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Abstract Due to their boom and bust population
dynamics and the enormous biomasses they can attain,
jellyfish and ctenophores can have a large influence on
the cycling of carbon (C), nitrogen (N) and phosphorus
(P). This review initially summarises the biochemical
composition of jellyfish, and compares and contrasts
the mechanisms by which non-zooxanthellate and
zooxanthellate jellyfish acquire and recycle C, N and
P. The potential influence of elemental cycling by
populations of jellyfish on phytoplankton and bacte-
rioplankton production is then assessed. Non-
zooxanthellate jellyfish acquire C, N and P predom-
inantly through predation on zooplankton with smaller
contributions from the uptake of dissolved organic
matter. C, N and P are regenerated via excretion of
inorganic (predominantly ammonium (NH,") and
phosphate (PO,*7)) and dissolved organic forms
(e.g. dissolved free amino acids and dissolved primary
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amines). Inorganic nutrients excreted by jellyfish
populations provide a small but significant proportion
of the N and P required for primary production by
phytoplankton. Excretion of dissolved organic matter
may also support bacterioplankton production but few
data are available. In contrast, zooxanthellate medusae
derive most of their C from the translocation of
photosynthetic products, exhibit no or minimal net
release of N and P, and may actively compete with
phytoplankton for dissolved inorganic nutrients.
Decomposition of jellyfish blooms could result in a
large release of inorganic and organic nutrients and the
oxygen demand required to decompose their tissues
could lead to localised hypoxic or anoxic conditions.

Keywords Cnidaria - Ctenophora - Nutrient
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Introduction

Jellyfish and ctenophore populations are character-
ised by large and rapid fluctuations in abundances and
often represent a substantial proportion of the pelagic
consumer biomass. Due to their sheer abundance and
boom and bust population dynamics, jellyfish and
ctenophores are likely to influence carbon (C),
nitrogen (N) and phosphorus (P) cycling in the
ecosystems they inhabit.

Jellyfish and ctenophores acquire C, N and P by
assimilating organic compounds from ingested prey,
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taking up small amounts of dissolved organic mate-
rial, and some species actively take up dissolved
inorganic forms. A proportion of the elements
ingested become incorporated into their biomass
and undigested material is egested as faeces or
released via ‘sloppy feeding’. Organic forms of C and
N are recycled to the environment as mucus, and both
organic and inorganic metabolic products are
excreted. During bloom formation, when both indi-
viduals and populations are increasing in size,
jellyfish and ctenophores act as a net sink for C, N
and P; however, they are ephemeral organisms whose
populations may decline rapidly. During decomposi-
tion, the elements bound within their biomass are
regenerated en masse to the water column as dis-
solved inorganic and organic compounds. Organic C
regenerated via mucus production and decomposition
may support microbial production, whilst inorganic N
and P regenerated by excretion and decomposition
may support algal production.

One coronate jellyfish (Linuche unguiculata Sch-
wartz) and many rhizostome species (including
members of the genera Cassiopea, Mastigias and
Phyllorhiza) form symbioses with zooxanthellae. In
zooxanthellate medusae, translocation of photosyn-
thetic products from the zooxanthellae is likely to be
the major source of C for the host (Balderston &
Claus, 1969; Cates, 1975). Also, inorganic excretory
products are often translocated from the host to the
zooxanthellae instead of being released to the exter-
nal environment. Consequently, the way in which
zooxanthellate jellyfish cycle C, N and P is likely to
be very different to non-zooxanthellate taxa.

The aim of this paper is to review the biochemical
composition of jellyfish and ctenophores, detail the
processes by which they accumulate and release
inorganic and organic C, N and P, compare and
contrast the influence of zooxanthellate and non-
zooxanthellate medusae on C, N and P cycling and
examine the extent to which elemental recycling by
jellyfish and ctenophore populations could support
algal and microbial production.

Biochemical composition of jellyfish and
ctenophores

Due to their large water and salt content, the total
organic matter of jellyfish and ctenophores is very
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small (typically <3% of wet weight: Larson, 1986;
Clarke et al., 1992). Proteins are consistently the most
abundant organic fraction in both medusae and
ctenophores (72 + 14% of total organic matter
(TOM)), followed by lipids (22 £ 12%) and carbo-
hydrates (7 &= 5%; Fig. 1).Injellyfish, proteins serve a
variety of functions. Structural proteins occur in the
nematocyst capsules (Hessinger & Lenhoff, 1988) and
the collagen fibres of the mesoglea. Enzymes
(Bamstedt, 1988; Arai, 1997, and references within),
toxins (Hessinger & Lenhoff, 1988) and pigments
(Blanquet & Phelan, 1987) also largely are composed
of proteins. The large protein content in the tissues of
medusae and ctenophores is reflected in their low
molar C:N (4.5 &+ 1.1; Fig. 2). Large quantities of
N-rich collagen fibres and inorganic N as NH4 " in the
mesoglea most likely drive the low overall C:N (Arai,
1997).

