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The diel vertical migration (DVM) of three genera of the stomiid subfamily Malacosteinae

(Photostomias, Aristostomias and Malacosteus) was analysed from capture records of nearly 300

specimens in the Atlantic Ocean. To account for broad temporal and geographic scales

encountered in this study, local time of capture was transformed to a corrected time representing

position in a solar day. Species of Photostomias and Aristostomias undertake asynchronous DVMs

characterized by a residence in the mesopelagic zone during the day and separate migrating and

non-migrating subpopulations at night. Species of Photostomias displayed an asynchronous

DVM pattern characterized by a residence in the lower mesopelagic zone (>500 m) during the

day and a segregated distribution at night. Specimens of Photostomias guernei captured at night in

the mesopelagic were nearly identical in size to those captured in the epipelagic; however, day

epipelagic specimens were stratified by size. In species of Aristostomias, few specimens were

caught in the mesopelagic zone during the day and only small specimens were captured in the

mesopelagic zone at night, indicating that sampling depth may not have been adequate to capture

the bulk of mesopelagic daytime residents and the entire size range of the non-migrating night-

time residents. In contrast, Malacosteus niger was distributed below 600 m, did not regularly

migrate to the epipelagic zone and was stratified across the 700 m isobath. From these data,

relationships between DVM patterns, morphology and foraging ecology are inferred and biases

and applications of this method are discussed. # 2008 The Author
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INTRODUCTION

An overwhelming majority of marine diel vertical migration (DVM) studies
focusing on mesopelagic fishes have focused on abundant groups including
the Gonostomatidae (DeWitt & Cailliet, 1972; Lancraft et al., 1988; McClain
et al., 2001), Sternoptychidae (Hopkins & Baird, 1985; Kinzer & Schulz,
1988) and Myctophidae (Backus et al., 1977; Gartner et al., 1987; Hulley,
1992; Watanabe et al., 1999). With the exception of a handful of studies (Gibbs,
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1969; Clarke, 1974, 1982; Sutton & Hopkins, 1996a), few authors have focused
on the DVM habits of the dominant predators of these fishes, the Stomiidae
(Sutton & Hopkins, 1996b). Low sample size is undoubtedly the greatest
impediment in studying the DVM habits of this family (Clarke, 1974). Addi-
tionally, midwater fishing operations often deploy non-discrete capture systems
that fish open and obliquely (i.e. from the surface down to fishing depth and
back to the surface). With good reason, many scientists hesitate to infer vertical
distribution patterns based on data associated with low sample size and impre-
cise capture depth. These obstacles aside, describing the spatiotemporal distri-
bution of mesopelagic animals, both predator and prey, is integral to
understand the structure and function of pelagic ecosystems (Herring, 2002;
Pearre, 2003).
The Malacosteinae, a group of small (<350 mm standard length, LS), black,

slightly laterally compressed, elongate fishes, represents the most derived stomiid
subfamily (Fink, 1985). At present, the subfamily consists of 12 species in four
genera, Aristostomias Zugmayer, Malacosteus Ayres, Pachystomias Günther and
Photostomias Collett. They inhabit the open ocean to depths >3000 m (Morrow,
1964) and are dominant components of the stomiid biomass in the mesopelagic
zone (Sutton & Hopkins, 1996a, b). In addition to several undescribed malacos-
teine species, 11 recognized loosejaw species occur in the Atlantic Ocean: three of
Photostomias, five of Aristostomias, two of Malacosteus and one species of Pachys-
tomias (Morrow, 1964; Kenaley & Hartel, 2005; Kenaley, 2007). As their common
name implies, all but one species of loosejaw [(Pachystomias microdon (Günther)]
lack a membrane between the mandibular rami (i.e. no floor to mouth), leaving
the symphysis of the lower jaw attached to the hyoid by only a very narrow pro-
tractor hyoideus muscle. Malacosteines differ further from less derived stomiids
by having large, brightly glowing accessory orbital photophores that are hypoth-
esized to illuminate potential prey (Denton et al., 1970; O’Day & Fernandez,
1974; Fernandez, 1979; Somiya, 1982). The accessory orbital photophores of spe-
cies of Pachystomias, Aristostomias and Malacosteus emit light that is so long in
wavelength that it can be seen only by species of these genera themselves; other
deep-sea fishes see only shorter wavelength light (O’Day & Fernandez, 1974; Par-
tridge & Douglas, 1995). Species of Pachystomias and Aristostomias have evolved
an additional set of photoreceptive pigments sensitive to long-wave light. The
long-wave sensitivity of Malacosteus niger Ayres, which lacks the longest wave-
length-shifted pigment found in the previous two genera, are enhanced with a pho-
tosensitizer or ‘antenna’ pigment to capture the long-wave light and emit photons
on the more common short-wave sensitive retinal pigments (Campbell & Herring,
1987; Douglas et al., 1998, 1999). The origin of this antenna pigment, most sim-
ilar to bacteriochlorophyll c and d, appears to be dietary (Douglas et al., 2000;
Sutton, 2005).
Most of what is known about malacosteine DVM was reported by Clarke

