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Using baited camera landers, the first images of living fishes were recorded in the hadal zone (6000–

11 000 m) in the Pacific Ocean. The widespread abyssal macrourid Coryphaenoides yaquinae was observed

at a new depth record of approximately 7000 m in the Japan Trench. Two endemic species of liparid were

observed at similar depths: Pseudoliparis amblystomopsis in the Japan Trench and Notoliparis kermadecensis in

the Kermadec Trench. From these observations, we have documented swimming and feeding behaviour of

these species and derived the first estimates of hadal fish abundance. The liparids intercepted bait within

100–200 min but were observed to preferentially feed on scavenging amphipods. Notoliparis kermadecensis

act as top predators in the hadal food web, exhibiting up to nine suction-feeding events per minute. Both

species showed distinctive swimming gaits: P. amblystomopsis (mean length 22.5 cm) displayed a mean tail-

beat frequency of 0.47 Hz and mean caudal : pectoral frequency ratio of 0.76, whereas N. kermadecensis

(mean length 31.5 cm) displayed respective values of 1.04 and 2.08 Hz. Despite living at extreme depths,

these endemic liparids exhibit similar activity levels compared with shallow-water liparids.

Keywords: liparid; macrourid; Pseudoliparis amblystomopsis; Notoliparis kermadecensis; hadal zone;

Pacific Ocean
1. INTRODUCTION

Exploration of the deep-sea has been characterized by an

extension of the known depth ranges occupied by different

taxa, following the speculation by Edward Forbes in 1844

that life may be absent at depths greater than 550 m

(Anderson & Rice 2006). Demonstration of the occurrence

of life throughout the abyssal depths (3000–6000 m) was

popularized by expeditions such as theChallenger expedition

(1872–1876) and the description of communities of animals

living at the hadal depths (6000 to approx. 11 000 m) from

the Danish Galathea and Russian Vityaz expeditions in

the 1950s (Wolff 1960; Malyutina 2004). In contrast to the

abyssal zone, which extends over more than 50 per cent of

the planet’s surface, the hadal zone occupies avery small area

(approx. 0.56% of planet surface area) but does account for

45 per cent of the world’s depth range. The hadal zone is

fragmented into 22 deep trenches or depressions that are

typically isolated from one another (Angel 1982).

Life in the trenches is dependent on two distinct

pathways of energy supply: particulate detritus from

overlying productivity and carrion falls. Blankenship &

Levin (2007) described the partitioning of these two

sources among hadal scavenging amphipods, which are

the dominant natant fauna, and hypothesized that carrion

feeding is relatively more important beneath oligotrophic

waters. Indeed, Beliaev (1989) commented that carrion
ic supplementary material is available at http://dx.doi.org/10.
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falls are sufficient to support mass populations of bottom-

living scavengers even at 10.5 km depth, in oligotrophic

trenches such as the Marianas Trench. It is now evident

that hadal trenches support significant communities of

animals, with over 50 per cent of species endemic to these

depths (Beliaev 1989), but the role of fishes remains

unclear; Wolff (1960) regarded them as ‘very insignificant’

in the hadal zone. The vivid report of a flatfish sighting

from the ports of the manned bathyscaph Trieste in 1960,

at 10 911 m depth in the Challenger Deep (Piccard &

Dietz 1961), is now generally discounted (Wolff 1961),

and the world’s deepest recorded fish is recognized as

Abyssobrotula galatheae, trawled from 8370 m (Nielson

1977). There is a logarithmic decline in the number of

species of fishes with depth (Priede et al. 2006), with

shallow-water species presumably excluded by adverse

effects of pressure on cellular processes (Somero 1992;

Macdonald 2001) and problems of increasing remoteness

from surface-derived food resources. Extrapolating

species number plots with depth, Chondrichthyes (sharks,

rays and chimaeras) become theoretically extinct at

3850 m, and the maximum depth for Osteichthyes (bony

fish) is 8350 m (Priede et al. 2006). Hitherto the hadal

ichthyofauna has been known exclusively from a small

number of preserved trawled specimens now sequestered

as type specimens in various museums around the world.