Uptake of C, N and P by jellyfish

and ctenophores

Assimilation of C, N and P via predation

Both non-zooxanthellate and zooxanthellate jellyfish

acquire C, N and P by ingestion of prey. Predation by
jellyfish on zooplankton has been a major focus of

1.0 4
n=18 n=8&
08
| m—Protein
08 =1 Lipid

I Carbohydrate

as protein, lipid or carbohydrate
o
F-9

Fraction of total organic content

Cnidaria Ctenophora
Gelatinous Group

Fig. 1 Comparison of the average (£SD) protein, lipid and
carbohydrate content (expressed as fraction of total organic
content) in jellyfish and ctenophores. Values are taken from
Ikeda (1972), Percy & Fife (1981), Hoeger (1983), Schneider
(1988), Youngbluth et al. (1988), Arai et al. (1989), Clarke
et al. (1992), Malej et al. (1993), Lucas (1994), Bailey et al.
(1994a, b, 1995), Finenko et al. (2001), Yousefian & Kideys
(2003) and Anninsky et al. (2005). n = sample size of data
used in analyses
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Fig. 2 Average (£SD) C:N (mol:mol) ratios of various
families of jellyfish (Hydromedusae, Coronatae, Rhizostomeae,
Semaeostomeae) and ctenophores (Cestidae, Lobata, Nuda,
Tentaculata). Dotted line represents average C:N for dataset
(4.5 £ 1.1 SD, see text for further detail). C:N values are
calculated from Kremer (1977, 2005), Ceccaldi et al. (1978),
Reeve et al. (1978), Hoeger (1983), Purcell & Kremer (1983),
Shenker (1985), Larson (1986), Lutcavage & Lutz (1986),
Kremer et al. (1986), Gorsky et al. (1988), Schneider (1988),
Youngbluth et al. (1988), Malej (1989), Clarke et al. (1992),
Nemazie et al. (1993), Bailey et al. (1994a, b, 1995), Kasuya
et al. (2000), Kinoshita et al. (2000), Yousefian & Kideys
(2003) and Uye & Shimauchi (2005). n = sample size of data
used in analyses

research and an extensive literature exists on the
types of prey captured as well as their clearance and
digestion rates. The literature relating to predation on
zooplankton has been reviewed previously (e.g.
Mills, 1995; Arai, 1997; Purcell, 1997, 2008) and
will not be examined further here. Despite the relative
wealth of information about predation, there are few
estimates of the efficiencies with which ingested C, N
and P are assimilated into jellyfish biomass, even
though such measurements are critical for calculating
elemental budgets. Assimilation generally is defined
as the difference between the quantity of an element
ingested and the quantity egested (Conover, 1966).
Since most jellyfish do not produce distinct faeces,
assimilation efficiencies (i.e. (ingestion — egestion)/
ingestion x 100) are difficult to quantify. Egested
material (i.e. faeces and material lost via ‘sloppy
feeding’) has generally been collected by filtration
(e.g. Reeve et al., 1989; Costello, 1991). In siphono-
phores, however, egested material is produced by the

gastrozooids as cohesive particles that can be
collected intact (Purcell, 1983).

Assimilation efficiencies of C are typical of
carnivores and generally exceed 70% and often
exceed 90% (Table 1). The experimental conditions,
however, such as the concentration of food supplied
and whether food is supplied in a short pulse or
continuously appears to greatly influence estimated
efficiencies (Table 1) and so care needs to be taken
during experiments to ensure experimental conditions
reflect natural conditions as closely as possible. The
assimilation efficiencies recorded for jellyfish and
ctenophores are greater than those measured for
doliolids (C assimilation; 20-50%; Katechakis et al.,
2004), but are similar to those observed for some
copepods (30-80%; Katechakis et al., 2004; generally
>70% Acartia tonsa Dana; Besiktepe & Dam, 2002).
Assimilation efficiencies for N have only been
examined in siphonophores and appear to be similar
to those for C (>90%; Table 1; Purcell, 1983).