(1974) and Sutton & Hopkins (1996a), studies that focused on broader
taxonomic groups. Clarke (1974) reported the vertical distribution of species
of Photostomias, Malacosteus and Aristostomias based in large part on shal-
low-night and deep-day captures made off Hawaii with non-closing gear.
Sutton & Hopkins (1996a) reported the vertical distribution of the same three
genera based on a limited number of discrete samples in the Gulf of Mexico.
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These, and nearly all other DVM studies focusing on fishes, have sampled nar-
row ranges of latitude and longitude. While this strategy may be effective for
common species, for rare taxa such as the Malacosteinae, years, or even deca-
des of concentrated sampling effort must be invested before sufficient sample
sizes can be obtained. Additionally, these studies employed a simple, dichoto-
mous assignment of capture time as either night or day. Thus, patterns of ver-
tical distribution for the Malacosteinae have been reported in very broad terms,
thereby undoubtedly obscuring patterns that reflect true diel periodicity.
In this study, the DVM habits of the Malacosteinae are described based on

capture records of nearly 300 individuals of Photostomias, Aristostomias and
Malacosteus in the North Atlantic Ocean, the largest dataset for these taxa
to date. The specific objectives were to (1) transform a dataset that spans broad
temporal and geographic scales from which DVM patterns of rare taxa that
reflect diel periodicity can be inferred and (2) draw inference concerning the
relationship between the vertical distribution and spectacular morphology that
characterizes the Malacosteinae.

MATERIALS AND METHODS

Specimenswere collected over a span of three decades from 1963 to 1993 on severalWoods
Hole Oceanographic Institute (WHOI) multidisciplinary time-series cruises in the Atlantic:
R.V. Atlantis II 20, 31, 49, 60, 101 and 110, R.V. Cape Hatteras 1692: R.V. Chain 35, 60, 85
and 105, R.V. Endeavor 238, R.V. Knorr 58, 62, 65, 71 and 98, and R.V. Oceanus 22, 49,
55, 118, 121, 124 and 255 (Backus & Craddock, 1977, 1982; Craddock et al., 1987, 1992).
Specimens of Photostomias (n ¼ 155) were captured exclusively with a MOCNESS-10 or
MOCNESS-20, scaled-up versions of theMOCNESS-10 (Wiebe et al., 1976, 1985;Craddock
et al., 1992). TheMOCNESS-10 (multiple opening–closing nets and environmental sampling
system, 10 m2 mouth) and theMOCNESS-20 (20 m2 mouth) consisted of seven nets, each of
which had a controlling mesh size of 3�0 mm and were opened and closed remotely from the
vessel via an electronically conducting towing warp. MOCNESS collections were typically
made at 250 m intervals down to a maximum depth of 1000 m.

To supplement specimens of Aristostomias captured in closing MOCNESS-10 and
MOCNESS-20 gear (n ¼ 35), additional specimens, caught with the following gear
types, were included in the dataset: a non-closing 10 m2 rectangular midwater trawl
(RMT, n ¼ 10), equipped with a controlling mesh size of 3�0 mm and a non-closing
3 m Isaacs–Kidd midwater trawl (IKMT, n ¼ 17) equipped with a controlling mesh size
of 0�75 mm. Similarly, in addition to specimens of Malacosteus caught with closing
MOCNESS gear (n ¼ 45), additional specimens caught with a non-closing IKMT
(n ¼ 34) were added. RMT and IKMT collections were made in the upper 50 m to
a depth of 1000 m. Depths are reported as maximum fishing depth. Only specimens
captured in nets fished within a depth range of <250 m were included. A synopsis of
trawling activity of the aforementioned WHOI cruises is provided by Miller (2002).

Because this study spanned broad temporal and geographic scales (Fig. 1), local time
of capture (median time at fishing depth) was corrected to a time representing position
in a solar day whereby 1200 hours represents solar noon, 0600 hours solar dusk, 1800
hours solar dusk and 0000 hours solar midnight. Solar noon, dawn and dusk were cal-
culated using algorithms developed by Meeus (1999). Solar dawn and dusk represent
the time at which the sun is 18° below the horizon. Prior to solar dawn and after solar
dusk, the sky is not illuminated by the sun.

Due to the rarity and uncertain taxonomic status of many malacosteine species in the
Atlantic (Kenaley & Hartel, 2005; Kenaley, 2007), data for species Aristostomias were
pooled to describe generic level DVM patterns. Because only six specimens of P. micro-
don were captured during the aforementioned multidisciplinary cruises, this species was

890 C. P . KENALEY

# 2008 The Author

Journal compilation # 2008 The Fisheries Society of the British Isles, Journal of Fish Biology 2008, 73, 888–901



not included in the analysis. Only postlarval specimens were included in the analysis.
All specimens were measured to the nearest mm LS and deposited in the Museum of
Comparative Zoology, Harvard University (MCZ). To detect ontogenetic changes in
depth distribution, the size of specimens in discretely distributed groups (e.g. day meso-
pelagic population, night epipelagic and mesopelagic captures) were analysed with
a Kolmogorov–Smirnov test (KS) at a ¼ 0�05. Relative fishing effort according to cor-
rected median fishing time and maximum fishing depth was computed for depth and
time intervals as reported in Figs 2–4.

