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Deep-water emergence (DWE) is the phenomenon where marine species normally found
at great depths (i.e., below 200 m), can be found locally occurring in significantly
shallower depths (i.e., euphotic zone, usually shallower than 50 m). Although this
phenomenon has been previously mentioned and deep-water emergent species have
been described from the fjord regions of North America, Scandinavia, and New Zealand,
local or global hypotheses to explain this phenomenon have rarely been tested. This
publication includes the first literature review on DWE. Our knowledge of distribution
patterns of Chilean marine invertebrates is still very scarce, especially from habitats
below SCUBA diving depth. In our databases, we have been gathering occurrence
data of more than 1000 invertebrate species along the Chilean coast, both from our
research and from the literature. We also distributed a list of 50 common and easily
in situ-identifiable species among biologically experienced sport divers along the Chilean
coast and recorded their sighting reports. Among other findings, the analysis of the
data revealed patterns from 28 species and six genera with similar longitudinal and
bathymetric distribution along the entire Chilean coast: along the Chilean coast these
species are typically restricted to deep water (>200 m) but only in some parts of Chilean
Patagonia (>39°S-56°S), the same species are also common to locally abundant at
diving depths (<30 m). We found 28 of these ‘deep’ species present in shallow-water
of North Patagonia, 32 in Central Patagonia and 12 in South Patagonia. The species
belong to the phyla Cnidaria (six species), Mollusca (four species), Arthropoda (two
species) and Echinodermata (16 species). We ran several analyses comparing depth
distribution between biogeographic regions (two-way ANOVA) and comparing abiotic
parameters of shallow and deep sites to search for correlations of distribution with
environmental variables (Generalized Linear Models). For the analyses, we used a total of
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3328 presence points and 10635 absence points. The results of the statistical analysis
of the parameters used, however, did not reveal conclusive results. We summarize cases
from other fjord regions and discuss hypotheses of DWE from the literature for Chilean

Patagonia.

Keywords: Norway, British Columbia, Alaska, New Zealand, Chile, fjord region, marine invertebrates, deep-water

emergence

INTRODUCTION

Vertical changes in the physical and chemical properties of the
ocean divide the benthic environment into six depth zones: (1)
the intertidal, which is exposed during low tide; (2) the littoral
or photic zone (0-200 m) which extends from the high tide
line down to about 200 m at the edge of the continental shelf
and includes the euphotic zone (0-50 m) and the oligophotic
zone (50-200 m); the sublittoral or deep-sea, which is lightless
and cold, and is sub-dived into (3) the archibenthic zone (200-
1000 m) at the continental slope, which is often oxygen-deficient
and also called dysphotic, mesophotic or twilight zone (there is
<1% of light left, but it is not enough for primary production);
(4) the bathybenthic zone or bathyal (1000-4000 m), which
is aphotic, includes most of the continental rise and usually
has a greater oxygen-content than the overlaying layer; (5) the
abyssobenthic zone or abyssal (4000-6000 m), which includes
the deep ocean floor and has little nutrient import; and (6) the
hadobenthic zone or hadal (>6000 m) which is usually found in
deep-sea trenches (Sutton, 2013; Pinet, 2019).

The deep-sea was considered an azoic environment until
the mid-nineteenth century when Norwegian naturalist Michael
Sars listed hundreds of invertebrate species collected from
the deep-sea. Nowadays it is known as the largest biome on
earth, distinct from other ecosystems and comparably diverse
(Ramirez-Llodra et al., 2010). The origin and possible antiquity of
the surprisingly diverse modern deep-sea fauna has been debated
since the beginning of deep-sea research. Based on material
collected during the HMS Challenger Expedition from 1872 to
1876, Murray (1895) concluded that the animals recovered from
the deep-sea were similar to the taxa found in shallow-water
high-latitude habitats, and thus the origin of this life was in
shallow waters. Subsequently, papers discussed the two possible
pathways explaining the origin of deep-sea species: shallow-
water submergence versus an origin in deep water. Most studies
compared the southern ocean littoral fauna to deep-sea fauna.
Examples for both pathways have been published. Research that
supports the DWE pathway include those by Hessler and Thistle
(1975) that suggests an in situ evolution for parasseloidean
deep-sea isopods, also Thuy and Schulz (2012) described an
ancient echinoderm assemblage from the NE Atlantic deep-sea
and Quattro et al. (2001) showed the upper bathyal zone of the
North Atlantic to be an active site of population differentiation
for mollusks. In support of the shallow-water submergence
pathway, Riehl and Kaiser (2012) described a deep-sea isopod
originating from the Antarctic shelf. Some relationships between
shallow and deep-water fauna, however, could not be explained
by either scenario, e.g., for the echinoid genus Sterechinus

(Diaz et al., 2010) and for foraminiferans (Lipps and Hickman,
1982); and for some groups of deep-sea octopuses, both pathways
have been shown (Strugnell et al., 2011). Discussions on the origin
of deep-sea fauna are ongoing.

Deep-water benthic research in Chile started with the
Challenger (1872-1876) and Lund University Chile Expeditions
(1948/49). Since then, advances in the knowledge of deep-sea
benthos have been sparse, including mainly occasional samples
of US research vessels transiting to Antarctica between the
1960s and early 1980s (e.g., R/V Hero and USNS Eltanin),
as well as surveys onboard the R/V Anton Bruun in 1965-
1966, to mention a few (reviewed in Sievers-Czischke, 2018).
Major national expeditions started in the 1960s, mainly with
the MarChile program, highlighting benthic studies at the
shelf break and upper slope in northern Chile during the
MarChile II expedition in 1962 (Gallardo, 1963). However, the
first comprehensive bathymetric and latitudinal study of the
upper-bathyal benthos (~200 to 2000 m depth) was performed
during the Oceanographic Expedition PUCK (R/V Sonne, SO-
156 cruise) in 2001 (Quiroga et al., 2009; Sellanes et al., 2010). In
this cruise, the emphasis was put on studying the role of the SE
Pacific Oxygen Minimum Zone (OMZ) in shaping the patterns
of benthic assemblages along the Chilean continental margin.

Methane-seep environments were discovered in 2003 and later
studied on the upper slope off Concepcién (~36°S, ~800 m
depth), leading to the description of many new species and
new records of existing species for the area (see Sellanes et al.,
2004, 2008). Subsequent findings of methane seep communities
include areas from off the Taitao Peninsula (~45°S, ~500 m
depth) (Zapata-Herndndez et al., 2014), to off El Quisco (~33°S;
~300 m depth) (Krylova et al., 2014), and more recently off
Huasco (~28°S, ~1500 m depth) (Kobayashi and Araya, 2018).

Benthic surveys conducted using remotely operated vehicles
(ROVs), are quite scarce on the continental slope off Chile. An
advantage of using ROVs is that benthic communities can be
observed in situ before being altered by the sampling procedure,
and characteristics of the living animal are lost. Probably the most
important ROV survey was on the R/V Sonne cruise SO-210, in
which the ROV Kiel 6000 was used (Treude et al., 2011). Another
ROV survey led to the first report of antipatharian black corals on
the shelf break off La Higuera (~29°S, 70-107 m depth) (Gorny
et al., 2018). Other methods of benthic studies in the area include
studying species collected as bycatch from deep-water Patagonian
Toothfish and crustacean fisheries (e.g., Ibdiez et al., 2006, 2011,
2012, 2016; Araya, 2013, 2016).

The deep-water emergence (DWE) hypothesis has been
mentioned in the literature since 1970 (Hessler, 1970). Since this
phenomenon is more common in higher latitudes, it has also been
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called “polar emergence” or “high-latitude emergence.” Hessler
(1970) and Hessler et al. (1979) argued that specialized deep-
sea isopods evolved in situ and their presence at shallow high
latitudes is a result of subsequent emergence. In the following
decades, other deep-water species have been described from
shallow waters in several places. Some Chilean species with
deep-water records off northern and central Chile as well as
Patagonia are well known in shallow waters of Chilean Patagonia
(Haussermann and Forsterra, 2009). Other deep-water species
have been described in shallow waters of New Zealand, Alaska,
and Norway (summarized in this paper), from nearshore marine
caves in the Mediterranean and the Atlantic (e.g., Grigg, 1965;
Stock and Vermeulen, 1982) and from the turbid waters between
Trinidad and Venezuela (Warner, 1981).

In the present paper, we list 28 species and six genera from
the phyla Cnidaria, Mollusca, Arthropoda, and Echinodermata
that have been recorded in deep waters between 200 and 1800 m
off the coast of Chile, restricted to these deep waters in central
and northern Chile, while in addition, present at diving depth
in fjords and channels of Chilean Patagonia. Biogeographically
there is a break at about 30°S, which separates the Peruvian
Province (north of ~30°S) from the Intermediate Area (~30°S
to ~40-42°S) (Tellier et al., 2009). Chilean Patagonia is part of
the Magellan Province and is subdivided into North Patagonia
(NP; ~40-42°S to Golfo de Penas, ~47-48°S), Central Patagonia
(CP; ~47-48°S to Straight of Magellan, ~53-54°S) and South
Patagonia (SP; ~53-54°S to Cape Horn, 56°S). We summarize

the latitudinal and bathymetric distribution of the listed species
and genera, their type of larvae and mode of reproduction,
as far as it is known. We compared depth distribution
between biogeographic regions and searched for correlations
between distribution and environmental variables. Our paper
also includes the first review on the DWE phenomenon: we
list deep-water emergent species described in the literature
from other parts of the world and summarize and discuss the
hypotheses used to explain this phenomenon.