While major advances have been made in knowledge of the

behaviour of abyssal bottom-living fishes using baited

camera systems, with the deepest recordings down to

5900 m (King & Priede 2008), no data are available at

depths beyond 6000 m in the hadal regions. This study
This journal is q 2008 The Royal Society
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documents the first in situ observations of living fishes at

the hadal depths, giving indications of their activity and

feeding behaviour.
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2. MATERIAL AND METHODS
(a) Study sites

Autonomous baited camera landers were deployed by free fall

at four study sites in the Pacific Ocean: two in the northwest

( Japan Trench and Marianas region) and two in the

southwest (Kermadec and Tonga Trenches). Hadal lander

A was deployed to 6945 m in the northern Japan Trench,

5469 m in the Marianas region, 6007, 6890 and 7966 m in

the Kermadec Trench and 8798 and 9729 m in the Tonga

Trench. Hadal lander B was only deployed at 5469 m in the

abyssal Marianas region (table 1).

The three trenches studied exhibit a typical V-shaped

topography with soft sediment on the eastern flank (oceanic

plate) and steeper slopes on the western flank (continental

plate). All deployments were made on the eastern flanks.

The oligotrophic Kermadec and Tonga Trenches are

within the South Pacific subtropical gyre (SPSG) province

that has low export rate of primary production to the sea floor

of 87 g C mK2 yrK1 (Longhurst et al. 1995). By contrast, the

Japan Trench situated in the Kuroshio Current Province has

higher primary production export rate of 193 g C mK2 yrK1.

The abyssal Marianas region site (5469 m), situated to the

east of the southern Marianas Trench within the North

Pacific tropical gyre is the most oligotrophic of the three sites

(primary production rateZ59 g C mK2 yrK1).

No deep water is formed in the North Pacific as flow is

predominantly driven by the thermohaline circulation

(Stommel 1958; Warren & Owens 1985). The water masses

are Antarctic in origin, having travelled northwards and

clockwise along the western boundary of the South Pacific

(Johnson 1998), making the Kermadec and Tonga trenches

some of the coldest in the world (Beliaev 1989). Upon exiting

these trenches via the Samoan Passage the water enters the

Marianas region from the east before heading northwards into

the Japan Trench, eventually turning in the Aleutian Trench.

A steady flow of water is present at the bottom of these trenches

and the bottom water masses are well ventilated (Johnson

1998). Beliaev (1989) reported temperatures between 1 and

28C, no significant effects of salinity (34–35 ppt) and sufficient

oxygen to support life in these trenches (4.5 ml lK1).

(b) Equipment

Two free-fall autonomous baited camera landers, rated to

12 000 m operational depths, were used to image the sea floor

and scavenging fauna intercepting bait. The landers comprised

a basic delivery system and scientific payload. The delivery

system consisted of a mooring line with positively buoyant

floatation modules coupled to it 10 m apart. The floatation

modules were pairs of 170 glass spheres rated to 12 000 m

(Nautilus Marine Services, Germany). Attached to the end of

the mooring was a 2.5 m high aluminium tripod supporting

and protecting the scientific payload. Two purpose-built

titanium acoustic releases (Oceano 2500 Ti-Ultimate Depth

AR861B2T IXSEA, France) could be acoustically triggered

from the ship to jettison three steel ballast weights. This action

initiated ascent to the surface by virtue of the positive buoyancy

at 35 m minK1.

