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Accompanying the recent technological innovations in remotely operated vehicles

(ROVs), submersibles, technical SCUBA, and closed-circuit rebreather diving gear,

new discoveries are being made on mesophotic coral ecosystems around the world.

However, collecting live fishes from mesophotic depths (60–150m) is challenging, given

the difficulty of accessing the habitat, catching the fishes, and the barotrauma that

can result from rapid decompression during their transport to the surface. Here, we

designed and tested the performance of a portable, submersible hyperbaric chamber,

the SubCAS, which we used to safely surface reef fishes from mesophotic depths.

During six expeditions between 2014 and 2017 to the Philippines, Vanuatu, Palau

and Pohnpei, we assessed the survival of 174 fishes caught between 60 and 150m

depth and decompressed using this chamber. A total of 155 (89.1%) fishes survived

decompression, and 143 of 148 specimens shipped (96.6%) survived air cargo

transport from remote field sites to the Steinhart Aquarium at the California Academy

of Sciences. Survival was significantly related to taxonomic family, with Pomacentridae

and Apogonidae showing the highest mortality. Collection depth, fish body size, and

length of decompression had no relation to survivorship. Significant interactions between

individual decompression events and both fish body size and taxonomic family indicate

that low survival was associated with specific SubCAS trials. The SubCAS has allowed us

to reliably surface charismatic fishes previously unknown to science and maintain them

in aquaria for research and public engagement purposes. This opportunity facilitates a

direct connection between our more than one million annual visitors and the wonders of

exploration and the science of mesophotic coral ecosystems.
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INTRODUCTION

The deeper portions of coral reefs, known as mesophotic coral ecosystems (MCEs) are currently
the subject of intense research and are adding significant advances to our knowledge of coral reef
systems (Bongaerts et al., 2010; Slattery et al., 2011; van Oppen et al., 2011; Loya et al., 2016;
Pinheiro et al., 2016). This explosion in deep coral reef biology and ecology has been fueled by
technological advances in remotely operated vehicles (ROV), autonomous underwater vehicles
(AUVs), manned submersibles and submarines, and technical SCUBA diving gear, especially
mixed-gas, closed circuit rebreathers (CCR). Scientific teams have begun investigating MCEs
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(60–150m) around the globe, with major implications to the
understanding of coral reef biology and the emerging threats
to coral reef ecosystems (Bongaerts et al., 2010; Slattery et al.,
2011; van Oppen et al., 2011; Loya et al., 2016; Pinheiro et al.,
2016). New records and new species discoveries are slowly filling
our knowledge gap of the diversity and distribution of fishes
inhabiting MCEs (Kane et al., 2014; Wagner et al., 2014; Pinheiro
et al., 2015; Pyle and Kosaki, 2016; Simon et al., 2016; Rocha
et al., 2017). However, despite all of this work, there are relatively
few instances where live specimens collected from MCEs are
successfully being studied ex situ or utilized to directly engage
and inform the public about the existence of and threats to these
remarkable ecosystems.

Collecting live fishes from mesophotic depths is challenging
due to the limited access to the environment and the difficulty
of catching fishes using ROVs or submarines, or while diving
in extreme exposure situations (Pyle, 2000). The logistical
considerations for this type of work are daunting, given the
pressure changes between even the shallowest mesophotic
ecosystems (30–60m) and the surface. These deep environments
were formed by coral reefs during the last glacial period, which
drowned as sea level rose to present levels roughly 14,000
years ago, andmany remain complex, three-dimensional habitats
(Sanborn et al., 2017). The complexity of deep reefs allows
fishes to easily escape the bright illumination and loud noises
associated with ROVs and AUVs and remain undiscovered.
Although it is very difficult to catch a fish with a robot,
maneuverable arms, chemical injection systems, hydraulic traps,
suction devices, and even laser-aimed sedative spear injections
have been used to collect fishes from the deep ocean (Gilmore,
2016). A particularly innovative design developed in Japan, the
pressure-stat aquarium, allowed collection of deepwater fishes via
submersibles directly into a stainless-steel chamber, where they
were maintained under pressure in a laboratory for up to 64 days
(Koyama et al., 2002).

