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Abstract

The present study is a first characterization of benthic communities associated with the intensively-exploited sea urchin
Loxechinus albus in Northwest Patagonia. Using video-transects, we sampled 22 L. albus beds, distributed among five sampling
zones, defined by oceanographic criteria and geographic proximity. Species composition was characterized and compared among
zones using Permutational analysis of variance (PERMANOVA), followed by multiple comparisons and distance-based redun-
dancy analysis. In addition, we used species archetype models (SAMs) to identify and estimate the probability of presence of
different groups of species (archetypes) that respond similarly to environmental variables. Most zones were characterized by one
or two highly abundant taxa, with Corynactis, Arbacia dufiesnii, Antholoba achates, and Pseudechinus magellanicus being the
most abundant. Sampling zones were shown to have significant effects upon species composition, reflected in significant
differences among most zones. The most informative SAM identified three archetypes and considered substrate effects, linear
and quadratic effects of temperature and chlorophyll-a concentration, and linear effects of salinity. Probability of Archetype 1
decreased with latitude, particularly south of the Desertores Sill Constriction. Probability for Archetype 2 seemed related to both
latitude and salinity. Archetype 3 presented low probabilities across the whole study area. Considering all results, we propose
dividing the study area into three main zones: (1) an estuarine area north from Desertores Sill Constriction, (2) an oceanic area
corresponding to the Gulf of Corcovado, the Outer Chonos Archipelago and northern sections of the Inner Chonos Archipelago,
and (3) an estuarine area located at the southern section of the Inner Chonos Archipelago.
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Introduction coastline) and least studied estuarine systems of the world
(Hiussermann and Forsterra 2007; Forsterra 2009). In terms
The Fjord and Channel System of West Patagonia (41° 40’ S—  of biodiversity, the limited information available about its ben-
56° 44'S) is one of the largest, most complex (> 80,000 km of  thic fauna was made evident when important scientific efforts
conducted in recent years reported many new species and
occurrences (Forsterra and Haussermann 2003; Cairns et al.
2005; Haussermann and Forsterra 2007). For instance,
Electronic supplementary material The online version of this article Hiussermann and Forsterra (2009) described more than 470
(hitps://doi.org/10.1007/512526-019-00977-5) contains supplementary benthic species inhabiting this area, of which > 10% were new
material, which is available to authorized users. . 7 . .
to science or lacked proper descriptions prior to their book.
54 Catalina Contreras If .information about the biodiversity of begthic species in
catalinapamela.contreras @alumnos.ulagos.cl the Fjord and Channel System of West Patagonia is scarce, our
knowledge about spatial distribution patterns within this area
is even poorer. While available data is mainly limited to site
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1979). Nevertheless, given the size and environmental com-
plexity of this area and the limited information available, these
ecoregions only provide a broad reference with regard to spe-
cies distribution patterns. A first attempt to define more infor-
mative subunits within this system was made by Forsterra
(2009), who identified 12—-14 biogeographical subunits.
However, acknowledging this was a preliminary effort, the
author called for further verification and analysis.

The ecoregion located north of the Taitao Peninsula, which
we will refer to here as Northwest Patagonia (NWP), concen-
trates most of the severe and increasing anthropogenic impacts
affecting the area, such as salmon aquaculture and benthic
fisheries, whose ongoing effects on the marine ecosystem
are still poorly understood (Molinet et al. 2018; Forsterra
2009; Niklitschek et al. 2013). One of these impacts is related
to the intensive fishery of the sea urchin Loxechinus albus
(Orensanz et al. 2005), which is massively extracted by divers,
mainly for exportation purposes (Moreno et al. 2007). Chilean
landings averaged 18,077 t between 2010 and 2016, account-
ing for > 50% of the worldwide landings of sea urchins (FAO
2014) and involving ~4300 divers (SERNAPESCA 2016).
Over half of this fishery activity was undertaken in NWP
(SERNAPESCA 2016), mainly north of the Guafo Entrance
(Moreno et al. 2007; Molinet et al. 2016).

Loxechinus albus forms large beds (11,000-2,500,000 in-
dividuals), with densities of up to 10.7 individuals'm2
(Molinet et al. 2016), located between the intertidal zone and
~100 m depth (Moreno and Molinet 2013). It is a herbivorous
species that feeds mainly on drifted brown algae, although it
can also feed on green and red algae (Gonzalez et al. 2008). Its
ecological role in NWP is still unclear. Some authors have
indicated that this species might play a significant role con-
trolling the abundance of the kelp Macrocystis pyrifera,
(Dayton 1974, 1985; Buschmann et al. 2004), which may
affect the structure of the associated benthic communities.
Other authors, however, have indicated that this species does
not significantly affect the abundance of kelp species, which
would imply lower structuring effects on local communities
(Castilla and Moreno 1982; Vasquez et al. 1984; Castilla
1985; Vasquez and Buschmann 1997).

Despite the economic importance and potential impacts of
L. albus fishery in NWP, little is known about the benthic
fauna associated with this species. While several species of
sea sponges, cnidarians, mollusks, crustaceans, and echino-
derms (Molinet et al. 2014) occur in L. albus beds, no detailed
descriptions of its associated fauna have been published. Even
less information is available about the spatial distribution pat-
terns exhibited by these communities across NWP, which may
be a critical factor for management and/or conservation pur-
poses. In the present study, we aim to reduce this gap in
knowledge by providing a characterization and analysis of
the composition and spatial distribution patterns of the main
species present in macro-epibenthic communities associated
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with L. albus beds in NWP (from now on referred to as L.
albus benthic communities).