The first lander, hadal lander A, was equipped with a

3CCD video camera (HV-D30; Hitachi, Japan) positioned
Proc. R. Soc. B (2009)
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Figure 1. Arrivals and maximum number of amphipods at
bait as a function of depth in the western North and South
Pacific Ocean. Open circles and dotted line represent time
from touchdown to arrival of the first individual and fitted
line (tarrZK0.0032DC37.057, nZ8, R2Z0.55, FZ7.34,
p!0.05). Filled circles and solid line represent the maximum
number of swimming amphipods observed up to 4 : 27 hours
(based on the shortest observation period of station 3) and
fitted line (YZ0.00058e0.00119D, nZ7, R2 Z0.84, FZ25.37,
p!0.01).
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1 m above the sea floor looking vertically down at bait

(approx. 1 kg of tuna). The camera and two 50 W lamps were

focused on a horizontal 10 mm diameter bar in contact with

the sea floor to which the bait was secured in the centre of a

total field of view of 68!51 cm (0.35 mK2). The video was

controlled and recorded autonomously by a modified DVR

Inspector with an Opti-base encoder card (type MPG9005)

providing a screen resolution of 704!576 pixels (NetMc

Marine, UK) and powered by a 24 V lead–acid battery

(Seabattery; DSP&L, USA). The video camera and control/

logging system were housed in stainless steel 255 pressure

housings rated to 12 000 m operational depth. The system

can record up to 3 h in MPEG2 format, which was time-

lapsed to record 1 min of footage every 5 min, allowing up to

15 hours observation time on the sea floor. Three baited

invertebrate funnel traps were attached to the footpads of the

lander to collect scavenging amphipods.

The second lander (hadal lander B) had the same basic

delivery system but with a scientific payload comprising a five

megapixel digital still camera (OE14-208) and single flash

gun (OE11-242; Kongsberg Maritime, Norway). The camera

was capable of taking over 1000 images per deployment in

JPEG format. On both landers, temperature and pressure

were recorded every 30 s throughout the deployment by

SBE-39 loggers (Seabird Electronics, USA). Near-bed

current velocity estimates were made by tracking particles in

the water resuspended by the activity of bottom fauna.

(c) Data analysis

Each 1 min video sequence was manually analysed. Individ-

ual fish of the same species were identified by body lengths

and exterior condition. Body lengths were measured by a

comparison with the in situ scale bar in the field of view. To

measure tail-beat frequency, the video sequences (25 fps)

were played back frame by frame permitting the number of

full stroke tail beats per second (Hz) to be calculated.

The relative abundance of amphipods at each site was

assessed by counting the number of visible amphipods

swimming around the bait. At the midpoint of each sequence,

the video was played back frame by frame and the number of

individuals recognized as swimming was counted within the

field of view. However, the resolution of the video camera did

not permit exact counts and identification of small individuals

(less than approx. 5 mm). Thus, the counts do not indicate

the absolute density of individual amphipod species but the

relative abundance of individual amphipods of more than

approximately 5 mm swarming over the bait. This method-

ology was preferred on the basis of indicating a significant

fraction of amphipod biomass present at each site. Since this

was employed at all sites, between-site comparisons are

consistent in this study.

Regression analysis was performed using SPSS (SPSS

Inc., USA) to assess the role of depth gradient in explaining

the observed variability in (i) amphipod first arrival time,

(ii) amphipod maximum abundance and (iii) fish first

arrival time.
3. RESULTS
(a) Environmental characteristics

Bottom temperature varied between 1.168C at station 3 in

the Kermadec Trench at 6007 m and, with the evidence of

slight adiabatic heating with depth, 1.788C at 9729 m

(station 8) in the Tonga Trench (table 1). Temperatures in
Proc. R. Soc. B (2009)
the Northern Hemisphere at corresponding depths were

slightly warmer (1.778C in the Japan Trench at station 5),

which is attributed to the warming of bottom water moving

northwards from its Antarctic origin. At all sites the

substrate was sedimentary, with softer sediments found at

the 5500–8000 m sites, indicated by slight burial of the bait

arm. At the two deep Tonga Trench sites, the sediment

appeared harder, with the bait arm fully exposed. Near-bed

current velocity estimates were the strongest at the

Kermadec Trench locations (approx. 8–14 cm sK1),

in contrast to the other sites (3–7 cm sK1, Japan Trench;

