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The last 30 years have seen several paradigm shifts in our understanding of how ocean ecosystems
function. Now recent technological advances add to an overwhelming body of evidence for
another paradigm shift in terms of the role of gelatinous plankton (“jellyfish”) in marine food
webs. Traditionally viewed as trophic dead ends, stable isotope analysis of predator tissues,
animal‐borne cameras and DNA analysis of faecal and gut samples (metabarcoding) are all
indicating that many taxa routinely consume jellyfish. Despite their low energy density, the
contribution of jellyfish to the energy budgets of predators may be much greater than assumed
because of rapid digestion, low capture costs, availability and selective feeding on the more
energy rich components.

Jellyfish as trophic dead ends: a “belly‐full‐of‐jelly” ?
Gelatinous zooplankton, loosely termed “jellyfish”, are a taxonomically diverse group including many
cnidarians, such as scyphozoan jellyfish and siphonophores, ctenophores and also chordates such as
salps, pyrosomes and appendicularians (Box 1, Figure 1). Jellyfish are ubiquitous in the World’s
oceans and can occur in very high densities in large blooms [1, 2]. For example, distinct coastal
jellyfish hotspots can occur in coastal waters, such as large aggregations of the barrel jellyfish
Rhizostoma octopus extending over tens of square kilometers, with individuals weighing as much as
30 kg [3]. Likewise, in oceanic waters, swarms of salps, each a few cm in size, have been recorded
with densities as high as 700 individuals per m‐3 over 1000s km2 [4,5]. While it is well known that
jellyfish can be voracious predators and so play important roles as consumers, they have historically
often been viewed as trophic dead ends [6]. Underpinning this view is the generally low nutritional
content of jellyfish (or at least the gelatinous ‘bell’), meaning that large volumes need to be
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consumed for a predator to meet metabolic demands. For example, comparative energy densities
have been reported of 0.10‐0.18 kJ per g wet mass‐1 for scyphozoan jellyfish and 2.4‐5.8 kJ per g wet
mass‐1 for various fish species respectively [7]. Put simply, in this case a predator would need to eat
about 25‐30 times as much gelatinous tissue compared to fish to ingest the same energy content. A
more recent review reiterates the low energy density of jellyfish on a wet weight basis [8].
Given the low energy density of jellyfish it has classically been argued that a diet of jellyfish
would necessitate a predator carrying around a large “belly‐full‐of‐jelly” which would lead to lower
streamlining and reduce maneuverability, hence leading to higher susceptibility of that jelly‐feeder
to predation itself [6]. For this reason there is a long standing suggestion that two of the most well‐
known consumers of jellyfish, the ocean sunfish (Mola mola) and the leatherback turtle
(Dermochelys coriacea), are both massive. Both species weigh many 100s of kg as adults, with their
large size thought to confer protection against predation, even if these mega‐vertebrates are slow
swimming following a bout of feeding [6]. Observations of feeding and energy balance equations
illustrate how these predators likely consume vast amounts of jellyfish in order to maintain energy
balance. For example, by attaching a video camera system to the carapace of leatherback turtles it
was estimated that adults, weighing around 450 kg, foraging in summer off Nova Scotia consume an
average of 330 kg jellyfish wet mass per day, equivalent to 73 % of their body mass per day [9]. Aside
from these specialist feeders of jellyfish it has been known for many decades that a range of species
may occasionally consume jellyfish [10‐13], but their contribution to the energy budget of ocean
predators has been equivocal and has tended to be ignored [14].