RESULTS

Each of the three genera considered in this studied displayed distinct patterns
of diel vertical distribution. These are presented in turn below.

FIG. 1. Recorded captures of malacosteine species in the Atlantic Ocean made by Woods Hole

Oceanographic Institute multidisciplinary cruises from 1963 to 1993: (a) locality of records and

(b) temporal distribution of records by month. Symbols in (a) may represent more than one record.
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PHOTOSTOMIAS SPP.

Two species of Photostomias were captured during the aforementioned
WHOI multidisciplinary cruises: Photostomias guernei Collett and Photostomias
goodyeari Kenaley & Hartel. Both species were captured throughout the depth
range of sampling between 60 and 1050 m and displayed an asynchronous
DVM pattern characterized by a residence in the lower mesopelagic zone
(>500 m) during the day and a segregated distribution at night. At night,
between solar dusk and dawn, two discernable clusters of records were present:
an epipelagic cluster of individuals in the upper 250 m and a mesopelagic clus-
ter below 500 m. In terms of LS, the average size of specimens of P. guernei
captured at night in the mesopelagic, below 500 m (mean ¼ 66�5 mm, n ¼
13), was nearly identical to that of the specimens captured in the epipelagic,
above 250 m (mean ¼ 64�4 mm, n ¼ 18; KS, P > 0�05). Only one specimen of
P. goodyeari was captured in the mesopelagic at night; the remainder of speci-
mens (n ¼ 21) captured between solar dawn and dusk were in the epipelagic.
Day-mesopelagic specimens of P. guernei, however, were stratified by size. The
size of specimens captured between 500 and 750 m (mean ¼ 47�5 mm, n ¼ 13) was
significantly smaller than specimens captured below 750 m (mean ¼ 75�1 mm,
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FIG. 2. Vertical distribution of species of Photostomias in the North Atlantic Ocean relative to corrected

local time where 1200 hours represents solar noon, 0600 hours solar dusk, 1800 hours solar dusk and

0000 hours solar midnight. Circles represent standard length classes in mm according to the bottom

legend. Background shading represents relative MOCNESS sampling effort ( , �4�0%; , 3�0–
3�9%; , 2�0–2�9%; , 1�0–1�9%; , <1%). Vertical lines represent range of depth sampled. Red

symbols represent Photostomias goodyeari and black symbols represent P. guernei.
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n ¼ 27; KS, P < 0�01), indicating that small specimens inhabit more shallow
daytime depths than larger specimens. The size of specimens of P. goodyeari
captured between 500 and 750 m (mean ¼ 49�0 mm, n ¼ 7) was smaller than
specimens captured below 750 m (mean ¼ 58�0 mm, n ¼ 15); however, sample
size was too small to test for any significance (Fig. 2).
Minimum depth at night was 100 m at 0307 hours for P. guernei and 60 m at

0452 hours for P. goodyeari. With the exception of two specimens of P. guernei,
no individuals were present in the epipelagic zone between 0510 and 1728
hours.

ARISTOSTOMIAS SPP.

Relative to other malacosteine specimens considered in this study, few speci-
mens of Aristostomias were captured (n ¼ 62). These specimens were tentatively
identified as Aristostomias grimaldii Zugmayer, Aristostomias lunifer Regan &
Trewavas, Aristostomias polydactylus Regan & Trewavas, Aristostomias tittmanni
Welsh and Aristostomias xenostoma Regan & Trewavas. Because of the unre-
solved taxonomic state of the genus (unpubl. data) and such confounding is-
sues as differences in maximum size among species of Aristostomias (Morrow,
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FIG. 3. Vertical distribution of species of Aristostomias in the North Atlantic Ocean relative to corrected

local time where 1200 hours represents solar noon, 0600 hours solar dusk, 1800 hours solar dusk and

0000 hours solar midnight. Circles represent standard length classes in mm according to the bottom

legend. Background shading represents relative MOCNESS, IKMT and RMT sampling effort ( ,

�4�0%; , 3�0–3�9%; , 2�0–2�9%; , 1�0–1�9%; , <1%). Vertical lines represent range of depth

sampled.
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1964), a detailed analysis of DVM patterns at the species level could not be
made. Species of Aristostomias, however, displayed a definitive DVM pattern,
characterized by an asynchronous migration to the epipelagic at night and de-
scending to the mesopelagic during the day. A majority (65%, n ¼ 40) of Aris-
tostomias specimens considered in this study were captured in the epipelagic at
night between solar dusk and dawn; however, a small number of specimens
(n ¼ 8) were captured in the mesopelagic at night. Only 10 specimens were cap-
tured in the mesopelagic zone during the day; none were captured from 0940
until 1348 hours. This absence capture records in the midday mesopelagic sug-
gests that species of Aristostomias may migrate below the sampling maximum of
this study (Fig. 3).
Minimum depth at night was 30 m at 0401 hours. No individuals were pres-

ent in the epipelagic zone between 0430 and 1854 hours.