5–9 cm sK1 Marianas region). The current speeds in the

Tonga Trench were too low to estimate with confidence.
(b) Crustacea

In all localities, amphipods were the first to intercept the

bait, with the first individual appearing 5–21 min after

touchdown and a trend of shorter delays at the greatest

depths (table 1; figure 1, dotted line). As more individuals

arrived, dense aggregations of amphipods accumulated

around the bait, particularly towards the deepest sites

(figure 2), with the highest number of 680 observed during

the first 4.5 hours of deployment (based on the shortest

observation period of station 3) at 9729 m in the Tonga

Trench compared with less than 10 individuals typically

present at the shallowest stations (figure 3a–c). There was

a trend of exponential increase in numbers with depth

(figure 1, solid line). Arrival times at baits can also

be used to estimate population densities of deep-sea

amphipods (Sainte-Marie & Hargrave 1987) and fishes

(Priede et al. 1990), assuming an inverse square law

relationship between abundance per unit area N and

arrival time tarr ,

Nf1=t2
arr:
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Applying this to the arrival time data indicates a 10-fold

increase in the abundance of amphipods between 6000

and 10 000 m depths. The resolution of the video camera

relative to the small body size did not permit a positive

identification of amphipods to species level; however,

studies by Blankenship & Levin (2007) in the Tonga

Trench and Kermadec Trench indicate these are lysianas-

soid amphipods, Eurythenes gryllus, at the shallowest

stations; Scopelocheirus schellenbergi at 6500–8000 m; and

there is an increased dominance of Hirondellea dubia from

the middle to the deepest stations. Specimens were

captured in auxiliary traps for identification and preliminary

sorting, indicating the presence of these and further new

species. In addition, the natantian decapod, Benthesicymus

crenatus (Bate 1881), was observed at stations 1–5

(Jamieson et al. in press), as were isopods Storthyngura sp.

in the Japan Trench at station 5 (figure 3d–f ).
(c) Fishes

Fishes arrived after much longer time delays than

the Crustacea (table 1). The macrourid C. yaquinae

(Iwamoto & Stein 1974) was the first species to arrive,

at 5469 m in the Marianas region. An ophidiid, cusk-eel,

was also present at station 2 at 3, 12 and 18 hours after

touchdown. Two C. yaquinae were also observed at

6945 m in the Japan Trench, a new maximum depth

record for macrourid fishes and the first observation from

hadal depths (figure 3d– f ).

Two species of endemic liparids, both of which had

never previously been seen alive, were observed at the hadal

depths: a Pseudoliparis amblystomopsis (Andriashev 1955) at

6945 m in the Japan Trench (figure 3g–i ) and Notoliparis

kermadecensis (Nielson 1964) at 6890 m in the Kermadec

Trench (figure 4). The species identification was based on

morphological characteristics detailed in holotype descrip-

tions of previously known liparids from each region
Proc. R. Soc. B (2009)
(Andriashev 1955; Nielson 1964). Identification to species

level from video footage cannot be achieved with absolute

confidence as there is always a chance of inconspicuous

morphological variation, particularly in these rarely studied

fishes. However, based on historical findings, taxonomic

descriptions and the extremely low fish diversity apparent

at these depths, it is highly likely that these fishes are

N. kermadecensis and P. amblystomopsis.

The arrival times of the first fish of each species in this

study are plotted in figure 5 as a function of depth and

compared with the previous arrival time data from baited

camera deployments at depths of 755–5900 m from

different oceans (Priede et al. 1990, 1991, 1994a,b;