Increasingly, chemical tracers (e.g. radioisotopes
such as '*C) are being used to measure assimilation
efficiencies (e.g. Katechakis et al., 2004). These
techniques offer some advantages for estimating
assimilation efficiencies in jellyfish and ctenophores
because food labelled with the tracer (e.g. '*C-
labelled copepods) could be fed to the predators and
the amount of tracer ingested could then be
compared to that remaining in the body after the
evacuation of the gut, thus eliminating the need to
collect faeces. Early experiments that measured
assimilation efficiencies using radioisotope tracers,
however, potentially were confounded because they
did not account for recycling of elements through
excretion or respiration over the period that assim-
ilation was measured (Conover & Francis, 1973). If
experiments are carefully designed to account for
excretion and respiration, however, net assimilation
can be measured (e.g. He & Wang, 2006). Such
approaches have not yet been applied to jellyfish or
ctenophores.

Relative rates of heterotrophy and autotrophy
in zooxanthellate jellyfish

Elemental budgets indicate that the C translocated
from the zooxanthellae can exceed the C demands
of Mastigias papua (Lesson) (McCloskey et al.,
1994), Cassiopea xamachana Bigelow (Verde &

@ Springer



136

Hydrobiologia (2009) 616:133-149

Table 1 Assimilation efficiencies for jellyfish and ctenophores (ND = no data)

Taxon Experimental C assimilation efficiency (%) N assimilation Source
conditions (mean =+ SD or range) efficiency (%)
(mean & SD)
Scyphozoa
Chrysaora High food (>200 88.8 £ 3.8 ND Condon & Nees
quinquecirrha copepods 171 (unpublished data)
Aurelia aurita 36-86 ND Anninsky (1988)
Hydrozoa
Cladonema 18°C 71 £ 4.0 ND Costello (1991)
californicum
Anthomedusa
Stephanophyes 21-22°C 924 + 3.8 90.7 £+ 6.8 Purcell (1983)
superba Chun,
Siphonophora
Forskalia spp. 21-22°C 89.5 £3.7 94.2 £ 3.6 Purcell (1983)
Siphonophora
Diphyes dispar 21-22°C 94.3 93.1 Purcell (1983)
Siphonophora
Rosacea spp. 21-22°C 88.2 £ 11.2 90.5 £ 7.6 Purcell (1983)
Siphonophora
Ctenophora
Mnemiopsis mccadyi 15 min exposure, 71.8 £ 12.0 ND Reeve et al. (1989)
100 copepods 17,
26°C
3 h exposure to 333 £ 15.8 ND Reeve et al. (1989)
100 copepods 17,
26°C
Mnemiopsis leidyi Low food (20 — 30 67.5 £ 12.0 ND Condon & Nees
copepods 171 (unpublished data)
High food (>200 97.0 + 1.1 ND Condon & Nees
copepods 171 (unpublished data)
Pleurobrachia bachei 1 h exposure to: ND Reeve et al. (1978)
L. Agassiz 20 copepods 17! 73 £3.7
100 copepods 17! 75 +£59
500 copepods 17! 52+ 6.9
1000 copepods 17! 60 to —39
McCloskey, 1998) and L. unguiculata (Kremer Heterotrophy contributed minor amounts of C

et al., 1990). Despite this, zooxanthellate scyphome-
dusae still ingest zooplankton (e.g. Kremer, 2005;
Peach & Pitt, 2005). Indeed, when Cassiopea sp. is
maintained unfed under wavelengths of light appro-
priate for photosynthesis, the medusae shrink (Pitt &
Welsh, unpublished data) indicating that zooplank-
ton contain nutrients that are essential for normal
metabolic function. Only Kremer (2005), however,
has estimated the contribution of ingested C, N and
P to the elemental budgets of an intact symbiosis.
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(1-9%) relative to photosynthesis in L. unguiculata.
Ingestion of prey was an important source of N, but
the relative contribution ranged widely as a function
of medusa size. For small medusae, ~10 times
more N was acquired through predation than by
uptake of dissolved sources, but for large medusae,
ingestion and uptake of dissolved forms made
similar contributions. For large size classes, inges-
tion of prey was considered to provide relatively
small amounts (<30%) of P.
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Uptake of dissolved organic matter

