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Abstract

In March 1999, the Monterey Bay Aquarium opened a 7,000-square-foot exhibit about the largest and least understood habitat on Earth(the deep sea.  The exhibit, entitled Mysteries of the Deep, focuses on three of the habitats found in Monterey Bay's two-mile-deep (four thousand meter) submarine canyon:  the midwater, canyon wall, and seafloor habitats.  More than 45 species, many never before displayed in a public aquarium, collected at depths of up to 3,300 feet (1000 meters) are showcased in this exhibit.

From a husbandry perspective, two of the biggest challenges in developing this exhibit have been collecting from the depths of the canyon and designing life support systems for the animals that live there.  For the last eight years, the Deep Sea Research and Development Team has been working to overcome these and other challenges so that the exhibit has a rich, varied, and, most importantly, healthy live component.

Résumé
En mars 1999, le Monterey Bay Aquarium a ouvert au public une exposition de 2100 m² sur l’habitat le plus étendu et pourtant le moins connu au monde : les grands fonds marins. L’exposition, intitulée Mysteries of the Deep (mystères des profondeurs), se concentre sur trois des habitats que l’on trouve dans le canyon sous-marin de la baie de Monterey, dont la profondeur atteint 4000 m : les eaux de moyenne profondeur, les parois du canyon et les habitats des fonds marins. Cette exposition contient plus de 45 espèces ramassées à des profondeurs atteignant 1000 m. La plupart n’ont jamais fait l’objet d’une exposition en aquarium.

En ce qui concerne la maintenance, notre plus grand défi lors de la création de l’exposition, a été de collecter les animaux au fond du canyon et de créer des systèmes assurant leur survie. Depuis huit ans, notre Deep Sea Research and Development Team (équipe de développement et de recherche sur les grands fonds) essaie de surmonter ces défis afin que l’exposition présente un nombre d’espèces important, varié, et surtout en bonne santé.

Introduction

In the Mysteries of the Deep exhibit, there are three spectacular species exhibited for the first time anywhere: the deep sea predatory tunicate, Megalodicopia hians, the mushroom soft coral, Anthomastus ritteri, and the pom pom anemone, Liponema brevicornis. The predatory tunicate and the mushroom coral are found in canyon wall habitats while the pom pom anemone is found in seafloor habitats.

All three species are exhibited in unpressurized aquaria and supplied with chilled (6.0 °C) seawater pumped from Monterey Bay. Lighting regimes are adjusted to the tolerance of a particular species. Natural history, collection, transportation, life support and husbandry parameters are reviewed for each species.

Predatory Tunicate (Megalodicopia hians)

Natural History
The deep‑sea predatory tunicate was first described from a single, damaged specimen collected in a trawl off Sado Island, Japan, on the famous Albatross expeditions around the turn of the 20th century (Oka, 1918). It has since been found in a number of other locales at depths of 200 to 5325 meters (note: the identification of the tunicate from the deepest recording is disputed), including the Weddell Sea, in the Antarctic; the Peru‑Chile Trench; and off the coast of California (Nishikawa, 1991).

In Monterey Bay, the predatory tunicate has been found at depths of 200 to 2245 meters along the walls of the Monterey submarine canyon. Within this depth range, dissolved oxygen levels can be 0.5 to 2.5 ml/l, well below the concentration of oxygen at the surface (7‑8 ml/l).

Unlike shallow‑water tunicates, which filter feed, the deep‑sea predatory tunicate actively traps prey like a Venus flytrap (Gage and Tyler, 1992). Using its greatly enlarged oral siphon, which opens into two hoods, it feeds mainly on crustaceans--copepods, ostracods, amphipods, isopods, and mysids--that blunder into its waiting mouth (Monniot and Monniot, 1978).

Collection and Transportation
Deep‑sea predatory tunicates are collected using the Monterey Bay Aquarium Research Institute's (mbari) remotely operated vehicle (rov) Ventana, an unmanned robotic submersible. The rov is equipped with a robotic arm, affectionately known as "Mongo." The rov pilot collects the tunicate by surrounding the animal with Mongo's clamshell jaws and breaking the substrate, with the animal attached, off the canyon wall. Tunicates that are torn from the substrate, or that have their tunics torn or scraped, have a very poor chance for survival. Once the tunicate is collected, it is placed into an insulated drawer located on the underside of the rov. In addition to collecting the animal, the rov also gathers information about the depth, temperature, dissolved oxygen, salinity, and location of the collecting site.