In addition to fishery-related and/or ecological process-
es, L. albus benthic communities from NWP are subjected
to highly heterogeneous environmental conditions. The
region is characterized by a highly structured and extend-
ed coastline formed by two mountain ranges, enclosing a
large number of channels, fjords, peninsulas, and small
islands (Forsterra 2009). Intense levels of rain, in addition
to great tidal amplitudes (Bustamante 2009), lead to
strong physico-chemical gradients and complex land-
ocean interactions (Pantoja et al. 2011). These include
north-south gradients of temperature, east-west gradients
of salinity (Pickard 1971; Silva et al. 1995), and signifi-
cant spatial and temporal variability in primary production
(Lara et al. 2010). Considering these heterogeneity of en-
vironmental conditions, we provide a characterization of
the study area, based on a novel statistical analysis
(Dunstan et al. 2011; Leaper et al. 2014), which enables
to predict the probability of presence of different species
groups at a given location based on its environmental
characteristics.

Material and methods
Study area

The study was carried out in NWP (Fig. 1), in an area
located between 41° 40" and 45° 44’ S and between 72°
32" and 74° 52" W. The NWP region is constituted by an
insular (western) section and a continental-Andean
(eastern) section, separated by multiple gulfs, sounds,
fjords, and channels (Soto 2009). The insular section is
constituted by low-height islands, archipelagos, and chan-
nels, where the main geographic milestone is the Chiloé
Island (41° 47" S—43° 28" S), separated from the continent
in its northern border by the Chacao Channel (~41° 47" S).
South of the Chiloé Island, separated by the Guafo
Entrance (~43° 35’ S), is the Chonos Archipelago (43°
50" S—45° 45' S), constituted by a set of low-lying islands.
The continental section of the NWP region is constituted
by the Andes Mountain Range, characterized by the pres-
ence of highly stratified fjords and channels exhibiting
low-salinity superficial waters (Pickard 1971; Sievers and
Silva 2006). There are three main micro-basins between
the insular and the continental sections, the Reloncavi
Sound (~41° 40’ S), the Gulf of Ancud (~42° 10" S), and
the Gulf of Corcovado (~43° 30" S), which constitute the
Chiloé Inner Sea. The gulfs of Ancud and Corcovado are
separated by the Desertores Sill Constriction (~42° 42" S),
which limits water exchange and circulation between these
two micro-basins (Sievers and Silva 2006).
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Fig. 1 Northwest Patagonia (~41°—47° S) and spatial distribution of the
22 study sites, corresponding to natural Loxechinus albus beds. Colors
represent different zones inside Northwest Patagonia. 1: Carelmapu, 2:
Caulin, 3: Quenu Island, 4: Tautil Strait, 5: East Guar Island, 6: South
Guar Island, 7: Point Péjaros, 8: Chincui Shoal, 9: Nayahue Island, 10:

A sampling was undertaken with the aim of identifying and
studying L. albus beds representatives of the main fishing
zones from NWP. The sampling was carried out at 22 L. albus
beds in NWP (Fig. 1), all selected considering reports from
local divers and historical fishery records and the experience
of the team working in the study area (Molinet et al. 2014).
Due to adverse meteorological conditions, southernmost sites
(Stokes Island, Rowlett Island, and Goiii Channel) were sam-
pled only on protected locations. No sites were selected at the
continental section of the NWP region.

Point Paula, 11: Point Boigue, 12: Westhoff Island, 13: Leucayec Island,
14: Erizo Islet, 15: Midhurst Island, 16: North Skorpios Channel, 17:
South Skorpios Channel, 18: Tahuenahuec Island, 19: Point Nicolas,
20: Stokes Island, 21: Rowlett Island, 22: Gofii Channel

Video-transect recording and analysis

The sampling was based on video transects, primarily aimed
at estimating L. albus density in NWP beds (Molinet et al.
2016). Three to four video-transects were recorded on most
sites, however, due to technical limitations, just two video
transects were recorded at Sites 6, 19, and 22 (numeration
from Fig. 1), while one additional video was recorded at
Sites 2, 7, and 15. A total of 76 videos, recorded between
March and July, 2013, at a depth of 2—12 m, using a submarine
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camera (Seaviewer Sea Drop Model 960) mounted down-
wards on a sled. The sled was driven by a diver and towed
from a vessel (RV Dr: Jiirgen Winter) at a speed of ~10 cm's .
Transect position was triangulated from vessel GPS records
(Garmin GPS Map Sounder Model 420 s), while the camera
had a visual field of ~28 % 25 cm and nominal transect length
was 40 m. Additional information regarding sampling meth-
odology may be found at Molinet et al. (2016).

Video transects were analyzed to identify benthic organ-
isms at the lowest possible taxonomic level. Although this
identification level actually ranged from phylum to species,
we will make “taxa composition” equivalent to “species
composition” hereafter, to facilitate text flow throughout the
article. Similarly, we will make “taxa archetypes” equivalent
to “species archetypes.” Taxonomic identification was mainly
carried out using Haussermann and Forsterra’s (2009) illus-
trated guide, followed by consultation with local experts when
required. Individual counts were recorded for each species
whenever possible. Otherwise, only presence was registered.
Given camera resolution and overall methodological limita-
tions, the study was restricted to epibenthic fauna with a body
size > 10 mm. The substrate was classified into six categories:
sand, gravel, rock, and their combinations. Since different
surface areas were observed for each substrate type, within
each transect, all abundances observed by each transect and
substrate-type were previously standardized to a nominal sur-
face of 14 m?. To avoid spatial autocorrelation, observations
median abundances were computed by site and substrate type,
and analyses were performed at this level (i.e., considering
these groups of observations as our sampling units). In view
of the extensive exploitation of L. albus populations and the
spatial and temporal variation that this exploitation may gen-
erate, they were not considered in statistical analyses and the
study focused on L. albus benthic communities.
Notwithstanding, the potential effects of L. albus density on
its associated communities may be checked in Contreras et al.
(2019).

