystems with respect to megafaunal assemblages is confirmed
by the striking structural differences of the assemblages observed
along the northern Chilean coasts (outside the fjord region)
where kelp forests dominate the coastal hard seafloors, and
barrens grounds are common (Pérez-Matus et al., 2007; Stotz
et al,, 2016). In these areas macroalgae result more frequent and
only very few species (i.e., L. albus) are in common with the
Patagonian fjords.

Fjord Functioning

Benthic diversity is clearly unevenly distributed with regard to
bathymetry: shallow environments within the surface brackish
layer are subject to high variability in environmental properties
(in particular, seasonal temperature oscillations are much more
variable than in the oceanic layer), and a generally lower salinity,
and are therefore less populated by benthos than the underlying
layers influenced more by oceanic water. Similar patterns have
already been described in the Seno Magdalena Inlet (Betti
et al., 2017). Halocline and thermocline are known to greatly
influence the distribution in the fjords of sessile and vagile
species, as well as their larval stages (e.g., Landaeta and Castro,
2006; Bustos et al., 2007; Landaeta et al., 2007; Meerhoff et al.,
2013; Villalobos et al., 2021). Salinity horizontal gradients (due
to increasing distance from freshwater inputs, such as rivers)
are also known to influence the distribution of the species in
the fjords, both on hardgrounds (Kuklinski, 2013; Villalobos

et al., 2021) and soft seafloors (Betti et al., 2020). The low
light penetration through the turbid brackish layer may also
partially explain our observations of poor algal biodiversity, as
well as the dominance by red crustose coralline algae below the
surface layer: these are adapted to low light conditions and find
little competition within the layer influenced by oceanic water,
thus potentially explaining their wide and consistent coverage
below the halocline.

From the mouth of the Puyuhuapi Fjord to the seaward end
of the Jacaf Fjord, the composition of hard bottom macrobenthic
communities show a significant constant decrease in terms of
organisms’ abundance, SR, Shannon, and Simpson indices. In
particular, a slight decrease in abundance of passive predators
(such as sea anemones) and active filter feeders (e.g., sponges,
bryozoans, brachiopods, barnacles, the gastropod C. dilatata,
and ascidians) is coupled with an increase in the diversity
of passive filter feeders (e.g., other anthozoans, tubeworms,
and holothurians). This is likely related to the variations in
the characteristics of the water column throughout the fjord
system. At the mouth of the Puyuhuapi Fjord, the oceanic
waters from the Moraleda Channel are turbulent and rich in
plankton, and thus favor passive predators such as sea anemones.
Further along the fjord the amount of detritus increases,
possibly favoring passive filter feeders such as holothurians
that feed on larger particles. More extensive information is
clearly required on dissolved and particulate organic matter
cycling, local current regimes, turbidity, and other properties
of the water column; these data might facilitate a better
understanding of how the megabenthic communities are shaped
along the fjords.

A Baseline for Further Studies

The analysis of the megabenthic communities in the present
study represents a “snapshot” of the current status of the
fjords. This provides an important baseline in an era of
potentially significant shifts to these ecosystems caused both by
direct anthropogenic stresses and the effects of climate change.
Among the more direct impacts, both fishery and aquaculture
activities are a constant threat to Patagonian fjord ecosystems;
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FIGURE 5 | Megabenthic communities identified along the Puyuhuapi-Jacaf fiord system. Psolus sp. (Ps) aggregations (a); Spiochaetopterus sp. (Ss) and
Heterocucumis godeffroyi (Hg) gardens (b); Serpulidae (Se) aggregations (c); Loxechinus albus (La) aggregations (d) including Arbacia dufresnii (Ad) and Crepipatella
dilatata (Cd); Pentactella leonina (Pl) aggregations (e); community of deep walls and crevices (f) including Spirorbinae (Sp), encrusting bryozoans (eb), Axinella crinita
(Ac), Reteporella magellensis (Rm), and Magellania venosa (Mv); Chaetopterus variopedatus (Cv) aggregations (g) including Clathrina fiordica (Cf); Aulacomya atra
(Aa) belt (h), deep gorgonian forests (i) including Thouarella cfr. variabilis (Tv) and Astrotoma agassizii (Aag); Metridium cfr. senile (Ms) gardens (j). Scale bars: (a)