Free amino acids (FAA) constitute a major compo-
nent of the dissolved organic matter (DOM) in
seawater. Non-zooxanthellate marine invertebrates
can assimilate FAA but rates of uptake suggest that
DOM generally supplies <10% of their metabolic
requirements (Ferguson, 1982). Uptake of FAAs has
been demonstrated using '*C- and '°N-labelled
substrates in several hydrozoans (e.g. Sarsia sp.
Liriope exiqua) and one scyphozoan (Pelagia
cyanella Péron & Lesueur) medusae (Ferguson,
1988). The experiments were done in the oligotrophic
Sargasso Sea and the FAA concentrations used
(1.48 x 1073 pmol 171 were comparable to the
small concentrations that occur in the North Atlantic
Ocean (Ferguson, 1988). Neritic or estuarine waters,
however, generally contain much greater concentra-
tions of DOM (e.g. Minor et al., 2006), and if rates of
uptake are proportional to the concentrations avail-
able, uptake may be greater in coastal environments.
Total DOM concentrations are still small, however,
and only about 19% of total DOM in marine
environments is labile, and therefore easily utilised
and assimilated (Sgndergaard & Middelboe, 1995).
DOM, therefore, could only ever make a small
contribution to the diet. Malej et al. (1993) compared
the 0'°C of Pelagia noctiluca (Forskal) in the
Adriatic Sea with literature-derived values of DOM
for neritic systems, and since the medusae were
~2 ppt more enriched in 6'°C than DOM, they
concluded that DOM was an insignificant source of
C. More rigorous approaches (e.g. isotopic labelling
experiments), however, are required to reliably
resolve the contribution of DOM to jellyfish diets
under a range of conditions.

Like non-zooxanthellate taxa, zooxanthellate
medusae also can take up DOM. Quantitative rates
of uptake of amino acids have been measured for
zooxanthellae isolated from C. xamachana (Carroll &
Blanquet, 1984) and for the intact symbiosis of
L. unguiculata (Wilkerson & Kremer, 1992). In
L. unguiculata, rates of uptake were proportional to
the concentration of amino acids supplied and
although amino acids were incorporated into both the
animal and zooxanthellae fractions, greater concen-
trations occurred within the animal fraction. There is
evidence for corals that amino acids may be trans-
ferred between the host and zooxanthellae (Swanson &

Hoegh-Guldberg, 1998), so the appearance of the label
in the zooxanthellae of L. unguiculata also could have
occurred via the translocation of dissolved N from the
animal. It remains unclear, therefore, as to whether
differences in concentrations between the host and
zooxanthellae resulted from differences in rates of
uptake, a net transfer of amino acids from the zooxan-
thellae to the host or an internal recycling of N.

Uptake of dissolved inorganic C, N and P
by zooxanthellate jellyfish

Unlike their animal hosts, zooxanthellae from medu-
sae can assimilate dissolved inorganic C (Hofmann &
Kremer, 1981), N and P (Wilkerson & Kremer, 1992)
from the water column. Thus, zooxanthellate medu-
sae can utilise nutrient pools that are not available to
non-zooxanthellate taxa. Uptake has been demon-
strated by depletion of nutrient pools (e.g. Pitt et al.,
2005) as well as by isotopic tracer experiments (e.g.
Hofmann & Kremer, 1981; Wilkerson & Kremer,
1992). Although dissolved CO, could be taken up by
zooxanthellae directly, concentrations of aqueous
CO, are small and, at the normal pH of seawater,
inorganic C is most abundant as HCO; . 'C
labelling showed that medusae of Cassiopea androm-
edea (Forskal) took up HCO;~ from seawater
(Hofmann & Kremer, 1981). HCO;™ then is con-
verted to CO, using carbonic anhydrase (Weis et al.,
1989). Since rates of C fixation during photosynthesis
are several times greater than C respiration (e.g.
Kremer et al., 1990; Verde & McCloskey, 1998),
respiration alone could not meet the CO, demands for
photosynthesis. The majority of DIC, therefore, is
likely to be obtained from the water column.
Zooxanthellate medusae take up ammonium in
preference to NO, (nitrite [NO,™] + nitrate [NO3™])
(Muscatine & Marian, 1982; Wilkerson & Kremer,
1992; Pitt et al., 2005). Based on depletion experi-
ments, NO, does not appear to be taken up by
Mastigias sp. (Muscatine & Marian, 1982),
Phyllorhiza punctata von Lendenfeld (Pitt et al.,
2005) or L. unguiculata (Wilkerson & Kremer, 1992).
Depletion experiments, however, provide fairly crude
information about net uptake/production. Isotopic
labelling provides much more sensitivity and infor-
mation about pathways and fluxes. Wilkerson &
Kremer (1992) used N labelling of NO, and NH, "
to show that intact symbioses of L. unguiculata took
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up NH, " approximately 10 times faster and isolated
zooxanthellae took up NH," >45 times faster than
NOj;. When the symbioses were immersed in ISNH4+,
the '>N appeared in both the zooxanthellae and
animal fractions, but concentrations were approxi-
mately twice as large in the zooxanthellae. There was
no indication of a transfer of DIN between the
zooxanthellae and host.