Characterization of Loxechinus albus benthic
communities from NWP

To describe the spatial patterns of species composition in L.
albus benthic communities, we defined a zoning scheme con-
sidering local oceanography and geographic proximity among
sites. Key criteria to define these sampling zones were the
relative positioning (north/south) of the study sites from the
Desertores Sill Constriction (Sievers and Silva 2006) and their
relative exposition to the open ocean (oceanic versus inner sea
locations). The first zone included the two oceanic sites locat-
ed at the Chacao Channel (Carelmapu and Caulin). The sec-
ond zone included all inner sites located north or at the
Desertores Sill Constriction (Quenu Island, Tautil Strait, East
Guar Island, South Guar Island, Point P4jaros, Chincui Shoal,
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and Nayahue Island). The third zone was constituted by sites
located at the Gulf of Corcovado, including two sites from the
southern Chilo¢ Inner Sea (Point Paula and Point Boigue) and
two sites from the northern Chonos Archipelago (Westhoff
Island and Leucayec Island). The fourth and fifth zones in-
cluded the sites located at the inner (North and South Skorpios
Channel, Tahuenahuec Island, and Point Nicolas) and outer
Chonos Archipelago (Erizo Islet, Midhurst Island, Stokes
Island, Rowlett Island, and Gofii Channel), respectively
(overall information about zones is provided in Table 1).
The species composition for each of these zones, and also
for the entire study area, was characterized considering the
relative abundance of each epibenthic macrofauna taxa iden-
tified and quantified.

In order to evaluate the existence of species composition
differences among zones, substrate types, and their interac-
tions, a permutational analysis of variance (PERMANOVA)
(Anderson and Walsh 2013) was performed (n =999, Bray-
Curtis dissimilarity), followed by a multiple comparison anal-
ysis using Benjamini and Yekutieli’s (2001) multiple test cor-
rection. PERMANOVA key assumption of homogeneity of
within-groups dispersion (Anderson and Walsh 2013) was
tested using the betadisper function of the R package vegan
(Oksanen et al. 2016), finding no evidence against this as-
sumption (F=1.07, p>0.3). In addition, a distance-based re-
dundancy analysis (d(bRDA, Legendre and Anderson 1999),
also based on Bray-Curtis dissimilarities, was performed to
represent sites in a 2-dimensional space, after accounting for
zone and substrate-type effects. While observed richness was
classified into 36 taxa, analyses only considered the 18 taxa
being present in at least 3 of the 22 sites. All analyses were
performed using the R package vegan (Oksanen et al. 2016).

Species archetypes models

A relatively novel statistical approach, suitable for analyzing
the spatial patterns of groups of species based on their envi-
ronmental response, is the use of species archetype models
(SAMs; Dunstan et al. 2011; Leaper et al. 2014). These
models group species (instead of sites) based on their
presence/absence responses to environmental variables using
finite mixtures of regression models (McLachlan and Peel
2004). According to this approach, species that respond sim-
ilarly to the environment are grouped into the same species
archetype (Leaper et al. 2014). The SAM approach enables
the prediction of probability of presence of each species group
(archetype) at a given (observed or unobserved) location,
based on its environmental characteristics (Dunstan et al.
2011). Therefore, different sites or areas can be formed or
compared using archetype probabilities instead of pre-
defined zones.

SAMs were fitted to data following Leaper et al. (2014),
and using the R package SpeciesMix (Dunstan et al. 2016).
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Table 1 Overall information about zones, including the number of sites, transects, and the substrate-type composition for each zone

Zone Number Number Sand Gravel Gravel/sand Rock Rock/sand Rock/gravel
of sites of transects

Chacao Channel 2 9 0.01 0.78 0.06 0.11 0.01 0.04

Northern Chiloé Inner Sea 7 23 0.01 0.80 0.07 0.02 0.01 0.09

Gulf of Corcovado 4 14 0.04 0.35 0.12 043 0.03 0.04

Inner Chonos Archipelago 4 12 0.14 0.60 0.05 0.17 0.04 -

Outer Chonos Archipelago 4 16 0.03 0.11 0.07 0.68 0.09 0.02

The first step to perform the analysis was the selection of the
number of archetypes to be formed. To this end, a full model
was fitted considering substrate type, geographic (latitude and
longitude coordinates), and environmental (temperature, sa-
linity, and chlorophyll-a concentration) covariates. The most
informative number of archetypes was then selected by com-
paring models that considered up to 20 different archetypes
using the Bayesian information criterion (BIC). To avoid
selecting models with groups containing < 1 species, we
followed Leaper et al. (2014), setting the minimum a priori
archetype membership probability min(7t) = 1/S, S being the
number of species (min(7t); Dunstan et al. 2011). Thus, the
number of archetypes selected corresponded to the model with
lower BIC value and with min(7t) > 1/S.

Once the most informative number of archetypes was de-
fined, we proceeded to search for the most informative com-
bination of geographic and environmental covariates, and
their (first order) interactions, through a backward selection
procedure based on BIC. We also compared models with co-
variates added as linear and/or quadratic terms using BIC. The
selected SAM was used to predict the probability of presence
of each species archetype across NWP from interpolated geo-
graphic and environmental data (see next section). This inter-
polation followed the environmental data interpolation grid,
which had a resolution of 2 x 2 km? (see below).

Environmental data

Temperature, salinity, and chlorophyll-a concentration data
from NWP was collated considering surveys carried out be-
tween 2003 and 2013. CTD data on temperature and salinity
at 2-m depth were obtained from reports of oceanographic
cruises and expeditions carried out in NWP (Table 2; Fig.
S1). Additionally, MODIS-Aqua L3 surface chlorophyll-a sat-
ellite data were obtained from the NASA website (https://
giovanni.gsfc.nasa.gov). Chlorophyll-a data corresponded to
monthly average concentrations, with a spatial resolution of
4 km.

Each environmental variable was interpolated by an in-
verse distance weighting method (Shepard 1968) with a reso-
lution of 2 x 2 km?, using the R package ipdw (Stachelek
2017), and then rasterized using the R package rgdal

(Bivand et al. 2014). Annual averages for CTD data were
computed within each interpolated cell for the three environ-
mental variables considered in the analysis.

