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Localized areas of intense biological activity, or hot may be a critical resource for reproductive success in some
spots, in the deep sea are infrequent but important featuredeep-sea species.
in an otherwise sparsely occupied habitat (1). Hydrother- Fifteen ROV dives were conducted on the Gorda Escarp-
mal vents, methane cold seeps, and the tops of seamoumtgent and Mendocino Ridge during three visits in August
are well documented areas where dense communities pe2000, August 2001, and July 2002 (Fig. 1). The Gorda
sist for generations (2-5). Reproductive aggregationsEscarpment is a submarine plateau offshore of northern
where conspecifics concentrate for the purposes of spawrGalifornia. The Mendocino Ridge extends westward from
ing or egg brooding could be thought of as transient hotits northern edge at 40.35° N. The Escarpment’s northern
spots. It is likely that they occur in populations with low side is characterized by steep topography, frequent rocky
densities to maximize mate location and increase reproduceutcrops and talus fields, sediment slumps, and drainage
tive success (6). However, only a few deep-sea reproductivehannels (10). The depth of investigation ranged from 1300
aggregations have ever been documented (7-9), demorte 3000 m.
strating the paucity of present-day information regarding Reproductive aggregations of both blob sculpin and oc-
reproductive behavior of deep-sea animals. In this paper weopus were present at Site 1 (Fig. 1). The biomas® of
describe a unique multispecies reproductive aggregatiorphrictusalone at this site was equivalent to the average total
located on the Gorda Escarpment, California. We documenbiomass of fishes on the continental slope. Likewise, the
some of the highest fish and octopus densities ever reportaténsity of Graneledonesp. was considerably greater than
in the deep sea, with most individuals of both speciegpreviously published estimates (Fig. 2). Eighty-four indi-
brooding eggs. We describe the nesting behavior of the blobiduals ofP. phrictusand 64 nests (Fig. 3A) were observed.
sculpin,Psychrolutes phrictysind the egg-brooding behav- They were present at two sites, with the highest density
ior of an octopusGraneledonep. observed during annual occurring at Site 1 in both August 2000 and August 2001
dives of a remotely operated vehicle (ROV) on the GordgFig. 1). The fish were found over the steepest topography
Escarpment. The animals are concentrated at the crest ddind at a topographic break between the steep northern side
the local topography and near cold seeps where they magf the ridge and the more gently sloping top (Fig. B).
benefit from enhanced current flow and local productivity.phrictusand associated nests were absent in July 2002. Two
These findings provide new information on the reproductivehundred and thirty-two individuals @raneledonesp. (Fig.
behaviors of deep-sea animals. More importantly, they3B) were observed across all locations, with the highest
highlight how physical and bathymetric heterogeneity in thedensities observed at Site 1 during all three visits (Fig. 1).
environment can result in reproductive hot spots, whichThe octopus co-occurred with the blob sculpin, with 51% of

the octopus observed withi5 m of sculpin adults or nests

Received 14 February 2003; accepted 12 May 2003, in 2001. Smaller aggregations of brooding blob sculpin and
*To whom correspondence should be addressed. E-mail:0CtOpUs were observed at Site 2.
jdrazen@mbari.org Site 1 (depth 1547-1603 m; dives T208, T349, T448) was
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Figure 1. Bathymetric map of the Mendocino Ridge and Gorda Escarpment, showing al dive sites. Depths
are in meters. One hundred and fourteen hours of video from ROV bottom time was recorded, annotated, and
analyzed. Annotations of all occurrences of discernible animals and geologic features were stored in a searchable
database with corresponding environmental (CTDO), observational (time, position), and system (camera zoom)
data. Bathymetry is derived from a hull-mounted EM300 sonar system with 20-m pixel resolution. Ultrashort
baseline Transponders (Sonardyne, Houston, TX) mounted on the ROV and the ship determine position.
Tracklines are derived in a rea-time ArcView-based (Environmental Systems Research Institute) navigation
system. Closed circles, open circles, and hatched circles are densities (# ha %) of blob sculpin (yellow) and
octopus (red) from dives in 2000, 2001, and 2002 respectively. For each dive the densities reflect the number
of animals observed over the surveyed area of seafloor. Areas for density estimates were calculated using the
navigation to determine track length and assuming an average observational width of 4 m. Overlap of the dive

track was accounted for in the calculations.