Divers employing mixed-gas, closed-circuit rebreathers have
less time to work in these deep reefs compared to ROVs or
submarines, but they are quieter, less disruptive, and more agile,
and are thus more successful at finding and catching small,
cryptic reef fishes (Pyle, 2000). However, mixed-gas divers must
exit the bottom rapidly, ascending as much as 50m before
beginning their own decompression, and then pausing every
3m or so for progressively longer times. This requirement
complicates safe handling of the fishes, which are sensitive to
changes in temperature, light levels, oxygen concentrations, and
pressure, with a safe decompression timetable that often differs
from that of the divers (Wilson and Smith, 1985). Rapid ascent
barotrauma causes a variety of physical and physiological effects
to fishes, including exophthalmia, swim-bladder overexpansion,
oral eversion, cloacal protrusion, subcutaneous gas bubbles,
emboli, hematoma, swim-bladder rupture, and other organ
damage (Rogers et al., 1986; Rummer and Bennett, 2005; Jarvis
and Lowe, 2008; Sato et al., 2010; Pribyl et al., 2011). Thus, in
order for fishes to survive a trip to the surface from mesophotic
depths, intervention is required.

Ascending fishes from mesophotic depths usually employs
one of three methods: (1) venting (2) staged decompression

or (3) hyperbaric treatment. Venting, also known as “fizzing”
or “needling,” consists of puncturing the swim bladder with
a hypodermic needle to release the expanded gas before it
can cause damage to internal organs. Although this technique
can be employed successfully, there is risk of unintentional
damage to neighboring organs, necrosis at the puncture site,
and potential bacterial infection from repeated punctures and/or
reused needles (Nguyen et al., 2009; Drumhiller et al., 2014;
Munday et al., 2015). Divers or manned submersibles will
occasionally stage fishes for decompression stops at intermediate
depths in baskets, buckets or other enclosures, retrieving them
later (Munday et al., 2015). However, this complicates remote
operations where multiple field sites are being surveyed across
sequential days. This approach can also expose the fishes to
temperature stress from being staged above the thermocline(s)
as well as stress or damage from being contained an unnatural
environment with other, perhaps incompatible, fishes. Finally,
hyperbaric treatment involves using a pressurized chamber to
slowly decompress fishes at a rate where they do not suffer
the ill effects of barotrauma (Lobel and Culp, 1976; Smiley and
Drawbridge, 2007; Welsh, 2012; Munday et al., 2015).

Portable hyperbaric chambers have been successfully
employed to collect deepwater fishes, however, most of these
are employed after the fish has been surfaced, and are actually
recompression chambers (Smiley and Drawbridge, 2007; Ballard,
2008; Sato et al., 2010; Welsh, 2012). Submersible hyperbaric
chambers, true decompression chambers, have been used to
reduce stress and mortality in live fish collections (Lobel and
Culp, 1976; Wilson and Smith, 1985). However the prior
designs were too large, heavy and cumbersome to be deployed
by mesophotic divers, who already are carrying a significant
amount of equipment during extreme exposure, mixed-gas
diving. Additionally, most prior designs were closed-systems
pressurized by air or oxygen, and thus did not allow the
user to perform water changes or observe, feed or otherwise
manage the fishes during the lengthy decompression (Lobel and
Culp, 1976; Ballard, 2008). A hyperbaric-trap aquarium was
constructed and deployed at 1,000–1,400m depth in order to
capture and study grenadiers, Coryphaenoides acrolepis, however
no fish were successfully decompressed to ambient pressure
(Wilson and Smith, 1985). At the Monterey Bay Aquarium,
California (USA), a recompression chamber design facilitated
care and management of deepwater fishes throughout extended
decompression by allowing for water exchange, temperature
control, feeding, and observation of the specimens (Welsh,
2012). These fishes were caught on rod and reel and placed
in the chamber at the surface, and thus were subjected to
barotrauma (Welsh, 2012). This approach is similar to that
taken by recreational anglers, and numerous studies have been
conducted on how recompression increases survival of deep-sea
catch and release fishing (reviewed in Brown et al., 2010).

As part of an initiative to increase scientific knowledge
and public engagement around coral reefs, we developed an
exhibit about MCEs at the California Academy of Sciences (San
Francisco, USA). To facilitate the acquisition of living fishes for
our exhibit, we designed and constructed a portable, submersible
hyperbaric chamber, the SubCAS (Submersible Chamber for
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Ascending Specimens). This tool was successfully employed
to decompress 174 fishes from up to 150m depth during six
expeditions at remote field sites from 2014 through 2017. Here,
we describe the design and use of this device, and the testing
of its performance, along with how taxonomic family, size class,
capture depth, capture location, length of decompression, and
various external factors impacted our success.