Results
Overall findings

A total of 57,100 epibenthic macrofauna individuals were
recorded, identified, and counted in all video transects.
These individuals were classified into 46 taxa (Table 3), be-
longing to 5 phyla (Porifera, Cnidaria, Mollusca, Arthropoda,
and Echinodermata), 12 classes, and 23 orders. About 20% of
these individuals (11,389) corresponded to L. albus, which
was the dominant species in 9 of the 22 study sites.

In the case of phylum Porifera, sea sponges were only
identified up to class level. However, considering color, shape,
and presence in NWP, some of the Demospongiae probably
corresponded to either Cliona chilensis or Clionaopsis platei.

A number of species from phylum Cnidaria were classified
into five taxa, which corresponded to classes Anthozoa (4)
and Hydrozoa (1). Within Anthozoa, octocorals of the order
Alcyonium, as well as the sea anemone Antholoba achates
(lobed anemone) and the corallimorpharian (jewel anemones)
of the genus Corynactis were identified. A generic Anthozoa
group, labeled Actiniaria 1, included several species whose
identity was not always certain. This group included
Anthothoe chilensis, Acontiaria sp. 1 (yellow stinging anem-
one), Acontiaria sp. 2 (brown melting anemone), Isoparactis
fabiani, Paranthus niveus, Parantheopsis ocellata, and
Phellia exlex. No further identification was possible within
class Hydrozoa.

Species of phylum Mollusca were classified into 13 taxa
belonging to three classes: Polyplacophora (1), Bivalvia (1),
and Gastropoda (11). Although Polyplacophora was not
subdivided beyond class, some individuals within this group
were identified as genus Chiton. All Bivalvia belonged to
family Mytilidae. Gastropoda was subdivided into different
taxonomic levels, which included the puff-ball snail
Buchanania onchidioides, the Chilean abalone Concholepas
concholepas, Crepidula, and the sea snails of genera Tegula
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Table 2 Oceanographic cruises

and expeditions carried out in Institution Project Date Stations
Northwest Patagonia from which
CTD Oceanographic data were SHOA CIMAR 81 2002/07/06-2002/07/20 32
obtained. SHOA, Servicio IFOP FIP 2002-03 2002/09/04-2002/09/07 3
Hidrogréfico y Oceanogréficode  gpna CIMAR 8 II 2002/11/16-2002/11/24 20
la Armada Chilena; CIMAR,
Cruceros de Investigacion Marina ~ SHOA CIMAR 91 2003/08/09-2003/08/23 20
en Areas Remotas; IFOP, SHOA CIMAR 9 1T 2003/11/07-2003/11/20 16
Instituto ge Fomento Pesquero; IFOP FIP 2004-09 2004/08/04-2004/08/08 3
FIP, Fondo de Investigacion
Pesuera: SUBPESCA, SHOA CIMAR 101 2004/08/21-2004/08/31 50
Subsecretaria de Pesca y SHOA CIMAR 10 II 2004/11/12-2004/11/23 43
Acuicultura de Chile; UdeC, IFOP FIP 2005-05 2005/03/19-2005/08/15 3
Universidad de Concepcitn; SHOA CIMAR 11 1T 2005/11/12-2005/11/21 70
COPAS, Centro de Investigacion
Occanogréfica en ¢l Pacifico Sur- ~ UACh SUBPESCA 2006-98 2006/04/28-2006/05/12 18
Oriental: FAP, Fondo de SHOA CIMAR 121 2006/07/10-2006/07/15 5
Administracion Pesquero; SHOA CIMAR 1211 2006/11/04-2006/11/12 36
FONDECYT, Fondo Nacional de 5 ¢y FIP 2007-05 2008/04/21-2008/10/15 0
Desarrollo Cientifico y
Tecnologico; i~mar, Centro de UdeC COPAS 2008 2008/08/02-2008/08/04 9
Investigacion y Desarrollo en UdeC COPAS 2009 2009/08/02-2009/08/06 7
Recursos y Ambientes Costeros;  ydeC FAP-Sprattus 2010/01/15-2011/01/22 52
gﬁﬂceh > Universidad Austral de UdeC COPAS 2010 2010/08/01-2010/08/06 7
IFOP FONDECYT 1111006 2011/08/24-2011/08/27 2
SHOA CIMAR 18 2012/06/17-2012/06/19 3
i~mar-IFOP FONDECYT 1111006 2012/08/04-2012/08/12 2
i~mar-UACh FONDECYT 1111006 2012/11/04-2012/11/06 4
i~mar-UdeC FIP 2012-15 2013/10/05-2013/10/07 7

and Diloma, which could not be differentiated from each other
and, consequently, were grouped as Tegula/Diloma. The ge-
neric taxon Gastropoda 1 grouped several limpet-like organ-
isms, some of them identified as belonging to the genera
Fissurella and Nacella. The generic taxon Gastropoda 2
grouped several snail-like organisms, including those belong-
ing to the genus Argobuccinum. The remaining Gastropoda
belonged to the infraclass Opisthobranchia (sea slugs) and
were classified as Tritonia, Aeolidia papilosa, Doris fontaini,
and Phidiana lottini.

Six taxa were used to classify organisms from phylum
Arthropoda, all corresponding to class Crustacea. Only one
taxa from infraclass Cirripedia was identified, which
corresponded to the giant barnacle Austromegabalanus
psittacus. All remaining taxa corresponded to order
Decapoda: the southern king crab Lithodes santolla, the squat
lobster Munida gregaria, and hermit crabs of the superfamily
Paguroidea. Two generic taxa, named Decapoda 1 and
Decapoda 2, grouped stone-crab crabs and spider-like crabs,
respectively. Decapoda 1 was probably dominated by genera
Halicarcinus and/or Eurypodius.

