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Abstract
The carcasses of large pelagic vertebrates that sink to the seafloor represent a bounty of food to the deep-sea benthos, but
natural food-falls have been rarely observed. Here were report on the first observations of three large ‘fish-falls’ on the deepsea floor: a whale shark (Rhincodon typus) and three mobulid rays (genus Mobula). These observations come from industrial
remotely operated vehicle video surveys of the seafloor on the Angola continental margin. The carcasses supported
moderate communities of scavenging fish (up to 50 individuals per carcass), mostly from the family Zoarcidae, which
appeared to be resident on or around the remains. Based on a global dataset of scavenging rates, we estimate that the
elasmobranch carcasses provided food for mobile scavengers over extended time periods from weeks to months. No
evidence of whale-fall type communities was observed on or around the carcasses, with the exception of putative sulphideoxidising bacterial mats that outlined one of the mobulid carcasses. Using best estimates of carcass mass, we calculate that
the carcasses reported here represent an average supply of carbon to the local seafloor of 0.4 mg m22d21, equivalent to
,4% of the normal particulate organic carbon flux. Rapid flux of high-quality labile organic carbon in fish carcasses
increases the transfer efficiency of the biological pump of carbon from the surface oceans to the deep sea. We postulate
that these food-falls are the result of a local concentration of large marine vertebrates, linked to the high surface primary
productivity in the study area.
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These discussions were brought to the fore with the serendipitous discovery of an intact whale skeleton at bathyal depths off
California [15]. Intriguingly, the skeleton hosted chemoautotrophic fauna similar to those seen at hydrothermal vents, thriving off
hydrogen sulphide generated by the anaerobic decomposition of
skeletal lipids [16]. This finding showed that the very largest foodfalls may play more ecologically significant roles than simply
feeding scavengers. Subsequent studies of both natural and
experimentally implanted whale carcasses (whale-falls) have
provided evidence that these habitats go through several ecological
stages in which different trophic guilds dominate [17,18]. This
ecological succession is responsible for the comparatively high
species diversity at found whale-fall habitats [19], including
specialists such as the bone-eating Osedax worms [20] and boneeating snails Rubyspira [21]. Thus, whale-falls may play a significant
role in maintaining biodiversity over ecological and evolutionary
time scales by increasing the range of ecological niche space
[22,23].
The enhanced diversity associated with whale-fall habitats has
been attributed to their large size, high lipid content of the bones,
and their multi-decadal persistence on the seafloor [24–26], all of
which are probably interrelated [27]. There has been much
speculation about the ability of non-mammalian food-falls to host
whale-fall type communities [28–30] and the carcass size required
to attract and sustain whale-fall communities [31–33], but studies

Introduction
In the absence of sunlight, most animals in the deep ocean
(below 200 m) are reliant on detritus from the surface waters as
their primary source of food. This is mainly composed of dead
plankton and fecal pellets produced by zooplankton, which are
exported to the deep seafloor as fine particles of ‘marine snow’.
Particulate organic carbon (POC) export to the deep-sea decreases
exponentially with depth and is believed to play a key role in
structuring deep-sea communities[1–3]. Temporal fluctuations in
the quantity and quality of POC can have marked effects on the
benthic community below, and some animals appear to be
specially adapted to respond to these changes[4].
While most detritus reaches the seafloor as millimetre sized
particles of marine snow, the remains of large plants, algae and
animals arrive as bulk parcels that create areas of intense organic
enrichment. Early investigation of this phenomenon looked at the
utilisation of wood and other plant remains in the deep-sea [5–7],
while baited camera traps revealed a host of scavengers that
consumed animal carcasses [8,9]. Additionally, chance photographs of intact mammal carcasses and skeletons on the deep-sea
floor were also reported [10–12], prompting discussion of the role
that food-falls play in deep-sea food chains [13]. Specifically, it was
doubted that food-falls could be frequent enough to support
apparent specialist scavengers [14].
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[41,42]. Natural mortality is usually the result of opportunistic
attacks by sharks and killer whales [43–45].

on the fate of vertebrate remains at bathyal depths have been
restricted to either small porpoise and dolphin carcasses [34,35] or
large whale carcasses e.g. [27,36]. Here we report the on chance
discovery of several large ‘fish-falls’ comprised of a whale shark
carcass and three mobulid ray carcasses from the deep seafloor off
Angola. We describe the associated fauna and discuss the role of
these large food-falls on deep-sea ecosystems.