Symbiotic, N-fixing cyanobacteria have recently
been discovered in anthozoan cnidarians (Lesser
et al., 2004). The cyanobacteria may be an important
source of N for corals, whose growth is considered to
be N-limited. Whether such symbionts occur in
scyphozoans is unknown.

Uptake of inorganic P in zooxanthellate scyp-
homedusae has been examined only for L.
unguiculata (Wilkerson & Kremer, 1992) and P.
punctata (Pitt et al., 2005). Linuche unguiculata can
deplete PO,>~ from seawater and rates of depletion
were similar regardless of whether the medusae
were fed. Uptake of PO,*~ continued in darkness,
however, if starved and retained in the dark, rates of
uptake decreased and net excretion was observed
after 4 days. These results contrast with those
observed for P. punctata. Net excretion of PO,
was observed during the day and night even when
excess of PO43_ was available (Pitt et al., 2005). A
recent study by West and colleagues (unpublished
data) indicates that the duration of retention of N by
the zooxanthellate scyphomedusa Cassiopea sp.
depends upon the availability of particulate and
dissolved sources of N. The differences in P uptake/
excretion observed for L. unguiculata and P.
punctata may similarly relate to the availability of
P. Linuche unguiculata inhabits oligotrophic tropical
waters that may have limited availability of P,
resulting in retention and active uptake of dissolved
P. In contrast, P may not be limited in the coastal
lagoons and embayments inhabited by P. punctata,
resulting in net excretion by this species. Further
data on the effects of availability of P on rates of
uptake/excretion and also N:P ratios of the species is
required to explain these observations. Interestingly,
P. punctata excreted PO4>~ at only 20% of the rate
observed in the co-occurring, non-zooxanthellate
Catostylus mosaicus (Quoy & Gaimard). This sug-
gests that, like NH,", some of the inorganic P
generated by the host metabolism is translocated to
the zooxanthellae in this species.
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Release of C, N and P

Elements assimilated by jellyfish are released via
excretion of dissolved inorganic and organic forms,
as mucus, and, following death, by decomposition of
the tissues. Studies of excretion have mostly focused
on inorganic forms and, for most species, the
proportions of elements excreted as inorganic and
organic forms are unknown. The few studies that
have examined excretion of both forms have pro-
duced inconsistent results. For example, the
ctenophore Mnemiopsis leidyi A. Agassiz, releases
about 38% of C as dissolved organic C (DOC), 46%
of N as dissolved organic N (DON) and 28% of P as
dissolved organic P (DOP) (Kremer, 1977). Simi-
larly, the hydromedusa Cladonema californicum
Hyman was estimated to release approximately 50%
of N as DON (Costello, 1991). In both Kremer (1977)
and Costello (1991), however, handling of animals
may have artificially increased rates of excretion of
organic matter (Kremer, pers. comm.). These studies
contrast with Shimauchi & Uye (2007) who were
unable to detect any organic N or P excretia from the
scyphomedusae, Aurelia aurita Linnaeus.

Excretion of inorganic N and P
by non-zooxanthellate jellyfish

Ammonium and urea are two common inorganic
excretory products (note that urea is an inorganic
molecule, despite containing C as the C is oxidised,
not reduced). Although urea is commonly excreted by
other types of zooplankton (e.g. crustaceans; Miller &
Glibert, 1998), urea comprises a negligible proportion
(<2%) of the excretia of jellyfish (Kremer, 1975).
Ammonium is the dominant form of inorganic N that
is excreted and so most studies have focused on this
form (e.g. Kremer, 1982; Matsakis, 1992; Nemazie
et al., 1993). When standardised to dry weight, rates of
excretion of NH, " by pelagic cnidarians are <10% of
those of zooplankton (Jawed, 1973; Ikeda, 1974;
Smith, 1982). When standardised to C biomass,
however, rates of excretion are comparable to other
zooplankton, indicating that gelatinous and non-
gelatinous zooplankton contribute equally to nutrient
recycling in the water column on an elemental weight
basis (Schneider, 1990). Rates, however, are highly
variable, ranging from 110 to 2319 pmol NH4*
g C7'd™" for ctenophores and 77 to 2639 pmol
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NH," g C~' d™' for pelagic cnidarians (Schneider,
1990). Small quantities of NO, are also released by
medusae (Kremer 1975; Pitt et al., 2005; Shimauchi &
Uye, 2007). In all cases, NO, comprised <2% of total
DIN that was released. NO,, however, is probably not
excreted by the jellyfish but is likely to result from the
oxidation of NH," by nitrifying bacteria colonising
the jellyfish’s surface (Welsh et al., unpublished data),
as has been observed for other marine invertebrates
(Welsh & Castadelli, 2004; Southwell et al., 2008).
Compared to measures of N excretion, measures of P
are rare. P comprises a small component of the
particulate organic content of medusae and is, therefore,
excreted in small quantities. For example, molar N:P
ratios for inorganic excretia range from 6.9 to 11.4 for
A. aurita (in Schneider, 1989; Shimauchi & Uye, 2007),
7.5 for P. noctiluca (in Malej, 1991), 8.7 for C.
mosaicus (in Pitt et al., 2005) and 7.4 for M. leidyi (in
Kremer 1975). The N:P ratios of jellyfish excretia are
much lower than the 16N:1P required by phytoplank-
ton, as indicated by the canonical Redfield Ratio
(Redfield et al., 1963). The larger quantities of P in
the excretia, relative to the body (Kremer, 1977), may
indicate that surplus P is available and that N is retained
preferentially (Malej, 1989; Kremer, pers. comm.).
Rates of excretion in ctenophores and scyphome-
dusae are greatly influenced by recent feeding
history. For example, faster excretion rates are
observed in animals that have fed recently compared
to those that are starved, and the rate decreases as the
duration of starvation increases (Kremer, 1982;
Kremer et al, 1986; Malej, 1991; Table 2).