Phylum Echinodermata was classified into 13 taxa, corre-
sponding to classes Asteroidea (8), Ophiuroidea (2),
Echinoidea (2), and Holothuroidea (1). Asteroidea (sea stars)
included 6 species: Anasterias antarctica, Asterina fimbriata,
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Cosmasterias lurida, Diplodontias singularis, Meyenaster
gelatinosus, and Stichaster striatus, and two taxa only identi-
fied up to genus Henricia and order Valvatida. Most
Ophiuroidea could not be identified beyond class and were
grouped as Ophiuroidea 1, except for the orange brittle star
Ophiomyxa vivipara. Besides L. albus, two other Echinoidea
(sea urchins) species were identified: Arbacia dufresnii and
Pseudechinus magellanicus. Finally, Holothuroidea or sea cu-
cumbers could not be identified beyond class.

Besides marine invertebrates, some species of algae were
also observed in the L. albus beds studied. These algae
corresponded to Callophyllis variegata, Macrocystis pyrifera,
Gracilaria chilensis, Ulva sp., and other unidentified algae.
Rhodoliths (nodules composed of coralline algae) were also
observed in the study area, forming large aggregations (or
rhodolith beds) at Point P4jaros, Chincui Shoal, Nayahue
Island, Point Boigue, Point Nicolas, and Midhurst Island.
Rhodoliths were present in 16 of the 22 study sites and in all
zones. Polychaeta tubes, probably from family Spionidae,
were observed forming large aggregations at Punta Pajaros.

Besides L. albus, which represented 20.3% of the total
abundance, 50.6% of the quantifiable organisms belonged to
phylum Chnidaria, 33.3% to Echinodermata (L. albus not in-
cluded), 14.0% to Mollusca, and 2.1% to Arthropoda. The
most abundant taxa (Fig. 2) were Corynactis, with a relative
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Table 3  List of epibenthic macrofauna taxa found associated with (P1), 2 (P2), and 3 (P3). The most likely species archetype is assigned to

Loxechinus albus beds in Northwest Patagonia, their relative abundance each taxon based on those probabilities. Only taxa that could always be
on the entire region, and their probability to belong to species archetype 1 certainly identified were included in quantitative analysis

Taxon Relative abundance Pl P2 P3 Most likely archetype
Porifera

Demospongiae - - - - -

Cnidaria

Anthozoa

Alcyonium <0.001 - - - -

Antholoba achates 0.125 1 0 0 1

Corynactis 0.310 1 0 0 1

Actiniaria 1 0.067 0 1 0 2

Anthothoe chilensis - - - -

Isoparactis fabiani - - - - -

Paranthus niveus - - - — _
Parantheopsis ocellata - - — — _
Phellia exlex - - - — _
Acontiaria sp. 1 - — - — _
Acontiaria sp. 2 - —
Hydrozoa 0.010 1 0 0 1

Mollusca

Polyplacophora 0.011 0 1 0 2
Chiton - - - - -
Bivalvia

Mytilidae 0.016 - - - -
Gastropoda

Buchanania onchidioides <0.001 - - - -
Concholepas concholepas <0.001 0 0 1 3
Crepidula 0.029 0 0 1 3
Tegula/Diloma 0.069 0 1 0 2
Gastropoda 1 0.013 0 1 0 2
Fissurella - - -

Nacella - - - - -
Gastropoda 2 0.001 1 0 0 1
Argobuccinum - - - - -
Opisthobranchia

Aeolidia papillosa <0.001 - - - -
Doris fontainii <0.001 - - - -
Phidiana lottini <0.001 0 0 1 3
Tritonia 0.001 - - - -
Arthropoda

Cirripedia

Austromegabalanus psittacus <0.001 0 0 1 3
Decapoda

Lithodes santolla <0.001 - - - -
Munida gregaria 0.013 0.998 0 0.002 1
Paguroidea 0.005 1 0 0 1
Decapoda 1 0.001 0 0 1 3
Decapoda 2 <0.001 0.001 0 0.999 3
Echinodermata

Asteroidea

Anasterias antarctica 0.004 1 0 0 1
Asterina fimbriata <0.001 - - - -
Cosmasterias lurida 0.008 0 1 0 2
Diplodontias singularis <0.001 - -

Henricia <0.001 - - -

Meyenaster gelatinosus <0.001 - - - -
Stichaster striatus 0.002 0.003 0 0.997 3
Valvatida <0.001 0 0 1 3
Ophiuroidea

Ophiomyxa vivipara <0.001 - - - -
Ophiuroidea 1 <0.001 0 0 1 3
Echinoidea

Arbacia dufresnii 0.203 0 1 0 2
Pseudechinus magellanicus 0.110 1 0 0 1
Holothuroidea 0.001 0 0 1 3
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abundance (f) of 0.310, A. dufresnii (f =0.203), A. achates
(f=0.125), P. magellanicus (f=0.110), Tegula/Diloma (f=
0.069), and Actiniaria 1 (f=0.067). Other relatively common,
but less abundant, taxa (f=0.004—0.029) were Crepidula,
Mytilidae, Gastropoda 1, M. gregaria, Polyplacophora,
Hydrozoa, C. lurida, Paguroidea, and A. antarctica.
Demospongiae were also abundant in several locations of
NWP, particularly in Carelmapu at the Chacao Channel,
where they were ubiquitous on most rocky surfaces. Other
taxa with extremely low frequencies (f<0.001) were O.
vivipara, Henricia, D. fontainii, A. fimbriata, P. lottini, D.
singularis, A. psittacus, L. santolla, and Alcyonium.