METHODS

Design Development
Several constraints guided our design process. First, the SubCAS
had to be robust, and easily transportable to remote field sites.
Second, it must be made of readily-available, standard-size parts
and fittings so that it could be repaired or modified in the field,
as necessary. It needed to be submersible, compact enough to
carry and easy enough to operate by mesophotic divers, who
are already burdened by nearly 100 kg of other equipment: the
rebreather, several SCUBA cylinders of emergency bail-out gases,
various safety and collecting gear, and diver propulsion vehicles.
Ideally it would be transparent or have a large window tomonitor
the fishes during decompression. Finally, it must be able to handle
enough pressure to enable safe transport and decompression of
fishes from depths of up to 150m.

In order to meet these constraints, we designed the SubCAS
around an injection molded 50.8 cm polypropylene water
filter housing (PureT C908-BK1-PR, PureT Water Treatment
Technologies, USA). This filter housing has a working pressure
rating of 6.9 bar, which allows pressurization at intermediate
depths where mesophotic divers can briefly pause during ascent.
The filter housing consists of two main parts: a clear cylinder
and an opaque black cap (Figure 1). The housing is sealed
by screwing the cylinder into the cap and tightening it with
a plastic filter housing wrench. Two O-rings, one in the cap
and one set into a groove in the top rim of the cylinder, seal
the unit and maintain the internal pressure. The cap has two
integrated 2.5 cm female threaded ports and a pressure-relief
button. We reversed the intended flow direction through these
ports, using the inlet as the outlet, because the outlet port
was more suited to channel water flow directly into the inner
collecting jar. In order to prevent inadvertent depressurization
of the unit, we disabled the pressure-relief button by removing
the internal spring and locking it in the closed position with
a stainless steel screw. One 2.5 cm threaded port was reduced
with a PVC bushing to connect 6mm diameter plastic tubing
and a small valve to control water flow into the housing. A
modified PVC plastic pipe cap or a custom 3D-printed plastic
shield was used to cover and protect these fittings and the
6mm water supply tubing connection. A 2.5 cm true-union
valve was plumbed into the second threaded port. Water
leaves the chamber through the true-union valve, which also
serves as a convenient handle for divers to use when closing
and pressurizing the chamber. The true-union fitting on the
downstream side of the valve handle can easily be removed
and swapped with other fittings while keeping the valve closed
and the chamber pressurized. This design creates a convenient
connection point for divers to attach a low-pressure hose from

FIGURE 1 | The portable, submersible hyperbaric chamber (SubCAS)

described in the text, showing: (A) hyperbaric chamber, (B) inner collecting jar,

(C) submersible depth gauge, (D) removable chamber cap, (E) filter housing

wrench, (F) 6mm tubing connection and isolation valve for water supply, and

(G) true-union valve, and connection for 12mm water discharge tubing, which

also serves as a second handle to securely close the unit.

a small SCUBA cylinder to re-pressurize the unit in the event
that they encounter a slow leak upon ascent, as well as for
the fittings to connect the 12-mm water discharge tubing once
the SubCAS is on the surface. In order to prevent divers from
accidentally depressurizing the SubCAS during ascent, the handle
on the true-union valve was removed or cut into a circular shape
(Figure 2).

A custom-designed acrylic inner collecting jar (My Reef
Creations, USA) serves as primary containment for the fishes,
and was designed to fit snugly within the water filter housing
(Figure 3). This inner collecting jar has a series of 6mm
perforations in both ends, allowing for water to flow from top
to bottom through the entire length of the SubCAS. It also has
a hinged access door secured with a Velcro lock. Divers add
fishes to the collecting jar through this door. One end can be
completely removed by unscrewing 3 plastic thumb screws. The
various components of the hyperbaric chamber are shown in
Figures 1–3, and component part numbers and manufacturers
are listed in Supplementary Table 1.
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FIGURE 2 | The SubCAS chamber cap, showing: (A) 2.5 cm threaded port,

reduced to connect 6mm diameter water supply tubing and an isolation valve,

(B) 2.5 cm threaded port with true-union valve and connection for 12mm

water discharge tubing (C) the pressure-relief button, which has been

disabled, and (D) the custom 3-D printed plastic shield that protects the

tubing and fittings. Note the reversed flow direction through the cap inlet and

outlet, and the modified true-union valve handle, as described in the text.