MATERIALS AND METHODS

Database

The PAtagonia MArine DAtabase (PAMADA) includes nearly
2,000 identified benthic species and more than 20,000 presence
points collected during 43 SCUBA expeditions and six ROV
expeditions at more than 500 study sites during the years 1997
and 2020, and from the literature. The Biological Collection
of Universidad Catolica del Norte UCN (SCBUCN) currently
keeps more than 6,000 samples of preserved marine organisms,
mainly from the continental slope and oceanic islands of Chile, as
well as from seamounts within the Chilean Exclusive Economic
Zone (Figure 1 and Supplementary Figure 1). The SCBUCN
database is available through the Global Biodiversity Information
Facility (Sellanes, 2018) and for the current study, 144 of these
records were used. During data searches to complement the

t Sampling [ <50m
1 sites 2502 points
)
 /
®
‘ *
¢ 4
oeet e
£ Vi
?S ©
e 25
SeFs e £
3o o
e I o
L ®
" -
& ,
Fr 3%
B Rt
L3 %o
$ 5 -,
e [ | o
. § © 8
ot 3 e
o= CEEE Sagne,

FIGURE 1 | (A) Sampling sites. Black points represent dive sites and blue points intertidal study sites. (B-D) Sites of invertebrate presence data along the Chilean
coast from both PAMADA and SCBUCN (total 3331 points). (B) Presence data <50 m depth. (C) Presence data 50-200 m depth. (D) Presence data >200 m depth.
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PAMADA database from SCBUCN and OBIS, V. Hiussermann
(see also Haussermann, 2006) detected some species with unusual
distribution patterns which led to an extensive search for species
present in both shallow waters of Chilean Patagonia and deep
waters off Central and Northern Chile. To complete the existing
Patagonian shallow-water records (a coastline of > 100,000 km)
for the Central and Northern Chilean coast, we distributed a
list of common and easily in situ-identifiable species, including
the 28 species and six genera, among biologically experienced
sport divers along the Chilean coast between Bahia Mansa
(40.77°S; 73.84°W) and Caldera (27.05°S; 70.82°W) (a coastline
of 1500 km). We used data from the 24 dive sites they regularly
visit. Christian Ibanez added data from 40 intertidal sites along
the exposed coast of North and Central Chile. We could not
find any diving biologists or sports divers who dive at sites north
of 27°S.

Statistical Analyses

We compared the depth distribution of 34 genera between
biogeographic regions (Peruvian Province and Intermediate Area
to Magellan Province) by means of two-way ANOVA using R ver.
4.0.5 (R Core Team, 2021).

We also tested the correlations of abiotic factors (where
data were available) with species presence data. The sea bottom
temperature (SBT), sea bottom salinity (SBS), molecular
dissolved oxygen at bottom (SBO), primary productivity
(PP), Chlorophyll-a, silicate and current velocity were
obtained from the BioOracle v2 (Assis et al., 2018) based
on monthly averages from 2000 to 2017. Environmental
variables were extracted from each presence/absence point.
The BioOracle web platform' (Tyberghein et al, 2012
Assis et al., 2018) was used to obtain these data using QGIS
(QGIS Development Team, 2012).

Three Generalized Linear Models (GLM) with a binomial
distribution error type were run to establish the existence of linear
patterns between the presence/absence data and the predictor
variables (depth, temperature, salinity, primary production,
chlorophyll-a, oxygen, silicate, current velocity). The first GLM
was run with all presence/absence data (>13,000 records). To
detect the common predictors responsible for shallow water
presence points in the south and deep water presence points
in the north, we ran two more GLMs, one for those records
shallower than 50 m and one with those records deeper than
200 m. The predictor variables were set over 250 models (for each
GLM), executed using the “glmulti” function of the ‘GLMULTT
package (Calcagno and de Mazancourt, 2010) implemented in
the software R, this function examines all possible combinations
of predictor variables, and the best model for each analysis
was selected based on Bayesian information criterion (BIC). To
establish which predictor variables contribute to a total variance,
an ANOVA was used over the GLM coefficients. The most
important variable for each GLM was obtained based on the
t-statistic, using the “varImp” function from the “caret” package
(Kuhn, 2008) implemented in the software R.

Uhttps://www.bio-oracle.org

RESULTS

Deep-Water Emergent and Eurybathic

Species in Chilean Patagonia

Based on the data search described above, we compiled a list
of 28 species and six genera that are restricted to deep waters
off Central and Northern Chile but reach into shallow water in
Chilean Patagonia, a pattern first mentioned in Hiaussermann
(2006). The listed taxa are from the phyla Cnidaria (six species,
four genera), Mollusca (four species, one genus), Arthropoda
(two species, one genus) and Echinodermata (16 species)
and include three sea anemones (Cnidaria, Actiniaria), three
stony corals (Cnidaria, Scleractinia), three gorgonians and
one soft coral (Cnidaria, Alcyonacea), three snails (Mollusca,
Gastropoda), one mussel (Mollusca, Bivalvia), one chiton
(Mollusca, Polyplacophora), two crabs (Arthropoda, Decapoda),
one sea spider (Arthropoda, Pycnogonida), six starfish
(Echinodermata, Asteroidea), five brittle stars (Echinodermata,
Ophiuroidea), two sea urchins (Echinodermata, Echinoidea),
two sea cucumbers (Echinodermata, Holothuroidea) and
one feather star (Echinodermata, Crinoidea) (Table 1). The
search resulted in a total of 3331 presence (Supplementary
Table 1) and 10842 absence points. For typical distributions
of some selected deep-water emergent species, see Figure 2.
In addition to these 28 species and six genera we found more
species that present a eurybathic distribution within Chilean
Patagonia (from the deep-sea to diving depth) but so far have
not been observed north of Patagonia. These species are typical
members of deep-water genera, which within the Chilean fiord
region extend into shallow water: the sea anemones Bolocera
kerguelensis (25-485 m; possibly 3329 m at 38.10°S if the
suggested synonymy with B. patens is correct) and Isotealia
antarctica (25-420 m) (Hiaussermann and Forsterra, 2005), the
gorgonian Convexella magelhaenica (12-1666 m) (Haussermann
et al., 2016) and the hydrocoral Errina antarctica (18-771 m)
(Haussermann and Forsterra, 2007b).

Cnidaria
Actinostola intermedia (=A. chilensis) and Hormathia pectinata
(described down to 1220 m) are sea anemone species from
typical deep-water genera; along the Chilean coast they have
been collected between 30 and 34°S from 350 to 400 m depth
and between 34 and 36°S from 744 to 936 m. In Chilean
Patagonia, south of 41°S, both are regularly found below 20
and 25 m, respectively (H. pectinata to 53°S, A. chilensis to
55°S). Single specimens of A. intermedia were even found at
9 m depth, and H. pectinata at 12 m. A. intermedia inhabits
current-exposed sites and can also be found in groups of up to
15-25 individuals. H. pectinata is rarely found in water shallower
than 30 m, specimens were found on near vertical walls with
little sedimentation. Dactylanthus antarcticus (described down to
610 m) was sighted on a video from the SONNE expedition in
700 m depth at 36°S. South of 45°S it is regularly found below
20 m depth in channels, becoming more abundant south of 49°S.
The cosmopolitan stony corals Desmophyllum dianthus
(described down to 2460 m depth) and the recently described
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TABLE 1 | List of deep-water emergent species from Chilean Patagonia: geographic and bathymetric distribution (bd) for North and Central Chile (N-C), North Patagonia (NP), Central Patagonia (CP), and South

Patagonia (SP) main citation for Chile and first citation of deep-water emergence (DWE), typical deep-water species, type of reproduction and larvae.

Species Phylum Main citation for Distribution First DWE Distribution outside Typical bd (m) bd (N-C) bd (NP) bd (CP) bd (SP) type of type of larvae
Chile within Chile (°S) mention of Chile deep-water reproduction
genus
Acanthogorgia Cnidaria, Haussermann and 36-53 Haussermann and  British Columbia coast ~ Species-specific 18-1920 940 20-30 18-1920 NA Sexual and Pelagic planula
spp. Octocorallia Férsterra, 2009 Forsterra, 2007a asexual Larvae
Acesta patagonica Mollusca, Bivalvia  Osorio, 1968 29 - 53 Cairns et al., 2005 Atlantic SW, Falkland Yes 15-880 250-761 20-215 15-880 NA Sexual Pelagic Larvae
Islands
Actinostola Cnidaria, Actiniaria Haussermann, 30 - 56 Haussermann,  Atlantic SW, Yes 9-936 350-936 9-35 17 - 34 14 -32 Sexual (probably  Pelagic planula
intermedia 2004 2006 Desembocadura Rio spawning; Chilean Larvae
La Plata species not
brooding)
Alcyonium spp. Cnidaria, van Ofwegen 29-59 This paper Worldwide Species-specific 12-1800 257-764 12-36.6 18-85 14-1800 Sexual and Planktonic
Octocoralia etal., 2007 asexual (broadcast planula larva
spawning and
brooding, species-
dependent)
Arbacia dufresnii  Echinodermata, Haussermann and 18-56 This paper Antartic peninsula, No 0-1300 (565)223-1300 2-345 0-682 6-476 Sexual (spawning)  Planktonic
Echinoidea Forsterra, 2009 Atlantic SW, Falkland larvae
Islands
Astrotoma Echinodermata, Haussermann and 18 -56 This paper Antartica, Subantartic Yes 20-1300 327-1300 33-861 20-680 88-420 Sexual (brooding)  Planktotrophic
agassizif Ophiuroidea Forsterra, 2009; Islands, Atlantic SW, larvae
Manso, 2010
Bathyplotes Echinodermata, Haussermann and 32-53 This paper Pacific NW (Japan), Yes 24-2454 580-960 2454 30-675 NA Sexual and Planktotrophic
moseleyi Holothuroidea Forsterra, 2009 Sub antartic Islands, asexual larvae
Pacific E (Pert)
Capulus Mollusca, Haussermann and 18-56 This paper Atlantic SW, USA, Yes 30 - 636 209-450 30-252 32-636 522 Sexual Pelagic Larvae
ungaricoides Gastropoda Forsterra, 2009 Pert
Caryophyliia Cnidaria, Cairns et al., 2005 35-54 Cairns et al., 2005 Pacific SE (Perd, Yes 11-870 870 11-36.6 12-320 275 -447,5  Sexual (probably  Pelagic Larvae
huinayensis Scleractinia Ecuador, Colombia) spawning)
Colossendeis Arthropoda, Araya, 2016 26 - 52 Forsterraetal.,,  Cosmopolitan Yes 18 - 4306 1800 582 18-472 NA PA PA
macerrima Pycnogonida 2013
Cosmasterias Echinodermata, Haussermann and 29-55 This paper Subantartic islands, 0-906 (30)143-906 0-697 0-638 5-675 Sexual (spawning) Planktonic
lurida Asteroidea Forsterra, 2009 South Georgia, larvae
Atlantic SW
Dactylanthus Cnidaria, Actiniaria  Haussermann and 45 -54 This paper Atlantic SW, Falkland 10-700 700 10-831 25-33 21-571 Sexual (probably  Pelagic planula
antarcticus Férsterra, 2009 Islands spawning) Larvae
Desmophyllum Cnidaria, Cairns et al., 2005 35- 54 Férsterra and Cosmopolitan Yes 8-2500m 500-1300 8-831 18-923 267-1900 Sexual (broadcast Pelagic Larvae
dianthus Scleractinia Héussermann, spawning)
2003
Florometra Echinodermata, ~ Catalan et al., 19 - 55 This paper North of Panama, Yes 20-949 275-949 574-687  20-574 22-485 Sexual (spawning)  Planktonic
magellanica Crinoidea 2020 Pert larvae
Fusitriton Mollusca, Haussermann and 30-56 This paper Atlantic SW, Central 0-960 200 - 960 3-334 0-607 0-869 Sexual (egg-laying) Planktonic
magellanicus Gastropoda Férsterra, 2009 Argentina, Larvae
New Zealand
Gorgonocephalus  Echinodermata, Héussermann and 29-55 This paper South Africa, Yes 4 - 3648m 349-3648 20-435 4-622 90-378 Sexual (spawning)  Planktotrophic
chilensis Ophiuroidea Forsterra, 2009; Subantartic islands, larvae
Manso, 2010 Pacific SW,
Henricia studeri Echinodermata, Haussermann and 29 -53 This paper Pacific SW, 5-450 256-450 5-31 32-116 288 Sexual and Planktonic
Asteroidea Forsterra, 2009 New Zealand, Atlantic asexual larvae
S, Atlantic SW,
Falkland Islands
Hormathia Cnidaria, Actiniaria  Haussermann and 30 - 53 Haussermann,  Atlantic SW, Falkland Yes 12-1220 350-836 25-324 12-675 NA Sexual (probably  Pelagic planula
pectinata Forsterra, 2009 2006 Islands spawning) Larvae