2 cm; (b=i) 10 cm; (j) 5 cm.
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(O 1 - Psolus sp. aggregations . 6 - Community of deep walls and crevices
O 2 - Spiochaetopterus sp. and H. godeffroyi gardens O 7 - Chaetopterus variopedatus aggregations
. 3 - Serpulids aggregations . 8 - Aulacomya atra belts

. 4 - Loxechinus albus aggregations O 9 - Deep gorgonian forests

‘ 5 - Pentactella leonina aggregations O 10 - Metridium cfr. senile gardens

FIGURE 6 | Distribution maps. Spatial distribution of the 10 megabenthic communities identified in the cluster analysis at the six analyzed depths along the
Puyuhuapi-Jacaf fiord system.
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already some communities, such as L. albus aggregations, are
declining as a result of intense fishing activities (Contreras et al.,
2019). Moreover, a decreasing trend in hardgrounds megafaunal
abundance due to aquaculture has been recorded (Hiussermann
et al,, 2013). Regarding climate changes, increasing temperature,
and sea levels will have relatively slow impacts on ecosystems,
but other indirect effects are already evident. Recent studies have
highlighted a historical decline in precipitation and streamflow

in the fjords of northern Patagonia (down to 48° S) resulting
from climate changes (i.e., Lara et al., 2008; Iriarte et al,
2016; Garreaud, 2018). This variation in freshwater inputs into
fjords is likely to influence the volume and chemistry of the
brackish surface layer, with consequences for phytoplankton
communities that represent the base of the food chain for
benthos. Clearly, fjords such as Puyuhuapi and Jacaf may act
as a “sentinel” area that could highlight impacts of climate

TABLE 4 | Summary of the main species characterizing the 10 megabenthic communities identified in this study, with ecological information.

ID Species IndVal Occupancy (%) Tot. abundance Av. density (org. m~2) Max density (org. m—2)
1 Psolus sp. 0.23 46.6 3,190 42.29 1,022.86
2 Spiochatopterus sp. 0.35 63.1 12,572 166.68 1,885.71
Heterocucumis godeffroyi 0.22 32.0 584 7.74 194.29
3 Serpulidae 0.15 16.7 249 3.30 108.57
Chiton boweni 0.07 2.6 19 0.25 11.43
4 Loxechinus albus 0.42 25.3 2,901 38.46 1,211.43
Crepipatella dilatata 0.19 6.0 414 5.49 422.86
Arbacia dufresnii 0.18 58.7 1,361 18.04 257.14
Cosmasterias lurida 0.09 7.2 40 0.53 22.86
5 Pentactella leonina 0.65 29.2 2,332 30.92 1,022.86
Asterina fimbriata 0.38 5.1 79 1.05 68.57
Asteroidea 1 0.08 7.2 44.85 0.59 56.29
6 Spirorbinae 0.36 52.7 8,632 114.44 1,605.71
Encrusting Bryozoa 0.26 39.4 1,742 23.10 857.14
Axinella crinita 0.16 40.4 446 5.91 68.57
Desmophyllum dianthus 0.15 5.6 142 1.88 137.14
Demospongiae 3 0.14 13.5 136 1.80 40.00
Aspidostoma giganteum 0.13 4.4 137 1.82 148.57
Reteporella magellensis 0.13 5.3 46 0.61 40.00
Caryophyllia huinayensis 0.09 111 392 5.20 245.71
Neopodospongia tupecomareni 0.09 8.4 113 1.50 80.00
Magellania venosa 0.08 7.0 74 0.98 40.00
Fusitriton magellanicus 0.07 7.0 49 0.65 28.57
7 Chaetopterus variopedatus 0.24 39.4 4,126 54.70 1,308.57
Encrusting porifera 0.21 731 2,255 29.90 462.86
Clathrina fiordica 0.13 241 382 5.06 262.86
Demospongiae 5 0.12 8.6 117 1.55 62.86
Scopalina sp. 0.10 13.9 208 2.76 51.43
Actiniaria 3 0.10 1.4 89 1.18 177.14
Nassarius gayi 0.09 10.0 206 2.73 17714
Didemnum studeri 0.09 17.9 248 3.29 245.71
Tritonia challengeriana 0.08 10.4 56 0.74 17.14
Demospongiae 1 0.05 0.7 6 0.08 17.14
8 Aulacomya atra 0.67 5.3 760 10.08 594.29
Sessilia 1 0.34 3.9 852 11.30 1,600.00
Anasterias antarctica 0.27 1.6 13 0.17 17.14
Elminius kingii 0.27 1.6 319 4.23 685.71
9 Thouarella cfr. variabilis 0.77 7.7 292 3.87 194.29
Brachiopoda 1 0.35 32.7 1,763 23.37 337.14
Astrotoma agassizii 0.15 0.7 4 0.05 11.43
Primnoella chilensis 0.09 13.5 77 1.02 28.57
Demospongiae 4 0.07 1.4 7 0.09 11.43
10 Metridium cfr. senile 0.76 10.4 2,710 35.93 1,642.86
Chiton sp. 0.11 51 42 0.56 45.71
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change if effectively monitored. A decrease in the influence
of the brackish freshwater input could result in emergence
of communities and species that characterize the oceanic
layer, coupled with a reduction in communities typical of
low salinity shallow waters, such as A. atra belts (found here
only in the brackish layer), L. albus aggregations and M. cfr.
senile gardens. The reduction of the typically turbid surface
layer may cause an increase in light penetration through
the water column, potentially increasing the presence and
cover of non-Corallinales macroalgae. Reduced riverine input
of organic material might induce a community shift in the
Jacaf Fjord, particularly in communities characterized by large
particle passive filter feeders such as P. leonina and Psolus sp.
aggregations, and the communities dominated by gardens of
Spiochaetopterus sp. and H. godeffroyi. Therefore, filter feeding
Holothuroidea might represent a realistic and sensitive target
species for monitoring activities, because a decrease in their
abundance might provide an early warning of changes within
fjord ecosystems.