Whale shark carcass
Whale sharks (Rhincodon typus) have only recently been documented in oceanic waters off of Angola, and appear to be more
common in water depths over 1,000 m in this region [46]. This
affinity for deep-water suggests that whale shark carcasses may be
a common form of food-fall for deep-sea scavengers in this area.
The remnants of a whale shark were found at a depth of 1210 m,
resting dorsal-side up on the seafloor (Figure 2A). Only the
anterior part of the body remained, consisting of a fleshy head,
pectoral fins, pectoral girdle and a portion of the spine trailing
posteriorly.
Without an accurate scale we can only speculate on the actual
size of the carcass. Of the 10 records of whale sharks off Angola
reported by Weir[46] eight were estimated to be in the 5–7 m
length-range. One specimen observed over a prolonged period
swimming next to an oil platform was estimated to be ,15 m long
[46]. Additional records of large whale-sharks off Angola come
from strandings records of individuals measuring 11.5 m and
15.9 m in length [46]. If the mean length of the sighted sharks
reported by Weir [46] is taken as representative we can estimate
that carcass filmed here would be approximately 7.3 m long,
equating to ,3,600 kg body mass [47]. With reference to the
video footage, detailed anatomical measurements of an 8.75 m
long specimen [48] can provide some context of scale for features
observed here: its mouth was 1.7 m wide and the distance from the
snout to the origin of the pectoral fin was 2 m. The pectoral fin
was 1.47 m long, measured along its outer margin and 0.67 m
wide at its base.
The carcass was attended by 18 zoarcids (eelpouts), cf. Pachycara
crassiceps, which have also been observed at baited camera traps in
this area [49]. No active feeding on the carcass was observed, and
most of the fish remained stationary on or near the carcass. This
‘roosting’ behavior is typical of Pachycara species, which have long
residence times at bait [50,51]. Although some zoarcids are
thought to directly consume bait [50], benthic fauna are their
main prey [52,53] particularly small crustaceans such as amphipods[51,54,55]. Pachycara sp. have previously been observed
scavenging an elasmobranch carcass, creating ‘‘long, deep groves’’
as they feed on amphipods that have bored into the flesh [50].
Such grooves can bee seen in the head portion of the carcass,
indicating that these fish have actively fed on the carcass (Video
S1). Witte [50]noted that the dorsal part of the elasmobranch
carcass was the primary site of consumption by all scavengers,
which might explain why the posterior part of the carcass is
missing. No other fauna were observed on or around the carcass,
but the camera did not allow detection of low densities of
macrofauna that may have been present.

Materials and Methods
Standard definition video of chance encounters with large
elasmobranch carcasses observed during Subsea 7 Hercules
remotely operated vehicle (ROV) operations from the vessel M.
V. Bourbon Oceanteam 101 were analysed. Four clips collected
between 22nd June 2008 and 14th May 2010, ranging from 29
seconds to 4 minutes 58 seconds in length were available for
analysis. Full details of the video are shown in Table 1. The video
data were collected as part of seafloor surveys of seafloor structures
undertaken by BP Angola and partners in license block 18 offshore
of Angola (Figure 1). The data were made available for analysis via
the SERPENT Project (www.serpentproject.com).
The opportunistic nature of the data collection resulted in
several limitations. No faunal samples were collected, so all
taxonomic identifications are tentative (Table 2), based on
consultation with a selection of taxonomic experts. There is no
available indication of the sampling effort required to obtain these
four observations and there was no inherent sampling design in the
observations. The industrial class ROVs that were used to
undertake the surveys were not fitted with parallel lasers for
determining scale, making it difficult to attain accurate size
measurements of objects in the videos. As a result the data
reported here is primarily qualitative, using best estimates of size
where necessary, based on previously published data.
Quantitative values for comparison with previous studies were
calculated by combining the occurrence data from the video with
best estimates from the literature. Values for carcass size were used
to estimate the time that each carcass had been on the seafloor,
based on previously recorded rates of scavenging in the deep sea.
The mass and time values for each carcass were then integrated
over the entire area bounding their occurrence (convex hull) to
obtain an estimate of the mass flux to that area of seabed. Mass
flux was converted to carbon flux according to empirically
determined conversion factors reported in the literature. These
calculations are sensitive to changes in the area that the carcass
mass is integrated over and we chose the convex hull since it
requires the fewest assumptions. We consider this a conservative
estimate since much of this area was not surveyed and may have
contained further carcasses.

Results and Discussion
During routine seabed surveys over the course of two years, the
carcass of a whale shark and three mobulid rays were found by
chance on the seafloor at bathyal depths on the Angola continental
margin (Figure 1). It is extremely rare to encounter natural foodfalls; in five decades of deep-sea photography and exploration only
nine vertebrate carcasses have ever been documented[10–
12,15,27,37–40]. To find four in such close proximity is
unprecedented, suggesting that large food-falls are common in
the region. The cause of death of the animals identified here is
unknown and most carcasses appear to have arrived at the seabed
intact (see below). There is no targeted fishery for whale sharks and
mobulid rays off Angola, but ship strikes and accidental
entanglement are common sources of anthropogenic mortality
PLOS ONE | www.plosone.org

Mobulid carcasses
As with whale sharks, the occurrence of mobulid rays (genera:
Mobula and Manta) off Angola was poorly documented until recent
hydrocarbon exploration facilitated dedicated surveys for marine
megafauna [56] and additional recent observations at exploration
drilling locations (http://archive.serpentproject.com/2148/).
Sightings of mobulids observed in this region range in size
between 1–3 m disc diameter, typical of Mobula japonica/M. mobular
species complex, which was positively identified in the area [56].
This equates to a mass of 10–280 kg in weight, whereas individuals
of Manta birostris are typically 4.5 m disc diameter, though can
reach over 7 m (1,200 kg)[45,57,58].
2
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Figure 1. Map showing the locations of elasmobranch carcasses (inset) observed on the Angola continental margin.
doi:10.1371/journal.pone.0096016.g001

Carcass 1. The remains of an individual Mobula were found
1.46 km south of the whale-shark carcass at a depth of 1233 m
(Figure 2B). The skeleton was mostly intact and articulated, with
its anterior-posterior axis aligned in a southeast-northwest
direction. There was very little flesh remaining, and most of the
right wing and head region were covered in sediment. The entire
left wing was unsedimented, while the right was exposed revealing
a fully articulated skeletal structure, held in place by connective
tissue.
The carcass was attended by at least 20 zoarcid fish, one of
which appeared to be feeding to the right of the skull (Video S2). A
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singular hagfish, Myxine ios [59] was observed feeding on the left
wing of the ray (time 00:14 in VideoS2), before swimming off to
the west of the carcass. A grenadier, possibly Coryphaenoides marshalli
or Coryphaenoides guentheri (from depth distribution), was initially
seen approaching the carcass from the west-southwest and
abruptly changing direction towards the southeast when over the
carcass. It then paused and drifted for a few seconds before
heading away to the east, without directly contacting the carcass.
Throughout the observation a small benthic ray (likely Bathyraja
sp.) could be seen in the background to the northwest of the
carcass. At one point it approached the carcass and skirted its

