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Abstract
In the past two decades, aquaria in the world have succeeded in rearing a number of marine organisms that had been thought very difficult to keep. This success comes from the development of facilities, added to the results of studies on the organisms’ physiology and behavior. I will describe two artificially-controlled environmental factors in aquaria, through examples from the Tokyo Sea Life Park in the past twelve years. They illustrate the importance of lighting for hammerhead, ratfish, elephantfish, tuna, nurseryfish, leafy seadragon, hard coral and Zostera, and of water movement for hard coral, large brown algae, mud skipper and blenny adapted to tidal zones.

Résumé

Au cours des deux dernières décennies, les Aquariums ont réussi un peu partout dans le monde à élever des organismes marins considérés jusque là comme très difficiles à élever. Ce succès est dû au développement des techniques, ainsi qu’aux études réalisées sur la physiologie et le comportement des organismes vivants. Deux facteurs environnementaux contrôlés artificiellement dans les Aquariums sont décrits ici, à partir de l’expérience vécue au Tokyo Sea Life Park, ces douze dernières années.

L’un d’eux illustre l’importance de la lumière pour le requin marteau, le poisson éléphant, le thon, les hippocampes feuilles, les coraux durs ou les zostères, l’autre concerne les mouvements d’eau pour les coraux durs, les laminaires, les périophthalmes, et une blennie adaptée à la zone des marées.

Introduction
Shepherdson defined the term ‘Environmental Enrichment’ as a principle seeking of animal husbandry to enhance the quality of captive animal care by identifying and providing the environmental stimuli necessary for optimal psychological and physiological well being (Shepherdson, 1998). It seems very difficult or impossible to know the psychological state of fish, invertebrates and algae. But we can test the optimal physiological well being of those aquatic organisms in aquaria.

When we try to rear difficult species, we often have to prepare special facilities and techniques. In this paper I will report on the environmental control methods for non-biological environments, especially lighting and water movement, artificially controlled at the Tokyo Sea Life Park (tslp), which adopts closed water-circulating systems for every rearing tank.

Environmental Factors for Aquatic Organisms
The outline of environmental factors we are trying to control in the aquarium is shown in figure 1. Environmental factors are divided into non-biological and biological ones. Although all four factors of biological environment in figure 1 are very important, I will not mention them all here. The factors of non-biological environment are divided into chemical and physical ones. Many studies on chemical environment like water quality have been done and applications of those studies in aquaria have been carried out on the development of rearing techniques for over a hundred years. On the other hand, it is only within the past two decades that aquaria started trials to control physical environmental factors such as lighting and water movement considering the health of aquatic organisms (e.g. Delbeek and Sprung, 1994 and Sprung and Delbeek, 1997.), although there had already been many basic studies of physical environment previously.
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Figure 1: Outline of environmental factor controlled artificially in tslp
Lighting
Two main functions of lighting at the Aquarium are shown in figure 2. One is photic stimulus to fish, including four photic conditions with lighting direction, change in luminous intensity, absolute value of luminous intensity and lighting duration. Controlling photic stimuli is very important in the order to take care of marine organisms or reduce mortality.
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Figure 2: Main functions of lighting controlled artificially in tslp
Photic stimuli