A unique characteristic of Patagonian fjords is their
latitudinal range; these fjords host many Antarctic species
at the northern reach of their geographical distribution,
and these species are clearly sensitive to global warming
and associated effects of climate change. For instance, cold-
water corals (CWCs) are known to be threatened both by
warming and subsequent oxygen reduction within the water
column (i.e., Jantzen et al, 2013). Therefore, the CWCs
C. huinayensis and D. dianthus, both present in the Puyuhuapi
Fjord, provide promising examples of potentially important
sentinel species. On the contrary, brachiopods living in British
Columbia fjords demonstrated a good tolerance to low oxygen
concentrations (Tunnicliffe and Wilson, 1988); therefore,

Chilean species such as M. venosa might be favored by an
eventual oxygen reduction. Benthic macrofauna of European
fjords showed an abrupted change in diversity, abundance
and biomass at oxygen concentrations of approximately 2 mg
0, liter™!, with molluscs being the most tolerant species
(Rosenberg, 1980).

Finally, ocean acidification, derived from CO, emissions
generated by anthropic activities, is considered one of the
major threats to marine organisms all over the World (Fabry
et al, 2008); nevertheless, the effects of acidification on
benthic communities is still unclear, due to a high variability
of processes influencing the small-scale phenomenon (e.g.,
river discharges, upwelling, ice melting, eutrophication, and
pollution) (e.g., Salisbury et al, 2008; Vargas et al., 2017).
Establishing a baseline can help in detecting early effects
of acidification on fjords ecosystems; calcifiers organisms,
such as gastropods and bivalves (e.g, Thomsen et al,
2012), and also CWCs (Turley et al., 2007) may represent
valid sentinel species. Globally, brachiopods appear to be
less impacted by ocean acidification (Cross et al., 2015,
2016), probably thanks to compensating mechanisms
(Cross et al, 2019), but microstructural changes have
been observed in the shell of the Chilean fjords species
M. venosa (Ye et al, 2019). With warming and climate
change seriously threatening these Chilean fjords benthic
communities, it is imperative to reduce general stress levels
on all organisms, and on the ecosystem itself. This can be
achieved through effective management of other potential
anthropogenic impacts, such as fishery and aquaculture
activities. In order to protect benthic communities and
fjord ecosystems from challenges brought about by climate
change, comprehensive and continuous monitoring, and
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mapping activities are an important tool to verify the effectiveness
of these management plans.
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