3
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Time of deposition
It is difficult to asses the full significance of these natural foodfalls without an estimate of the time that they have been on the
seafloor prior to discovery. Radiochemical dating techniques have
previously been used to estimate the age of several naturally
occurring whale-falls [26], but without physical samples this
method cannot be employed here. Another option is to compare
the amount of soft tissues left on the carcasses with known
scavenging rates to constrain the time that the carcasses have been
on the seafloor. Deep-sea scavenging assemblages have been well
documented off Southern California, where scavenging rates
appears to be a logarithmic function of the carcass weight [27].
Subsequent studies of food-falls (mostly whale carcasses) from
several ocean basins provide data for a global analysis of carcass

doi:10.1371/journal.pone.0096016.t001
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14/05/10
Mobula sp.
3
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posterior flank, but did not seem to come into contact with it, and
then moved away again. A synaphobranchid eel, likely Synaphobranchus kaupii, was observed slowly swimming directly over the
carcass, but again did not interact with it before approaching the
ROV and swimming away. As this fish swam away another exactly
like it was seen approaching the carcass, again from the northwest,
and did not interact with the carcass. The only invertebrate
observed was a starfish (Asteroidea), lying a short distance to the
west of the carcass.
Carcass 2. A second mobulid carcass was found ,1.5 km
west of the first carcass at a depth of 1237 m. The skeleton was
articulated and bare of flesh, but both wings were covered in
sediment, with only a small portion of the left wing tip protruding
above the sediment. The remainder of the skeleton rested above
the sediment and was attended by at least 54 zoarcid fish. Several
fish were observed actively feeding on remnants of flesh inside the
skeleton, but most were inactive, exhibiting roosting behaviour as
they wait to prey upon small invertebrate scavengers (Video S3).
An apparent zone of enrichment can be seen extending around
the skeleton, demarcated by white mat, presumably made up of
sulphide oxidising bacteria, common at whale-falls [17]. This mat
represents the area of seafloor where organic matter from the
carcass has become incorporated into the sediment and is being
broken down anaerobically. The video footage is not of sufficient
quality to permit detection of individual macrofauna but no large
aggregations of chemoautotrophic clams or other fauna typical of
sulphide-rich sediments could be observed in or around the zone
of enrichment.
The relative size of the skeleton in relation to the zoarcids,
coupled with much higher numbers of fish attending the skeleton
suggests that it may be that of the larger manta ray, Manta birostris.
Other skeletal features also suggest this may be the case, but
diagnostic features at the anterior end of the carcass are not visible
in the video footage, so we are unable to confirm this (M. PaigTran, personal communication). There is a single record of M.
birostris off Angola, but this oceanic species is believed to be widely
distributed throughout the tropics and subtropics [45].
Carcass 3. A third mobulid carcass (Mobula sp.) was found
180 m to the east of carcass 1, one year later on. The skeleton was
mainly articulated, with the exception of the left wing, the remains
of which appeared to be deposited at the rear of the skeleton. Thin
threads of flesh were hanging on the skull and a chunk of flesh at the
posterior end of the spine. The head of the carcass was pointing
towards the north-northwest, indicating that it was not simply a
resighting of carcass 1. Furthermore, this carcass still had flesh
visible suggesting it was more recently deposited than carcass 1.
The carcass was attended by 13 zoarcid fish (cf. Lycodes terranovae)
three of which were juveniles (Video S4). No feeding was observed
and fish remained stationary until disturbed by the ROV.

27.803577

14
.200
1235
12.090473
00:58
18/01/10
cf. Manta sp.
2

04:58
Mobula sp.
1

03/05/09

27.802029

60

7214
100
1233
12.104504

Time on Bottom (d)

00:29

27.803794

3600

Mass (kg)

12.102554
(min:sec)

22/06/08
Rhincodon typus

Discovered

27.790695

Latitude (6)
Clip length
Date
Species
ID#

Table 1. Details of carcasses encountered on the Angola continental margin.

Longitude (6)

1210

Depth (m)

Estimated

Estimated Minimum
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the video footage, despite a large amount of flesh on some
carcasses, showing that they were no longer being scavenged at
maximal rates. Additionally, available evidence suggests that
elasmobranch carrion is scavenged at much lower rates than other
forms of carrion (Figure 3). When presented with elasmobranch
and tuna bait on a baited camera trap, scavengers clearly preferred
tuna and only consumed the elasmobranch once the tuna was
gone (Jannasch 1977). Another study reported an extremely low
scavenging rate of 0.38 kg/day on an elasmobranch carcass at
1900 m in the Western Arabian Sea [50]. Repeated experiments
in this region using teleost fish as bait showed a 10-fold increase in
scavenging rates compared to that when elasmobranch was used
[51].
Depressed scavenging rates on elasmobranch carcasses may be
the result of their tough, denticulate skin, making flesh difficult to
access, or the flesh itself may be unpalatable. Decomposing
elasmobranch flesh contains high concentrations of ammonia,
related to the physiological mechanisms used in buoyancy control.
Other uncharacterized chemicals that are found in rotting
elasmobranch flesh (necromones) have been proven to strongly
deter shark scavenging and invoke an alarm response, even among
different species of elasmobranch [60]. If this phenomenon
extends to deep-sea scavenging elasmobranchs, it can be assumed
that the Portugese dogfish, Centroscymnus coelolepis, would have been
deterred from scavenging the elasmobranch carcasses. This will
have severely hindered utilization of the carcasses by other species,
since C. coelolepis is the dominant scavenger off the Angola margin
[49].