Increasing the duration of starvation from 4 to 16 h
also reduces rates of excretion in the scyphozoan, P.
noctiluca, by approximately 67% (Malej, 1991).
Kremer et al. (1986) observed similar declines in
rates of excretion of the ctenophore Bolinopsis vitrea
(Agassiz) but over periods of 30 h. In contrast to
Malej (1991), Morand et al. (1987) claimed that rates
of excretion of NH," (reported as NH;) were
constant for P. noctiluca that had been starved for
periods ranging from a few hours to a few days.

Rates of excretion of inorganic nutrients are also
positively correlated with the availability of prey
(Table 2). For example, increasing concentrations of
copepods from 5 to 500 17! caused rates of excretion to
more than double in the ctenophore Mnemiopsis
mccradyi Mayer (Kremer, 1982). A similar doubling
of excretion rates was observed for the ctenophore
Bolinopsis vitrea when its food concentration increased
from 0 to 100 copepods 1~ (Kremer et al., 1986).

Temperature also has a substantial influence on
excretion rates (Table 3). For example, rates of
excretion of NHACL were greater at warmer temper-
atures in the scyphomedusae A. aurita (Shimauchi &
Uye, 2007) and Chrysaora quinquecirrha (Desor)
(Nemazie et al., 1993), the hydrozoan Clytia sp.
(Matsakis, 1992) and the ctenophore M. leidyi
(Kremer, 1977; Nemazie et al., 1993). Similar effects
of temperature on rates of excretion of PO, were
also observed for A. aurita (Shimauchi & Uye, 2007)
and M. leidyi (Kremer, 1977).

Only Matsakis (1992) has examined the interactive
effects of food concentration and temperature on rates

Table 2 Influence of recent feeding history and food concentration on rates of excretion of NH," by jellyfish and ctenophores

(dw = dry weight; ind. = individual)

Species Temperature (°C) Feeding history/ Specific excretion rate Source
food concentration
Pelagia noctiluca 19 Starved for 4 h 48.4 £ 6.7 pmol ind. 7' d™! Malej (1991)
Starved for 16 h 32.1 £ 6.3 pmol ind.”! d™!
Mnemiopsis mccradyi 22 Freshly collected 0.7 pg-ath™' g~ dw Kremer (1982)
Fed 0.88 pug-at h™' g=! dw
Unfed 0.52 pg-at h™' g7 " dw
22 0 copepods 17! 0.42 pg-at h™' g7 ! dw Kremer (1982)
5 copepods 1~! 0.82 pg-at h~! g_l dw
50 copepods 17 1.41 pg-at h=' g7' dw
500 copepods 17 1.80 pg-at h=' g=' dw
Bolinopsis vitrea 25 0-100 copepods 17 Twofold increase Kremer (1986)
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Table 4 Tnteractive effects Temperature (°C)  Food concentration — Specific excretion rate  Relationship
of temperature and food (copepods 1) (ng-at mg " dw d™ 1)
concentration on rates of PEPOCs & g
: +
excretion of NH, .of the 15 7 1.9 NH," = 0.0629T + 1.37
hydromedusa Clytia spp. s B (2 = 0.99)
25 2.78
50 4.58
18 7 2.64 NH,* = 0.0852T + 1.88
15 3.11 (” = 0.99)
25 3.80
50 6.24
21 7 343 NH,t = 0.11T + 2.49
15 _ (* = 0.99)
Modified from Matsakis 25 4.94
(1992); details as per 50 8.11

Table 3

of excretion of NH,". She observed that rates of
excretion increased with increasing food concentration
(Table 4). Over the same range of food concentrations,
rates of excretion were greater at warmer temperatures
until the temperature reached 25°C, at which point
feeding was inhibited (Matsakis, 1992).