Armstrong et al. 1992; Henriques et al. 2002). An

exponential relationship is fitted to these data, reflecting

an increase in time delay with depth. The present data lie

close to the global line (Priede et al. 2006) when

extrapolated to hadal depths. The longer time of arrival

of fishes at depth reflects the general decrease in the

abundance of scavenging fishes with depth (Priede &

Merrett 1996). The relationship between tarr and fish

abundance N (kmK2) can be defined as

AZ 60tarr=ð1=vw C1=vf Þ;

where A is the mean area occupied by one fish (mK2); vw is

the water velocity of the current dispersing odour over

the sea floor (m sK1); and vf is the velocity of the fishes

moving upstream towards the bait following odour

interception. Then

N Z 106=3A2:

Assuming vwZvf Z0.05 m sK1
, typical of most deep water

localities (Priede et al. 1991), and converting the data in

figure 2 to predicted fish abundances, results in the

relationship

N Z 23 549:86eK0:00109D;

where N is density ind. (kmK2) and D is water depth (m).

A scale corresponding to this relationship is shown on the

right-hand side of figure 5. Predicted abundances of hadal

fishes are 11.4 ind. kmK2 at 7000 m and 0.43 ind. kmK2

at 10 000 m depth.
(i) Coryphaenoides yaquinae

At abyssal depths (station 1, 5469 m) in the Marianas

region, at least 13 different individual C. yaquinae were

observed, ranging in total length from 20.8 to 99.7 cm

(mean 76.7 cm G20.9 s.d.), following their first arrival at

52 min. Except for a period when two fish were present at

57 min, only one individual was in the field of view at any

one time, indicating a continuous turnover of fish visiting

the food source. Mean tail-beat frequency was 0.36 Hz,

s.d. Z0.11 (nZ15). At station 2, using a still camera, the

first fish were observed to arrive at 60 min, followed by an

early peak of three fish present at 3 hours, the absence of

fish at 10 hours and a second peak of three fish at 18 hours.

At both stations, C. yaquinae actively attempted to feed on

the bait. In the Japan Trench at 6945 m two C. yaquinae

were sighted. The first was 36.0 cm long and was present

for an entire 1 min video sequence at 104 min (figure 3 f ).

The second was 48.8 cm long and present at 251 min after

touchdown (figure 3d,e). Both individuals swam with a

mean tail-beat frequency of 0.36 Hz, s.d.Z0.07 (nZ3), the

same as individuals observed at 5469 m, but no feeding
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(iii)

Figure 4. (a) Image of liparid, N. kermadecensis taken from a baited video lander at station 4, 6890 m depth at the Kermadec
Trench. (b) Sequence showing the capture of an amphipod by suction feeding: (i) approach to prey indicated by red circle
(0.0 s), (ii) prey captured by action of the buccal suction pump (1.0 s), (iii) exhalation of sediment through the opercular
openings during ingestion (1.5 s). Scale bars, 10 cm.

(a) (b) (c)

(g) (h) (i)

(d) (e) ( f )

Figure 3. Images of hadal fauna taken from a baited video lander. All scale bars are 10 cm long. Views of the bait showing
amphipods at 3 hours after touchdown at: (a) station 3, 6007 m depth, Kermadec Trench; (b) station 6, 7966 m depth,
Kermadec Trench; (c) station 8, 9729 m depth, Tonga Trench. (d– f ) Images of macrourid, putatively C. yaquinae and isopods
Storthyngura sp. at station 5, 6945 m depth Japan Trench. (g–i ) Images of liparid, P. amblystomopsis at station 5, 6945 m depth
Japan Trench. Sequence of images 0.3 s apart showing synchrony in between pectoral caudal fins during one-half cycle.
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activity was observed. At both depths, the macrourids

approached the bait from down-current, indicating a typical

olfactory search strategy (Wagner 2003).
(ii) Pseudoliparis amblystomopsis

In the Japan Trench at 6945 m, one individual

P. amblystomopsis was observed during two video
Proc. R. Soc. B (2009)
sequences, at 194 and 204 min after touchdown. Total

body length was 22.5 cm, and it swam in prevailing

currents of 3–7 cm sK1 with a routine tail-beat frequency

of 0.47 Hz G0.01 s.d. (nZ2). It used both pectoral and

caudal fins for propulsion with a tendency to exhibit 1 : 1

synchrony (figure 3g–i; electronic supplementary

material 2). The mean caudal : pectoral frequency ratio
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was 0.76. Small free-swimming amphipods attracted to

the bait were ingested by individually targeted suction

feeding at a rate of 2 minK1. No direct attempts to

consume the bait were observed.