Table 2. Fauna observed at elasmobranch carcasses.

Carcass

Taxon observed

Abundance

Whale shark

Pachycara crassiceps

18

Mobulid carcass 1

Asteroidea

1

Myxine ios

1

Coryphaenoides sp.

1

Bathyraja sp.

1

Synaphobranchus kaupii

2

Pachycara sp.

20

Mobulid carcass 2

Pachycara sp.

54

Mobulid carcass 3

Lycodes terranovae

13

doi:10.1371/journal.pone.0096016.t002

scavenging rates (Figure 3). The logarithmic relationship between
scavenging rates and carcass size appears to be a global
phenomenon, although the data are more variable than the
analysis for the Southern California basins, as might be expected.
According to this relationship a 3,000 kg whale shark is expected
to be scavenged at a rate of ,32 kgd-1, resulting in total
consumption of the carcass in 3 months. Approximately 20% of
the whale shark carcass was still present when observed, indicating
that this carcass had been on the seafloor for over two months. For
comparison a gray whale carcass, of similar size to whale shark
carcass (5000 kg), had 90% of it’s soft tissues removed by mobile
scavengers in four months at 1220 m depth in the San Catalina
Basin off California, equivalent to 37 kgd-1 [18]. Based on the
same relationship, the smaller Mobula carcasses (carcasses 1 & 3)
had probably been on the seafloor for at least 1-2 weeks.
There are several reasons to suggest that these values are
minimum estimates for the amount of time that the carcasses have
been present on the bottom. Very little scavenging was observed in

Ecological role of large fish-falls
There is no evidence that the animal communities associated
with the whale shark and ray carcasses had progressed beyond a
scavenging stage (sensu Smith & Baco) [27]. Only mobulid carcass
2 showed signs of seabed enrichment, but the high abundance of
macrofauna evident at whale-falls in the enrichment opportunist

Figure 2. Still images showing each of the observed carcasses. A Whale shark (Rhincodon typus); B Mobulid carcass 1; C Mobulid carcass 2; D
Mobulid Carcass 3. Images have been enhanced. Originals and details of enhancements are available in Figure S1.
doi:10.1371/journal.pone.0096016.g002
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Figure 3. Relationship between carcass mass and the rate at which it is scavenged, based on a global dataset comprising different
carcass types: Nmammal; & teleost; X elasmobranch; m squid. A logarithmic regression (solid black line defined by the equation) y =
4.345ln(x) 2 3.222)explained a significant proportion of the variance in the relationship; R2 = 0.84, F(1,30) = 154.6, p ,0.001. Data and references are
presented in Dataset S1. Areas highlighted in turquoise indicate possible range in mass of the mobulid carcasses (left) and whale shark carcass (right).
Corresponding dashed gray lines show best estimate for the mass of each carcass type and hence scavenging rate according to the regression
equation.
doi:10.1371/journal.pone.0096016.g003

stage were not observed here. The absence of characteristic whalefall fauna at the whale shark and mobulid carcasses may indicate
that carcasses of this size and nature do not support whale-fall type
communities. This is not surprising considering the nature of
elasmobranch carcasses. Their flesh is primarily muscular and
lacks the fatty blubber layer carried by whales. Their skeleton is
unmineralised and so is prone to rapid degradation, even
compared to teleost bones [61]. Indeed, fossil remains of
elasmobranchs are almost exclusively restricted to teeth. Nor do
their skeletons hold stores of lipid-rich bone marrow as seen in
marine mammals, which may contribute to their rapid degradation [25]. At whale carcasses it is the breakdown of this lipid-rich
bone marrow and blubber that generates the hydrogen sulphide
and methane to support chemosynthetic fauna [16,62,63].
Therefore, it seems unlikely that large fish carcasses are capable
of sustaining chemosynthetic fauna over ecologically significant
time periods, as seen at whale-falls.
In contrast to the chemosynthetic fauna described from whalefalls, Osedax bone worms appear to utilise the collagen matrix of
bones, not lipid-rich marrow [64] and experimental evidence
shows that they are capable of living on fish bones [61]. The Osedax
genus appears to have a wide distribution being found off
California [65], Japan [66], Sweden [67] and the Southern
Ocean [40], so can be expected to be found off the West Africa
margin. Despite the collagen-rich food resource presented by the
skeletons of the marine vertebrates, no evidence of Osedax could be
detected on any of the carcasses. Only carcass 3 was investigated in
close enough detail to detect low-density Osedax colonisation and
no worms could be observed. In the early stages of carcass
colonisation Osedax may not be visible in ROV surveys, but over
time their abundance increases to the point at which they densely
cover bone surfaces and become evident at the macroscale [67].
PLOS ONE | www.plosone.org