The chambers are connected to a filtered and temperature-
controlled reservoir, essentially a temporary aquarium holding
system (Figure 4). Water circulation to the chambers is provided
by a high-pressure pump (SHURflomodel 9325-043-101, Pentair
Filtration, Inc., USA). Water supply can be routed to multiple
chambers in parallel through a control manifold assembly and
12mm diameter plastic tubing and fittings (John Guest Super
Speedfit, John Guest USA Inc., USA). It is critical that all
fittings and tubing have a pressure-rating of at least 6.9 bar,
and preferably 10.3 bar. An adjustable pressure control valve
(Plastomatic RVDM In-line Pressure Relief Valve, PVC/EPDM
Thd, Indelco Plastics Corporation, USA) allows the chamber
operator to control the working pressure of the system. The
working pressure, which equates to the virtual depth of the
fishes within the chamber, is monitored by an in-line pressure
gauge located adjacent to the pressure control valve, as well as
submersible depth gauges located in each inner collecting jar.

Collecting and Surfacing Fishes
Divers collect mesophotic fishes using hand nets, occasionally
with the assistance of chemical anesthetics (clove oil or
quinaldine sulfate). Fishes are selected for collection based on
several criteria: taxonomic status (new species and new records
are priorities), suitability for aquarium care (appropriate size and
demeanor), ability to engage members of the public (appearance
and behavior), and the divers’ ability to capture the fishes.
Following capture, fishes are placed in the inner collecting jar for
the duration of the working part of the dive. After leaving the
bottom, divers ascend to a deep stop at∼55–60m.Here, the inner
collecting jar is inserted into the hyperbaric chamber, and an air
bubble (∼300 cm3) is blown into the chamber lid. The air bubble
is critical, as it expands during ascent and maintains the internal
pressure in the chamber. Caremust be taken to ensure that the O-
rings are free from debris or sediment, and then the unit is closed
and sealed (Figure 5). At least one of the control valves needs to
be closed after the unit is sealed; if these valves are closed before
sealing, it is nearly impossible to remove or replace the lid due to

FIGURE 3 | The custom-designed inner collecting jar, showing: (A) the hinged

access door that divers use when collecting fishes, (B) the Velcro “lock” for the

access door, (C) the submersible depth gauge and (D) the small holes for

channeling water flow through the jar during decompression.

the incompressibility of water. Once sealed properly, the SubCAS
maintains a pressure of∼6–7 bar for the duration of the ascent.

A support dive team meets the mesophotic team at ∼30m,
and the SubCAS is handed off and immediately brought to
the surface. The support team connects a 12V battery powered
high-pressure pump to the SubCAS via the tubing connections.
This pump maintains pressure and provides clean, oxygenated
water to the fishes inside. The team uses bags of ice to control
water temperature during the boat ride back to the field station.
At the field station, the SubCAS is switched over to an AC-
powered high-pressure pump and connected to a larger water
system where temperature, salinity and metabolic wastes are
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FIGURE 4 | Schematic of the hyperbaric chamber in field use, showing: (A) pair of hyperbaric chambers containing mesophotic fishes, (B) seawater reservoir, (C)

high-pressure pump (D) control manifold with in-line pressure gauge and adjustable pressure control valve, (E) aquarium life support equipment for filtration and

temperature control. Arrows indicate water flow direction. Black lines denote 6mm water supply tubing, gray lines represent 12mm water discharge tubing, and the

dashed line signifies the 6mm bypass tubing connection. Circles marked with diagonal lines represent the valves used for flow-control and to isolate the chambers.

FIGURE 5 | A rebreather diver places the inner collection jar into the SubCAS, and then seals the chamber at an intermediate depth of ∼60m. The hinged access

door, Velcro lock, submersible depth gauge and thermometer are visible on the inner collection jar, which is in the diver’s right hand. The chamber cap and body are in

the diver’s left hand. In this version of the SubCAS, the valves and fittings on the chamber cap were protected by a white shroud constructed from an 18 cm diameter

schedule 40 PVC cap.

managed and kept within tolerance limits. Here, the fishes are
given professional care for the duration of their decompression
and during the period between release from the chamber and
shipping back to our museum.