MALACOSTEUS NIGER

Malacosteus niger exhibited no DVM pattern. Less than 3% (n ¼ 2) of speci-
mens were captured in the epipelagic zone (>250 m). The vast majority of
specimens (96%, n ¼ 76) were captured below 500 m. MOCNESS-collected

1800

200

0

400

600

800

1000

1200

0000 0300 0600 0900 1200 1500 2100 0000

Corrected time (hours)

D
ep

th
 (

m
)

20–39 40–59 60–79 80–99 100–119 120–139

FIG. 4. Vertical distribution of species of Malacosteus niger in the North Atlantic Ocean relative to

corrected local time where 1200 hours represents solar noon, 0600 hours solar dusk, 1800 hours solar

dusk and 0000 hours solar midnight. Circles represent standard length classes in mm according to

the bottom legend. Background shading represents relative MOCNESS, IKMT and RMT sampling
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mesopelagic captures exhibited no significant size stratification across the 700
or 800 m isobaths (KS, both P > 0�05) indicating that, at the depths sampled
by WHOI sampling operations, specimens of M. niger do not stratify according
to size. The three epipelagic individuals were captured at night at 2143 and
2154 hours, thereby suggesting that rare ascents to the epipelagic zone are
made only at night (Fig. 4).

DISCUSSION

POTENTIAL SOURCES OF BIAS

Integrating data associated with non-closing gear
In considering DVM habits of species of Aristostomias and Malacosteus, the

supplementation of discrete MOCNESS data with non-closing IKMT and, to
a lesser extent, RMT data, had the potential to introduce bias typically associ-
ated with such oblique fishing operations (Badcock, 1970; Clarke, 1974;
Watanabe et al., 1999). To maximize catches during WHOI multidisciplinary
cruises, IKMT trawls were made principally at night in the upper 500 m
(Backus et al., 1965; Miller, 2002). Despite this concentrated sampling (Fig. 4),
only 4% (n ¼ 3) of M. niger specimens were captured in the upper 500 m
(Fig. 4), thereby strengthening the hypothesis that this species undergoes only
rare migrations into the epipelagic zone. Of the 27 non-discrete records of Aris-
tostomias spp., only two occurred below 250 m; hence, the mesopelagic distri-
bution is based almost entirely on discrete time-series MOCNESS records
and is not subject to bias associated with non-closing gear.

Genus-level analysis
Because of the rarity and uncertain taxonomic status of species of Aristosto-

mias in the Atlantic Ocean, data for the genus were pooled to describe generic
level DVM. Five species, however, are tentatively identified A. grimaldii, A. lu-
nifer, A. polydactylus, A. tittmanni and A. xenostoma. The small sample size of
the non-migrating records makes it difficult to rule out species-specific DVM
habits for Aristostomias. This is rendered unlikely, however, by the presence
of A. xenostoma in both the migrating and the non-migrating subpopulations,
and the established DVM habits of this and other species of Aristostomias
(Clarke, 1974; Sutton & Hopkins, 1996a).

Large temporal and spatial scales
By analysing capture records of malacosteines from all seasons and nearly all

months [Fig. 1(b)], the asynchronous patterns described for species of Photosto-
mias, and possibly Aristostomias, could be interpreted as changes in vertical dis-
tribution due to seasonal or lunar rhythms. Neat et al. (2006) described such
seasonal periodicity in Atlantic cod Gadus morhua L., although only on the
scale of tens of metres and not hundreds of metres as was observed in the
migrating malacosteine genera. That the diel patterns described herein are sea-
sonal in nature are refuted by the relatively equitable cross-seasonal sampling
effort [Fig. 1(b)].
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Linkowski (1996) described differential DVM patterns associated with lunar
rhythms in species of the myctophid genus Hygophum Bolin. Because the sam-
ple size of Aristostomias spp. is relatively low, and because it is not unreason-
able to assume that a myctophivore would alter its vertical position in
accordance with its prey, lunar phase cannot be completely omitted as a caus-
ative factor. Asynchronous patterns of malacosteine taxa, including species of
Aristostomias and Photostomias, however, have been reported by Clarke (1974)
and Sutton & Hopkins (1996a).

DVM PATTERNS

Similar vertical distributions and asynchronous DVM habits of species of Pho-
tostomias and Aristostomias have been reported in the central North Pacific
Ocean by Clarke (1974) and in the Gulf of Mexico by Sutton & Hopkins
(1996a). Thus, it appears asynchronous diel migration may be the pervasive pat-
tern for species of Aristostomias and Photostomias. The result that the size of
migrating v. non-migrating specimens of P. guernei was not significantly different
is in conflict with analysis of that species conducted by Sutton & Hopkins
(1996a). Photostomias goodyeari, a larger species than P. guernei, is distributed
throughout the eastern Gulf of Mexico, Sutton & Hopkin’s (1996a) study area,
and was not described as a species separate from P. guernei until after their study
(Kenaley & Hartel, 2005). Clarke (1974) found stratification of several stomiid
species off Hawaii, including stratification of Photostomias spp. (non-guernei;
C. P. Kenaley, unpubl. data) across the 750 m isobath. Thus, it is possible that
specimens captured in the mesopelagic at night by Sutton & Hopkins (1996a)
were indeed the relatively larger P. goodyeari rather than P. guernei. Because
the size of migrating and non-migrating specimens of P. guernei was insignifi-
cantly different in this study, some other driver, aside from body size, should
be considered. Body condition, such as lipid stores, a proxy for nutritional state,
has been implicated in whether or not other mesopelagic animals undergo DVM
(Turuk, 1974; Hays et al., 2001; Vestheim et al., 2005).
As discussed by Sutton & Hopkins (1996b), vertical migration of species of