Previous studies have recorded Osedax colonisation on isolated
carcasses within 9–10 weeks [68,69] so it may be that the carcasses
have not yet been colonised by the local Osedax population or
juveniles may be too small to detect. It is therefore not possible to
conclusively rule out the presence of Osedax at these carcasses,
owing to the low resolution of the video footage, but observations
here suggest they do not occur in the high densities reported from
other whale-falls [65,66]. The intact nature of the skeletons also
seem to preclude sustained Osedax activity, at least on the mobulid
carcasses. Perhaps Osedax may have been responsible for the
deterioration of the posterior section of the whale shark carcass as
the bones became exposed by scavengers, but no evidence of
Osedax on the present vertebra was observed.
The observations here suggest that even the largest nonmammalian carcasses are primarily a significant food source for
mobile scavengers in the deep sea and do not support further
successional stages seen at whale falls. An extensive baited camera
study off Angola (13 sites between 1293 m and 2453 m) showed
that five species dominated the local scavenging assemblage: the
Portuguese dogfish Centroscymnus coelolepis, the snubnosed eel
Simenchelys parasitica, the arrow tooth eel Synaphobranchus kaupii, the
blue hake Antimora rostrata and Pachycara crassiceps [49]. Of these,
only Synaphobranchus and Pachycara were observed at the elasmobranch carcasses in this study. The reduced feeding of C. coelolepis
at the carcasses (discussed above) would have also hindered the
feeding of S. parasitica, which is reliant C. coelolepis to tear through
the tough skin and expose soft flesh [49]. The total dominance of
zoarcid fish at these carcasses, with occasional appearances of
myxinids, macrourids and synaphobranchids is in keeping with
scavenging community composition at experimental bait deployments in the Arabian Sea [51]. Numerous baited camera studies
have shown that zoarcids are late-arriving scavengers, with high
6
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mola), are common [56], probably related to their diet of
zooplankton [84]. We therefore suggest that this region is a
‘hotspot’ for planktivorous megafauna, created by a combination
of high surface primary productivity and optimal temperature
ranges for poikilothermic plankton feeders.
Pelagic communities that have a high proportion of large
planktivorous megafauna are expected to have an increased flux of
carbon from surface to deep waters through two interrelated
mechanisms. Firstly, surface primary production can support a
higher total biomass of large animals than that of small ones
because of increasing metabolic efficiencies that scale with size, i.e.
less energy is lost through trophic transfer [85]. Secondly, larger
animals have lower rates of predation than smaller ones, so a
higher proportion of their biomass is exported to the deep sea
rather than recycled in the pelagic food chain [85]. These
theoretical predictions are supported by our findings, indicating an
enhanced transfer efficiency of the biological pump in this area,
with increased food supply to the deep-sea benthic community.

residence times at food-falls [34,35,50,51]. Zoarcids became the
dominant scavengers at a 23 kg elasmobranch carcass after
,48 hours, (coinciding with a decrease in crustacean scavengers)
and remained in high abundances until the experiment ended
after 126 hours [50]. Baited camera observations have lasted only
a matter hours to days, but the evidence presented here shows that
zoarcid fish remain dominant at carcasses for extended time
periods, in the order of months.

Food-falls and bentho-pelagic coupling
The survey area is located just to the south of the Zaire/Congo
River plume, where upwelling results in high levels of primary
productivity, in the order or 100–200 mg C m22d21 [70,71]. Of
this ,5–10% (9.8 mg C m22d21) is exported to the deep sea as
particulate organic carbon (POC) [72]. However, POC flux only
accounts for 25% of the carbon requirements of the deep-sea
benthic community in this area [72]. This deficit is a common
feature of deep-sea carbon budgets and suggests that additional
sources are important in sustaining deep-sea communities [73].
Lateral carbon transfer from the continental shelf probably makes
up a large proportion of the unaccounted carbon on this margin
[72], but there is growing evidence that large, fast-sinking foodfalls can also transfer significant amounts of carbon from the upper
ocean to the deep seafloor [74–76].
To provide a minimum estimate of the importance of these
carcasses to the biological pump some simple calculations can be
made. If the estimated carbon content of the carcasses (8% wet
wt.) [77,78] is integrated over the entire area bounding their
occurrence (1.23 km2) and over the estimated time since first and
last deposition (738 days), then the average rate of carbon delivery
to the seabed by the elasmobranch carcasses equates to 0.4 mg
m22d21, i.e. 0.2% of the total surface primary production. This
figure exceeds (by an order of magnitude) previous estimates of the
relative importance of whale carcasses as sources of carbon. For
example, Smith calculates that ‘‘it is difficult to imagine that the
flux of great-whale detritus would exceed 0.3% of seafloor POC
flux anywhere in the deep sea’’[24], yet in this instance large
elasmobranch food-falls are equivalent to 4% of the total POC flux
to the seafloor. This figure is more in line with the 11–13% of
POC flux, estimated to be the total contribution from carrion
across all taxa to carbon input to the Santa Catalina Basin [79].
On this local scale the carcasses of planktivorous elasmobranchs
appear to play a important role in the supply of organic carbon
from the surface ocean to the deep seafloor. The most direct
beneficiaries are deep-sea scavenger populations, which have been
show to mirror fluctuations in the abundance of fish in surface
waters [80].
Whale sharks and mobulid rays feed directly on patchy dense
aggregations of zooplankton, which means that their distributions
are closely linked to environmental determinants of food
availability; more so than other large marine animals that feed
at higher trophic levels [81]. Sea-surface temperatures have been
found to be the best correlate of whale shark sightings in oceanic
waters, with 90% of sightings in the Indian Ocean occurring
between 26–30uC [82]. Sea-surface temperatures off northern
Angola, especially in spring and summer, closely match this
optimal temperature envelope [71] and sightings of whale sharks
appear to corroborate the association [46]. Mobulids show a
preference for slightly cooler waters in the range of 20–26uC [45],
which is more characteristic of autumn and winter sea surface
temperatures off Angola [71]. This area of the Angola margin also
has a particularly rich cetacean fauna with high relative
abundances of sperm whales and humpback whales [83] and
sightings of the most massive bony fish, the ocean sunfish (Mola
PLOS ONE | www.plosone.org

Conclusions
In contrast to previous assumptions, food-falls of large animal
carcasses can be common in parts of the deep-sea, as evidenced by
the finding of four large elasmobranch carcasses over an area of
just 1.48 km2 on the Angola continental margin. These carcasses
can support scavenger communities on the deep seafloor for weeks
to months at a time, but unlike larger marine mammal carcasses,
they do not appear to host characteristic ‘‘whale-fall’’ fauna and
are primarily significance for mobile scavengers. Large food-falls
may be particularly frequent where oceanographic conditions
create areas of high productivity, attracting planktivorous megafauna. Our results suggest that in such areas the large food-falls
can account for a significant proportion of carbon export to the
deep-sea, approximately 10 times larger than previous estimates
for a single taxon. This increased export is expected to result in a
relatively high proportion of local surface primary production
reaching the deep-seafloor, supporting a more abundant community of deep-sea scavengers.