First, lighting direction. This is important for such species as hammerhead, ratfish and elephantfish to maintain their swimming posture. If the light comes from several directions, such as light resources and reflections from the wall, these fish are unable to maintain their normal posture because of dorsal light reactions.
Hammerheads (Family Sphyrnidae) are pelagic sharks, which are difficult to rear in aquaria. Arai (1997) described the difficulties rearing hammerheads at the tslp, and showed three measures to follow in the rearing tank for water currents, lighting and bottom substrate. Rearing hammerheads presents some difficulties, in particular because the sharks rub their heads and eyes on the walls or windows, where they gather in a rheotactic response against strong currents, thereby lose their swimming posture due to their dorsal light reaction (against the reflection of light). If this situation remains unchanged, the sharks are injured and suffer from bacterial infections in the head region. For this problem, Arai (1997) arranged all lamps to avoid the light shining directly on the wall and window and minimized water currents in the tank by increasing the number of inlets and adjusting their directions. Abrasion on the lower jaw and sides of the head was another problem, resolved by setting sand on the bottom. These measures allowed us to rear hammerhead in better conditions.
Ratfish (Hydrolagus colliei) and elephantfish (Callorhynchus callorhynchus) are Holocephali fishes found in deep waters, also showing dorsal light reaction. If the reflection comes from different directions, the fish begin to swim abnormally, turning around and around, and if the light is too bright, their eyes are injured. In order to avoid such situations, these fishes are reared in special tanks with black curtains and fluorescent lamps with rheostats set above the tank’s center. The rheostat is used to select the safest and strongest level of luminous intensity, even though this level is generally much lower than in other ordinal exhibits.
The second difficulty comes from sudden changes of luminous intensity, which cause abnormal swimming of tunas (Family Scombridae), nurseryfish (Kurtus gulliveri) and leafy seadragon (Phycodurus eques).
Tunas are known to be very sensitive to sudden changes in luminous intensity caused by stroboscopic lights, flashlights and lighting of the rearing tank. Sudden changes of luminous intensity due to road tunnels were already assumed to be one of the main reasons of the higher mortality of tunas during transportation (Sakurai et al. 1997). If tunas react excessively to such light stimuli, they sometimes run into walls or window and this can be fatal. The main cause of mortality in tunas at the tslp is from this reaction, which results in broken vertebrae or other bones such as the parasphenoid. Tunas are exposed to the same risk when the lamps in the exhibition tank are turned on and off. The tuna tank at the tslp is doughnut shaped with an inner diameter of 20 m and an outer diameter of 30 m with a volume of 2,200 cubic meters of water. Fifty five mercury lamps, sixty-eight halogen lamps and twenty fluorescent lamps are set above it. A lighting schedule for the tuna tank is shown in figure 3. To avoid any sudden change in luminous intensity, the following program is arranged. When the lamps are turned on in the morning, nine series of halogen lamps are put on successively at first, then, ten minutes later, nine series of mercury lamps are also turned on. This takes seventy minutes and only then the halogen lamps are turned off conversely. When the lamps are turned off in the evening, the same procedure is followed. In addition to these procedures, fluorescent lamps are kept on permanently, as nightlights are needed for safety on an independent electric circuit. We adopt this cumbersome system because of the High Intensity Discharged Lamps that cannot be controlled by rheostats. Two years ago, we had an accident in the tuna tank lighting system. All the lamps suddenly turned off, triggering chaotic swimming behavior in the tunas. This crisis caused us to lose many large specimens: more than 30 individuals on that day and in the next three months.
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Figure 3: Schematic timetable of lighting for tunas

Nurseryfish is a kurtid fish inhabiting mangrove swamps in northern Australia and New Guinea. The water in this habitat is very muddy and its transparency is usually under several centimeters. The leafy seadragon is a syngnathid fish occurring in the southern area of Australia. Both nurseryfish and leafy seadragon are very sensitive to rapid change in luminous intensity. Nurseryfish begins to swim abnormally when the lamps are turned on for a brief time, and leafy seadragon does when the lamps off. And nurseryfish begin rubbing their snout against the wall and sometimes lie on the surface of the water, which sometimes leads to death. Even if the fishes do not die, they suffer from abrasion on the snout. Leafy seadragon also swim abnormally and sometimes lose their buoyancy control and lie on the water surface. Despite recovery, this cases great stress in the fish, which become likelier to fall ill. For both these species, we set hid lamps and fluorescence lamps above the tanks; the latter’s intensity can be varied automatically through ten steps by a control machine developed for stage lighting. As the same reaction occurs during the transportation of leafy seadragon, we put a miniature bulb on the plastic bag in the transport container.
Last but not least, there is the problem of photoperiodism, which promotes maturation. It is generally known that photic and/or temperature conditions work as stimuli for the maturation and spawning of fish. At the tslp, three species of scombrid fish - Pacific bonito (Salda orientalis), wavy-back skipjack -Euthynnus affinis) and skipjack (Katsuwonus pelamis) - spawned every year in two years after our public opening in 1989, while bluefin tuna did not spawn until 1998. The water temperature was brought down to 18°C, then raised again gradually to 23 or 24°C each year, even if the lighting duration was not controlled and until then kept 14 hours throughout the year. In the season of 1999, the water temperature was brought down to 20°C in June, and raised gradually to 24°C until December. The duration of lighting was varied between 11.5 and 14 hours for the first time, and the fish spawned between August 2 and September 19. Here, I will not mention the details about tuna spawning, but a report is being prepared for the other presentation.
Photosynthesis

Photosynthesis is another important function of lighting in order to rear organisms in aquaria. Marine plants, sea algae and symbiotic animals with zooxanthella, such as hard corals, soft corals and some groups of sea anemone, need specific wavelengths of light sources, which can be used for photosynthesis. The required wavelengths are different according to the absorption spectrum of the photosynthetic pigments. As no lamp has yet been developed with all the necessary wavelengths for those organisms, we combine several kinds of lamps for each tank.
Metalhalide Lamp has high energy efficiency, and thus five kinds of Metalhalide Lamps are used for the “Coral Tank”. The color temperature of those five covers a range from 5,200 to 11,000 kelvin (Mitsubishi-Osrum, Iwasaki, Toshiba). A Metalhalide Lamp was recently introduced to a new coral tank at the tslp, which had a color temperature of 30,000 kelvin, but we cannot know the true value of this lamp until we have the results from coral rearing with this lamp.
A daylight lamp of 4,600 kelvin (Mitsubishi-Osrum) is used for a species of red alga (Callophyllis crenulata). Daylight lamp has low energy efficiency, but it offer a flatter spectrum than the others. As red algae need less luminous intensity than the other algae groups, we have had no difficulties in rearing this red alga with only daylight lamps until now.
Zostera marina is a phanerogamous plant, and vegetation represents an important nursery ground for marine animals. This plant is considered very common and covers huge areas, mainly in the inner bays of Japan, but its presence has been reduced by land reclamation in the 20th century in Japan. This plant is considered to be a difficult species to rear in artificial conditions; only one or two aquaria in Japan have succeeded keeping the same individuals for one year or more. tslp has kept the same individuals of this plant for four years in its exhibition tank, which has a surface area of 4 sq. m by 2.2 m deep. A fluorescent lamp is enough as a light source to preserve and rear the plant in a small tank, but the luminous intensity is too low for ordinal tanks in public aquaria. To insure enough luminous intensity, we set eleven lamps with a total of 13,800 watts. Two of these are High Intensity Sodium Lamps of 2,100 kelvin, which covers the lower color temperature, and the others are Metalhalide Lamps, with a color temperature of 6,000 kelvin.