Decompression
Decompression was performed by opening the adjustable
pressure control valve at set time intervals and targeting

a specific depth reduction, as measured by the submersible
depth gauge. Decompression algorithms were initially based
on planned decompression used by our mesophotic dive team
and prior work with fish recompression chambers (Smiley
and Drawbridge, 2007; Welsh, 2012). The clear walls of the
SubCAS allow observation of the fishes, and monitoring and
management of stress during decompression. Working pressures
were continuously monitored by either a submersible depth
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gauge (dive computer) located within the chamber(s) and/or the
in-line pressure gauge on the system plumbing. Depths and times
of decompression were adjusted based on the response of the
fishes. If signs of stress, such as a high respiratory rate, listing,
or excessive buoyancy were observed, fishes were compressed
back down in 3m increments until they recovered, and then
decompression was resumed. Decompression algorithms often
also took into account the field schedule: allowing for sleep,
meals, and subsequent dives by the support and deep diving team.
Water exchanges to dilute nitrogenous wastes were performed
by simply removing water from the larger recirculating system
and replenishing it with fresh seawater matching the system
temperature and salinity. The adjustable pressure control valve
creates some back pressure on the system and prevents the
SubCAS from ascending fish all the way to the surface. In
order to overcome this limitation, on the final decompression
stops chamber operators open the bypass valve, which enables a
reduction of pressure down to near-ambient conditions. Fishes
were considered to have survived decompression if they were
alive at the time of their release from the SubCAS.

Packing and Shipping
Following decompression, fishes were released into the
recirculating water system, where they were able to swim freely
until they were packed for transport back to our museum.
Sections of plastic pipe and/or small rocks were placed in the
bottom of the aquariums to provide shelter. On shipping day,
fishes were packed in plastic bags filled with fresh natural
seawater and oxygen in a 1:1 ratio, securely packed in Styrofoam
coolers with cardboard outer liners and shipped to the Steinhart
Aquarium in San Francisco, CA, USA, via air cargo (∼24–36 h
total transit time, depending on field site). Ice packs were used
to maintain low temperatures (∼20◦C) during shipping. When
they reached our facility, fishes were acclimated to aquarium
water by slowly equalizing temperature, pH, and salinity, and
then placed into quarantine tanks for 30 days of observation and
professional care by our veterinarian and his team. Fishes were
considered to have survived decompression and shipping if they
were alive upon arrival at our facility.

Data Analysis
Specific data for each of the 174 fishes in this study included
taxonomic family, genus, and species of the fishes, the location
of the expedition, the specific dive site where collection occurred,
the collection date, collection depth, decompression event, and
the total time for decompression. In order to minimize stress
and damage associated with physical handling, the total length
of all fishes was visually estimated, and all fishes were placed
into three size classes: small (0–5 cm TL), medium (5–10 cm TL)
and large (10–15 cm TL). Fishes larger than 15 cm TL were not
collected. Collection depth was organized in four zones: 30–60,
60–90, 90–120, and 120–150m. Percent survival was calculated
for all expeditions, for the 27 independent decompression events,
for fish families, and for specific genera.

We had detailed time records for 18 of the 27 decompression
events included in this study, which were converted to elapsed
time (minutes) and depth (meters). In order to visualize if

decompression rate impacted survival, total decompression
time was organized in three classes for statistical analysis:
short (1,000–2,000min), medium (2,000–4,000min), and long
(4,000–6,500min). We performed Kruskall–Wallis tests to assess
the existence of significant differences in the survivorship
among decompression events, taxonomic family, size classes,
collection depth and the total time of decompression. We also
performed two independent Two-Way Factorial ANOVAs to
investigate the interaction between decompression events with
both taxonomic family and body size. As the survivorship data
does not have a normal distribution (Shapiro–Wilk normality
test: W = 0.34854, p < 0.0001), we applied a logarithmic
transformation to it to approximate the test assumptions of
normality. Analyses were performed in R version 3.4.2 (R Core
Team, 2017).

RESULTS

Hyperbaric Chamber Design
Our portable, submersible decompression chamber, the SubCAS,
worked as designed and allowed transport of fishes from
mesophotic depths to the surface. Of the 18 decompression
events where we have detailed data, the average starting
depth was 59.4m (sd 8.8m), and the maximum starting
depth was 78.8m. By placing specimens into the SubCAS at
these intermediate depths, we were able to decompress fishes
collected from up to 150m deep. During decompression, water

TABLE 1 | Families of mesophotic fishes collected and decompressed using the

SubCAS submersible hyperbaric chamber during six research expeditions to

remote field sites from 2014 through 2017.