Supporting Information
Dataset S2

Data, methodology and references used to construct

Figure 3.
(DOCX)
Figure S1

Original images corresponding to those of Figure 2.

(DOCX)
Video S1

Whale-shark carcass.

(MP4)
Video S2

Mobuild carcass 1.

(MP4)
Video S3

Mobuild carcass 2.

(MP4)
Video S4

Mobuild carcass 3.

(MP4)

Acknowledgments
We are very grateful to Barry Ward, who first alerted us to the existence of
this data. We thank BP Angola (Block 18) B.V. on behalf of its partners for
providing the data to support this paper. Assistance identifying the
scavenging fish was provided by Kenneth Sulak, Eric Anderson and Oliver
Crimmen. Misty Paig-Tran kindly provided information on the morphology and identification of the mobulid carcasses.

7

May 2014 | Volume 9 | Issue 5 | e96016

Food-Falls in the Deep Sea

Author Contributions
Analyzed the data: NDH ARG DOBJ. Wrote the paper: NDH ARG
DOBJ. Prepared Supporting Information: NDH.

References
32. Kiel S, Goedert JL (2006) Deep-sea food bonanzas: early Cenozoic whale-fall
communities resemble wood-fall rather than seep communities. P R Soc B 273:
2625–2631. doi:10.1098/rspb.2006.3620
33. Pyenson ND, Haasl DM (2007) Miocene whale-fall from California demonstrates that cetacean size did not determine the evolution of modern whale-fall
communities. Biology Letters 3: 709–711. doi:10.1098/rsbl.2007.0342
34. Jones E, Collins M, Bagley P, Addison S, Priede I (1998) The fate of cetacean
carcasses in the deep sea: observations on consumption rates and succession of
scavenging species in the abyssal north-east Atlantic Ocean. P Roy Soc
Lond B Bio 265: 1119–1127.
35. Kemp K, Jamieson A, Bagley P, Mcgrath H, Bailey D, et al. (2006)
Consumption of large bathyal food fall, a six month study in the NE Atlantic.
Mar Ecol Prog Ser 310: 65–76.
36. Lundsten L, Schlining KL, Frasier K, Johnson SB, Kuhnz LA, et al. (2010)
Time-series analysis of six whale-fall communities in Monterey Canyon,
California, USA. Deep-Sea Res Pt I 57: 1573–1584. doi:10.1016/
j.dsr.2010.09.003.
37. Goffredi SK, Paull C, Fulton-Bennett K, Hurtado L, Vrijenhoek R (2004)
Unusual benthic fauna associated with a whale fall in Monterey Canyon,
California. Deep-Sea Res Pt I 51: 1295–1306. doi:10.1016/j.dsr.2004.05.009.
38. Lundsten L, Paull CK, Schlining KL, Mcgann M, Ussler W (2010) Biological
characterization of a whale-fall near Vancouver Island, British Columbia,
Canada. Deep-Sea Research Part I 57: 918–922. doi:10.1016/j.dsr.2010.04.006
39. Wada H (2002) The Discovery of the Torishima Whale Bone Animal
Community (TOWBAC) and its Meaning. Japan Marine Science and
Technology Center/Deep-Sea Research 10: 38–47.
40. Amon DJ, Glover AG, Wiklund H, Marsh L, Linse K, et al. (2013) The
discovery of a natural whale fall in the Antarctic deep sea. Deep-Sea Research
Part II.
41. Zeeberg J, Corten A, De Graaf E (2006) Bycatch and release of pelagic
megafauna in industrial trawler fisheries off Northwest Africa. Fisheries
Research 78: 186–195. doi:10.1016/j.fishres.2006.01.012
42. Graham RT, Witt MJ, Castellanos DW, Remolina F, Maxwell S, et al. (2012)
Satellite Tracking of Manta Rays Highlights Challenges to Their Conservation.
PloS one 7. doi:10.1371/journal.pone.0036834
43. Stevens JD (2007) Whale shark (Rhincodon typus) biology and ecology: A review of
the primary literature. Fisheries Research 84: 4–9. doi:10.1016/j.fishres.2006.11.008
44. Rowat D, Brooks KS (2012) A review of the biology, fisheries and conservation
of the whale shark Rhincodon typus. J Fish Biology 80: 1019–1056. doi:10.1111/
j.1095-8649.2012.03252.x
45. Couturier L, Marshall AD, Jaine F, Kashiwagi T, Pierce SJ, et al. (2012) Biology,
ecology and conservation of the Mobulidae. J Fish Biology 80: 1075–1119.
46. Weir CR (2010) Sightings of whale sharks (Rhincodon typus) off Angola and
Nigeria. Mar Biodivers Rec 3: e50. doi:10.1017/S1755267209990741
47. Hsu HH, Joung SJ, Liu KM (2012) Fisheries, management and conservation of
the whale shark Rhincodon typus in Taiwan. J Fish Biology 80: 1595–1607.
doi:10.1111/j.1095-8649.2012.03234.x
48. Venkatesan V, Ramamoorthy N, Boominathan N, Gandhi A (2008) Stranding
of a whale shark, Rhincodon typus (Smith) at Pamban, Gulf of Mannar. Marine
Fisheries Information Service: Technical and Extension Series 198: 19–22.
49. Jamieson AJ, Fujii T, Bagley PM, Priede IG (2011) Scavenging interactions
between the arrow tooth eel Synaphobranchus kaupii and the Portuguese dogfish
Centroscymnus coelolepis. J Fish Biology 79: 205–216.
50. Witte U (1999) Consumption of large carcasses by scavenger assemblages in the
deep Arabian Sea: observations by baited camera. Mar Ecol Prog Ser 183: 139–
147.
51. Janssen F, Treude T, Witte U (2000) Scavenger assemblages under differing
trophic conditions: a case study in the deep Arabian Sea. Deep-Sea Res Pt II 47:
2999–3026.
52. McAllister DE, Anderson ME, Hunter JG (1981) Deep-water eelpouts,
Zoarcidae, from Arctic Canada and Alaska. Can J Fish Aquat Sci 38: 821–
839. doi: 10.1139/f81-110
53. Houston KA, Haedrich RL (1986) Food habits and intestinal parasites of deep
demersal fishes from the upper continental slope east of Newfoundland,
northwest Atlantic Ocean. Marine Biology 92: 563–574–574. doi:10.1007/
BF00392516
54. Ferry LA (1997) Food habits of the two-line eelpout (Bothrocara brunneum:
Zoarcidae) at two deep-sea sites in the eastern North Pacific. Deep-Sea Research
Part I 44: 521–531.
55. Sancho G, Fisher CR, Mills S, Micheli F, Johnson GA, et al. (2005) Selective
predation by the zoarcid fish Thermarces cerberus at hydrothermal vents. Deep-Sea
Research Part I 52: 837–844. doi:10.1016/j.dsr.2004.12.002
56. Weir CR, Macena BCL, di Sciara GN (2012) Records of rays of the genus
Mobula (Chondrichthyes: Myliobatiformes: Myliobatidae) from the waters