Water Movement
The outline of the water movement functions is shown in figure 4. It is impossible to care for these organisms or exhibit them naturally with no water movement control. Adherent benthic animals, algae and sea grass need suitable water movement for their absorption and excretion. They also need to clean up the silt that falls on their bodies. We adopted three types of facilities to move water in the rearing tanks: first the nozzle-type, second the cylinder-type and third the plate-type.
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Figure 4: Main functions of water movement controlled in tslp

Several tanks are equipped with nozzle-type at the tslp. In the “Coral Tank” water circulation system, the water from the filter is divided into two passes. One goes directly to the tank and the other is divided again into two passes to create water currents. The nozzle is a polyvinyl chloride pipe with small holes at 10-cm intervals from each other. Each pass has two nozzles. One is set vertically along the glass side and the other horizontally above the glass. A magnetic valve is set on each pass, automatically switched in two directions to create water currents alternately of different directions in the tank. The switching intervals are almost the same as for natural tides. As benthic organisms, in shallow seas, generally inhabit currents in two directions caused by the tides, it is considered that a one-way water movement is not sufficient for their health.
They cylinder-type of wave machine was first developed at the Monterey Bay Aquarium, where it achieved goods result for large brown algae, one of the most difficult marine organisms to rear in artificial conditions. Last year, we adopted this type of wave machine for large brown algae in the “Kelp Tank” with satisfactory results so far. Today, we observe the algal flora succession in this tank.
The “Shore-Line” tank has a surface area of 470 square meters and a water volume of 220 cubic meters. For this tank, the wave machine, formerly plate-type, was changed this year to a cylinder-type. In addition to the wave machine, this tank has an accessory tank of 50 cubic meters in the ground in order to create tidal movement by automatically removing the water between the main and accessory tanks. The main tank is equipped with two tide pools in the shallow area, where benthic animals of tidal zone are exhibited. I believe the plate-type wave machine is less reliable than the cylinder-type, because there have been more problems - mainly in the shaft - not only causing the exhibition to be closed but also resulting in higher maintenance costs.

The tidal movement of water in the “Mudskipper” tank is created by an accessory tank, similar to that in the “Shore Line”. This fish lays eggs in the innermost part of a J-shaped spawning nest (Tanigawa et al. 1998), and the male stays in the nest until the eggs hatch. The school of newly hatched larvae waits in a small pool at the mouth of the spawning nest until the next high tide to carry out it to sea. I suppose that tidal movement is not needed only to rear mudskipper (Periophthalmus modestus), but if we try to reproduce this fish, the tidal movement becomes necessary. Last August, we had several larvae of mud skipper in this tank, but they failed to grow. We are now awaiting the next mudskipper spawning season.
The blenny (Alticus saliens) is a fish inhabiting wet rocks in the air of the crushing zone, and seldom swims underwater, but rather jumps on the water surface when needed. Spawning also occurs in the same zone. The dimension of this tank is 220 cm L by 280 cm W by 220 cm D. The water level is at one-fourth, with the other three-fourths in the air. The tank is equipped with an accessory tank to maintain a moist environment for this fish. The water is pumped up to the accessory tank, and 160 l of water returns to the rearing tank every 30 seconds, splashing on the substrate in the air, thereby providing a suitable living zone for the blennies.
I believe that both these two environmental factors, lighting and water movement, are basic and can be controlled artificially. There is no doubt that many factors, such as the quality of the water and seafloor, food, substrate and so on, are as important as lighting and water movement. It is necessary, however, to be more careful in the implementation of these two factors, due to high initial and maintenance costs, and that’s the reason why I selected them for this report on the aquatic environment. While some organisms have been successfully kept, others, like deep-sea animals, are still very difficult or impossible to keep, even when collected in good condition. It is my hope that we accumulate rearing skills by performing many trials and every organism captured can be kept in enriched environments in aquaria.
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