When the rov is recovered at the surface and brought onto the deck of the ship, the tunicates are quickly transferred to fresh 6.0°C seawater that has had nitrogen bubbled through it to strip out the oxygen to 1.5 ml/l. The animals are transported from the ship to the aquarium in ice chests. Total transport time from ship to the aquarium is typically about five hours.

Low Oxygen vs. High Oxygen
Initially predatory tunicates survived six to eight months. A husbandry breakthrough developed while working with another species found at low oxygen levels, the droopy sea pen, Umbellula lindahli.

When first collected, the droopy sea pen had autozooids (feeding polyps) with fine, pinnate tentacles. Over time in captivity the tentacles slowly disintegrated. The comparatively high oxygen levels of the laboratory's seawater were believed to be "oxidizing" the sea pen's tissues.

Once it was determined that low oxygen levels increased the longevity of the droopy sea pens, the question was, would it do the same for the predatory tunicate, also found in low oxygen environments? Three treatments were set up, all at 6.0°C to test this theory: a low‑oxygen, closed system (1.5 ml/l 02); a high‑oxygen, "control" closed‑system (9‑10 ml/l 02); and a high‑oxygen open‑system (9‑10 ml/l 02).  Predatory tunicates collected at a depth of 280 to 329 meters and held in low‑oxygen lived for more than 24 months, or four times as long as the tunicates exposed to high oxygen.

Life Support and Low‑oxygen Control System
Oxygen is controlled in the predatory tunicate exhibit using a closed‑loop control system. Briefly explained, oxygen levels are monitored using oxygen electrodes (OxyGuard, Point Four Systems, Inc.), which display oxygen concentrations on a digital control panel in ml 02/liter (PT4, Point Four Systems, Inc.). When the oxygen level exceeds the setpoint (1.5 ml/1) a signal is transmitted to a solenoid, which opens to allow nitrogen gas flow to an airstone submerged in a contacting tower. The nitrogen displaces the oxygen and when the setpoint is reached the nitrogen gas flow is secured. Nitrogen gas is supplied to the air stone in the contacter via a nitrogen generator (Alltech Labgas).

So why is there an increase in the longevity of the deep‑sea predatory tunicate in a low‑oxygen environment? It may be that free‑radicals produced by high oxygen concentrations are toxic to these animals, that a reduction in oxygen leads to a reduction of pathogens in the holding tank, or that a lowered metabolic rate in the tunicate caused by low oxygen equals increased longevity. Further physiological research focusing on enzymatic reactions to different oxygen conditions should yield interesting results.

Husbandry
Tunicates are fed live adult brine shrimp, Artemia, enriched with Super Selco (inve Aquaculture) and an amino acid complex (vedco) at least 3 times per week. By using a turkey baster with a right​angle bend at the bottom, a slurry of enriched brine can be directed into each tunicate's oral hood, at which point the animal closes its trap and feeds. Food may take up to 5 days to pass through the digestive tract. Once food has passed through the intestine small flake‑like fecal pellets are excreted from the chimney‑like excurrent siphon.

Proper hygiene and delicate handling are critical elements of tunicate husbandry. Several times per week the tunic is rinsed with a gentle current from a turkey baster to reduce settlement of organic debris. Reduced light levels on the exhibit limit diatom films from forming on the tunic. The folded lip region of the oral hood is closely inspected for food accumulation, which if left unattended attracts ciliates. Uneaten food can be dislodged with a gentle current or removed using a small volume eyedropper.

Air bubbles occasionally get trapped in the oral hood and immediate removal of the bubble is necessary to prevent bubbles from entering the digestive tract. Often tipping the animal upside down may release the bubble; on other occasions an eyedropper is used to remove the air bubble.

In summary, proper collecting with the rov, low oxygen conditions, specialized feeding techniques, and delicate handling are key elements to display these unique deep sea tunicates.

Mushroom Soft Coral (Anthomastus ritteri)

Natural History

The mushroom soft coral is a large spectacular temperate deep-sea alcyonacean. It is found attached to hard substrates off the northeastern Pacific Coast from Alaska to Baja, California from 10​-2050 m depth. There are 22 species of Anthomastus distributed worldwide (D' Hondt, 1988). Little information exists on soft corals from temperate regions and deep waters.