Old question, new methodologies: recent evidence for jellyfish consumption
While evidence of predation on jellyfish is certainly not a new phenomenon [10‐13], new
technologies are revealing just how widespread consumption of jellyfish is among marine predators,
including such charismatic taxa as tuna, albatrosses and penguins. Methodologies that are
transforming our view of jellyfish as prey include stable isotope analysis (SIA) of the tissues of
predators [15,16], animal‐borne cameras [17,18] remotely operated vehicles (ROVs) [19,20] and
molecular analysis of stomach contents and faecal samples [21‐24] (Box 2). As well as targeted
consumption of jellyfish, in some cases jellyfish may be consumed incidentally when predators are
targeting the small fish and crustaceans that often live in and around their bodies [25](Fig 1a).
Additionally, jellyfish themselves are active predators of ocean plankton (including larval fishes) and
so will concentrate prey within their oral arms and stomachs. So by consuming jellyfish, animals also
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profit from consuming the prey of the jellyfish themselves, i.e. jellyfish and their associated biota are
consumed in a variety of ways.
Stable isotope analysis suggests that jellyfish most likely can form an important nutritional
component of the diet for a range of fish species including Atlantic bumper (Chloroscombrus
chrysurus), bluefin tuna (Thunnus thynnus), little tunny (Euthynnus alletteratus), spearfish
(Tetrapturus belone) and swordfish (Xiphias gladius) [15]. Others have used SIA to show the
importance of jellyfish for green sea turtles (Chelonia mydas) in some regions, a species traditionally
thought to be mainly herbivorous when living in in coastal environments [16]. Likewise, cameras
attached to four species of penguin have recently been shown consumption of scyphozoan jellyfish,
salps, and ctenophores with jellyfish representing up to 42.4% of the prey capture events for some
species [17]. Such empirical foraging data (encompassing prey encounter rate, selection,
consumption and handling time) can open the door to field‐based studies of optimal foraging via
functional response [26]. This approach would drive a step‐change in our understanding of jellyfish
as prey allowing us to move beyond studies of tractable species under controlled conditions.
Likewise, molecular analysis (metabarcoding) can match minute quantities of DNA found in
gut contents and or faecal (scat) samples to a range of potential prey items and has been used to
show that for both sea birds and fish, jellyfish can be an important component of the diet [21‐24].
For example in a recent study of two species of albatross across eight breeding sites in which >1000
scat samples were analyzed, scyphozoan jellyfish represented 20% of the food DNA sequences,
second only in importance to bony fish (66% of food DNA sequences) and ahead of crustaceans (8%
of food DNA sequences) [21]. Similarly, next generation sequencing has been used to determine the
gut contents of the leptocephali larvae of the endangered European eel Anguilla anguilla in the
Sargasso Sea [27]. With gelatinous zooplankton (mostly siphonophores) representing 76% of the
DNA sequences detected, it is clear that leptocephali larvae have an apparent preference for
consuming jellyfish.
While the use of remotely operated vehicles to quantity species diversity in the deep sea is
well known, recent forays with remotely operated vehicle (ROVs) have revealed new predator‐
jellyfish interactions for little studied deep sea organisms but also for familiar surface associated
species. For example, the elusive giant deep‐sea octopus Haliphron atlanticus feeds on deep sea
jellyfish [20]; and ROVs have been used to actively track sea turtles in situ; revealing predation on
scyphozoan jellyfish, comb jellies and salps [19]. Furthermore, cameras deployed on the seabed have
shown that jellyfish sinking to the seabed may be rapidly consumed by a range of benthic animals
including fish, crabs, shrimps, amphipods and worms. For example, evidence from cameras suggests
that dead jellyfish represent a significant component of the diet of commercially exploited lobster