(Continued)
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TABLE 1 | (Continued)

Species Phylum Main citation for Distribution First DWE Distribution outside Typical Bd (m) bd (N-C) bd (NP)  bd (CP) bd (SP) type of type of larvae
Chile within Chile (°S) mention of Chile deep-water reproduction
genus
Labidiaster Echinodermata, Haussermann and 35-55 This paper SW Atlantic, Pacific 3-1300 1300 14-29.2 10-95 3-385 Sexual and Planktonic
radiosus Asteroidea Forsterra, 2009 SW, Falkland Islands asexual larvae
Lithodes spp. Arthropoda, Héussermann and 31-55 This paper Atlantic SW (Argentina Yes 0-769 108-769 1-149 0-236 2-160 Sexual Pelagic Larvae
Decapoda Forsterra, 2009 and Uruguay)
Lophaster stellans  Echinodermata, Haussermann and 29-55 This paper Antartic and 15-510 (73)280-450 20-510 15-247 450 Sexual and Planktonic
Asteroidea Forsterra, 2009 subantartic ocean, asexual larvae
SW Atlantic, SE
Pacific, New Zealand
Ophiocten Echinodermata, Haussermann and 22 -56 This paper Antartica, subantartic Yes 23-3566 129-1300 NA 23-485 135-182 Sexual and Planktotrophic
amitinum Ophiuroidea Forsterra, 2009; islands, Atlantic SW, asexual larvae
Manso, 2010
Ophiomitrella Echinodermata, Mortensen, 1952 33-42 This paper NA Yes 25-848 382-848 25-275 NA NA Sexual, Planctonic
chilensis Ophiuroidea simultaneous Larvae
hermaphrodite
Ophiura lymani Echinodermata, Dahm, 1999; 31-54 This paper Antartica, Atlantic SW, Yes 23-940 346-940 130-861 23-642 448 Sexual (spawning, Planktotrophic
Ophiuroidea Haussermann and Rio la Plata, absence of annual larvae
Forsterra, 2009; Subantartic islands periodicity)
Manso, 2010 (South Georgia,
Falkland Islands)
Pagurus comptus  Arthropoda, H&aussermann and 29 - 56 This paper SW Atlantic No 0-746 400 5-30 12 - 263 6-360 Sexual 4 larva states
Decapoda Forsterra, 2009
Poraniopsis Echinodermata, Haussermann and 26 - 54 This paper S Atlantic, 5-651 (25)143 -502 5-490 5-651 66 Sexual and Planktonic
echinaster Asteroidea Forsterra, 2009 South Africa, Gough asexual larvae
Island
Psolus squamatus Echidermata, Haussermann and 31-49 This paper N, SW Atlantic 7-1087 400 7-27 27.1-256  NA Sexual Planktotrophic
Holothuroidea Forsterra, 2009 (Argentina, Falkland larvae
Islands)
Solaster regularis  Echinodermata, Haussermann and 29-55 This paper SW Atlantic (Brasil, 5-1660 370-850 21-646 9-638 1568-514 Sexual and Planktonic
Asteroidea Forsterra, 2009 Islas Malvinas, asexual larvae
Uruguay)
Stenosemus Mollusca, Héaussermann and 36 - 54 This paper Artic ocean, Yes 0-2850 467 - 934 0-225 23-732 NA Sexual (egg-laying) Lecitotrophic
exaratus Polyplacophora Forsterra, 2009; Subantartic ocean, planktonic
Schwabe and Norway, Atlantic SE larvae
Sellanes, 2010
Swiftia spp. Cnidaria, Breedy et al., 2015 30-53 Haussermann and  Worldwide NA 15-906 320-906 15-55 31-329 NA Sexual Planktonic
Octocorallia Forsterra, 2007a larvae
Tethocyathus Cnidaria, Cairns et al., 2005 36 - 49 Cairns et al., 2005  Pacific SE (Peru, NA 11-240 240 11-87 12-31 NA Sexual (probably  Probably
endesa Scleractinia Ecuador, Colombia) spawning) pelagic Larvae
Thouarella spp. Cnidaria, Taylor et al., 2013 20 - 56 T. Koellikeri and T.  Worldwide (especially Yes 18-1920 761-960 20-765 18-770 494-1920 Sexual (some Planktonic
QOctocorallia brucei: Southern Ocean) species brooding)  planula larva
T. n. sp.: Cairns and
Haussermann,
in press
Tripylaster philippi  Echinodermata, Haussermann and 35-55 This paper Atlantic SW Yes 0-1300 714-1300 30-461 9-290 30-634 Sexual Planktotrophic
Echinoidea Forsterra, 2009 (Argentina), larvae
Subantartic islands
Trophon spp. Mollusca, Haussermann and 30 - 56 This paper Atlantic SW Species-dependent 0-607 (88)280-450 5-33 6-607 2-351 Sexual (egg-laying) Planktonic
Gastropoda Forsterra, 2009 (Argentina, Falkland larvae

Islands)

For information on distribution within and outside of Chile, general bathymetric distribution, type of reproduction and larvae, data from the literature were used; information on reproduction, if not known for Chilean
species, refers to genera; for information on bathymetric distribution in Chilean regions, data from both databases were used.
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FIGURE 2 | Depth distribution of six typical deep-water emergent species with above-average number of records throughout Chile and appearance in shallow water
of North Patagonia (A-D) and Central Patagonia (E-F), sorted by appearance from north to south. A trend is visible with the upper depth distribution limit
(deep-water emergence phenomenon) rising toward the south. (A) Cosmasterias lurida (Asteroidea), (B) Gorgonocephalus chilensis (Ophiuroidea), (C) Acesta
patagonica (Bivalvia); (D) Solaster regularis (Asteroidea); (E) Ophiura lymani (Ophiuroidea); (F) Florometra magellanica (Crinoidea).
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Caryophyllia huinayensis have been collected at about 750 m
depth at 36.4°S. Desmophyllum dianthus was also collected at
35.5°S from 1100 to 1300 m, and C. huinayensis at 29.4°S from
256 to 276 m. Both species live on near vertical to overhanging
rocky walls in Chilean Patagonia, south of 41°S, with little
sediment (D. dianthus below 8 m down to 52.8°S, C. huinayensis
below 11 m depth down to 53.4°S). D. dianthus was also found on
a shipwreck at the exposed coast slightly north of the fjord region

at 40.6°S in 11 m depth. The recently described Tethocyathus
endesa was collected at 36.5°S in 240 m depth in a methane
seep area. It is described from Patagonian fjords between 42°S
and 48.4°S below 11 m depth on rocky substratum, withstands
some sedimentation and is rarely found south of 47°S (Taitao
Peninsula). All three species belong to the family Caryophylliidae.

Specimens of the gorgonian genus Swiftia were collected
between 29 and 38°S from 320 to 906 m and in NP (42-46°S)
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between 20 and 31 m. Specimens of the primnoid gorgonian
genus Thouarella were collected at 20 and 36°S from 761 and
960 m respectively, and between 41.6 and 53.4°S while diving
below 18 m. South of 50°S there are nine deep records, the
deepest at 53°S from 1666 and 1920 m. The two records south
of 53.4°S were from 269 and 1666 m. The gorgonian genus
Acanthogorgia has one record from 940 m (36.3°S) and was found
diving below 18-20 m between 45.3 and 53°S. The two records
further south (53.1 and 53.8°S) were 1920 and 269 m. The soft
coral genus Alcyonium has 14 records between 29.5 and 36.4°S
from 250 to 764 m, and was found between 41.6°S (common
south of 45.4°S) and 55°S while diving below 12 m. The record
at 56°S is from 1800 m.

Mollusca

The deep-water bivalve Acesta patagonica (described down to
820 m) was found between 31°S and 34°S from 280 to 450 m
and at 36.4°S from 751 to 763 m depth. At 38.8°S it was found
in 137 m and at 42.5°S below 88 m depth (with two records from
20 to 30 m in Comau Fjord), associated with the scleractinian
coral banks of D. dianthus. Further records lie south of 45°S with
shallow-water specimens being more common between 48 and
49°S where it was found diving below 15 m depth; we have no
records south of 53.4°S (Figure 2C).

The gastropod Fusitriton magellanicus has 12 records between
30 and 39°S where it was found from 200 to 960 m. South of
42°S in Patagonia it is found below 5 m, being more common
in shallow water south of 48°S. Capulus ungaricoides is a poorly
known species, it was found twice between 30 and 32°S at 300 and
450 m depth, at 41°S in 212 m depth, at 53°S in 522 m depth, and
at 42.5 and 49°S in 30 m depth.

The chiton Stenosemus exaratus is a deep-water inhabiting
species described down to 2580 m depth; most Chilean records
are between 36 and 52°S from approximately 700-900 m depth;
in Chilean Patagonia the species was collected at three sites in the
intertidal and shallow subtidal.

Specimens of the gastropod genus Trophon have eight records
between 30°S and 34.5°S from 280 to 450 m between (one record
at 30°S is from 88 m), and can be found south of 39.9°S (down to
55°S) within diving depths. The southernmost record at 55.8°S is
from 115 m depth.