(iii) Notoliparis kermadecensis

At 6890 m in the Kermadec Trench, three individuals of

N. kermadecensis, total body lengths 32.2, 33.3 and

28.7 cm, were observed over a period of 6 hours (figure 4,

electronic supplementary material 1). They exhibited an

up-current approach to the bait and were capable of

swimming against currents of 10–14 cm sK1, with a mean

tail-beat frequency of 1.04 Hz G0.11 s.d. (nZ31). The

pectoral fins were relatively smaller than that in

P. amblystomopsis and the caudal : pectoral frequency

ratio was 2.08. The presence of amphipods evoked active

swimming and they were captured at rates of up to nine

suction feeding events per minute (figure 4a–c). The

amphipods consumed by the fish were of similar size

(length 1.2 cm G0.2 s.d., nZ8) and moved at a mean

speed of 10 cm sK1G4.5 s.d. (nZ8). In response to such

prey movements, the liparids exhibited fast predatory

behaviour with a maximum burst swimming speed of

17.2 cm sK1. Apparent reaction distance of the fish was

approximately 2 cm, with prey presumably located by

sensory receptors on the snout. No attempts at feeding

directly on the bait were observed.
4. DISCUSSION
Our observations show that both in the Northern

Hemisphere ( Japan Trench) and Southern Hemisphere

(Kermadec Trench) endemic liparid fishes are present and

are capable of actively feeding on mobile scavenging

amphipods that are abundant in the hadal environment.

Pseudoliparis amblystomopsis and N. kermadecensis ingest

amphipods by suction feeding on selected individual prey

using the classical buccal and opercular pump mechanism

characteristic of advanced actinopterygian teleost fishes
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(Alexander 1967; Muller & Osse 1984). In these liparids,

the action of the well-developed opercular pump is clearly

important. The question arises as to how, in the darkness

of the hadal zone, these fishes can effectively target

individual prey in this way. The eyes would not be

functional in the bright lights of the camera system

owing to the bleaching of retinal pigments (Douglas

et al. 1998), but the position of the eyes suggests possible

binocular vision, enabling stereoscopic targeting of

bioluminescent prey. On the head, P. amblystomopsis and

N. kermadecensis have a putative sensory array of

suprabranchial, maxillary and mandibular pores (Nielson

1964), which may detect hydrodynamic disturbance in

close proximity, enabling ingestion of mobile prey in the

absence of vision. These fishes may act as top predators in

the hadal food web proposed by Blankenship & Levin

(2007). Neither of these fishes, when observed in the

Kermadec Trench or Japan Trench, attempted to feed on

the bait itself. However, stomach contents of deep-sea

liparids, including the N. kermadecensis holotype, have

contained cycloid scales of several species of much larger

fishes, as well as amphipods of the generaHirondella,Alicella

and Orchomene (Nielson 1964), suggesting facultative

necrophagy at carrion falls as well as active predation.

The tail-beat frequency (1.04 Hz) of N. kermadecensis is

similar to shallower living liparids (Careproctus sp.) at

1000 m in the Southern Ocean (tail-beat frequency

1.03 Hz G0.2 s.d., mean body length 13.9 cm G1.7 s.d.,

nZ6; M. A. Collins, C. Yau, F. Guilfoyle, P. M. Bagley,

I. Everson, I. G. Priede & D. Ag 2002, unpublished data),

where current speeds were 8–9 cm sK1 (Collins et al. 2002;