1. Wei C-L, Rowe GT, Escobar-Briones E, Boetius A, Soltwedel T, et al. (2010)
Global Patterns and Predictions of Seafloor Biomass Using Random Forests.
PLOS ONE 5: e15323. doi:10.1371/journal.pone.0015323
2. McClain CR, Allen AP, Tittensor DP, Rex MA (2012) Energetics of life on the
deep seafloor. Proceedings of the National Academy of Sciences 109: 15366–
15371. doi:10.1073/pnas.1208976109
3. Lutz MJ, Caldeira K, Dunbar RB, Behrenfeld MJ (2007) Seasonal rhythms of
net primary production and particulate organic carbon flux to depth describe the
efficiency of biological pump in the global ocean. Journal of Geophysical
Research-Oceans 112. doi:10.1029/2006JC003706
4. Billett DSM, Bett BJ, Reid WDK, Boorman B, Priede IG (2010) Long-term
change in the abyssal NE Atlantic The ‘Amperima Event revisited. Deep-Sea
Research Part II 57: 1406–1417. doi:10.1016/j.dsr2.2009.02.001
5. Turner R (1973) Wood-Boring Bivalves, Opportunistic Species In The DeepSea. Science 180: 1377–1379.
6. Turner RD (1977) Wood, mollusks, and deep-sea food chains. Bulletin of the
American Malacological Union 1976: 13–19.
7. Wolff T (1979) Macrofaunal Utilization of Plant Remains in the Deep-Sea.
Sarsia 64: 117–&.
8. Isaacs JD, Schwartzlose RA (1975) Active animals of the deep-sea floor.
Scientific American 233: 84–91.
9. Hessler RR, Ingram CL, Aristides Yayanos A, Burnett BR (1978) Scavenging
amphipods from the floor of the Philippine Trench. Deep-Sea Research 25:
1029–1047.
10. Schafer W (1972) Death, Disintigration and Burial: Cetaceans. Ecology and
Palaeoecology of Marine Environments: 10–25.
11. Heezen BC, Hollister CD (1972) USAThe Face of the Deep. Oxford University
Press 1
12. Jannasch HW (1978) Experiments in Deep-Sea Microbiology. Oceanus 21: 50–
57.
13. Stockton W, Delaca T (1982) Food Falls In The Deep-Sea - Occurrence,
Quality, And Significance. Deep-Sea Res 29: 157–169.
14. Britton JC, Morton B (1994) Marine carrion and scavengers. Oceanography and
Marine Biology: An Annual Review 32.
15. Smith C, Kukert H, Wheatcroft R, Jumars P, Deming J (1989) Vent Fauna On
Whale Remains. Nature 341: 27–28.
16. Smith CR (1992) Whale falls: Chemosynthesis on the deep seafloor. Oceanus 36:
74–78.
17. Bennett BA, Smith CR, Glaser B, Maybaum HL (1994) Faunal Community
Structure of a Chemoautotrophic Assemblage on Whale Bones in the Deep
Northeast Pacific-Ocean. Marine ecology progress series Oldendorf 108: 205–
223.
18. Smith C, Baco A, Glover AG (2002) Faunal succession on replicate deep-sea
whale falls: time scales and vent-seep affinities. Cah Biol Mar 43: 293–297.
19. Baco A, Smith C (2003) High species richness in deep-sea chemoautotrophic
whale skeleton communities. Mar Ecol Prog Ser 260: 109–114.
20. Rouse G, Goffredi SK, Vrijenhoek R (2004) Osedax: Bone-eating marine worms
with dwarf males. Science 305: 668–671.
21. Johnson SB, Waren A, Lee RW, Kano Y, Kaim A, et al. (2010) Rubyspira, New
Genus and Two New Species of Bone-Eating Deep-Sea Snails With Ancient
Habits. Biological Bulletin 219: 166–177.
22. Smith C (1994) Tempo And Mode In Deep-Sea Benthic Ecology - Punctuated
Equilibrium Revisited. PALAIOS 9: 3–13.
23. Butman C, Carlton J, Palumbi S (1995) Whaling Effects on Deep-Sea
Biodiversity. Conserv Biol 9: 462–464.
24. Smith C (2006) Bigger is better: the role of whales as detritus in marine
ecosystems. In J. A. Estes, D. P. DeMaster, D. F. Doak, T. M. Williams & R. L.
Brownell, editors. Whales, Whaling and Ocean Ecosystems. London,
UKUniversity of California Press286–302.
25. Higgs ND, Little CTS, Glover AG (2011) Bones as biofuel: a review of whale
bone composition with implications for deep-sea biology and palaeoanthropology. Proc R Soc B 278: 9–17. doi:10.1098/rspb.2010.1267
26. Schuller D, Kadko D, Smith C (2004) Use of 210Pb/226Ra disequilibria in the
dating of deep-sea whale falls. Earth and Planetary Science Letters 218: 277–
289.
27. Smith C, Baco A (2003) Ecology of whale falls at the deep-sea floor. Oceanogr
Mar Biol 41: 311–354.
28. Hogler J (1994) Speculations on the role of marine reptile deadfalls in Mesozoic
deep-sea paleoecology. PALAIOS 9: 42–47.
29. Martill D, Cruickshank A, Taylor M (1991) Dispersal Via Whale Bones. Nature
351: 193–193.
30. Kaim A, Kobayashi Y, Echizenya H, Jenkins RG, Tanabe K (2008)
Chemosynthesis-based associations on Cretaceous plesiosaurid carcasses. Acta
Palaeontol Pol 53: 97–104.
31. Squires R, Goedert Jl, Barnes L (1991) Whale Carcasses. Nature 349: 574–574.