3

Nephrops norvegicus in Norwegian fjords [28,29]. Likewise high levels of consumption of jellyfish by
several species of benthic fish in the NW Atlantic suggests that blooms of jellyfish provide important
surges of food for the benthic community [30]. Direct observation and filming by divers have also
been reported showing a range of species consuming jellyfish, including fish and turtles, and as with
other camera observation allow ingestion rates of jellyfish to be estimated [31,32]. Even more
opportunistically, mallard ducks (Anas platyrhynchos) have been photographed at the surface
feeding on extensive blooms of the hydrozoan Velella velella which illustrates that the trophic
pathways of jellyfish can even extend beyond the marine environment [33]. Recent work is also
shedding new light on how pelagic invertebrates, many themselves jellyfish, will routinely feed on
jellyfish [34‐36], supporting a recent review of benthic scavengers and predators of jellyfish which
collated many historical and some recent records of invertebrates feeding on jellyfish, mostly
anemones, decapod crustaceans and echinoderms [37]. A parasitic variation on this theme is the use
of jellyfish as reproductive habitat by hyperiid amphipods, with bell tissue serving as food for both
adults and emergent offspring [38].
Importantly these various studies showing consumption of jellyfish have taken place
throughout the world oceans and have involved a range of different types of jellyfish and predator
(Fig 2a). So the picture emerging from range of methodologies is that jellyfish may often feature
highly in the diets of a range of marine predators, that jellyfish may be actively targeted and that
they are not simply ingested as bycatch and that sometimes jellyfish may be making an important
nutritional contribution to the diet. Furthermore changing ocean conditions may sometimes favour
the importance of jellyfish as food. For example, using gut content analysis to assess the diet of
several fish species in the Pacific over a 15 year period, it has recently been shown that jellyfish were
consumed in much higher quantities in warmer years with the conclusion that predators may feed
on jellyfish when other food sources are unavailable [39]. Similarly the importance of ctenophores in
the diet of Atlantic cod (Gadus morhua) has grown over the last 30 years [40].
Interestingly these new methodologies are also changing our understanding of the diet of
animals previously assumed to feed almost entirely on jellyfish. For example, the ocean sunfish,
Mola mola, has long been though to feed on jellyfish in an almost obligate manner. However, in
recent years both DNA barcoding as well as SIA have both revealed that ocean sunfish can have a far
more cosmopolitan diet [41‐43], with an apparent shift towards a more gelatinous diet in larger
individuals [44].

Blending old and new evidence: can marine animals survive on a diet of jellyfish?

4

While the modern techniques are increasingly revealing the presence of jellyfish in the diets of
marine predators, it may be informative to turn to some of the classic older literature to assess the
potential relative importance of this prey group to energy budgets. At first glance it would appear
that the low energy density of jellyfish would likely mean they are simply ingested incidentally and
other prey, such as fish and crustaceans, will contribute the bulk of the energy requirements of
predators. However, in a classic set of experiments performed almost 20 years ago it was shown
digestion rates when feeding on jellyfish could be 20× faster than for shrimp [45](Figure 2b). Put
simply, the lower energy density of jellyfish may be counterbalanced by the speed with which they
can be digested, so that it may be that jellyfish can actually provide comparable rates of energy
acquisition to predators than feeding on fish or crustaceans.
Due to this quick digestion of jellyfish they will also tend to be under‐represented in gut
content analysis. However, such traditional approaches may still indicate very recent feeding on
jellyfish and so complement results emerging from other methodologies. For example, a recent
analysis of 69,000 stomachs showed that 39 of 107 species of fish consumed jellyfish of which 23 fish
species were previously undocumented as jellyfish consumers [46]. This study also showed how
visual analysis of stomach samples can still deliver important information on dietary importance of
jellyfish, particularly when fish stomachs and prey are examined immediately after a fish are
collected to alleviate concerns over the degradation of jellyfish in stomachs caused by formalin or
ethanol preservation or rapid digestion.
In addition to their rapid digestion, the dietary value of jellyfish is further enhanced because
they (i) may be extremely abundant when encountered within blooms, (ii) do not move fast and (iii)
many jellyfish taxa have extremely fast growth rates, providing three reasons for why the energy
expended per unit capture when feeding on jellyfish is likely, at certain times, to be much lower/or
strategically beneficial when compared to feeding on fish or other prey items which need to be
actively pursued or found. For example, in oligotrophic waters of the Straits of Florida, gut content
analysis and concurrent plankton tows revealed that the larvae of three species of tuna fed almost
exclusively on appendicularians before they switched to piscivory [47]. Whilst it has long been
known that pleuronectiform larvae need to feed on appendicularians, [48], this new work suggests
that tuna larvae exploit a previously unrecognised ‘nutritional loophole’ [47]. Specifically, they
obtain energy directly from the microbial loop and therefore, with their extremely fast growth rates,
offer a relatively large consistent food source in an oligotrophic environment [47]. Jellyfish may also
be important as food for larval fish in tropical environments [49]. One possibility is that by
consuming jellyfish, larval reef fish may be able to extend their larval duration giving them more
chance to find suitable reef sites for settlement.
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Camera footage has also shown that some predators, such as the ocean sunfish, may feed
selectively on specific tissues within larger jellyfish; for example, tending to consume the energy rich
gonads and oral arms of scyphozoan jellyfish and ignoring the lower energy density swimming bell
[31, 50]. These different components of jellyfish may differ in their energy densities by five‐fold [7]
and so by consuming energy rich components, marine predators can substantially improve their rate
of energy ingestion. In accord with this suggestion that when jellyfish are abundant they can satisfy
the energy demands of a range of predators, SIA has been used recently to show that for small fish
living under the shelter of jellyfish; i.e. where jellyfish as food is essentially freely available (e.g. see
Fig 1a), jellyfish tissue contributed 90% of the assimilated energy [51]. Future investigations should
also probe the dietary ‘value’ of jellyfish beyond energetic gain. For example, jellyfish are typically
rich in type II collagen (up to 46.4% dry mass), which is a major component of connective tissues in
vertebrates such as cartilage, and a range of fatty acids and lipids [52]. Indeed, medical and
pharmaceutical industries are harvesting type II collagen from jellyfish for a host of products (e.g.
[53], so this idea that marine predators may likewise benefit from consuming jellyfish collagen may
not be unfounded.