characterized by small rocky cliffs and bouldered slopes
that shoaled to a sloping talus field in which the gravel and
boulders were interspersed with sediment. Site 2 (depth
1534-1583 m; dive T351; Fig. 1) was on a shalowly
sloping mud and sand bottom interspersed by boulders,
talus, and small rock outcrops. Diffuse cold seeps at the
base of several bouldered slopes at both sites were evident
by the presence of small patches of vestimentiferan tube
worms and vesicomyid clams (10). Sites 1 and 2 were
characterized by an average bottom water temperature of
2.4 °C (range = 2.3 — 2.7 °C) and very low oxygen con-
centration (mean = 1.07 ml 1°%; range = 0.73-1.46 ml
17%). The temperature at Site 1 was slightly elevated above

ambient (~0.1-0.2 °C) due to local subsurface fluid seep-
age from the substrate (10).

Blob sculpin attended nests of large (4.0 = 0.6 mm; n =
50) pinkish eggs (Fig. 3A). The majority of the nests had
fish in close attendance (within 3 m), often sitting directly
on or touching the eggs. Some nests and fish were observed
by themselves primarily in the roughest terrain where it was
difficult to see behind nearby rocks and ledges. Eggs were
free of sediment, suggesting that the adults cleaned or
fanned their nest sites. Brooding fish were almost aways
found very close to each other, and nests were often on
neighboring boulders separated by only 1-2 m. Generally
the parent fish did not move when the ROV approached,;
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Figure2. Biomass of blob sculpin (Psychrolutes phrictus) and density
of octopus (Graneledone sp.) at Site 1 (grey bars) compared to “back-
ground” averages for total fishes and total octopuses at similar depths
elsewhere (black bars). (A) Biomass (g m™~2; the metric typically used for
fish) of blob scul pin was estimated by assuming an average adult size of 4.5
kg (26). (B) Density of octopuses (# ha ~*; typically used for cephalopods).
Datafrom other locations are from trawling* (16, 27, 28; J. R. Voight, pers.
comm.) or camera surveyst (29).

however, this was also true for fish without eggs, which
precluded any conclusions about nest-guarding behavior.
The sex of the fish could not be determined from video
observations. Fecundity was estimated for four egg masses
and ranged from 9375 to 108,125 eggs. The eggs were
generaly laid on the flat exposed surfaces of large boulders
and rock outcrops. Of the 64 egg masses, 57 (89%) had been
laid on single rocks; the other seven were each strewn
across as many as three neighboring rocks or across large
fissures in a flat rock face.

This study presents the first direct evidence of parental
care (11) in an oviparous deep-sea fish. It is likely that
members of the families Zoarcidae and Liparidae also ex-
hibit parental care, but this has not been confirmed. The
zoarcid Melanostigma atlanticum was captured in a burrow
with its eggs by a box core at 350 m depth (12). The
developmental stage of the eggs was not determined; thus,
it is unknown whether the parents were in the process of egg
laying (one female still retained her eggs) or whether they
were staying to guard and ventilate the eggs. Many liparids
have large eggs and very low fecundities, suggesting some
form of parental care, but no direct evidence has been
described (13). Reviews of reproduction in other diverse
deep-sea fishes make no note of parental care (1, 14-16).