Spatial patterns of species composition

All proposed zones were characterized by the presence of one
or two highly abundant species, usually Corynactis, A.
dufresnii, P. magellanicus, or A. achates (Fig. 3). In general,
the more oceanic-influenced zones (Chacao Channel, Gulf of
Corcovado, and Outer Chonos Archipelago) were character-
ized by the occurrence of large aggregations of Corynactis,
while the more protected zones (Northern Chiloé Inner sea
and Inner Chonos Archipelago) were characterized by high
relative abundances of the sea urchins A. dufresnii and P.
magellanicus. A more detailed description of each zone is
provided below, and a complete list of taxa present in each
zone is shown in Table S1 (supplementary material).

04

03

Relative abundance

Fig. 2 Total relative abundance of the most abundant epibenthic
macrofauna taxa found associated with Loxechinus albus beds in the
Northwest Patagonia region. Taxa correspond to Corynactis, Arbacia
dufresnii, Antholoba achates, Pseudechinus magellanicus, Tegula/
Diloma, Actiniaria 1, Crepidula, Mytilidae, Gastropoda 1, Munida
gregaria, Polyplacophora, Hydrozoa, Cosmasterias lurida, Paguroidea,
Anasterias antarctica, and others
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Fig. 3 Relative abundance of the most abundant taxa found in
Loxechinus albus benthic communities from the Chacao Channel (a),
the northern Chiloé Inner Sea (b), the Gulf of Corcovado (c), the inner
(d), and outer (e) Chonos Archipelago. Taxa correspond to Actiniaria 1,
Antholoba achates, Corynactis, Hydrozoa, Anasterias antarctica,
Arbacia dufresnii, Cosmasterias lurida, Pseudechinus magellanicus,
Crepidula, Gastropoda 1, Mytilidae, Polyplacophora, Tegula/Diloma,
Munida gregaria, Paguroidea, and others
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Chacao Channel

The most abundant taxa here (Fig. 3a) were A. achates (f=
0.435), P. magellanicus (f=0.264), Corynactis (f=0.173),
and A. dufresnii (f=0.054). The two sites from the Chacao
Channel presented communities dominated by different spe-
cies: P. magellanicus in Caulin and A. achates and
Demospongiae in Carelmapu. In addition, some unusually
large aggregations of species were observed at these two sites,
such as Corynactis observed on some rocky surfaces of
Caulin, and a sea anemone belonging to Actiniaria 1, probably
P. exlex, dominating a specific area along with A. achates, in
Carelmapu.

Northern Chiloé Inner Sea

The most abundant taxa at the Northern Chiloé Inner Sea (Fig.
3b) were Arbacia dufresnii (f=0.583), Crepidula (f=0.121),
Tegula/Diloma (f=0.112), and Actiniaria 1 (f=0.054). While
an area from Quenu Island appeared dominated by a large
aggregation of Ophiuroida, probably Ophiactis asperula, the
three southernmost sites (Point P4jaros, Chincui Shoal, and
Nayahue Island) were dominated by large aggregations of
rhodoliths. Abundant patches of polychaeta tubes, probably
from the Spionidae family, were observed at Punta P4jaros,
but not at the remaining sites of this zone.

Gulf of Corcovado

The most abundant taxa in this zone (Fig. 3¢) were Corynactis
(f=0.641), Actiniaria 1 (f=0.120), A. dufiesnii (f=0.051),
and M. gregaria (f=0.050). High variability in species com-
position among sites was observed at the Gulf of Corcovado.
At Point Paula, Actiniaria 1, M. gregaria, and Anthothoe
chilensis were particularly abundant, while Corynactis was
extremely abundant at Point Boigue, where it formed dense
aggregations on rocky surfaces. The two sites located at
Chonos Archipelago (Westhoff and Leucayec Islands) were
dominated by A. dufresnii, followed by C. lurida at Westhoff
Island and by Gastropoda 1 at Leucayec Island.

Inner Chonos archipelago

The most abundant taxa in this zone (Fig. 3d) were P.
magellanicus (f=0.343), A. dufresnii (f=0.204), Mytilidae
(f=0.184), and Tegula/Diloma (f=0.148). In general, the sites
in this zone were dominated by P. magellanicus and/or A.
dufresnii, except for Tahuenahuec Island, where the most
abundant taxon was Tegula/Diloma (although it was followed
by A. dufresnii). At Point Nicolas, large aggregations of
rhodoliths dominated most of the substrate, along with large
and dense aggregations of Mytilidae, with several individuals
of P. magellanicus over them.

Outer Chonos archipelago

The most abundant taxa in the Outer Chonos Archipelago
(Fig. 3e) were Corynactis (f =0.559), A. dufresnii (f=
0.132), Tegula/Diloma (f=0.107), and Actiniaria 1 (f=
0.070). High abundances of Corynactis were observed at all
sites except the Gofii Channel, with particularly abundant ag-
gregations at Stokes and Rowlett Islands. This zone also pre-
sented large aggregations of rhodoliths, which were present at
all sites, reaching their highest abundance at Midhurst Island.

Variability in species composition among zones

Zone, substrate type, and their interaction were found to have
significant effects, explaining 48% of the variance observed in
the species composition of L. albus benthic communities
(PERMANOVA, p <0.01, Table 4). Posterior pairwise com-
parisons (Fig. 4) showed significant differences among most
zones, except between the Gulf of Corcovado and the Outer
Chonos Archipelago (p>0.1), and between the Inner and
Outer Chonos Archipelagos (p > 0.2, Fig. 4).

Similarly, dbRDA analysis (Fig. 5) showed a rather clear
separation between the Chacao Channel and all remaining
areas, contrasting with a great degree of overlapping between
the Gulf of Corcovado and the Outer Chonos Archipelago,
which tended to form a second ordination pole. A third ordi-
nation pole corresponded to the Inner Sea of Chiloé, which
appeared segregated from the Chacao Channel and the Outer
Chonos Archipelago. Samples from the Inner Chonos archi-
pelago, on the other hand spread around the whole diagram,
overlapping with most zones, especially with the Northern
Chilo¢ Inner Sea. The taxa with the highest weights (> 0.65
on axis 1 or 2) were A. dufresnii, A. achates, Corynactis spp,
P. magellanicus, and Crepidula spp.