Constraints to being a specialist versus generalist predator of jellyfish?
The evidence that a range of marine predators will feed on jellyfish challenges the view that the
need to have a “belly‐full‐of‐jelly” limits the number of jelly‐feeders. Fast pursuit predators such as
penguins and tuna will likely avoid having such pitfalls even when feeding on jellyfish due to rapid
digestion. Hence we need to look for alternative explanation for why the leatherback turtle, that is
thought to feed almost exclusively on jellyfish, is so large. The answer may be linked, to the fact that
while jellyfish are ubiquitous in the World’s oceans, they are only occasionally found in very high
bloom densities [54]. So feeding only on jellyfish will likely mean that there are long periods of near‐
fasting between encounters with blooms. Tracking data for leatherback turtle supports this idea with
individuals followed for up to one year showing evidence of feeding in jellyfish blooms only for about
30% of the time [55]. So long fasting endurance may be the key requirement for a predator to feed
only on jellyfish. Adult sea turtles likely have a very long fasting endurance, probably >6 months,
linked to their low mass‐specific metabolic rate resulting from both its ectothermy and large size
[56]. Other marine predators that are smaller (e.g. small fish) and/or endothermic (e.g. tunas and
marine birds) will have higher mass specific metabolic rates and hence more limited fasting
endurance. It is most probably this limited fasting endurance that explains why most of marine
predators found to consume jellyfish, likely only feed opportunistically or only at specific life stages
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(e.g. tuna and eel larvae, adult sunfish), rather than exclusively, on jellyfish. Laboratory trials support
his view that fish may feed opportunistically on jellyfish [57, 58].
One further issue with high levels of jellyfish consumption is that predators will also ingest
large volumes of salt which needs to be removed from their bodies. Marine predators have
specialized physiologies for salt removal, such as salt glands found in leatherback turtles and marine
birds [59,60]. For example, though such physiological adaptations it is estimated that a 450 kg
leatherback turtle can produce about 6‐9 litres of lachrymal secretion (salty tears) per hour enabling
the consumption of 80% body mass day−1 of jellyfish [59]. Such rates of ingestion cannot be
extrapolated to all marine predators as the vast majority lack such a capacity to process excess salt,
prompting studies to examine the link between anatomy, physiology and rate of jellyfish ingestion.