these genera is probably driven by hunger rather than by maintaining a position
in a preferred isolume (Boden & Kampa, 1967) or cues from changing light
intensity (Widder & Frank, 2001), stimuli that have been indicated in the
DVM of other mesopelagic animals (Pearre, 2003). In their study of Gulf of
Mexico stomiids, Sutton & Hopkins (1996b) presented strong circumstantial
evidence for a hunger-driven DVM hypothesis: (1) night-time depth distribu-
tion of these species is strongly correlated with night-time depth distribution
of their prey, (2) prey densities are highest in the epipelagic zone, hence migra-
tion to shallower depths would maximize the chances of encountering prey, and
(3) these species ingest large meals that sustain individuals for several days,
thereby obviating the need to migrate on a diel basis. The application of this
hypothesis to the Atlantic species of Photostomias and Aristostomias is war-
ranted on the basis of similar oceanographic and biological conditions of Gulf
of Mexico and the subtropical and tropical waters elsewhere in the Atlantic
Ocean (Longhurst, 1995, 1998).
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The absence of capture records of Aristostomias in the midday mesopelagic
may suggest that these species migrate below the sampling maximum depth
of this study. While the capture of specimens of Aristostomias at a sampled
depth and time would prove a vertical distribution, the absence of such records
cannot. This signal could be the result of several situations, three of which
include: (1) nets fishing the daytime mesopelagic zone may have simply missed
specimens of Aristostomias due to avoidance or poor fishing performance by the
trawls at these depths, (2) daytime mesopelagic fishing effort was not sufficient
to capture these species or (3) the maximum sampling depth was too shallow
and therefore missed the majority of a deeper daytime population. Net avoid-
ance by mesopelagic fishes and poor fishing performance of pelagic nets has
been extensively reported. Clear signals of residence in the mesopelagic between
0940 and 0148 hours for species of Photostomias and M. niger, however, renders
this situation unlikely. Similarly, differential sampling effort as a cause for this
gap can be dismissed because, as has been suggested, Clarke (1974) and Sutton &
Hopkins (1996a) made discrete, dichotomous assignments of day or night. Such
a simple day and night designation has the potential to obscure finer detail of
a DVM pattern. By employing such simple day and night designations, it
was impossible for Clarke (1974) and Sutton & Hopkins (1996a) to discern
any gap in distribution surrounding midday. Analyses made in this way would
interpret the data scrutinized in this study as a residency at 600–1000 m during
the day, failing to recognize the gap in the mesopelagic surrounding midday.
These data, analysed by a more nuanced approach, reveal this potential gap
and suggest a deeper descent into the lower mesopelagic, upper bathypelagic
near solar noon. In fact, Clarke (1974) alluded to such a pattern off Hawaii.
Captures of the most abundant species of Aristostomias, A. lunifer, occurred
only above 260 m at night, despite the fact that fishing operations in that study
extensively cover the upper 1000 m of the water column during the day.
Although not definitive, Clarke’s (1974) observation for A. lunifer is evidence
that species of Aristostomias considered in this study may migrate from depths
>1000 m.
The results that M. niger does not undergo regular DVM and remains below

500 m corroborate the works of Clarke (1974) and Sutton & Hopkins (1996a).
Of those mesopelagic stomiid taxa for which DVM patterns have been re-
ported, M. niger appears to be the only member of this family that does not
undergo regular DVM. Sutton (2005) hypothesized that M. niger remains at
depth using long-wave bioluminescence and perception to search small volumes
for food, sustaining itself on calanoid copepods in between rare encounters
with large prey, such as myctophids, in the mesopelagic. Observations of the
few individuals in the epipelagic zone at night, when myctophids are most
abundant and concentrated (Badcock, 1970; Badcock & Merrett, 1976; Gartner
et al., 1987), may represent rare sorties to ingest larger prey.
A dietary origin of the photosensitizer through consumptions of copepods by

M. niger seems likely. There is no known example of a vertebrate synthesizing
a chlorophyll derivate, and Douglas et al. (2000) found that the fluorescence
emission and excitation spectra of the photosensitizer are very similar to spec-
tra obtained from Euchaeta sp., a mesopelagic copepod with direct access to
phytoplankton, removed from the stomach of M. niger. Sutton (2005) found
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large calanoid copepods to be the numerically dominant prey items for M. niger
and that these prey species where the most abundant, large, herbivorous cala-
noid taxa within the typical depth distribution of M. niger, the deep mesope-
lagic. Hence, this species most likely gains the raw material for long-wave
visual sensitivity from the consumption of copepods while at depth. When
the nutritional state of an individual deteriorates after prolonged ‘snacking’
on copepods, it may be stimulated to revert to piscivory and utilize this stealthy
visual ecology in the epipelagic zone.
Several of the derived morphological characteristics of these genera belie the