Since rates of excretion are greatly influenced by
environmental conditions, direct comparisons
amongst taxa from different ecosystems are problem-
atic. Differences in the temperatures at which
measurements were made have been standardised
using the Q¢ law (Ikeda, 1985), but rates still range
widely, even within taxa (e.g. Schneider, 1990).
Purcell (2008) cautions against adjusting metabolic
rates by Q;os determined at experimentally manipu-
lated temperatures. Such variability may reflect the
differences in the feeding histories of the animals
amongst the studies. More detailed information about
how the feeding history influences excretion rates and
rigorous reporting of the feeding histories of test
animals are required to reliably standardise results.
Information about the proportions of nutrients
excreted as inorganic and organic forms also are
required for robust comparisons amongst taxa. These
factors may account for some of the large variability in
rates of excretion observed amongst and within taxa.

Excretion of dissolved organic matter
The two primary mechanisms by which jellyfish and

ctenophores release DOM are by excretion and mucus
production. As proteins constitute the greatest

proportion of organic biomass of pelagic coelenter-
ates, products of protein metabolism are likely to
constitute the bulk of DON excreted by gelatinous
zooplankton. For example, dissolved primary amines
(DPA) constitute 21% and 46%, respectively, of the
total N and DON excreted by M. leidyi (Kremer,
1977), although handling of the ctenophore during the
experiment may have increased rates of excretion of
organic metabolites (Kremer, pers. comm.). Likewise,
dissolved free amino acids (DFAA) are also excreted
in large amounts by “jellyfish” (taxa not stated)
(15.0 mg N g dw~' d™"), with glycine and alanine
being the most abundant DFAA species (Webb &
Johannes, 1967). The large DPA and DFAA content in
the excretory products of jellyfish and ctenophores
might be related to rapid turnover of DNA and RNA
coupled with fast growth rates (Bamstedt & Skjoldal,
1980). In this case, the metabolism of DNA and RNA
could also be a source of DOP. Very few measure-
ments of excretion of DOP, however, have been made.
Kremer (1975) reported that 21% of P was excreted in
organic form in M. leidyi, but Shimauchi & Uye
(2007) could not detect organic P in the excretia of
A. aurita. Only Kremer et al. (1986) have examined
factors affecting the proportion of inorganic to organic
nutrients excreted. They observed that food concen-
tration and starvation had minimal influence on the
NH,":TDN (Total Dissolved N) of the ctenophore
Bolinopsis vitrea.

Glycoproteins are also produced by jellyfish and
ctenophores. For example, M. leidyi releases modi-
fied aminosugar disaccharide metabolites (Cohen &
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Forward, 2003). These function as kairomones (mol-
ecules that are produced by one organism and that
invoke an adventitious change in behaviour or
physiology of a second organism; Dicke & Sabelis,
1988) and cause crabs to alter their behaviour to
avoid predation. Glycoproteins are also used by
zooxanthellate medusae in the formation of pigments
that filter injurious solar radiation whilst retaining
photosynthetically active wavelengths for zooxan-
thellae (Blanquet & Phelan, 1987). Release of
glycoproteins, either directly or indirectly (e.g. UV
breakdown of pigment molecules), would contribute
to DOC and DON pools.

Jellyfish are renowned for producing large quan-
tities of mucus that is used in feeding and defence
(Heeger & Moller, 1987; Shanks & Graham, 1988;
Arai, 1997). The mucus produced by jellyfish is
colloidal in nature (Wells, 2002), originating in cells
in the epidermis (Heeger & Moller, 1987) and
gastrodermis (Arai, 1997). Rates of production of
mucus have not been quantified and the biochemical
composition of mucus has been examined for only
one non-zooxanthellate and one zooxanthellate scy-
phozoan (Ducklow & Mitchell, 1979). In A. aurita,
the composition of the mucus resembled the organic
composition of the tissues (73% protein, 27% lipid,
5% carbohydrate (total values exceed 100% due to
analytical error; H. Ducklow, pers. comm.). In
contrast, the mucus of the zooxanthellate medusa
Cassiopea sp. contained a similar proportion of
carbohydrate (2%) but more lipids (38%) and
considerably less protein (10%).