Concluding remarks and future directions
There is now overwhelming evidence suggesting that jellyfish cannot simply be ignored as trophic
dead ends but rather are opportunistically consumed by a wide range of marine predators. Such
trophic pathways reflect the abundance, aggregation and seasonality of jellyfish and challenge the
intuitive view that the reward from feeding on jellyfish would be outstripped by the effort. Indeed,
when considering selective foraging on gonadal tissue, for example, the energetic reward and
accessibility of the resource is most certainly worthy of a predator’s attention. However, our
understanding of jellyfish dietary ‘value’ should in time extend beyond energetic gain, to encompass
more nuanced physiological requirements (e.g. the ingestion of collagen or lipids). These findings
may be particularly important given that jellyfish compose a large fraction of the pelagic biomass
and, in some regions have oscillated or increased significantly in their abundance [61,62] over recent
decades; sometimes linked to climate change or more direct forms of anthropogenic disturbance
[1,62]. It is clear that a lot more consideration needs to be given to parameterizing the role of
jellyfish in marine ecosystems (63,64).
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Box 1. What are jellyfish?
The term “jellyfish” is often considered to be synonymous with the phylum Cnidaria and the class
Scyphozoa which are the traditional bell‐shaped pulsing gelatinous animals seen across the World’s
oceans that vary in size from a few cm up to individuals that may weigh many tens of kg [66] (Fig. 1).
While generally considered to be zooplankton, i.e. animals that drift with ocean currents, the larger
scyphozoans are strong swimmers and can move independently of currents [67,68]. Scyphozoan
jellyfish capture prey by pulsing their bell which entrains and transports prey past their tentacles or
oral arms that are lined with stinging nematocysts. In addition to scyphozoans, more broadly, the
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term “jellyfish” can encompass a wide range of other gelatinous taxa [66]. Within the Cnidaria there
is also the class Hydrozoa that includes the hydromedusae such as Aequorea spp. and the colonial
siphonophores, some of which may be several meters long such as Apolemia uvaria. The phylum
Ctenophora are also called comb jellies or sea gooseberries and move themselves by the sequential
beating of cilia that are located in distinct bands that run around their bodies. Ctenophores catch
their plankton prey using extendable tentacles containing sticky cells called colloblasts that ensnare
prey or some generate feeding currents that entrain prey. Other gelatinous marine animals,
unrelated to the cnidarians and ctenophores, are in the phylum Chordata, namely, the salps,
doliolids, pyrosomes and appendicularians [69]. Individual salps and doliolids are barrel shaped and
range in size from a few mm and up to a many cm and filter water to obtain their microscopic food.
They may form long colonial chains several metres long and, like other gelatinous plankton, may
occur in very high densities [70] and show long term changes in abundance linked to climate [71,72].
Similarly pyrosomes may form colonies several metres in length, with thousands of individuals,
termed zooids, embedded in a common gelatinous matrix that joins the colony. Across this diverse
range of taxa, jellyfish often have complex life cycles which vary with taxonomy, some remaining in
the plankton throughout their lives, such as the ctenophores, while others may have life stages on
the seabed. High density mono‐specific blooms of jellyfish occur around the world’s oceans, but
often there may be many species in one area that form a complex part of a complex food web
known as the “jelly‐web” [73].

Box 2. Recently used methodologies for assessing dietary importance of jellyfish

Stable isotope analysis
Stable isotope analysis (SIA) has been used for many decades to assess animal diets [74,75] and
recently there has been increased use of this approach for looking at the dietary important of
jellyfish; driven partly by advances in analysis that yield far greater resolution beyond trophic level
(e.g. Bayesian mixing models [76]). SIA is based on the fact that the isotopic composition of an
animal’s tissues is influenced by that of its prey, with typically isotopic enrichment of the lighter
isotope occurring between prey and predator. Most commonly stable isotope of nitrogen and
carbon are used in food web analysis [77,78]. The approach needs information on the isotopic
composition of the potential prey items. Once of the advantages of this approach is that different
tissues have different isotopic turnover rates and so their SI compositions integrate different time‐
windows of feeding. For example, blood has a high turnover rate and so will typically reflect the
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feeding history of a few weeks prior to blood sampling, while muscle has a slower turnover rate and
so reflects the feeding history over several months. However sometimes there is uncertainty in
assessing diet with this approach. For example, the isotopic signatures of all potential prey items
may not characterized and when using only two isotopes an ambiguous picture of an animal’s diet
may sometimes be obtained [79].

Animal borne cameras
Some of the first camera systems attached to marine animals were large analogue devices and so
tended to be deployed on large animals included various marine mammals such as seals and whales.
However, over the last two decades there has been a massive reduction in the size of cameras and
so the ability to equip much smaller taxa. For example, cameras as small as 15g have now been
attached to penguins and murres/guillemots [18,25]. These devices have revealed a wealth of
information on foraging behaviour of a range of taxa including penguins, turtles, and sharks [80‐82].
The method allows individual prey capture events to be identified so that estimates of ingestion
rates are possible. Furthermore, it may sometimes be possible to identify whether marine predators
are feeding selectively on certain part of their prey. Limitations of technique are that typically only a
few hours of video recording are possible on each deployment and devices need to be recovered for
data download.