Species archetype analysis

The most informative SAM explained observed distribution
patterns by grouping all identified taxa into three species ar-
chetypes (Fig. S2). The most informative model included
substrate-type effects, linear effects of temperature, salinity,
and chlorophyll-a and quadratic effects of temperature and
chlorophyll-a (mean values and standard errors for all these
covariates are provided in Table S2), with no interactions.
Limited overlap in species composition was predicted among
archetypes, as most taxa presented very high probabilities (>
0.99) of belonging to just one of them (Table 3).

The three species archetypes had noticeable differences in
their interpolated probabilities of presence across NWP
(Fig. 6). Although the first species archetype presented prob-
abilities >0.25 across most NWP, its probability tended to
increase towards the north, becoming particularly high (>
0.75) beyond the Desertores Sill Constriction (i.e., at the
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Table 4 PERMANOVA results for the effects of zones, substrate type,
site, video transect, and some of their interactions on the species
composition of the epibenthic macrofauna associated with Loxechinus
albus beds in Northwest Patagonia

df ss MS F R Pr (>F)
Zone 4 4543  1.136 6.141 0.200 0.001
Substrate-type 5 2036 0407 2202 0.090 0.001
Zone: substrate-type 18  4.424  0.277 1.495 0.195 0.001
Zone/site 17 7207 0424 2293 0318 0.001
Residuals 28 4438  0.185 0.196
Total 72 22.649 1.000

Northern Inner Sea of Chiloé¢). Archetype 2, presented, in-
stead, a more complex distribution of probabilities, lacking a
clear latitudinal trend, exhibiting very high probabilities (>
0.75) at the Gulf of Corcovado zone, the Outer Chonos
Archipelago and the northern section of the Inner Chonos
Archipelago, and very low probabilities (<0.25) at the
Northern Inner Sea of Chilo¢ and at the southernmost section
of the Inner Chonos Archipelago. This probability distribution
showed certain resemblance to salinity isolines 32 towards the
north and 29 towards the south (Fig. S1). Archetype 3 pre-
sented very low probabilities (< 0.25) across the whole study

Zone b

Zone ¢

Zoned

Zone e 0.156 0.269

T T
Zone b Zone ¢ Zone d

Fig. 4 Heatmap showing results from pairwise comparisons of species
compositions found in Loxechinus albus benthic communities from five
zones of Northwest Patagonia: Chacao Channel (zone a), northern Chiloé
Inner Sea (zone b), Gulf of Corcovado (zone ¢), inner (zone d), and outer
(zone e) Chonos Archipelago. Comparisons were made through
PERMANOVA and the probability values were corrected using
Benjamini and Yekutielli’s method. Blue quadrants indicate zones with
significantly different species composition, while light blue quadrants
indicate zones with non-significantly different species composition

Zone a
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area and grouped species of overall low abundance, such as
Crepidula, C. concholepas, and A. psittacus.

Each of the three species archetypes identified in the pres-
ent study was formed by a combination of different taxonomic
and trophic groups. For instance, archetype 1 was constituted
by four phyla, and included deposit feeders (e.g., M. gregaria)
and herbivore species (e.g., P. magellanicus). Archetype 2
was constituted by three phyla, including carnivore (e.g., C.
lurida) and herbivore species (e.g., Tegula/Diloma).
Archetype 3 was constituted by three phyla, including carni-
vores (e.g., C. concholepas and P. lottini) and filter feeders
(e.g., A. psittacus). However, since the biology and trophic
ecology of many of the species we identified are still un-
known, the trophic diversity of these species archetypes would
be expected to be even greater than reported here.

Discussion

The identification of spatial biodiversity patterns is a critical
task for the development of conservation and management
plans (Whittaker et al. 2005). Thus, information on spatial
patterns is particularly important for communities susceptible
or exposed to anthropogenic impacts. In the present study, we
analyzed the spatial patterns of L. albus benthic communities
using a traditional distance-based approach (Gotelli and
Ellison 2004), which allowed us to identify zones with differ-
ent species composition. However, the processes generating
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Fig. 5 Re-scaling of sampling sites representing Loxechinus albus
benthic communities after a distance-based redundancy analysis of their
species composition in Northwest Patagonia. Only taxa exhibiting
weights > 0.4 are shown (Antholoba achates, Corynactis, Pseudechinus
magellanicus, Crepidula, and Arbacia dufresnii). Symbols represent dif-
ferent zones within Northwest Patagonia
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Fig. 6 Probability of presence of the species archetypes 1 (a), 2 (b), and 3 (c¢) across Northwest Patagonia for epibenthic macrofauna associated with

Loxechinus albus beds, at 2—12 m depth and on gravel and rocky substrate

this zonation remain unclear. Therefore, we complemented
these analyses by modeling the distribution of groups of spe-
cies considering their environmental response, using Dunstan
et al.’s (2011) species archetype modeling approach. This ap-
proach has been considered to be particularly useful to model
species distributions in regions with strong environmental gra-
dients (Woolley et al. 2013), such as NWP.

The present study is a first attempt to characterize L. albus
benthic communities from NWP, finding > 45 taxa of
epibenthic macrofauna, which, given methodological restric-
tions discussed below, can be considered a lower species rich-
ness bound. Thus, our results suggest that the NWP L. albus
beds host a very diverse epibenthic macrofauna community.
Most of the taxa we found to be abundant here have also been
reported as “abundant” (Corynactis, Tegula/Diloma, and P.
magellanicus) or “common” (the sea urchin A. dufiesnii and
the sea anemone A. achates) across western Patagonia
(Haussermann and Forsterra 2009). Thus, further studies are

required to determine whether L. albus benthic communities
are different from epibenthic macrofauna communities from
outside L. albus beds, in the same region.