Arthropoda
The decapod crab Pagurus comptus was collected once at 30°S at
400 m depth; it is common below 5 m depth throughout Chilean
Patagonia. The cosmopolitan deep-sea spider Colossendeis
macerrima (described from 141 to 4000 m) was collected at 26.7°S
from 1500 to 1800 m depth and at 45.9°S in 510 m depth. In
Chilean Patagonia it was found during a diving expedition at
48.5°S in 18 m depth.

Specimens of the decapod genus Lithodes have two records at
31.9°S and 36.4°S in 108 m and 769 m depth and can be found
south of 41.5°S down to 55.3°S within diving depths.

Echinodermata
The sea stars Lophaster stellans and Solaster regularis (both
Family Solasteridae) have been collected in Northern and Central

Chile between 29 and 33°S from 260 to 420 m depth and between
32 and 39°S from 376 to 850 m. Both have been collected between
39 and 42°S in the littoral zone below diving depth (L. stellans
at 39°S in 73 m and S. regularis at 42.5°S in 146 m) and appear
within diving depths south of approximately 44°S, becoming
much more abundant in shallow water between 48 and 50°S while
there is only one (L. stellans) or no record (S. regularis) south
of 53°S (Figure 2D). Labidiaster radiosus was found at 35.5°S in
1300 m depth. It is known from shallow water of Patagonia south
0f 42.6°S. Cosmasterias lurida presents 10 records between 29 and
37°S from 200 to 400 m depth. At 38.7°S it was collected in 140 m
and at 39.1°S from 36 to 90 m. Between 41°S and 55°S it is very
common, especially in fjords and inner channels from 5 m down
to 460 m depth (Figure 2A). Henricia studeri has three records
between 29 and 33°S from 256 to 450 m, it is known from shallow
water south of 41°S with the shallowest record being from 5 m
depth. Poraniopsis echinaster has 25 records between 26 and 39°S
from 200 to 450 m. It was also found four times at 29, 30, and
33°S at the lower limit of diving depth from 25 to 40 m. It is very
common in shallow water south of 41.6°S, with the shallowest
record being from 5 m depth.

The feather star Florometra magellanica has 10 records
between 19 and 37°S from 275 to 949 m depth. Between 45
and 47°S it was collected from 574 to 687 m; south of 47°S it
was found regularly within diving depths (Figure 2F). The sea
cucumber Bathyplothes moseleyi has two records at 32°S (580,
960 m). it was found at 42°S in 454 m and between 48 and 53.4°S
within diving depths. The sea cucumber Psolus squamatus was
found once at 31°S in 400 m depth and is common between 42
and 48°S within diving depths.

The brittle star Gorgonocephalus  chilensis  (Family
Gorgonocephalidae) has 25 records between 35 and 39°S from
354 to 990 m depth. Between 41.7 and 53.8°S it was regularly
seen in shallow water, being more abundant south of 48°S
(Figure 2B). Astrotoma agassizi (Family Gorgonocephalidae)
was found 30 times between 18.7 and 38.2°S from 327 to 1300 m
and six times between 42 and 43°S from 85 to 860 m. Between
41.7 and 53°S there are 12 records from diving depth, most
from 30 to 35 m, the shallowest being 20 m at 48.6°S. The
brittle stars Ophiura lymani and Ophiocten aminitum belong to
the family Ophiuridae. Ophiura lymani was collected 15 times
between 31.7 and 43°S from 212 to 940 m, O. amitinum four
times between 22.8 and 36.5°S from approximately 200-1300 m.
Both species were found regularly in shallow water between
approximately 47.8°S and 53.7/53.8°S, respectively, and were
not found in shallow water south of 54°S; O. lymani being
more common (25 records versus 11 records) (Figure 2E).
Ophiomitrella chilensis has four records between 33°S and 39°S
from 344 m to 843 m and was collected at 41°S in 100 m and at
42°S between 25 and 70 m.

The sea urchins Arbacia dufresnei has eleven records between
28.4 and 38.9°S from 223 to 1300 m and two recent records at
30°S from 55 and 60 m. In Chilean Patagonia south of 40.6°S it
is very common from the intertidal to diving depths. Tripylaster
philippi was found four times between 35.5 and 37.8°S from 714
to 1300 m, between 41.7 and 42.1°S from 230 to 460 m, and eight
times between 42.3 and 54.9°S within diving depths.
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Deep-Water Emergence Patterns
Throughout Chilean Patagonia

Seven of the 34 deep-water species/genera from Northern and
Central Chile appear at diving depth between 39.9°S (Valdivia)
and 41.5°S (the northern end of the fjord region), further 16
species/genera appear between 41.6 and 43°S (the region around
Chiloé Island, corresponding to the northern section of NP), six
between 43 and 47°S (the Guaitecas and Chonos Archipelago,
corresponding to the southern section of NP), and five between
47°S and 49°S (CP) (Table 2 and Figure 2). This pattern results
in 28 deep-water emergent species being present in NP (12
Echinodermata, nine Cnidaria, five Mollusca, two Arthropoda),
32 in CP (15 Echinodermata, nine Cnidaria, five Mollusca, three
Arthropoda) and 12 in SP (five Echinodermata, three Cnidaria,
two Gastropoda, two Arthropoda). Although also recorded in
NP, the species Lophaster stellans, Labidiaster radiosus, Solaster
regularis (all Echinodermata), and Dactylanthus antarcticus and
the genera Thouarella and Acanthogorgia (all Cnidaria) were
found only rarely in NP but were common in CP. This results in
22 common deep-water emergent species/genera in diving depth
in NP; 32 in CP and 12 in SP (Table 2).

Twenty-eight of the 34 deep-water emergent species/genera
have been registered from fjords, 34 from channels and only 11
from the exposed coast: one specimen of the coral Desmophyllum
dianthus, however, was registered once at the exposed coast at
40°S (Table 2).

Single specimens of the species Acesta patagonica and
Tripylaster philippi were found in Comau Fjord, a comparably
well-studied fjord in NP, while specimens were only recorded
more frequently south of 46 — 47°S. The species (Ophiomitrella
chilensis), which was recorded in shallow water of NP, but not in
CP, has only nine records in Patagonia. Colossendeis macerrina
(Arthropoda) was only recorded once with diving depths in CP
(Forsterra et al., 2013). For one species (Porianopsis echinaster)
around 29/30°S and 33°S four shallow-water records (25-40 m)
were found during the last years, however most records are
from sites deeper than 293 m. Two shallow-water records from
Arbacia dufresnei (55 and 60 m) come from 29.8 and 30°S;
all other northern records are from depth greater than 223 m.
North of Chilean Patagonia, the genus Trophon has one record
at 88 m (30°S), all other records lie between 280 and 450 m. The
three stony coral species Desmopyhllum dianthus, Caryophyllia
huinayensis, and Tethocyathus endesa, described for Chilean
Patagonia, are much more common in NP than in CP. In NP they
form dense banks in the fjords of the Los Lagos Region (Forsterra
and Héaussermann, 2003) and a patch in the Pitipalena Fjord. The
genus Swiftia was only found within diving depths in NP.

Deep-Water Emergent Species in Other

Areas

Twenty-eight deep-water emergent species have been described
from other fjord regions, from near-shore marine caves and
turbid waters (Table 3): in New Zealand fjords, the black
coral Antipathes fiordensis was found at depths as shallow
as 5 m (Grange, 1985), the hydrocoral Errina novezelandiae
below 15 m (Grange et al, 1981), and some deep-water fish

species (Perciformes, Scorpaeniformes) below 6-15 m (Roberts,
2001; Wing and Jack, 2013). On the western Canadian shelf,
the hexactinellid sponge Aphrocallistes vastus can be found
as shallow as 10 m depth (Leys et al., 2004; Austin et al,
2007), in Alaska the hexactinellid sponge Heterchone calyx below
22 m. In south-eastern Alaskan fjords, the octocoral Primnoa
pacifica occurs as shallow as 25 m (Stone et al., 2005), and
two Sebastes (Scorpaeniformes) species were described below
6 and 20 m, respectively (Stone and Mondragon, 2018). In
Norwegian fjords, the stony coral Lophelia pertusa inhabits the
sill inside Trondheimsfjorden below 39 m (Mortensen and Fossa,
2006), and two Alcyonacea can be found as shallow as 25-32 m
(Stromgren, 1970, 1971). Examples of DWE are described from
nearshore marine caves in the Mediterranean and Atlantic (e.g.,
Grigg, 1965; Stock and Vermeulen, 1982) and from the turbid
waters between Trinidad and Venezuela (Warner, 1981).

Environmental Factors From the
Literature Suggested to Explain

Deep-Water Emergence
A variety of mainly physical factors have been proposed in the
literature to explain the phenomenon of DWE into shallower
waters, such as low light levels, and low temperature (Table 4).
Although not discussed inter-regionally, several hypotheses
of DWE were mentioned independently in the literature for the
different regions. The factors or combinations of factors used to
explain this phenomenon differ between regions (Table 4). The
factor “low light levels” was mentioned in eight publications for
all regions, followed by “low temperature” which was mentioned
in five publications for all regions except New Zealand. Factors
such as “less wave action” were mentioned in three publications
for three regions. The following factors were only mentioned
for two regions each: “less interspecific competition” (Alaska,
New Zealand), “stenohaline conditions” (Alaska, Norway),
“low sedimentation rates” (British Columbia, New Zealand),
“upwelling of cold deep water” (New Zealand, Sweden) and
“narrow continental shelf” (Alaska, Sweden). Other factors were
mentioned for one region only: “low nutrient levels” (caves),
“high levels of dissolved silica (important for Hexactinellidae)”
(British Columbia), “tidewater glaciers (resulting in deep-sea like
conditions)” (Alaska) and “fjord bathymetry (e.g., sills, resulting
in deep-sea like conditions” (Alaska).

Environmental Variables Along the
Chilean Coast

Our analysis, based on the best available information, indicates
that marine invertebrates inhabiting the Chilean coast have
a wide bathymetric distribution, but exhibit marked depth
preferences or depth distribution limits that differ across
latitudes. Most of the listed species occurred only at deep-sea
depths north of 39°S but extended into shallower water south
of 39°S (Figure 3). In the same way, all studied genera show the
same significant pattern (P < 0.001, Table 5 and Supplementary
Table 2) of deeper distribution at northern locations, mostly
down to 500 m depth, and reaching significantly shallower at
southern locations. Most of the genera in the data set did not
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TABLE 2 | Deep-water emergent species within diving depths in Chilean Patagonia (nl, northern limit; sl, southern limit), sorted by appearance from north to south, including summary of their presence in North
Patagonia (NP), Central Patagonia (CP), and South Patagonia (SP), and in fiords, channels and at the exposed coast.