DNA metabarcoding
DNA metabarcoding is now being widely used to examine the diets of species across terrestrial and
aquatic systems [83‐85]. The technique is based around the fact that, while prey items in the gut and
faeces may not be recognizable under microscopic examination, there is still DNA present from the
different prey. Metabarcoding targets regions of DNA (barcodes) that have enough variability to
distinguish different taxonomic groups, with Next Generation Sequencing allowing rapid processing
of large number of samples [86]. As with SIA, DNA metabarcoding needs a good range of reference
DNA profiles that encompasses as many of the potential prey items as possible. From each analysed
sample the presence or absence of different prey taxa is obtained along with the relative abundance
of DNA from different taxa. The latter value, the Relative Read Abundance (RRA), may provide a
proxy for the relative proportion of different taxa in the diet, assuming that different taxa are
digested to the same extent and at the same speed, which may not necessarily be the case when
comparing, for example, digestion of jellyfish versus fish. The approach works well when faecal
samples are easy to collect, for example with marine birds that return to land to roost or provision a
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chick [87]. However, for many other marine animals that remain at sea continuously, such as fish,
collecting fecal samples is not so straightforward.

Figure legends

Figure 1. Variety of jellyfish in the ocean. There are a broad range of jellyfish in the oceans. (A)
Scyphozoan jellyfish such the compass jellyfish (Chrysaora hysoscella) pictured often have small fish
and/or crustaceans (amphipods) sheltering among the tentacles and oral arms. (B) Jellyfish can
occur in extremely high densities such this bloom of moon jellyfish (Aurelia aurita) where each
individual pictured measures 10‐20 cm across. (C) Some jellyfish are very large such as the barrel
jellyfish pictured (Rhizostoma octopus). This barrel jellyfish is shown minus the swimming bell so that
only the stomach, gonads and oral arms are shown. (D) Other jellyfish are much smaller such as the
ctenophore pictured (Pleurobrachia pileus) which measured about 2 cm across. Reproduced, with
permission, from John Collins (A), Michelle Cronin (B), Tom Doyle (C), and Nigel Motyer (D).

Figure 2. Jellyfish on the menu worldwide. (A) In recent years a range of studies, using a variety of
techniques such as stable isotope analysis of predator tissues, animal‐borne cameras, remotely
operated vehicles and molecular analysis of stomach contents and faecal samples, have shown that
a broad range of marine predators including fish (including larvae), birds, green turtles and various
invertebrates including octopus, holothurians (sea cucumbers) crabs and amphipods (including
larvae) frequently feed on jellyfish. These approaches have also increased our knowledge of a
predators previously well known to feed on jellyfish such as leatherback turtles and ocean sunfish.
Pictured are illustrative examples of this breadth of recent work showing the general location of
some of these studies and taxa shown to consume jellyfish illustrated schematically as flying sea
birds [21], penguins [17,18,23,24, fish including fish larvae [15,22,27,31,51,88], turtles [9,16,32],
crab [28,89], rock lobster larvae [36] and sea cucumber [5]. (B) Widespread consumption of jellyfish
may be facilitated by their rapid digestion which helps to counterbalance their low energy density.
Pictured experimental results showing speeds of digestion for chum salmon (Oncorhynchus keta) fed
the ctenophore Pleurobrachia bachei and the hydromedusa Aequorea victoria versus shrimp
(Pandalus sp.)(modified from 45).
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Figure 3. Encountering jellyfish blooms and fasting endurance. A leatherback turtle feeding in a
dense bloom of the jellyfish (Linuche unguiculata) in the Solomon Islands [32]. While many marine
predators opportunistically on jellyfish, adult leatherback turtles are unique in feeding solely on
jellyfish. The long fasting endurance of adult leatherback means they can survive long periods,
probably sometimes many months, between encounters with dense jellyfish blooms. Other marine
predators with more limited fasting endurance, e.g. birds and small fish, feed opportunistically on
jellyfish but switch to other prey depending on local prey availability. Reproduced, with permission,
from Andrew Lewis.
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