derived vertical distributions and foraging strategies that have evolved in the
group. Species of Photostomias undergo asynchronous DVM from 500 to
1000 m during the day to the upper 250 m at night. This is the pervasive strat-
egy for other stomiid predators (Clarke, 1974; Sutton & Hopkins, 1996a). Like
most other stomiids, species of Photostomias have evenly spaced ventrolateral
photophores (Kenaley & Hartel, 2005). As members of a mesopelagic food-
web in which individuals may be silhouetted against downwelling surface irra-
diance, counter-illumination may offer significant advantage as both predator
and prey (Clarke, 1963; McAllister, 1967; Badcock, 1970). From the patterns
uncovered in this study, it appears that species of Aristostomias migrated from
depths >1000 m and M. niger, with the exception of rare sorties to the epipe-
lagic zone, remained below 700 m. In species of both these genera, lateral and
ventral photophores are much reduced relative to other stomiids. In the case of
Aristostomias spp., some ventrolateral photophores are missing or clustered in
groups. In putatively derived species of Aristostomias (e.g. A. grimaldii, A. poly-
dactylus and A. xenostoma), this clustering is pronounced (Goodyear, 1973;
Fink, 1985). In species of Malacosteus, most groups of photophores are lost;
those that are present have been reduced to small clusters (Kenaley, 2007).
Clarke (1974) recognized this loss in M. niger and suggested it was related to
the non-migratory behaviour of this species. For species of Aristostomias and
Malacosteus, the loss of ventrolateral luminescent organs probably corresponds
with a shift to a deeper or non-migratory existence where such metabolically
expensive organs are not needed due to lower light levels or no downwelling
light at all.
More conspicuous than the loss of photophores in these species is the pres-

ence of long-wave bioluminescence and perception. As members of the most
derived stomiid subfamily, species of Aristostomias and Malacosteus exhibit
derived DVM patterns relative to other members of the family. It is the unique
foraging ecology that appears to drive these patterns. In a sense, these species
are engaged in a predator–prey arms race, evolving what is quite possibly the
stealthiest foraging ecology of any vertebrate, whereby a small, invisible long-
wave light field is cast into space, through which prey unknowingly pass. As
myctophivores, species of Aristostomias migrate from great depths to the
prey-rich epipelagic zone where they deploy this strategy. As predominantly
copepod predators, species of Malacosteus have been largely released from
dependence on diel migrating myctophids, allowing them to stay at depth until
hunger drives them to the epipelagic zone.
Lastly, despite synthesizing capture data from broad special and temporal

scales, the method employed in this study, transforming local time of capture
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to position in the solar cycle, uncovered clear patterns from what would other-
wise be a very noisy dataset. Although factors such as fine-scale environmental
and seasonal forcings should not be overlooked, biologists investigating the diel
habits of rare, widely distributed taxa in the pelagic may employ this method to
uncover patterns.

J. Craddock (WHOI) and K. Hartel (MCZ) provided locality data and identified many
of the specimens included in this study. C. M. Kenaley edited an early version of the
manuscript. T. Sutton (HBOI) and T. Pietsch (UW) provided helpful critiques of the
manuscript and valuable insights. Support for this study was provided in part by the
Dorothy T. Gilbert Memorial Endowment at the University of Washington and National
Science Foundation Grant DEB–0314637, T. Pietsch, principal investigator.

References

Backus, R. H. & Craddock, J. E. (1977). Pelagic faunal provinces and sound-scattering
levels in the Atlantic Ocean. In Oceanic Sound Scattering Prediction (Anderson, N.
R. & Zahuranec, B. J., eds), pp. 529–547. New York, NY: Plenum press.

Backus, R. H. & Craddock, J. E. (1982). Mesopelagic fishes in Gulf Stream cold-core
rings. Journal of Marine Research 40, 1–20.

Backus, R. H., Mead, G. W., Haedrich, R. L. & Ebeling, A. W. (1965). The mesopelagic
fishes collected during cruise 17 of the R/V Chain, with a method for analyzing
fauna transects. Bulletin of the Museum of Comparative Zoology 134, 139–157.

Backus, R. H., Craddock, J. E., Haedrich, R. L. & Robison, B. H. (1977). Atlantic
mesopelagic zoogeography. In Fishes of the Western North Atlantic (Gibbs, R. H. Jr,
Berry, F. H., Eschmeyer, W. N., Bölke, J. E., Mead, G. W., Cohen, D. M.,
Merriman, D., Collette, B. B., Pietsch, T. W. & Parr, A. E., eds), pp. 266–287. New
Haven, CT: Yale University.

Badcock, J. (1970). The vertical distribution of mesopelagic fishes collected on the SOND
cruise. Journal of the Marine Biological Association of the United Kingdom 50, 1001–
1044.

Badcock, J. & Merrett, N. R. (1976). Midwater fishes in the eastern North Atlantic. I.
Vertical distribution and associated biology in 30° N 23° W, with development
notes on some myctophids. Progress in Oceanography 7, 3–58.

Boden, B. P. & Kampa, E. M. (1967). The influence of natural light on vertical migrations
of an animal community in the sea. Symposia of the Zoological Society of London 19,
15–26.

Campbell, A. K. & Herring, P. J. (1987). A novel red fluorescent protein from the deep-
sea luminous fish Malacosteus niger. Comparative Biochemistry and Physiology B 86,
411–417.