Species Name Distribution in Chile (°S) Diving depth: nl Diving depth: sl NP CP SP fjords channels exp. coast Comment

Trophon spp. 30-55.8 39.9 54.9 1 1 1 2-3 2-3 2-3

Poraniopsis echinaster 26.1-54.9 40 (29.3; 30.1; 33.2) 53.4 1 1 0 2 2 1

Arbacia dufresnii 28.4-56.2 40.6 56.2 1 1 1 3 3 2

Cosmasterias lurida 30-55.2 40.6 55.2 1 1 1 3 2-3 1

Desmophyllum dianthus 35.5-56.5 40.6 52.8 1 1 0 4 (NP) 1 (loc. 2) o) only present at sediment-protected sites
Pagurus comptus 30-55.9 40.6 55.8 1 1 1 2 2 1

Lithodes spp. 31.9-565.3 415 55.3 1 1 1 2-3 2-3 1

Actinostola intermedia 30-55 41.6 55 1 1 1 2 2 0 supports little sedimentation
Alcyonium spp. 29.5-56.3 41.6 55 1 1 1 2 0-2 0

Caryophyllia huinayensis 36.4-53.8 41.6 53.8 1 1 0 2 (NP) 1 0 only present at sediment-protected sites
Hormathia pectinata 30-53 41.6 51 1 1 0 1 1 0 supports some sedimentation
Thouarella spp. 20.2-56.1 41.6 53.4 1 1C 0 1-2 2-3,4 (esp. CP) 0 supports little sedimentation
Fusitriton magellanicus 30-55.9 a41.7 55.9 1 1C 1 2 2 2

Gorgonocephalus chilensis 30-55.5 41.8 53.9 1 1 0 1 1-2 0 on elevated spots of epizoic
Lophaster stellans 30-55.7 41.8 53.7 1 1C 0 1 2 1

Ophiomitrella chilensis 33.4-42.4 41.8 41.8 1 0 0 0 1 0

Swiftia spp. 30-52.9 42.2 46.3 1 0 0 1 1 0 supports little sedimentation
Tethocyathus endesa 36.5-48.5 42.2 48.5 1 1 0 2 (NP) 1 0 tolerates some sedimentation
Capulus ungaricoides 30.4-53.7 42.4 49 1 1 0 0 1 0

Henricia studeri 30-53.8 42.4 49 1 1 0 2 2 1-2

Psolus squamatus 31.9-49.4 42.4 481 1 1 0 2,loc 3 2 0

Labidiaster radiosus 35.5-55 42.6 55 1 1C 1 0 Loc. 2 Loc. 2

Stenosemus exaratus 36-53.8 43 53.8 1 1 0 1 1 0

Solaster regularis 30-54.9 43.8 53.9 1 1C 0 1 2 0

Astrotoma agassizi 18.7-56.7 44.0 (41.6) 50.5 1 1C 0 0 1 0 on gorgonians

Dactylanthus antarticus 36.3-55.1 45 55 1 1C 1 o(1) Loc. 2 0 on gorgonians
Acanthogorgia spp. 36.3-53.8 45.3 53.8 1 1C 0 1-2 (CP) 2-3 (CP) 0 tolerates some sedimentation
Acesta patagonica 30-53.3 45.9 (42.3) 53.3 1 1C 0 2 1 0

Tripylaster philippi 35.5-55.8 46.7 (42.3) 54.9 0 1C 1 1 1 0 buried

Ophiura lymani 31.6-54.1 47.8 53.9 0 1C 0 1 1 0

Florometra magellanica 19.1-55.1 47.8 55 0 1C 1 1 1-2 0 on gorgonians

Ophioctena mitinum 22.8-56.7 48.2 53.7 0 1C 0 1 1 0

Bathyplothes moseleyi 32.2-53.6 48.4 53.4 0 1C 0 1 1 0

Colossendeis macerrima 26.7-51.2 48.5 48.5 0 1 0 0 1 0

Summary 28 32 1 28 34 11

C: common; 1: present; 0: absent. Latitude(s) in parenthesis are sites where single specimen was found within diving depths outside of usual range.
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TABLE 3 | List of deep-water emergent species from other parts of the world:
of reproduction and larvae.

geographic and bathymetric distribution, main citation and first citation of deep-water emergence (DWE), typical deep-water species, type

Species Phylum DWE Region Main citation First mention of Distribution typical deep-water Type of reproduction Type of larvae
DWE genus Bathymetric
distribution (m)
Gesiella jameensis ~ Annelida, Phyllodocida  Cave (Lanzarote, —Hartmann-Schroder, liiffe et al., 1984 Lanzarote, Atlantic Only in shallow, but endemic to Broadcast spawning Pelagic larvae
Canary Islands) 1974 Ocean close affinities to deep shallow marine
sea organisms cave
Spelaeonicippe Arthropoda, Cave Andres, 1975 Stock and Vermeulen,  Lanzarote, Atlantic yes sublittoral/bathyal Brooding No larval stage
buchi Amphipoda 1982 Ocean
Spelaeonicippe Arthropoda, Cave van der Ham, 2002 Stock and Vermeulen,  Caicos Islands, Atlantic yes sublittoral/bathyal Brooding No larval stage
provo Amphipoda 1982 Ocean
Munidopsis Arthropoda, Decapoda Cave Wilkens et al., 1990 Stock and Vermeulen,  Lanzarote, Atlantic Only in shallow, but endemic to Brooding Pelagic larvae
polymorpha 1982 Ocean close affinities to deep shallow marine
sea organisms cave
Lepidoperca Chordata, Perciformes New Zealand Roberts, 1989 Roberts, 2001 New Zealand, yes 6-400 m Batch spawning Pelagic larvae
tasmanica Southwest Pacific
Parapercis gilliesi Chordata, Perciformes New Zealand Paulin et al., 1989 Wing and Jack, 2013 New Zealand, yes < 15-350m Broadcast spawning Pelagic larvae
Southwest Pacific
Pseudolabrus Chordata, Perciformes New Zealand Russell, 1988 Wing and Jack, 2013 New Zealand, Only in shallow, but shallow water Broadcast spawning Pelagic larvae
miles Southwest Pacific close affinities to
(endemic) deeper living species
Helicolenus Chordata, New Zealand Paulin, 1989 Wing and Jack, 2013 New Zealand, Yes <16-7560 m Broadcast spawning Pelagic larvae
percoides Scorpaeniformes Southwest Pacific
Sebastes Chordata, Alaska Orr and Hawkins, 2008  Stone and Mondragon,  Pacific Ocean Yes 20-1000 m Broadcast spawning Pelagic larvae
melanostictus Scorpaeniformes 2018
Sebastes variabilis  Chordata, Alaska Orr and Blackburn, Stone and Mondragon, — North Pacific Yes 6-675m Broadcast spawning Pelagic larvae
Scorpaeniformes 2004 2018
Antipathes Cnidaria, Antipatharia Trinidad Warner, 1981 Warner, 1981 Western Central No 15-152 m Broadcast spawning or Pelagic larvae
atlantica Atlantic pseudo-brooding
Antipathes Cnidaria, Antipatharia Trinidad Warner, 1981 Warner, 1981 Western Central No <30-500 m Broadcast spawning or Pelagic larvae
barbadensis Atlantic Pseudo-brooding
Antipathes Cnidaria, New Zealand Grange, 1990 Grange, 1985 New Zealand, No 5-100 m Broadcast spawning or Pelagic larvae (negatively
fiordensis Antipatharia Southwest Pacific Pseudo-brooding buoyant and weak
swimmers)
Antipathes furcata  Cnidaria, Antipatharia Trinidad Opresko et al., 2016 Warner, 1981 Western Central Yes 15-340 m Broadcast spawning or Pelagic larvae
Atlantic pseudo-brooding
Antipathes gracilis  Cnidaria, Antipatharia Trinidad Opresko and Sanchez, Warner, 1981 North Atlantic & No 20-100 m Broadcast spawning or Pelagic larvae
2005 New Zealand, Pacific pseudo-brooding
Ocean
Antipathes Cnidaria, Antipatharia Cave Wagner et al., 2010 Grigg, 1965 New Zealand, Pacific No 30-120m Broadcast spawning or Pelagic larvae
grandis Ocean pseudo-brooding
Antipathes Cnidaria, Antipatharia Trinidad Opresko, 2001 Warner, 1981 Western Central No 20-330m Broadcast spawning or Pelagic larvae
pennacea Atlantic pseudo-brooding
Antipathes Cnidaria, Antipatharia Trinidad Warner, 1981 Warner, 1981 Western Central No 16-350 m Broadcast spawning or Pelagic larvae
thamnea Atlantic pseudo-Brooding
Stichopathes Chnidaria, Antipatharia Trinidad Opresko et al., 2016 Warner, 1981 Western Central No 20-70? m Broadcast spawning or Pelagic larvae
luetkeni Atlantic pseudo-brooding
Paramuricea Cnidaria, Alcyonacea Norway Simpson et al., 2005 Strémgren, 1971 Atlantic and Yes 25-1600 m Broadcast spawning Pelagic larvae
placomus Mediterranean
Primnoa pacifica Cnidaria, Alcyonacea Alaska Choy et al., 2020 Stone et al., 2005 Pacific Ocean Yes <25-900 m Broadcast spawning Pelagic larvae
(maybe external brooding?)
Primnoa Cnidaria, Alcyonacea Norway Roberts et al., 2009 Strémgren, 1970 Atlantic and Yes 32-1000 m Broadcast spawning Pelagic larvae
resedaeformis Mediterranean
(Continued)
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Sceptrulophora

Porifera,

vastus

Pelagic larvae

Stone and Mondragon,  Northern Pacific Ocean No 22-240m Brooding

Leys et al., 2007

Alaska

Heterchone calyx

2018
Bakran-Petricioli et al.,

Sceptrulophora

Pelagic larvae

Brooding

18-2912m

Yes

Mediterranean Sea

Boury-Esnault and
Vacelet, 1994

Porifera, Lyssacinosida Cave

Oopsacas minuta

2015

?, doubtful because of poor data.

reveal significant positive or negative coeflicients related to depth
occurrences (Supplementary Table 2). Only 9 of 33 genera
(27%) showed positive associations with depth at northern sites.
Similarly, 11 of 33 genera (33%) showed negative coefficients
related to depth at southern localities (Supplementary Table 2).