Zones corresponding to the Gulf of Corcovado and the
Outer Chonos Archipelago failed to present significant differ-
ences from each other regarding species composition. Besides
the physical proximity of these zones, their similarity with
regard to species composition might be explained by their
high exposition to oceanic influence, which would be consis-
tent with the preliminary zonation scheme proposed for this
region by Héusserman and Forsterra (2009), who grouped
together all zones subjected to strong oceanic influence.
Nonetheless, both the Gulf of Corcovado and the Outer
Chonos Archipelago presented significant differences with
the third oceanic zone considered in our study, the Chacao
Channel. Since this channel is located further north and de-
marks the northern border of the Magellan Province (Spalding
et al. 2007), observed differences could reflect true
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dissimilarities. Nonetheless they could be an artifact related to
the fact that the Chacao Channel was represented by only two,
very dissimilar, sampling sites.

The species archetypes found in the present study, included
species from different taxonomic and trophic groups, resem-
bling results obtained by Leaper et al. (2014), who found that
archetypes in southern Australia and northern Tasmania were
constituted by different and complementary functional groups
rather than by similar species. While our SAMs were fitted
considering presence-absence data, following Dunstan et al.
(2011) and Leaper et al. (2014), more recent developments
allow consideration of high-dimensional counts and biomass
data (Dunstan et al. 2013), which might provide further in-
sights into relationships existing between distribution patterns
and environmental variability within the study area. It is also
important to consider that our species archetypes analysis was
restricted to L. albus beds, between 2 and 12 m depth.
Therefore, our conclusions should not be extrapolated freely
to other benthic habitats within the NWP region. Finally, our
SAMs were fit with taxa identified at heterogeneous taxonom-
ic resolutions; however, it is likely that single species have
narrower environmental preferences than highly grouped taxa.

Our results showed a reasonable degree of consistency and
complementarity between the more classical multivariate ap-
proach, based upon a priori zones, and the more novel model-
ing approach leading to a posteriori species archetypes. This
consistency between approaches was particularly clear for the
Chiloé Inner Sea, where zones located at the north and south
of the Desertores Sill Constriction exhibited important differ-
ences in species archetypes probabilities, especially for arche-
type 2, while multivariate analysis indicated significant spe-
cies composition differences between the Northern Chiloé
Inner Sea and southern zones. Notwithstanding, it is important
to emphasize that, in SAMs, each species present at a single
site is considered a realization of its corresponding species
archetype as a whole (Leaper et al. 2014). Thus, study sites
with similar species archetypes probabilities could potentially
have very different species composition.

After integrating all evidence provided by multivariate and
archetype analyses, it is evident that the tentative zoning
scheme we applied needs to be reviewed and improved in
order to provide an accurate representation of observed diver-
sity patterns. First of all, our results show the Inner Sea of
Chiloe, north from the Desertores Sill Constriction, represent
a unique area, of strong estuarine influence, whose species
composition departs from all other zones. Second, the Gulf
of Corcovado and the Outer Chonos Archipelago tended to
present similar species composition, which might justify
grouping them together. Third, the biological relevance of
species composition differences found between the Inner
Chonos Archipelago and both the Outer Chonos
Archipelago and the Gulf of Corcovado remains unclear, al-
though it seemed to increase as salinity decreases southward.

@ Springer

Finally, the Chacao Channel, represented by two, rather het-
erogeneous sites, showed a large separation from other zones,
following PERMANOVA and dbRDA results, but similar ar-
chetype probabilities than the Inner Sea of Chiloé¢.

Hence, we propose dividing the whole area into three main
zones by separating oceanic from estuarine areas: (1) a north-
e estuarine zone corresponding to the Inner Sea of Chiloé
north from the Desertores Sill Constriction and (2) an oceanic
zone grouping the Outer Chonos Archipelago, the Gulf of
Corcovado, and the northern section of the Inner Chonos
Archipelago. A southern estuarine zone is corresponding to
the Southern section of the Inner Chonos Archipelago, whose
geographic or oceanographic limit remains to be defined.
Further research would be required to delineate each of these
limits more precisely, as well as to clarify further the relative
position of the Chacao Channel within this regional picture.

It is important to consider that our results were based on a
heterogeneous combination of taxonomic resolution levels,
which ranged from order up to the species level. The main
constraint to achieving higher levels of taxonomic resolution
was insufficient video resolution and/or the need for physical
samples required to achieve higher resolution in the taxonom-
ic identification of some taxa. Nevertheless, although the use
of video transects can involve these kinds of limitations, it has
the outstanding advantage of covering a large sea bottom sur-
face area in a nondestructive way. Another limitation to
achieving higher levels of taxonomic resolution was the lack
of taxonomic information available for some taxa from NWP.
Conversely, some taxa were relatively easy to identify by vid-
eo recordings and with the taxonomic information available.
For instance, several species of nudibranchs from NWP may
be identified by their external morphology and coloration
(Schrddl 2009). A consequence of this heterogeneity of taxo-
nomic resolutions is that visually distinct taxa will have more
weight in the analysis in comparison to visually similar taxa,
which would be grouped together.

The present study contributed to the characterization of
species composition and distribution patterns of a poorly
known subset of NWP epibenthic macrofauna communities,
currently affected by intense L. albus fishery activities
(Molinet et al. 2014; Barahona and Molinet 2015; Molinet
et al. 2016). To achieve these goals, we found that combining
distance-based zone comparisons with archetype modeling
was an effective strategy to enhance our understanding of
observed spatial distribution patterns. This approach could
also be extended to incorporate anthropogenic factors, such
as spatially explicit fishing effort data, which, if available,
could easily be accommodated into the SAMs. Predictive
models and new zoning schemes resulting from these com-
bined approaches could be useful to guide management deci-
sions in data poor scenarios such as this, as well as to produce
more informative hypotheses, testable through experimental
manipulation and/or improved field observation programs.
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