Yau et al. 2002). It appears that, with a propensity to use

caudal rather than pectoral fin propulsion, N. kermadecensis

is the most active of the two hadal liparid species able to

survive in the higher current regimes observed in

the Kermadec Trench (8–14 cm sK1) than the Japan

Trench (3–7 cm sK1). Despite the larger body size of

N. kermadecensis observed in this study compared with

the shallower Careproctus sp., a comparable tail-beat

frequency is maintained. Furthermore, a burst swimming

speed of 17.2 cm sK1 indicates no reduction in activity

level. The use of pectoral fins for locomotion in

P. amblystomopsis implies low-speed manoeuvrability within

lower current speeds (3–7 cm sK1), as described in the

shallow freshwater bluegill sunfish, Lepomis macrochirus

(Drucker & Lauder 2000). The low tail-beat frequency of

P. amblystomopsis (0.47 Hz) is likely to be a result of the

importance of pectoral fin locomotion under low current

speeds. The present study suggests that the hadal liparids

have no obvious reduction in activity levels when compared

with shallower water liparids; however, in the absence of

larger comparable datasets on other liparids, these

comparisons should be taken as indicative.

One of the most interesting observations is that the

delay before the arrival of the first fish in the hadal zone is

very close to the predicted value from extrapolation of data

from shallower depths. Notwithstanding differences in

species, overlying productivity or geographical location,

we obtain a highly significant global relationship between

first fish arrival time and depth, with 43 per cent of

variability accounted for by the single variable of depth.

There appears to be no discontinuity in this respect at the

6000 m abyssal–hadal boundary. There are missing values

at the deepest stations, where no fish were observed, but,
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for example, at 9729 m (station 8) the predicted time of

arrival from the regression line presented in figure 5 is

9 hours compared with a sea-floor duration of our lander

for 8 hours and 44 min; a time that was not long enough,

in retrospect, to demonstrate the absence of fish at this

depth. Multiple deployments in excess of 24 hours

duration on the sea floor will be necessary to unequivocally

define the maximum depth of occurrence of hadal fish.

There are two possible explanations for longer time delays

at deeper depths: slower speeds or lower population

densities. However, our videos show that the hadal fish are

not any less active compared with fish from shallower

depths. Priede et al. (1991) showed that down to the

depths of 5000 m (the deepest depth from practical

trawling) there is a good correlation between abundance

estimated using time delay (mean speeds of 0.05 m sK1)

and trawl data. Assuming the speed of 0.05 m sK1 for

hadal fishes that appear to have similar activity levels, their

arrival time gives us the first estimates of fish abundance in

the hadal trenches. Kermadec Trench and Japan Trench

have areas of 90 000 and 80 000 km2, respectively, with

mean depth of 8000 and 7200 m, respectively (Angel

1982). Assuming a respective mean population density of

nZ4 and 9 kmK2 over the area of these trenches, based on

the density equation described in this study, this implies

resident hadal fish populations of 350 000 and 700 000 in

the Kermadec Trench and Japan Trench, respectively.

Although such estimates are highly speculative, these

numbers seem sufficiently large to avoid the problems of
Proc. R. Soc. B (2009)
genetic drift in endemic hadal fish species (Barton et al.

2007) and allow adaptation by natural selection to slightly

different conditions between trenches.

Coryphaenoides yaquinae are the dominant macrourid at

depths greater than 4700 m in the Pacific Ocean (Wilson &

Waples 1983) and have been previously observed in large

numbers at baited camera deployments at 5900 m in the

North Pacific Ocean (Priede et al. 1990). We recognize that,

in the absence of physical specimens, species identification

from video images must remain slightly tentative. However,

the individuals observed at 6945 m in the Japan Trench

represent a major extension of the known depth range of

this genus.