Using the entire data set, the GLM revealed significant
differences in species presence/absence (P < 0.001) related
to depth, temperature, primary production, silica, salinity and
oxygen but with a low deviance (<12%, Tables 6, 7 and
Supplementary Figure 2), and temperature was considered the
most important variable for this model. The GLM that only
used records up to 50 m depth followed a similar pattern,
revealing significant differences in species presence/absence
related to depth, primary production (Supplementary Figure 3),
temperature (Supplementary Figure 4), salinity (Supplementary
Figure 5), oxygen (Supplementary Figure 6), and velocity,
with low deviance explained (<11%, Table 7), and temperature
was the most important variable (Table 6). In both GLMs,
temperature is inversely related to presence probability, in other
words, presence probability is high at lower temperatures, and
declines when temperatures increases. The GLM with records
deeper than 200 m depth revealed a significant effect of depth,
silica (Supplementary Figure 7), salinity, oxygen and clorophyll-
a on the presence/absence of species, with an explained deviance
close to 25% (Table 7). In this case, oxygen is considered to be
the most important variable and is inversely related to presence
probability (Table 6).

DISCUSSION

Analysis of Environmental Factors Along
the Chilean Coast

In general, the statistical analyses searching for correlations
between species distribution and seven environmental
parameters (Supplementary Figure 8) suggest that several
of these factors (primary production, salinity, oxygen and
temperature, see Table 6 and Supplementary Figures 3-7,
8A,B,D,E) were significantly associated to the bathymetric
distribution of the studied taxa of benthic invertebrates, but
temperature was the most important environmental driver
(Supplementary Figure 8D). In the intertidal areas of northern
and central Chile species composition, abundance and diversity
are influenced by temperature and salinity (Broitman et al.,
2001, 2011; Rivadeneira et al., 2002; Ibadnez et al., 2019). This
study shows the same pattern at deep-sea communities (below
the OMZ), where bottom temperature and salinity have a
strong influence on bathymetric distribution. The sea surface
temperature is the most conspicuous gradient along the Chilean
coast ranging from 19.5 to 6.9°C, however bottom temperature
in the top 100 m is similar at northern and southern localities
(mean 10.5 and 9.7°C, respectively); a similar pattern is observed
at 500 m depth (mean 4.1 and 3.8°C, respectively). Salinity shows
little variation at latitudinal and bathymetric scales along the
exposed coast but may have strong gradients within the fjords
and channels where a Low Salinity Layer (LSL) and further
haloclines may be present with surface salinities below 10 psu
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TABLE 4 | Literature overview on deep-water emergence theories from different regions: North America (Alaska and British Columbia), Chilean Patagonia, New Zealand, Scandinavia (Norway, Sweden), caves and

turbid waters (Trinidad).

DWE factor Low Less Less Low Low Stenohaline Low Upwelling Narrow High Tidewater Fjord Positive
Region light interspecific wave nutrient temperature conditions sedimentation of cold continental levels glaciers bathymetry  correlation
levels competition action levels rates deep shelf of dissolved (resulting (e.g., sills) with
water silica in deep- (resulting precipitation
(important sea like in deep-sea  and negative
for conditions) like correlation
Hexactinellida) conditions) with
abundance
of macroalgae
Alaska Stone et al., Stoneetal., Stone et al., Stone et al., Weingartner Stone and Stone and
2005 2005 2005 2005 et al., 2009; Mondragon, Mondragon,
Waller et al., 2018 2018
2011
British Columbia Leys et al., Leysetal., Leys et al., 2004 Leys et al., 2004
2004 2004
Chilean Not always Does not Wave action No Certain Not present Does not Does not Does not Present in Not present Not present This paper
Patagonia present apply generally correlation large in all apply in apply in apply fiords in most in many (see section
where plays no and if, scale areas some areas most areas but no areas with areas with “Discussion”)
DWE role in rather a correlation with DWE with DWE with DWE direct DWE species  DWE species
occurs. depths of negative one Vvisible, species species, very species importance
DWE., but with species- for DWE
Certain many smaller dependent species,
positive scale possibly
correlation exceptions indirect
cannot be through
negated but food chain
with many
exceptions.
New Zealand Grange Grange and Grange and Grange and Cairns, 1995
etal., 1981; Singleton, 1988 Singleton, Singleton, 1988
Grange and 1988
Singleton,
1988
Norway Rogers, Rogers, Rogers, 1999; Mortensen
1999; 1999; Mortensen et al., 2001
Mortensen Mortensen etal., 2001
etal., 2001 etal., 2001
Sweden Wisshak Wisshak et al.,
etal., 2005 2005
Caves liiffe et al., liiffe et al., liiffe et al., liiffe et al.,
1984 1984 1984 1984
Turbid water Warner, Warner, 1981
(Trinidad) 1981
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FIGURE 3 | Average depth of analyzed species and genera north (“North” corresponding to 18-40°S) and south of 40°S (“South,” corresponding to 40-56°S). A:
genera with significant positive coefficient for depth in “North”; B: genera with significant negative coefficient for depth in “South”; AB: genera with pattern A and B.

(see Haussermann and Forsterra, 2009). The OMZ has a powerful
effect on the bathymetric distribution of benthic communities
along the Chilean coast (Thiel et al., 2007). In the southern fjords
and channels the high oxygen concentration in shallow water

TABLE 5 | Two-way ANOVA results for comparison of mean bathymetric
distribution by genus and biogeographic regions.

df SS Mean F P
Genus 33 24337985 737515 36.151 <0.001
Site 1 33488804 33488804 1641.551 <0.001
Genus:site 33 5745539 174107 8.534 <0.001
Residuals 3261 66526728 20401

df, degree of freedom; SS, sum of squares, F, F statistics; P, p-value.

TABLE 6 | Coefficients and most important variable for the best GLM of each data
(all data; <50 m; >200 m).

All data <50 m >200 m
Coefficients

a 28.794 28.072 739.606
Depth 0.002* -0.012* 0.004*
Oxygen —0.003" —0.007* -0.039*
Salinity —0.788* —0.703" —21.387*
Silica —0.008" -0.012* 0.025*
Temperature -0.263* -0.337* -
Primary production -37.774* —32.09* -
Velocity - —-5.318* -
Chlorophyll-a - - 29.877*

o represents the intercept of the pendent when dependent variables values = O, the
coefficient values in all variables represent the pendent (B). Significative coefficients
are noted with asterisk (*), and the most important variable for each GLM is
shown in bold letters. Variables not included in the best model are represented
with a hyphen (-).

promotes the occurrence of deep-water species, living below the
OMZ at northern localities (>200 m). Nevertheless, the results
of the analyses do not allow us to conclude if the parameters
that show significant correlations with distribution represent
minimum or sufficient conditions for triggering DWE, and the
negative correlation of oxygen levels with presence probability
seems counter-intuitive (Supplementary Figure 2). It is possible
that at least some of the detected correlations are indirect effects
of other parameters we have not looked at so far.

Environmental Factors Explaining
Deep-Water Emergence and Their

Potential to Explain This Phenomenon in
Chile

Most species mentioned in the literature for DWE and 18 of the
genera mentioned in this article for Chile belong to typical deep-
water genera (Table 1) and are only at some special locations
found in shallow water. Therefore at least for most, if not all of

TABLE 7 | Deviance and degree of freedom for the best GLM for each data (all
data; <50 m; >200 m).

All Data <50m > 200 m
Residual deviance 13897 8863 1204
Null deviance 15150 7952 900.4
df Total 13897 9267 937
Residual df 13891 9260 932
BIC 13412.86 8024.93 937.65

df, degree of freedom; BIC, Bayesian Information Criterium.
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the analyzed species, we are observing DWE and not shallow-
water submergence.

Light Levels

Low light level is the most frequently mentioned factor
hypothesized to trigger DWE (Table 4). In some regions of
DWE, these low light levels are caused by cave habitats (e.g.,
in the Mediterranean), light absorbing tannin-stained surface
water (e.g., in New Zealand) and/or high particle load in the
upper column either from glaciers, rivers or other sources.
Looking at light attenuation (Supplementary Figure 9), areas
with lower water clarity coincide with areas with strong DWE
(inner fjords and channels); see also turbid estuarine plume in
Aysén Fjord (Figure 3 in Caceres, 2004). But values fluctuate
strongly within the fjords and channels of Patagonia. Due to the
extremely high precipitation in the Chilean fjord region (more
than 5000 mm between 42 and 51°S, see Alvarez-Garreton et al.,
2019, and even to 6700 mm, see Hiussermann and Forsterra,
2009), tannin-stained run-off in most fjords is so diluted that the
light-absorbing effect of the surface layer is negligible and average
visibility within the Chilean fjords and channels is generally even
higher than along large sections of the exposed coast. The highest
values of light-absorbing turbidity are often measured in summer
when radiation is at maximum and lowest in winter when cloud
coverage and low sun angles reduce radiation. This has a leveling
effect throughout the year and reduces longer phases of low
light conditions at the surface. In some Chilean fjords on the
other hand (e.g., Tempano Fjord; 48°43'07"'S; 74°14'19.3"W)
with extremely turbid glacial run-off or tannin-stained surface
layer (e.g., Seno Farquhar; 48°29'18.7"'S; 74°12/25.7”"W), the
low-salinity surface layer blocks most of the light causing
night-like conditions below. Nevertheless, the number of deep-
water emergent species in these fjords are not higher than in
neighboring fjords with clear water and high light levels (e.g.,
Paso Schlucht; 48°8'3.84"'S; 74°47'25.44"'S) where deep-water
gorgonians can even be seen through the surface.

Kregting and Gibbs (2006) showed that salinity rather than
light levels controlled the upper limit of black corals in Doubtful
Sound, New Zealand and proved a hypothesis wrong that was
used for decades to explain DWE in NZ fjords.

Thus any correlation between light levels and DWE is either
a coincidence, or low light is a factor that could be enhancing
conditions for DWE but is not enough to trigger DWE.