Family #Individuals

collected

% Survive

decompression

% Survive

decompression

and shipping

Antennariidae 1 100 100

Apogonidae 13 46 46

Callionymidae 2 100 100

Chaetodontidae 4 100 100

Cirrhitidae 2 100 100

Epinephelidae 1 100 100

Gobiidae 3 100 100

Labridae 29 97 93

Monacanthidae 2 100 100

Ophidiidae 1 100 100

Pomacanthidae 11 91 91

Pomacentridae 15 47 33

Priacanthidae 1 100 100

Pseudochromidae 4 100 100

Scorpaenidae 3 100 100

Serranidae 80 90 90

Symphysanodontidae 3 67 67

Synodontidae 1 100 0

Tetraodontidae 1 100 0
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is continuously circulated through the SubCAS by the high-
pressure pump, providing oxygen and diluting metabolites.
By adjusting the high-pressure control valve, we progressively
reduce the pressure within the chamber and surface the fishes
in a highly controlled manner. The clear plastic body of the

SubCAS allows the chamber operators to easily monitor the fishes
during decompression and adjust the profile accordingly. The
units themselves are robust, compact for transport to remote field
sites, easy for the mesophotic divers to operate, and have proven
very reliable.

FIGURE 6 | Decompression profiles of 18 independent events on field expeditions to the Philippines, Vanuatu, Palau, and Pohnpei from 2014 through 2017. Black

solid lines are decompression events with 100% survival (n = 13). Gray dashed lines indicate decompression events where there was at least one mortality (n = 5).

The bar graph (inset) summarizes all 27 independent decompression events in this study. Stacked columns include all 174 fishes decompressed in our study. Black

bars indicate success (100% survival, 20 of 27 events) and gray bars illustrate the 7 events where mortalities occurred during decompression.

FIGURE 7 | Survival rates of the main families of reef fishes decompressed through the chamber. Only families with sample sizes of more than three specimens are

presented.
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Fish Collection and Decompression
During six mesophotic dive expeditions from 2014 through 2017,
we collected 174 fishes representing a minimum of 80 species, 38

FIGURE 8 | Survival rates of reef fishes decompressed with the SubCAS

chamber. (A) Depth range of collection; (B) Fish size classes: small (0–5 cm

TL), medium (5–10 cm TL) and large (10–15 cm TL); (C) Decompression time:

short (1,000–2,000min), medium (2,000–4,000min) and long

(4,000–6,500min).

ormore genera, and 19 families (Table 1; Supplementary Table 2).
The most represented families were Serranidae, Labridae, and
Pomacentridae, primarily due to our selection criteria and
the high abundance of these small, planktivorous fishes on
mesophotic reefs (Pinheiro et al., 2016). Decompression profiles
varied widely between collecting dives and across all expeditions.
In total, the chamber was used for 27 independent decompression
events. The detailed data points (depth and elapsed time) taken
for 18 of these 27 events are presented in Figure 6. Fishes were
decompressed for a minimum of 1,050min and a maximum of
6,330min, with an average of 2,597min (sd 1,272min). In seven
of these 18 events, fish were observed responding negatively to
the decrease in pressure (e.g., visibly struggling with buoyancy,
or floating at the top of the chamber), so they were brought
back down a single 3m stop and given time to recover. In one
instance, there was a power outage that subjected the fishes
to rapid pressure loss, as the depth went from 36 to 14m in
5min. The system was stabilized within 10min, the fish were
recompressed to 42m, and then given 400min to recover before
resuming decompression. In the end, 11 of 15 fishes survived the
barotrauma associated with this rapid decompression event.

Upon release from the decompression chamber, some fishes
still appeared to be positively buoyant, constantly swimming
with their heads down toward the bottom of the tank or
resting against the top of plastic pipes or other hiding structures
placed within their holding tanks. This behavior occurred with
17 out of 174 specimens (∼10%). Such situations required
medical intervention in only two cases. A Brotula multibarbata
(Ophidiidae) was vented immediately after release from the
chamber due to being excessively buoyant. On one dive, a
SubCAS was improperly sealed and decompressed upon ascent,
resulting in a ruptured swim bladder in a Sacura speciosa
(Serranidae). After this fish had been shipped back to our
museum, it was anesthetized and the gas was aspirated with
a hypodermic syringe. This fish is currently still alive in our
aquarium, 3 years after collection. In all other cases, fishes that
were slightly buoyant were placed in plastic boxes or plastic
pipe sections and submerged in the holding tanks where they
recovered on their own over a period of several days to weeks.
In total, 148 specimens were shipped from remote field sites in
Vanuatu, the Philippines, Palau and Pohnpei to our museum in
San Francisco, with transport times as long as 36 h.