Including the new observation of C. yaquinae in this

study, 15 species of fishes have now been recorded at hadal

depths greater than 6000 m (figure 6; Froese & Pauly

2008). Except for four species of liparid that are endemic

to the trenches, most have extensive bathymetric and

geographical ranges and can be regarded as opportunistic

vagrants that enter the trenches but are not dependent on

this environment. The ophidiid A. galatheae, recognized as

the world’s deepest-living fish, probably belongs to

this category, occurring in both the tropical Pacific and

Atlantic Oceans.

The four hadal liparids have never been recorded at

depths of less than 6000 m and are confined to their

respective trench systems: N. kermadecensis in the Kerma-

dec Trench, Notoliparis antonbruuni (Stein 2005) in the

Peru Trench, P. amblystomopsis, in the northwest Pacific
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trenches (Japan Trench and neighbouring Kuril–Kamchatka

Trench; Birshtyn & Vinogradov 1955) and Pseudoliparis

belyaevi (Andriashev & Pitruk 1993) in the Japan Trench.

These fishes are close to the average maximum size for

marine teleost fish (length 26.1 cm, Priede et al. 2006) and,

from our observations, show no obvious macroscopic or

behavioural adaptations to hadal environments.

Liparids produce relatively few, large eggs, with

fecundity in N. kermadecensis of less than 1000, and the

eggs are probably produced in small batches (Nielson

1964). Such in situ demersal development enables the

formation of isolated populations in each trench, in

contrast to the macrourids that produce buoyant pelagic

eggs and larvae that develop in the surface layers of the

ocean (Merrett 1978; Merrett & Barnes 1996). The

Pacific Ocean is regarded as the centre of evolutionary

origin of the liparids, with the deeper-living species

regarded as the more derived forms (Knudsen et al.

2007). Invasion of the hadal trenches and development of

endemism is therefore likely to be a recent phenomenon,

but hitherto no hadal or Southern Hemisphere samples

have been included in molecular phylogenetic studies.

In this study, we have no direct observations of fishes

living deeper than 7000 m, despite over the 28 hours

presence across three deployments in two hadal trenches.

Although largely based on infaunal invertebrates, Wolff

(1960) argued that 6000–7000 m is the zone within which

the transition takes place from the abyssal to a truly hadal

fauna present at greater than 7000 m. However, owing to

their endemic nature, there is no doubt that P. amblysto-

mopsis and N. kermadecensis are truly hadal. The question

of whether they occur at greater depths, and possibly to

full ocean depth greater than 10 000 m remains open.

Since these fish feed on hadal amphipods, it might be

logical to presume that they would thrive at the greatest

depths, where these crustacean prey are most abundant.

On the other hand, it may also be possible to assume that

the increasing abundance of amphipods with depth is

attributable to decreasing predation pressures from a

decreasing number of hadal fishes. Furthermore, amphi-

pods in high abundance may overwhelm and consume

living fishes (as occurs in deep-sea traps), thus excluding

them from the deepest parts of the world’s oceans.

Some of the vagrant species that have been recorded at

hadal depths, such as Bathylagus pacificus (0–7700 m),

show remarkably wide depth ranges. This species, living

around the North Pacific subduction arc, may be an

exceptional eurybathic species, with specialized physi-

ology enabling exploitation of shallow to hadal depths

when these occur in close proximity. Such proximity,

however, also increases the possibility of errors of depth

range estimation during sampling resulting from the use of

non-closing nets. Depth records should be treated with

caution; camera observations with precise depth measure-

ments provide unequivocal evidence of the presence and

activity of fishes at extreme depths.

The environmental changes that occur from the sea

surface to the deep-sea represent one of the great physical

and biological gradients on the planet, prompting much

speculation on the trends in physiology, biomass, body size

and biodiversity (Herring 2002). Measurements in the

hadal zone at the extreme end of that gradient can be very

influential, exerting great leverage in regression models.

Hadal studies therefore play a key role in understanding
Proc. R. Soc. B (2009)
global trends. It is interesting to note that fish arrival times

(figure 5) are close to the predicted values and that these

hadal fishes are close to average size and activity for

benthic teleost fishes.
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