Wave Action

The wave energy (Supplementary Figure 10) to a large extent
has a negative correlation with DWE and suggests a connection.
While wave energy decreased from the exposed coast and islands
in the west toward the protected channels and fjords in the
east, the number of deep-water emergent species is higher in
the protected areas (e.g., none of the listed anthozoans were
recorded in shallow water of the exposed Patagonian coast). The
current velocity data (Supplementary Figure 8G) decreases from
northern and central Chile toward Patagonia, but the resolution
is not high enough to see differences between areas within
Patagonia. Although most fjord shores are indeed protected from
open ocean waves, there are many examples of areas with several

deep-water emerging species present despite their exposure to
waves and surge (e.g., Isla Millar at the entrance to Penas Gulf
47°58'45.4"'S, 74°40'47.0"W). In fact, in most fjord regions,
some fjords and channels can be found that act as funnels for
wave action from the ocean with a pronounced discharge of
wave energy at their entrance, but which still exhibit DWE.
Since a hypothesized connection fails to explain the exceptions,
again, low wave energy may create favorable but alone does
not provide sufficient conditions for DWE. Most DWE takes
place in depths where wave energy is negligible anyway. Only
in special locations (e.g., in caves) where deep-water emergent
species reach into extremely shallow depths, the absence of wave
energy may play a role.

Low Nutrient Levels

For DWE in Mediterranean caves, Iliffe et al. (1984) proposed
low nutrient levels to be the cause. While this factor may be
valid for the studied caves, there are many examples of high-
nutrient habitats that show strong DWE. In fact, fjord water due
to strong terrestrial runoff is generally rich in nutrients and thus
highly productive (Iriarte et al., 2014). For the Comau fjord in
Chilean Patagonia, high nutrient levels have been hypothesized
to be the main reason why the deep-water emergent coral
species Desmophyllum dianthus can thrive in shallow water with
Aragonite-corrosive pH levels as low as 7.4 (Hofer et al., 2018;
Martinez-Dios et al., 2020). Interestingly, based on data from
BioOracle, chlorophyll-a (Supplementary Figures 3, 8F) show
the highest levels for the inner fjords and channels while primary
production (Supplementary Figure 8E) shows a different, more
patchy, and seemingly more erratic pattern. The maps reveal
strong fluctuations in both parameters, which makes it hard to
hypothesize any correlation with DWE.

Low Temperature

Since DWE is also called high-latitude emergence, the
phenomenon is often correlated with comparably low average
water temperatures. Nevertheless, DWE can also be found in
regions that do not have low temperatures at all. In the Caribbean
Sea between Trinidad and Venezuela, several examples of DWE
are described (Tables 3, 4) while the average temperature in
shallow water is significantly above deep-sea values. The same
is valid for Mediterranean caves. Average water temperature in
Comau fjord (42°30'S) in southern Chile, in depths where 14
deep-water emergent species can be found, varies throughout
the year between 8 and 12°C (Hiussermann and Forsterra,
2009), which is not colder than average water temperatures from
the exposed coast at the same latitude where less deep-water
emerging species were observed (e.g., only the sea urchin
Arbacia dufresnei down to 15 m at Punihuil, 41°55.743'S;
74°02.202'W and a total of eight species at the three sites down
to 30 m around Guafo Island, 43°36.269'S; 74°42.911'W: the
echinoderms A. dufresnei, Cosmasterias lurida, Poraniopsis
echinaster, Labidiaster radiosus, Henricia sp., the gastropod
Fusitriton magellanicus and the decapods Pagurus comptus
and Lithodes santolla). These temperatures are significantly
higher than those from the deep-sea environments where
these species are normally found (Supplementary Figure 8D).
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The temperature data (Supplementary Figures 4, 8D) reveal
that along the Chilean coast shallow-water temperature is
gradually and significantly decreasing from north to south,
with shallow-water temperatures approaching deep-water
values from northern latitudes at the southern tip of South
America. The statistical analyses (Tables 6, 7) suggest a negative
correlation of the occurrence of the selected species with
temperature (Supplementary Figure 2). But the number of
deep-water emergent species is highest in CP, followed by
NP while fewer species were recorded in SP (Table 2). The
temperature hypothesis fails to explain this pattern, which again
suggests that low temperatures may be an enhancing factor
or even a necessary requirement for DWE, but alone are not
sufficient to trigger DWE.

Low Sedimentation Rates

Low sedimentation rates have been proposed to allow for DWE
in British Columbia by Leys et al. (2004) and in New Zealand
fjords by Grange and Singleton (1988). While this may be the case
for the studied areas, in other regions, DWE was explained by
light absorption from highly turbid water off Trinidad (Table 4)
with a consequently high sedimentation load. Furthermore,
even in extremely high sediment-loaded glacial fiords of Alaska
(Stone and Mondragon, 2018) and Chilean Patagonia (own
data, e.g., Tempano Fjord) DWE was observed. Nevertheless,
sedimentation indeed may be a stressor for passive suspension
feeders (e.g., the listed anthozoans), which are absent from highly
sediment-laden places. In Tempano Fjord, however, the bivalve
Acesta patagonica was recorded at a slightly overhanging wall at
the unusual shallow depth of 15 m.

Upwelling of Cold Deep Water and Narrow
Continental Shelf

Cairns (1995) proposed the upwelling of colder deep-water was
triggering DWE in New Zealand Fjords. The same was suggested
by Wisshak et al. (2005) for DWE oft the Swedish coast. While
temperature alone has already been shown to be an insufficient
factor for causing DWE, the upwelling of deep-water could in
fact transport larvae from deeper habitats into shallower zones.
Most fjords show internal circulations that are driven by an
outflow of low-saline surface water and a density-driven inflow of
deep salty water (Stigebrandt, 2012). Nevertheless, for significant
larvae transport into shallow water, the deep water must come
directly from deep-water supply site populations. Within the
Chilean fjord region, there are many examples of fjords where
extended and comparably shallow bays and gulfs lie between the
deeper ocean and the fjords (Supplementary Figure 1). Actually,
within the Chilean fjord region the only location with a narrow
shelf is off Peninsula Taitao (~47°S), where relatively few deep-
water emerging species were present (Supplementary Figure 1
and Table 3). It is highly unlikely that the larvae transport from
the deep-sea into the shallow water of these fjords is stronger
than at upwelling zones along the exposed Chilean coast where
no or less DWE is observed. In addition, the hypothesis suggests
that the shallow-water populations are sinks that depend on the
constant supply of larvae from the deep. However, several studies
show reproductive success of the deep-water emergent species

in the shallow habitats (Rossin et al., 2017; Feehan et al., 2019),
which suggests that these populations can sustain themselves.
Stone etal. (2005) suggest that the deep-water emergent tree coral
population in Alaskan fjords is a disjunct population with little
connection to tree coral populations outside the fjords.

High Levels of Silica

The highest abundance of glass sponges in British Columbia
was correlated with fjords that exhibited high dissolved silicate,
low light, temperatures between 9 and 10°C and low suspended
sediments (Leys et al., 2004). While high levels of silica are
in fact typical for fjord water (Silva, 2008), especially in areas
with high glacial freshwater run off (Cuevas et al., 2019), and
may be beneficial or even indispensable for glass sponges,
silica is of minor to no importance for other deep-water
emerging species. Silica concentration on the other hand affects
phytoplankton communities and thus may have an effect on
the food web (Cuevas et al., 2019) and consequently also
on benthic species composition. However, the maps of silica
concentrations within the fjord region based on BioOracle data
do not coincide with the pattern of DWE (Supplementary
Figures 7, 8C), which is probably due to a lack of spatial
resolution of the data.

Tidewater Glaciers

Stone and Mondragon (2018) proposed tidewater glaciers and
typical fjord bathymetry (e.g., sills) to be triggers for DWE of
tree corals in Alaskan fjords. Many fjords in Chilean Patagonia
have no sill, or at least no pronounced sill (Pickard and Stanton,
1980). In addition, due to the large inland icefields located in CP,
the fjords of CP, and only some fjords of SP, possess glaciers at
their heads, while there are no glaciers reaching the ocean in NP
(Haussermann and Forsterra, 2009). However, DWE in Patagonia
is also present in channels. Again, these factors coincide with
DWE in many fjords but not in all fjords and fail to explain DWE
outside of fjords.

Less Interspecific Competition

Grange and Singleton (1988) and Stone et al. (2005) proposed
low interspecific competition for promoting DWE in Alaskan
and New Zealand fjords, respectively. In Chilean fjords, average
benthic coverage and species diversity are higher than at the
exposed coast north of Patagonia (Fernandez et al, 2000;
Hiussermann and Forsterra, 2009). In fact, the additional
presence of deep-water emerging species is one factor to explain
the extremely high benthic diversity in Chilean fjords. Here,
the deep-water emerging species live intermingled with typical
shallow-water species and form part in different stages of
succession after disturbance (own data).

Special Salinity Conditions

Stable salinity in zones with DWE was proposed to mimic deep-
water conditions and thus create a suitable habitat for deep-water
emergent species (Table 4). While salinity levels are a key factor
for marine species distribution (Broitman et al., 2001), places
with stable salinity are much more frequent than places with
DWE. At the same time, Kregting and Gibbs (2006) could show
that the deep-water emergent black corals in Doubtful Sound,
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FIGURE 4 | Mean annual precipitation of Chilean Patagonia 1980-2015, R. Garreaud (personal communication), see Alvarez-Garreton et al. (2019).

New Zealand, withstand drops in salinity down to 20 psu when
the exposure to low salinity is restricted to less than 6 h (a medium
diurnal tide cycle) and when they are followed by salinities above
32 psu. Chilean fjords generally possess a superficial LSL with
salinities down to approximately 2-10 psu and a thickness of
up to 10 m (Héaussermann and Forsterra, 2009). But even below
this LSL, fluctuations in salinity are present and stronger than
in most marine regions without DWE: at three sites in Comau
and Renihué Fjords (NP) at depth where Desmophyllum dianthus
was habitat-forming, monthly average salinities varied between
25 and 31.5 psu during a 13 months cycle, and spikes at the site
Morro Gonzalo in Refnihué Fjord (42°32/46’S; 72°37'7""W) at
27 m even reached 10 psu (Feehan et al., 2019). So stable salinity
alone, although a possibly enhancing factor, cannot explain the
occurrence of DWE.