Mushroom soft coral colonies are composed of a proximal stalk attached to the substratum and a distal capitulum containing zooids. The capitulum may be red or white in color and may grow to a diameter of 20 centimeters. The autozoids are feeding polyps, each consisting of an anthocodium (8 pinnate tentacles and the pharynx) protruding from the surface of the capitulum and the gastrovascular cavity extending into the stalk tissue. Tentacles harboring sticky nematocysts opportunistically trap and grab food items from the prevailing currents. Siphonozooids contain the reproductive structures and are responsible for controlling water flow within the colony. Stalk tissue is sterile, containing rod‑like spicules throughout and double capstan‑type spicules at the base. Stalk length is variable and can reach up to 30 centimeters.

Mushroom corals internally brood and release planula larvae; have internal fertilization and the sexes are separate (Cordes, 1999). Female gonads are yellowish in color and the male gonads (spermaries) are white. Details regarding the gonadal development are described in Cordes, 1999.

Collection and Transportation

Mushroom soft corals are collected using the Monterey Bay Aquarium Research Institute's (mbari) remotely operated vehicle (rov) Ventana, an unmanned robotic submersible. Collecting sites were selected based on rock substrate of suitable size and shape for the robotic arm. The robotic arm was outfitted with either a clarnshell or forceps‑type jaw capable of picking up rocks composed of shale or granite respectively. Rocks with mushroom corals were placed in the insulated drawer. Once the rov came on deck, the mushroom corals attached to rock were removed from the drawer and placed in ice chests containing chilled seawater and transported to the aquarium.

Husbandry

Mushroom corals have been maintained more than 5 years in captivity at mba. Water temperature is held at a constant 6.0°C; oxygen levels are not controlled since mushroom corals, although found in low oxygen environments, are not sensitive to high levels of oxygen. As with most corals, water motion is important for maintaining the corals and stimulating polyp deployment. The exhibit rockwork and tank is plumbed to create an array of currents throughout the tank. Although light levels do not affect the mushroom corals, diatoms settle out and grow on the stalk. Gently rubbing the stalk with a soft pad removes this diatom film.

Colonies are fed frozen small krill (Euphausia pacifica) and Selco enriched adult brine shrimp 3 to 4 times per week. Small colonies are fed diced small krill and large colonies are given whole small krill. Krill and or enriched brine are suspended in a container with chilled seawater and fed to individual polyps using a turkey baster. An interesting and convenient feature of the mushroom coral is the transparency of each polyp which gives the aquarist an opportunity to observe ingestion of food into the colony.

A byproduct of feeding krill and enriched brine is the accumulation of food at the base of the stalk. This residual food must be removed by siphoning or directing water currents to the stalk region to prevent ciliates from attacking the stalk tissue. Occasionally gently wiping the base of the stalk with a hand or soft pad removes debris that doesn't rinse away.

Lacerations on the stalk, particularly at the base, often result in complete detachment from the rock. Ciliates are the most common pathogen associated with this problem. The consumption of tissue by ciliates is rapid and difficult to control. Freshwater dips or rinses are the most effective treatment for ciliate infections; betadine solutions of various dilutions caused further trauma and were abandoned. Detached colonies generally do not reattach and are not suitable for display; reattachment has been observed in only a couple of instances.

Larval Settlement and Development
Colonies of the mushroom coral often spawned in the laboratory during the R & D phase of the deep-sea project. Development and growth parameters have only been measured under laboratory conditions and feeding regimes (Cordes, 1999). Field studies on settlement and growth have yet to be attempted.

Large planula larvae (3.3 mm long and 0.5 mm wide) are released through the oral opening of the siphonozoids at the capitulurn surface. Planulae crawl by ciliary action or are passively transported until settlement. The larvae settle within 2 to 3 days, but non‑settled planulae can survive up to 4 months.

Settlement and metamorphosis appears to be induced by the presence of an organic film on the substratum. If an organic film is present planulae settle on a variety of surfaces both biotic and abiotic. Larvae enter the Edwardsia stage with the formation of 8 primary mesenteries approximately 2 days after settlement. Two to three days later larvae metamorphose forming 8 tentacle buds and permanent adhesion to the substrate. Tentacles become pinnate within a week marking the onset of feeding. Additional autozoids form 6‑8 weeks after feeding begins, but can be slow and variable. Capitulum development and size increases at 8 to 10 months, as does the stalk diameter.