Clarke, W. D. (1963). Function of bioluminescence in mesopelagic organisms. Nature 198,
1244–1246.

Clarke, T. A. (1974). Some aspects of the ecology of stomiatoid fishes in the Pacific Ocean
near Hawaii. Fishery Bulletin, US 72, 337–351.

Clarke, T. A. (1982). Feeding habits of stomiatoid fishes from Hawaiian waters. Fishery
Bulletin, US 80, 287–304.

Craddock, J. E., Backus, R. H. & Daher, M. A. (1987). Midwater fish data report for
warm-core Gulf Stream rings cruises 1981–82. Woods Hole Oceanographic Institu-
tion Technical Report WHOI-87-47.

Craddock, J. E., Backus, R. H. & Daher, M. A. (1992). Vertical distribution and species
composition of midwater fishes in warm-core Gulf Stream meander/ring 82-H.
Deep-Sea Research 39, S203–S218.

Denton, E. J., Gilpin-Brown, J. B. & Wright, P. G. (1970). On the ‘filters’ in the
photophores of mesopelagic fish and on a fish emitting red light and especially
sensitive to red light. Journal of Physiology 208, 72P–73P.

DIEL VERTICAL MIGRATION OF DRAGONFISHES 899

# 2008 The Author

Journal compilation # 2008 The Fisheries Society of the British Isles, Journal of Fish Biology 2008, 73, 888–901



DeWitt, F. A. Jr & Cailliet, G. M. (1972). Feeding habits of two bristlemouth fishes,
Cyclothone acclinidens and C. signata (Gonostomatidae). Copeia 1972, 868–871.

Douglas, R. H., Partridge, J. C., Dulai, K., Hunt, D., Mullineaux, C. W., Tauber, A. Y. &
Hynninen, P. H. (1998). Dragon fish see using chlorophyll. Nature 393, 423–424.

Douglas, R. H., Partridge, J. C., Dulai, K. S., Hunt, D. M., Mullineaux, C. W. &
Hynninen, P. H. (1999). Enhanced retinal longwave sensitivity using a chlorophyll-
derived photosensitiser in Malacosteus niger, a deep-sea dragon fish with far red
bioluminescence. Vision Research 39, 2817–2832.

Douglas, R. H., Mullineaux, C. W. & Partridge, J. C. (2000). Long-wave sensitivity in
deep-sea stomiid dragonfish with far-red bioluminescence: evidence for a dietary
origin of the chlorophyll-derived retinal photosensitizer of Malacosteus niger.
Philosophical Transactions of the Royal Society of London B 355, 1269–1272.

Fernandez, H. R. C. (1979). Visual pigments of bioluminescent and nonbioluminescent
deep-sea fishes. Vision Research 19, 589–592.

Fink, W. L. (1985). Phylogenetic interrelationships of the stomiid fishes (Teleostei:
Stomiiformes). Miscellaneous Publications Museum of Zoology University of
Michigan 171, 1–127.

Gartner, J. V., Hopkins, T. L., Baird, R. C. & Milliken, D. M. (1987). The lanternfishes
(Pisces: Myctophidae) of the eastern Gulf of Mexico. Fisheries Bulletin 85, 81–98.

Gibbs, R. H. (1969). Taxonomy, sexual dimorphism, vertical distribution, and evolu-
tionary zoogeography of the bathypelagic fish genus Stomias (Stomiatidae).
Smithsonian Contributions to Zoology 31, 1–25.

Goodyear, R. H. (1973). Malacosteidae. In Check-list of Fishes of the North-eastern
Atlantic and of the Mediterranean (Hureau, J. C. & Monod, T., eds), pp. 142–143.
Paris: UNESCO.

Hays, G. C., Kennedy, H. & Frost, B. W. (2001). Individual variability in diel vertical
migration of a marine copepod: why some individuals remain at depth when others
migrate. Limnology and Oceanography 46, 2050–2054.

Herring, P. J. (2002). Biology of the Deep Sea. New York, NY: Oxford University Press.
Hopkins, T. L. & Baird, R. C. (1985). Feeding ecology of four hatchetfishes (Sternop-

tychidae) in the eastern Gulf of Mexico. Bulletin of Marine Science 36, 260–277.
Hulley, P. A. (1992). Upper-slope distributions of oceanic lanternfishes (family:

Myctophidae). Marine Biology 114, 365–383.
Kenaley, C. P. (2007). Revision of the stoplight loosejaw genus Malacosteus (Teleostei:

Stomiidae: Malacosteinae), with description of a new species from the temperate
southern hemisphere and Indian Ocean. Copeia 2007, 886–900.

Kenaley, C. P. & Hartel, K. E. (2005). A revision of Atlantic species of Photostomias
(Teleostei: Stomiidae: Malacosteinae), with a description of a new species.
Ichthyological Research 52, 251–263.

Kinzer, J. & Schulz, K. (1988). Vertical distribution and feeding patterns of midwater fish
in the central equatorial Atlantic II. Sternoptychidae. Marine Biology 99, 261–269.