Fish Survivorship
Overall, 155 specimens (89%) survived collection and
decompression. Survival differs significantly among
decompression events (H-test, X2

= 56.277, df = 26, p <

0.001), and taxonomic family (H-test, X2
= 22.045, df = 6, p

= 0.001), where Pomacentridae and Apogonidae presented the
lowest survival rates (Figure 7). Survival was not significantly
different among depth of collection, fish body size, or time
of decompression; all variables exhibit high survival rates
(Figures 8A–C). The Two-Way Factorial ANOVA test identified
significant interactions between decompression events and both
fish body size and taxonomic family (Table 2), indicating the
lower survivorship was specific to certain chamber trials. From
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TABLE 2 | Summary of Two-Way Factorial ANOVA, testing interaction between

decompression events and (A) taxonomic family and (B) body size (visually

estimated in 3 size classes).

Df Sum Sq Mean Sq F-value Pr(>F)

(A) Family 18 1.1304 0.06280 5.926 2.52e-06

Events 26 1.5275 0.05875 5.544 1.46e-06

Family:Events 32 1.0435 0.03261 3.077 0.000601

Residuals 37 0.3921 0.01060

(B) Size 2 0.1482 0.07408 4.504 0.0148

Events 26 2.2839 0.08784 5.341 2.47e-08

Size:Events 21 0.6089 0.02900 1.763 0.0433

Residuals 64 1.0525 0.01645

Degrees of Freedom (Df), Sum of Squares (Sum Sq), Mean Square (Mean Sq), and

Significance [Pr( > F)] are presented.

the 148 shipped specimens, 143 survived the packing and air
cargo transport, representing 96.6% survivorship.

DISCUSSION

The SubCAS is a proven method to collect a broad taxonomic
range of reef fishes frommesophotic depths and safely bring them
to ambient pressure at the surface. This approach has worked
across several remote field locations, facilitating the acquisition of
specimens for scientific research and education in our aquarium.
Specimens from 16 of the 19 families represented in our study
had 90% survival or greater through collection, decompression
and transport. A total of 155 of the 174 specimens collected
survived decompression in the SubCAS.

Mortalities Resulting From Other Factors
Sixteen of the 19 mortalities in our study can be explained
by various external factors, including injury during collection,
predation, or aggression while undergoing decompression,
unexpected power outages or poor water quality. The single
mortality within the Labridae, Cirrhilabrus roseafascia, became
tangled in a monofilament net during collection and was
damaged; this fish likely died from factors unrelated to
decompression. A slopefish, Symphysanodon sp., also died after
being released from the chamber; likely a result of physical
damage during collection. Two specimens of Pseudanthias
flavoguttatus were eaten by a Cephalopholis igarashiensis inside
the chamber, and a Centropyge multicolor died from intraspecific
aggression while in the chamber: two examples of specimen
incompatibility. In addition, eight specimens perished from the
first collection in Vanuatu, probably due to the unexpected low
salinity and high temperature of the source water. This single
episode impacted overall survival within the Pomacentridae and
Apogonidae, as these fishes were disproportionately represented
in this event. Also in Vanuatu, three fish died in a chamber
that rapidly decompressed due to a sudden power outage. The
single lizardfish (Synodontidae) in our study jumped out of the
holding tank during the packing and shipping process and was
lost. If we remove these incidents, all of which are not actually the

direct result of barotrauma, but rather the varying conditions and
often unpredictable circumstances of remote field operations,
our total overall survival through decompression increases to
98.7%. Our statistical analysis supports this conclusion. We
found significant differences among individual decompression
events, and significant interactions between decompression event
and both size class and taxonomic family. Therefore, the lower
survivorship in taxonomic family and size class is associated with
the various external factors described above.

Incompatible fishes should not be mixed within the SubCAS,
as there is no way for them to hide or escape aggression. Opening
the chamber to separate them is not an option as it would
result in rapid, extreme barotrauma and (likely) death. Three
specimens died from either predation or intraspecific aggression
while decompressing in the SubCAS. A potential solution to these
losses is to segregate the fishes within the inner collecting jar
with partitions, perhaps with a series of slightly smaller openings,
or by creating a segmented inner collecting jar with individual
compartments. One potential drawback to this approach is
increased complexity of operation by a mesophotic diver already
taxed by multiple tasks.