Colony Growth

Colony growth is slow initially increasing during intermediate stages and reaches an asymptote at approximately 25‑30 years (Cordes, 1999). Mushroom corals raised from planulae in the lab have survived for more than five years and have a capitulum diameter of 3 to 4 centimeters, which reflects the typical slow growth, and long lived nature of deep sea organisms.

Pom Pom Anemone (Liponema brevicornis)

Natural History
The pom pom anemone is recorded from depths of 100‑1000 m and lives unattached on sand, mud and gravel bottoms and occasionally on rock outcroppings. This anemone may be the dominant organism in Saint George Basin in the Bering Sea, Alaska and at the 500 m contour in the Soquel Fan region of Monterey Bay (Dunn, 1977). Prior to rov surveys by mbari, the high density of this anemone in Monterey Bay was not known.

The light peach color and unique shape of this anemone make it an ideal display animal. This dinner plate size anemone resembles a low, tentacle‑covered dome. The firm pedal disc is circular in outline, slightly wider than the column, somewhat convex and non‑adhesive. Prominent ribbed lips, which are the same color as the disc, flank the oval mouth and tentacles obscure the mouth. Another unique feature is that the tentacles are deciduous.

The shape of this anemone is extremely plastic. They can form 20 cm high domes or flatten into 5 cm high discs. When distressed they can reduce up to 500% in volume. In order to move, this anemone draws itself into a barrel or tumbleweed shape and is swept about by benthic currents.

Collection and Transport
Pom pom anemones are collected using the Monterey Bay Aquarium Research Institute's (mbari) remotely operated vehicle (rov) Ventana, an unmanned robotic submersible. Porn pom anemones present two challenges to collect. First, they cannot be grabbed or handled roughly due to loss of tentacles or damage to the organism. The ultra sticky tentacles detach easily upon contact with most surfaces. Secondly, anemones are only slightly negatively buoyant so currents readily move them.

Several modifications to the robotic arm improved our collections. A modified kitchen colander is attached to the robotic arm, allowing the anemones to be "scooped" off the bottom and placed in the holding drawer, which can accommodate up to 6 pom pom anemones.

Plastic square bottom shipping bags are used to remove the anemones from the collection drawer. Closed bags containing chilled seawater are floated in ice chests containing chilled water. Gloves are recommended when handling the anemones to prevent tentacle detachment and potential stinging by nematocysts.

Husbandry.

Pom pom anemones have been maintained up to 3 years in captivity at mba. Pom pom anemones are kept at 6.0°C on a fine‑grained sandy substrate. A gentle to medium current is important to keep the anemones expanded and aids in the removal of ejected fecal material. However, if the current is too strong the anemone will dislodge and roll about the bottom like a tumbleweed.

As with other deep-sea cnidarians, it was discovered that pom pom anemones are light sensitive. Pom pom anemones can tolerate low levels of light, but high intensity spot lighting causes a reduction in the size of the dome and tentacles. Feeding is compromised when the anemones are in the shrunken condition.

Small krill is directed at the oral surface of the pom pom using a turkey baster. After several days of digestion the anemone literally evacuates all the fluid from the body cavity including the tentacles, and purges the gastrovascular cavity. Hence a dinner plate sized anemone shrinks to a saucer size anemone. Within hours or up to a day the anemone rehydrates with fluid and takes on the classic dome shaped pom pom appearance.

Several techniques were developed to care for these delicate anemones. A gentle current directed over the oral surface removes uneaten or regurgitated food and organic material. A thin stainless steel rod is used to gently move the animals to siphon debris and fecal matter from under the disc. Tentacles do not attach to the thin stainless rod but will attach to acrylic or pvc. Pom pom anemones rarely recover from massive loss of tentacles.

Spawning has been observed on several occasions; but unfortunately no further development occurred. The eggs are orange and about 1 mm in diameter.

Summary

To our knowledge mba is the first to exhibit these three species of invertebrates--the predatory tunicate, the mushroom soft coral, and the pom pom anemone. Monterey Bay Aquarium is fortunate to be situated on the largest submarine canyon along the Pacific Coast. With our sister institution mbari, the habitats of the Monterey canyon are accessible using state of the art rov technology.

Interestingly, hydrostatic pressure is not critical for the survival of these deep-sea invertebrates. Several important breakthroughs such as low oxygen conditions, low light levels and specific feeding techniques and maintenance formulas were key to the longevity of these species. Pumping natural seawater from Monterey Bay most certainly has a positive effect on the long-term survival of these invertebrates.
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