Individuals of Graneledone sp. were observed brooding

eggs under their bodies while sitting vertical and motionless
with arms curled outwards on boulders, rock outcrops, and
ledges (Fig. 3C). An adult specimen of Graneledone boreo-
pacifica was collected in July 2002 with 51 eggs. The eggs
were 40 mm in length, and many began hatching prema
turely when collected; these juveniles till retained egg sacs.
Site 1 was revisited in July 2002, and 63 individuals of
Graneledone sp. were observed in the curled position. Nine
of ten individuals in this position were confirmed to be in
the process of brooding eggs. In August 2001, 43 eggs of a
specimen of Benthoctopus sp. were collected from Site 2.
This octopus, unlike the others observed, was underneath a
small rock with its eggs out of plain view; it was also much
smaller than the Graneledone sp. (mantle length ~10 cm),
and its eggs were only 16 mm long. It was only observed
during the course of collecting the rock for geologic exam-
ination.

Our observations provide the first evidence of a multi-
species reproductive aggregation in the deep sea. To our
knowledge, the only other reproductive aggregations de-
scribed from deep-sea environments are for spawning ag-
gregations of orange roughy (7); another brooding aggrega-
tion of octopuses, including a species of Graneledone, in the
North Pacific (8); and small (2—6 individuals) aggregations
of an echinoid (9). In addition, there are reports of aggre-
gations of two echinoderm speciesin the North Atlantic (17,
18) that may have been for the purpose of reproduction, and
pair formation has been documented in a holothuroid (19).
Observations over 3 years indicate that the aggregation at
Site 1 is either long-lived or recurs at the same location
perhaps every year. The aggregations of blob sculpin and
octopus exhibit densities and biomass among the highest
recorded in the deep sea (Fig. 2). Localized aggregations of
this magnitude could have profound influences on local
food webs and fauna.

There are several possible explanations for the presence
of the dense aggregations of animals on the Gorda Escarp-
ment. For instance, the presence of brooding aggregations
of Benthoctopus sp. and Graneledone sp. in the North
Pacific have been explained previously by the availability of
both rocky substrate for egg attachment and bivalve prey
from nearby cold seeps (8). Rocky substrate for egg attach-
ment is an obvious requisite for spawning by both sculpin
and octopus. Rocky substrate, however, occurred at al dive
locations yet reproductive aggregations were present at only
two locations, suggesting that substrate is not the only
criterion involved in site selection for brooding. Further-
more, aggregations of sculpin or octopuses have not been
observed on other rocky features, including some within our
dive areas on the Gorda Escarpment and Mendocino Ridge
and on the Davidson, Guide, and Gumdrop seamountsin the
North Pacific. These seamounts have been observed using
the Monterey Bay Aquarium Research Institute’s ROV at
various times of the year, but no aggregations such as we
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Figure 3. Egg-brooding fish and octopus. (A) Three blob sculpin, Psychrolutes phrictus, attending nests.
The fish on the left has a nest just outside of the field of view. Size-calibrated images were used to determine
fish egg size and fecundity. When the camera had zoomed such that the plane of focus was narrow, then the
horizontal dimension of the field of view (field width) could be determined (30). From the resulting calibrated
images, Optimas image analysis software (ver. 6) (Optimas Corporation, Bothell, WA) was used to measure fish
egg diameters. Occasionally when field width could be used to cdlibrate the size of objects in the video, the
Optimas software was used to calculate the area of fish egg masses. The eggs appeared to be laid in a thin layer
across the rocks, and in a few cases they were piled on top of each other near the center of the mass.
Consequently, egg numbers were estimated by assuming that a single layer of eggs was placed across the nest
area as closely together as possible. (B) Eight egg-brooding individuals of Graneledone sp. on a rock outcrop.
(C) A specimen of Graneledone sp. showing eggs protected under arms and mantle.

describe have been found (J. Drazen, unpubl. data). Like-
wise, on more than 200 dives in the Monterey Bay area at
depths greater than 1000 m and often in areas of rocky
substrate (i.e., canyon walls and slopes), no brooding octo-
puses were observed (although octopuses are common) and
only 13 blob sculpin were seen, none with eggs.