Fishes of the families Pomacentridae and Apogonidae did not
fare well with our methodology. Our statistical analysis revealed
an interaction between the lower survivorship in these families
and the individual decompression events, but there may be
other contributing factors. It is possible that this is related to
specific aspects of the physiology or anatomy of these families,
or varying sensitivity to being contained in a tight environment
through decompression. When attempts to decompress deep-
sea grenadiers (C. acrolepis) failed, the authors suspected that
increases in temperature or the relative concentration of oxygen
may have played a role (Wilson and Smith, 1985). We also
observed mortality that may have been associated with poor
source water quality, where we suspect that low salinity and high
temperature caused eight fishes, all within the Pomacentridae or
Apogonidae, to perish. Nevertheless, relatively higher incidences
of barotrauma have been observed in these two families following
international shipping for the marine aquarium trade (Tom
Bowling, personal communication). Additional trials need to be
conducted to determine the root causes of our lack of success with
these two families, which may be related to acclimation responses
independent of swim bladder dynamics.

Exhibiting Mesophotic Fishes
The methods described in this paper enable divers to safely
decompress reef fishes from remote mesophotic coral ecosystems
so that live specimens are available for research and education.
This important innovation allows for detailed ex situ studies
of deep reef fishes, including physiology, behavior, reproductive
biology, and longevity. Our fish decompression chamber has high
survival across a diversity of fish families, size classes, collection
depths, and decompression profiles. The lack of significant
impact of varying decompression profiles on survival of fishes
indicates that the chambers can be used with the decompression
schedule that is most convenient to the daily operations of the
field team.
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One of the great advantages of our design is the clear chamber
housing and collection jar, which allows the operator to view
the fishes during their lengthy decompression. Fish should be
regularly monitored during decompression. If they show any
signs of stress or excessive buoyancy in the chamber, the profile
should be adjusted by dropping them by ∼3m depth and
giving them time to recover. This approach contrasts with prior
attempts, where a stepwise decompression was conducted by
reducing pressure until the fish became positively buoyant and
started listing. The fish was then maintained at this pressure
until it righted itself and once again attained neutral buoyancy,
after which pressure was further reduced in the same manner
(Wilson and Smith, 1985). We suspect that repeated episodes of
excessive buoyancy may damage the blood vessels in the swim
bladder, reducing the fish’s ability to remove the gases through
physiological processes. We have also seen at least one instance
where rapid, accidental decompression led to a ruptured swim
bladder, with gas escaping into the coelomic cavity where it
cannot be physiologically absorbed.

Because the study of MCEs is a recent area of focus
for coral reef science, the potential to study living fishes
from these depths, exhibit them in public museums, and
use them as a tool to promote educational outreach is an
important innovation supporting public awareness during a
time when coral reefs are in a state of global crisis. The
need for increased awareness is especially the case with
MCEs, which are rarely included in marine protected areas
or sanctuaries, and are often subject to the same natural
and anthropogenic stressors that are facing the better-known
shallow coral reef ecosystems. The SubCAS, when deployed
properly, is a highly successful and relatively easy approach
to decompressing mesophotic fishes for research, outreach
and education, and other activities where working with living
specimens is required.

The fishes in this study have been engaging more than
one million members of the public each year in our Twilight
Zone: Deep Reefs Revealed exhibit at the California Academy
of Sciences. They are maintained at ambient pressure under
carefully controlled environmental conditions in a series of
display aquariums ranging from 28 to 5,300 L. At the time
of publication, several specimens described in this study
have been in human care for 3 years, and have acclimated
well to public aquarium conditions: feeding primarily on
frozen foods, and living under increased light levels with
busy crowds visiting the gallery. Our exhibit is well attended
and has high guest satisfaction. Surveys completed by 964
visitors during July-September 2016 report a 77% overall
satisfaction rating: the highest of any new exhibit since our
new museum opened in 2008. These surveys also indicate
that the Twilight Zone exhibit effectively communicates the
importance of coral reefs (89% of guests reporting “very well”
to “somewhat” effective), the causes of the problems facing
coral reefs (83%) and actions to sustain coral reefs (79%).
Interestingly, 38% of guests stated that the fish decompression
chamber was their favorite part of the exhibit. Twilight Zone:
Deep Reefs Revealed won an innovation award from the
Association of Zoos and Aquariums in September 2017. In

addition, the SubCAS was used as an example of a real-
life application of physics in an online video, Bringing Fish
Up From The Deep (https://ww2.kqed.org/quest/2015/03/05/
bringing-fish-up-from-the-deep/), produced in partnership with
KQED Quest.
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