PLOS ONE | www.plosone.org

8

May 2014 | Volume 9 | Issue 5 | e96016

Food-Falls in the Deep Sea

57.

58.
59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

between Gabon and Angola (eastern tropical Atlantic). Mar Biodivers Rec 5:
e26. doi:10.1017/S1755267212000061
Stehmann M (1981) Mobulidae. In: Fischer W, Bianchi G, Scott WB, editors.
FAO species identification sheets for fishery purposes: Eastern Central Atlantic
fishing area 34 and part of 47: Sharks, Batoid Fishes and Lobsters. FAO species
identification sheets for fishery purposes: Eastern Central Atlantic fishing area 34
and part of 47: Sharks, Batoid Fishes and Lobsters, Vol. 5. pp. 1–14.
Notarbartolo-di-Sciara G (1988) Natural history of the rays of the genus Mobula
in the Gulf of California. Fish B-Noaa 86: 45–66.
Tweddle D, Anderson ME (2008) A collection of marine fishes from Angola,
with notes on new distribution records. Smithiana Bulletin 8: 3–24.
Stroud EM, O’Connell CP, Rice PH, Snow NH, Barnes BB, et al. (2013)
Chemical shark repellent: Myth or fact? The effect of a shark necromone on
shark feeding behavior. Ocean and Coastal Management. doi:10.1016/
j.ocecoaman.2013.01.006
Rouse GW, Goffredi SK, Johnson SB, Vrijenhoek RC (2011) Not whale-fall
specialists, Osedax worms also consume fishbones. Biology Letters 7: 736–739.
doi:10.1098/rsbl.2011.0202
Goffredi SK, Wilpiszeski R, Lee R, Orphan VJ (2008) Temporal evolution of
methane cycling and phylogenetic diversity of archaea in sediments from a deepsea whale-fall in Monterey Canyon, California. ISME J 2: 204–220.
doi:10.1038/ismej.2007.103
Treude T, Smith C, Wenzhoefer F, Carney E, Bernardino AF, et al. (2009)
Biogeochemistry of a deep-sea whale fall: sulfate reduction, sulfide efflux and
methanogenesis. Mar Ecol Prog Ser 382: 1–21. doi:10.3354/meps07972
Higgs ND, Glover AG, Dahlgren TG, Little CTS (2011) Bone-Boring Worms:
Characterizing the Morphology, Rate, and Method of Bioerosion by Osedax
mucofloris (Annelida, Siboglinidae). Biological Bulletin 221: 307–316.
Braby CE, Rouse GW, Johnson SB, Jones WJ, Vrijenhoek RC (2007)
Bathymetric and temporal variation among Osedax boneworms and associated
megafauna on whale-falls in Monterey Bay, California. Deep-Sea Res Pt I 54:
1773–1791. doi:10.1016/j.dsr.2007.05.014
Fujikura K, Fujiwara Y, Kawato M (2006) A new species of Osedax (Annelida:
Siboglinidae) associated with whale carcasses off Kyushu, Japan. Zoological
Science 23: 733–740. doi:10.2108/zsj.23.733
Glover AG, Kallstrom B, Smith C, Dahlgren T (2005) World-wide whale
worms? A new species of Osedax from the shallow north Atlantic. P R Soc B 272:
2587–2592. doi:10.1098/rspb.2005.3275
Rouse GW, Wilson NG, Goffredi SK, Johnson SB, Smart T, et al. (2008)
Spawning and development in Osedax boneworms (Siboglinidae, Annelida).
Marine Biology 156: 395–405. doi:10.1007/s00227-008-1091-z
Raymond E, Johnson SB, Vrijenhoek RC (2010) Presence of Osedax on seal
bones in the Monterey Submarine Canyon. In: Svavarsson J, Halldórson HP,
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