The presence of cold seeps can dramatically influence the
local productivity of surrounding deep-sea communities by
transfer of organic nutrients (2). Diffuse cold seeps were
observed at both sites of sculpin and octopus aggregations,
suggesting that enhanced local productivity from cold seeps
on the Gorda Escarpment may aso influence the aggrega
tions. This is unconfirmed, however, because only six oc-
topus were seen in the immediate vicinity of seep organisms

and the distribution of nesting blob sculpin was much
broader than that of the seeps (Fig. 4).

Cold seeps are related to the upward flow of warm,
methane-rich pore fluids from depth; this flow has also
generated slight increases in temperature (0.1-0.2 °C above
ambient) at Site 1 (10). Increases in temperature could
shorten egg development times, which would be an advan-
tage to species that invest parental care. Assuming a Q, of
2, an increase of 1.5 °C would be required for a 10%
reduction in incubation time. Similar conclusions were
drawn for benthic octopus brooding near cold seeps at the
Baby Bare site off of Washington State (8). However,
temperature elevations of this magnitude around cold seeps
are very unlikely. Furthermore, animal occurrences did not
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Figure 4. Three-dimensiona sunshaded map of dive tracks and locations of all sightings of blob sculpin,
octopus, and cold seeps at Site 1. Contours are in meters. Mapping information was generated as for Figure 1.
The compass is also a scale bar with each arm equivalent to 500 m. Note that, due to the typical perspective of
a three-dimensional rendering, the apparent distances for each axis are not equal.

correlate with the highest temperature anomalies. Therefore,
we conclude that cold seeps do not benefit these animals
physicaly, but they may provide a food source that could
play arole in the location of the animal aggregations.

In addition, elevated currents may influence site selection
by brooding aggregations. All blob sculpin and most octo-
pus were observed near the ridge crest where exposure to
elevated currentsislikely (1, 3, 20). As on seamount crests,
abundant suspension feeders such as brisingid sea stars,
tunicates, gorgonians, and venus flytrap anemones were
found at the crest of the Gorda Escarpment, providing
evidence of accelerated current speeds. Some shallow-liv-
ing sculpins have a strong preference for nesting sites that
are exposed to the current; this exposure aids in gas ex-
change and waste removal and accelerates embryogenesis
(21, 22). At Site 1, where oxygen concentrations are very
low, enhanced water movement may be required to deliver

adequate oxygen for embryogenesis. A reduction in the
need to ventilate or fan the eggs could be an energetic
benefit to the adults. In addition, benthic egg brooding and
hatching implies a demersal larval/juvenile phase (23). Bot-
tom currents in the deep sea are generaly low, so these
organisms may take advantage of intensified currents at this
site to enhance the dispersal of larvae or juveniles within the
demersal habitat.

At one time the deep sea was thought to be a sparsely
populated and homogenous environment (1). Today, dense
localized communities such as the chemosynthetic commu-
nities of hydrothermal vents and methane cold seeps (2) and
the suspension-feeding communities of seamounts (3) are
well known. Our study site on the Gorda Escarpment is
another unique type of biological hot spot in the deep sea.
The site is connected to the continental margin but topo-
graphically exhibits characteristics of a seamount environ-
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ment. In addition, small cold seeps are present. We hypoth-
esize that the local topography interacting with the physical
and geologic setting has created alocalized reproductive hot
spot in the deep sea utilized by at least two very different
animals.

This information has several important implications. The
reproductive hot spot on the Gorda Escarpment (and future
sites determined to be similar) might qualify as an areato be
protected from fishing. The protection of habitats associated
with vulnerable life stages, notably spawning aggregations,
is a main objective of marine reserves (24). Our study site
could be threatened by commercia trawling and long-lining
operations. In the last two decades, the world has seen a
rapid development of deep-sea fisheries to depths of
2000 m, and currently fishers regularly operate at depths of
1000 m off of the west coast of the United States (25). From
an ecological perspective, our findings contribute to our
understanding of habitat heterogeneity within the broader
deep-sea ecosystem as well as providing sites where scien-
tists can predictably observe reproductive biology in deep-
sea animals, a prospect that is exciting for the study of these
elusive species.
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