In Chilean Patagonia, the deepest reach of the LSL sharply
marks the highest extension of many deep-water emerging
species [the sea star Cosmasterias lurida (Figure 2A) regularly
migrates close to the surface in fjords but was regularly found

dead in large numbers after strong rainfall events when the LSL
grows faster than the star fish can retreat into safe higher saline
depths]. However, data from the superficial LSLs are not present
in the BioOracle database and thus not available for statistical
analyses and thus the magnitude of the LSL is not revealed by
the salinity data (Supplementary Figures 5, 7B). In addition,
this LSL is very dynamic and is varying on several time scales
since its depth, horizontal extension, and time of persistence
depend on precipitation, glacial run-off, currents and mixing
events. Hence, low salinity may explain the upper limitation for
DWE in some areas. On the other hand, the magnitude of DWE
along the Chilean fjord region with high numbers of species in
NP and CP shows a positive correlation with precipitation which
peaks between 42 and 51°S (Figure 4 and Table 2). The latter
determines the magnitude of the LSL. In addition, most deep-
water emergent species are found in channels (34) followed by
fjords (28), with least species at the exposed coast (11) (Table 2),
where salinity is highest. Since DWE takes place below the LSL,
the positive effect of low a LSL on DWE, if present, must be
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indirect. One effect of a LSL is the suppression of macroalgae.
This suggests that the lack of dense kelp forests may have a
positive influence on the phenomenon of DWE. In fact, most
areas with DWE worldwide have in common a lower abundance
or the absence of macroalgae (fjords, caves and turbid waters, see
Table 4). The reasons for that may vary between regions, and
besides low salinity, low light levels may also cause a scarcity
of macroalgae. The presence or absence of macroalgae on the
other hand may have a significant influence on the primary
production regime, the quality and quantity of food for filter-
and detritus-feeders and the annual dynamics in their availability.
However, the role of kelp as a trophic resource is still not well
understood (Miller and Page, 2012). How far the conditions
created by the absence of macroalgae may allow deep-water
species to emerge into shallow water remains to be studied.
Unfortunately, our own macro-algae data set is relatively poor,
does not include abundances, and sampling-effort was biased
(Supplementary Figure 11) and the models for macroalgae-
presence in the Chilean fjord region have too many false positives,
due to the presence of Ulva species and shore vegetation to make
them useful for statistical analyses (see Mora-Soto et al., 2020).
Nevertheless, the positive correlation of precipitation, and the
negative correlation of the abundance of macroalgae with DWE
is eye-catching and justifies hypothesizing a connection.

Summarizing Considerations on the
Parameters That Could Explain DWE

None of the factors hypothesized in the literature to explain DWE
alone seems to be able to explain this phenomenon in all areas
around the world where it occurs. This leaves several alternative
explanations or combinations of those: (1) In each region where
DWE occurs, unique factors or combinations of factors cause
this phenomenon, (2) not one single factor, but a combination
of widely common factors is triggering DWE or (3) there are
other factors that have not been looked at so far that cause or
significantly contribute to DWE. (4) There is not one factor or a
combination of factors that trigger DWE for a variety of species,
but each species or phylum requires its own specific set of factors
to deep-water emerge that are only met in specific locations. For
example, the mentioned anthozoans, ophiurids, the holothurian,
the crinoid, the bivalve and the pycnogonid are restricted to
fjords and channels, while some of the mentioned sea stars,
gastropods and decapods can also be found at more exposed sites.
Fjord regions are very diverse in their near-shore oceanographic
conditions (Pickard and Stanton, 1980). As a consequence, a high
number of strong gradients interfere within comparably small
areas, producing a large number of possible combinations of
parameters (Hdussermann and Forsterra, 2009). This increases
the probability that certain combinations of factors are met
that are required for certain species to deep-water emerge. As
a result, in these regions, a comparably high number of deep
water emerging species can be found in a given area. (5) Rather
than looking for DWE-triggering factors, we would need to look
for the absence of DWE-inhibiting factors. This latter hypothesis
is based on the assumption that factors or factor combinations
enabling DWE are widely common, but do not have an effect

due to single or few inhibiting factors. These inhibiting factors
may be difficult to detect since the coastal marine systems are
often dynamic and the “knock-out” criteria are most likely rare
extreme or peak values of otherwise unproblematic factors (e.g.,
drops in oxygen after die offs of algae blooms or sedimentation
peaks near river mouths after extreme weather events that occur
only very sporadically).

Although the statistical analyses for the Chilean coast show
some significant influence of some factors on the presence of
the mentioned species, by looking at the distribution maps, the
correlation of the analyzed factors with the magnitude of DWE
within Patagonia is not completely clear, or at least there seem to
be too many mismatches to justify a rule. This basically rules out
the possibility that a single factor is responsible for the frequent
DWE in Chilean Patagonia. We could neither find combinations
of the mentioned factors that would work to explain the depth-
dependent pattern. This suggests that the factors that showed
statistical significance rather represent minimum prerequisites
for DWE than actual triggers for this phenomenon. For
example salinities that do not drop below certain minima, lower
temperatures and less wave action most likely make it easier
for deep-water species to persist in shallow water. Upwelling
and larval support from deep-water populations are also factors
that help to establish and/or maintain shallow-water populations.
However, none of these factors alone nor the combination of
them seem to be the crucial trigger for DWE.

Possible Present and Future Effects of
Climate Change on DWE and on Species

Distribution in Chile

Eight records of deep-water species from Central and Northern
Chile are from depths shallower than 100 m; four from the
sea star Poraniopsis echinaster (29, 30, and 33°S) in 20-30 m
depth, two from the sea urchin Arbacia dufresnei (30°S) in 55
and 60 m depth, one from the sea star Cosmasterias lurida in
30 m depth (30°S), and one from the gastropod Trophon sp. in
88 m depth (30°S). All records are from the last decade, which
for records below diving depths (30 m) can be explained by the
time frame these ROV surveys have taken place. However, it
is interesting that three of the five records from diving depths
are from the last year. Since all mentioned records are situated
in known upwelling areas (around 30°S and around 33°S)
(Aravena et al., 2014) and upwelling is getting stronger due to
climate change (Bakun et al., 2015), it is possible that these
species appeared and will become more abundant in shallow
water with climate change advancing. The southern distribution
limits of other species from Central and Northern Chile are
moving southward (e.g., the sea star Heliaster helianthus was
originally described to Valparaiso, approximately 32.5°S, and
is now frequently seen in Concepcion, approximately 37°S),
and also within Patagonia species described from further north
are expending southward (e.g., the sea stars Patiria chilensis
and Meyenaster gelatinosus formerly described to 44°S were
spotted down to 53 and 50°S, respectively, the temperate
sunfish Mola mola has been observed at 47°S, tuna at 50°S,
etc.; our own observations). Thus, one should expect to see
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important changes in the composition of benthic species of
Chilean Patagonia with advancing climate change. In particular,
it would be interesting if to note if, with a general southward
shift of habitats and distributions, the phenomenon of DWE also
shifts southward.

Resolution of the Analyzed Data

The dataset from deep-water habitats along the Chilean coast is
still extremely poor, with only nine of 34 species having more
than 10 records, and only three having more than 20 records.
The poor sampling in deep-water habitats, in general, leads
to biased and statistically non-significant analyses. Taking into
account a coastline of more than 100,000 km, the data we have on
Patagonian shallow-water habitats are also poor; gaps are located
especially between 50° and 52°S and 54-56°S. In addition, even
species that are well-known by local divers along the Northern
and Central Chilean coast are lacking published records in the
literature, thus more and continuous species inventories along
the entire Chilean coast are needed.

Since many of the abiotic data available for Chilean
Patagonia are derived from satellite imagery and/or models,
the resolution in the finely structured maize of the Chilean
Fjord Region is poor and does not reflect the diversity and
patchiness of the small-scale mosaic of oceanographic conditions
(Supplementary Figures 3-8).

CONCLUSION

(1) Twenty-eight species and six genera show a distinct
distribution pattern with deep-water records off northern
and central Chile and a continuous rise of the shallowest
records into diving depths along Chilean Patagonia. On a
north-south gradient, the highest number of deep-water
emergent species in the upper 30 m can be found in CP
(32), followed by NP (28) and SP (12), while on an east-
west gradient, most species occur in channels (34) followed
by fjords (28) and the exposed coast (11).

None of the factors proposed in the literature alone,
nor combinations of them, can satisfyingly explain the
phenomenon of DWE in some places and its absence
in other places, where the same combination of abiotic
factors are present.

Besides some basic requirements, most likely, DWE
requires a combination of factors and this combination
may vary between areas and or species. There may
be factors involved that have not been hypothesized
so far. The fresh-water input and associated absence
of macroalgae may be one of them. More studies
of this phenomenon are needed to understand the
observed patterns.

Through the phenomenon of DWE climate
change may not only cause latitudinal but also
bathymetric species shifts.

More sampling in deep and poorly known areas and
inventorying efforts, even in better-known areas, are
strongly recommended to be able to carry out significant

(2)

3)

(4)

analyses to understand phenomena like DWE. More data
of abiotic environmental variables, especially from the
inner fjords and channels, are required for statistically
sound analyses. The data provided, and analysis carried
out can only be the first step toward a better knowledge of
Chilean benthic invertebrates.
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Supplementary Figure 1 | Bathymetry map of Chile showing 50 and 200 m
isobaths. (A) Chile, (B) North Patagonia, (C) Central Patagonia, (D) South
Patagonia. The bathymetry of fiords and channels is very poor, thus many deep
areas are not shown; e.g. Comau fiord, NP (left of blue asterisk) reaches nearly
500 m depth and Messier Channel, CP (orange asterisk) reaches 1300 m depth.
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Supplementary Figure 2 | Relationship between each variable and presence
probability calculated during GLM analysis (A) complete dataset. (B) <50 m;
(C) >200 m.

Supplementary Figure 3 | Spatial variation of mean Chlorophyll-a concentration
at different depths. (A) surface and (B) bottom waters.

Supplementary Figure 4 | Spatial variation of mean temperature at different
depths. (A)Surface and (B) bottom waters.

Supplementary Figure 5 | Spatial variation of mean salinity at different depths.
(A) surface and (B) bottom waters.

Supplementary Figure 6 | Spatial variation of mean dissolved molecular oxygen
concentration at different depths. (A) Bottom and (B) Surface waters.

Supplementary Figure 7 | Spatial variation of silica concentration at different
depths. (A) Surface and (B) bottom waters.

Supplementary Figure 8 | Latitudinal variation of parameters along the Chilean
coast (18-56°S) at two depths. The blue line represents surface water while the
orange line represents deep water (>200 m). The points are the mean for each
latitudinal band while the whiskers represent minimum and maximum values at
each latitudinal band. (A) oxygen, (B) salinity, (C) silica, (D) temperature, (E)
primary production, (F) chlorophyll a. (G) current velocity.

Supplementary Figure 9 | Turbidity (Kd_490) for Chilean Patagonia based on
southern hemisphere winter average for Kd_490 for the year 2009, as derived
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