Lancraft, T. M., Hopkins, T. L. & Torres, J. J. (1988). Aspects of the ecology of the
mesopelagic fish Gonostoma elongatum (Gonostomatidae: Stomiiformes) in the
eastern Gulf of Mexico. Marine Ecology Progress Series 49, 29–45.

Linkowski, T. B. (1996). Lunar rhythms of vertical migrations coded in otolith
microstructure of North Atlantic lanternfishes, genus Hygophum (Myctophidae).
Marine Biology 124, 495–508.

Longhurst, A. (1995). Seasonal cycles of pelagic production and consumption. Progress in
Oceanography 36, 77–167.

Longhurst, A. (1998). Ecological Geography of the Sea. San Diego, CA: Academic Press.
McAllister, D. E. (1967). The significance of ventral bioluminescence in fishes. Journal of

the Fisheries Research Board of Canada 24, 537–554.
McClain, C. R., Fougerolle, M. E., Rex, M. A. & Welch, J. (2001). MOCNESS estimates

of the size and abundance of a pelagic gonostomatid fish Cyclothone pallida off the
Bahamas. Journal of the Marine Biological Association of the United Kingdom 81,
869–871.

Meeus, J. (1999). Astronomical Algorithms. Richmond, VA: William-Bell.

900 C. P . KENALEY

# 2008 The Author

Journal compilation # 2008 The Fisheries Society of the British Isles, Journal of Fish Biology 2008, 73, 888–901



Miller, M. J. (2002). The distribution and ecology of Ariosoma balearicum (Congridae)
leptocephali in the western North Atlantic. Environmental Biology of Fishes 63, 235–
252.

Morrow, J. E. Jr. (1964). Family Malacosteidae. In Fishes of the Western North Atlantic
(Bigelow, H. B., Breder, C. M., Cohen, D. M., Mead, G. W., Merriman, D., Olsen,
Y. H., Schroeder, W. C., Schultz, L. P. & Tee-Van, J., eds), pp. 523–549. New
Haven, CT: Yale University.

Neat, F. C., Wright, P. J., Zuur, A. F., Gibb, I. M., Gibb, F. M., Tulett, D., Righton, D.
A. & Turner, R. J. (2006). Residency and depth movements of a coastal group of
Atlantic cod (Gadus morhua L.). Marine Biology 148, 643–654.

O’Day, W. T. & Fernandez, H. R. (1974). Aristostomias scintillans (Malacosteidae):
a deep-sea fish with visual pigments apparently adapted to its own biolumines-
cence. Vision Research 14, 545–550.

Partridge, J. C. & Douglas, R. H. (1995). Far-red sensitivity of dragon fish. Nature 375,
21–22.

Pearre, S. (2003). Eat and run? The hunger/satiation hypothesis in vertical migration:
history, evidence and consequences. Biological Reviews 78, 1–79.

Somiya, H. (1982). Yellow lens eyes of a stomiatoid deep-sea fish, Malacosteus niger.
Proceedings of the Royal Society of London Series B 215, 481–489.

Sutton, T. T. (2005). Trophic ecology of the deep-sea fish Malacosteus niger (Pisces:
Stomiidae): an enigmatic feeding ecology to facilitate a unique visual system?
Deep-Sea Research I 52, 2065–2076.

Sutton, T. T. & Hopkins, T. L. (1996a). Species composition, abundance, and vertical
distribution of the stomiid (Pisces: Stomiiformes) fish assemblage of the Gulf of
Mexico. Bulletin of Marine Science 59, 530–542.

Sutton, T. T. & Hopkins, T. L. (1996b). Trophic ecology of the stomiid (Pisces:
Stomiidae) fish assemblage of the eastern Gulf of Mexico: strategies, selectivity
and impact of a top mesopelagic predator group. Marine Biology 127, 179–192.

Turuk, T. N. (1974). Fatness and vertical migrations of the Atlantic cod (Gadus morhua
morhua). Journal of Ichthyology 14, 977–982.

Vestheim, H., Kaartvedt, S. & Edvardsen, B. (2005). State-dependent vertical distribution
of the carnivore copepod Pareuchaeta norvegica. Journal of Plankton Research 27,
19–26.

Watanabe, H., Moku, M., Kawaguchi, K., Ishimaru, K. & Ohno, A. (1999). Diel vertical
migration of myctophid fishes (Family Myctophidae) in the transitional waters of
the western North Pacific. Fisheries Oceanography 8, 115–127.

Widder, E. A. & Frank, T. M. (2001). The speed of an isolume: a shrimp’s eye view.
Marine Biology 138, 669–677.

Wiebe, P. H., Burt, K. H., Boyd, S. H. & Morton, A. W. (1976). A multiple opening/
closing net and environmental sensing system for sampling zooplankton. Journal of
Marine Research 34, 313–326.

Wiebe, P. H., Morton, A. W., Bradley, A. M., Backus, R. H., Craddock, J. E., Barber, V.,
Cowles, T. J. & Flierl, G. R. (1985). New development in the MOCNESS, an
apparatus for sampling zooplankton and micronekton. Marine Biology 87, 313–323.

DIEL VERTICAL MIGRATION OF DRAGONFISHES 901

# 2008 The Author

Journal compilation # 2008 The Fisheries Society of the British Isles, Journal of Fish Biology 2008, 73, 888–901