Other sources of DOM released from jellyfish
include the leaking of digestive enzymes to DOC and
DON pools. Possible enzyme species include trypsin
and amylase, which have high activities in A. aurita
medusae (Bamstedt, 1988). The release of damaged
cell wall and phospholipid components may also
contribute to DOC and DOP pools (Arai, 1997).
‘Sloppy feeding’ and egestion of undigested prey are
other possible mechanisms by which jellyfish could
influence the recycling of DOM in marine systems,
but no data exist for these processes for jellyfish.

Recycling of C and N between the host and its
symbionts in zooxanthellate jellyfish

A characteristic of symbioses involving zooxanthe-
llae is the tight recycling of inorganic and organic

@ Springer

compounds between the zooxanthellae and host.
Most studies have been undertaken on anthozoans.
Similar physiological mechanisms probably occur in
scyphozoans but they mostly remain untested. In
anthozoans, zooxanthellae take up dissolved com-
pounds, but some of their C and N requirements are
derived from the CO, and NH, " produced by their
hosts (Odum & Odum, 1955; Rahav et al., 1989; but
see Wang & Douglas (1998) for the alternative
‘nitrogen conservation’ hypothesis). Inorganic C is
fixed into organic forms by the zooxanthellae and
recycled back to the host, predominantly as carbo-
hydrates (Muscatine & Cernichiari, 1969; Lewis &
Smith, 1971) and some N may also be translocated to
the host as amino acids (Swanson & Hoegh-
Guldberg, 1998). This tight coupling results in no
net release of either CO, or NH," during periods
when medusa—zooxanthellae symbioses are undergo-
ing net photosynthesis. In the dark, a net release of
CO, is observed, but despite the lack of photosyn-
thesis, NH4* either continues to be taken up rather
than excreted (Muscatine & Marian, 1982; Wilkerson
& Kremer, 1992) or NH, " is excreted in very small
quantities (at rates that are approximately 7% of those
of non-zooxanthellate taxa; Pitt et al., 2005).

Influences of jellyfish and ctenophore blooms
on ecosystem level C, N and P cycles

Blooms of jellyfish and ctenophores can attain
enormous biomasses and cover extensive areas (Mills,
2001; Brodeur et al., 2002; Hay, 2006). For example,
Lynam et al. (2006) reported that blooms of mainly
Aequorea forskalea (Forskal, 1775) in the Northern
Benguela (~34,000 N mi~?) attained mean biomass
densities of 361 + 22 tonnes N mi~2 with the total
biomass of the bloom estimated to be 12.2 million
tonnes. Equally impressive blooms also occur at
smaller scales in coastal embayments and lagoons.
For example, in Lake Illawarra, Australia, abundances
of C. mosaicus increased 30-fold over a period of only
6 weeks and attained ~ 530 tonnes km 2 (Pitt &
Kingsford, 2003). During blooms, jellyfish may
represent a substantial or even the greatest proportion
of the pelagic consumer biomass (Arai, 1997; Pagés
et al., 1996; 2001) and the nutrients regenerated by
blooms of jellyfish via excretion, mucus production or
decomposition may influence plankton production.
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Contribution of recycled inorganic N and P to
phytoplankton production

Inorganic nutrients regenerated by medusae supply a
small but significant proportion of those required for
phytoplankton production. For example, in coastal
waters, excretion of NH," by jellyfish blooms has
been estimated to supply 8% of the N requirements
for phytoplankton in Lake Illawarra, Australia (Pitt
et al., 2005), 11% in the Kiel Bight, Western Baltic
(Schneider, 1989), 10% in the Inland Sea of Japan
(Shimauchi & Uye, 2007) and up to 4% to net
microplankton production in Chesapeake Bay, USA
(Nemazie et al., 1993). Similarly, a subset of the
same studies estimated that PO43_ excretion could
provide 23% in the Kiel Bight and 21.6% in the
Inland Sea of Japan of the phytoplankton’s P
requirements. Although the contribution may appear
small, in all cases, except for Chesapeake Bay, the
excretory products of jellyfish were estimated to be
the second most important source of N and P for
primary production, after the sediment (Schneider,
1989; Pitt et al.,, 2005; Shimauchi & Uye, 2007);
therefore, they should be considered in nutrient
budgets and models. Indeed, recycled nutrients may
be particularly important in estuaries where primary
production may be temporarily (e.g. after the spring
phytoplankton blooms; Kemp et al., 2005) or perma-
nently (Thingstad et al., 2005) N- or P-limited.
Excretion by jellyfish would be expected to be even
more important in open oligotrophic waters where
allochthonous inputs of nutrients from terrestrial
sources are insignificant and where thermal stratifi-
cation can often greatly limit the transfer of nutrients
from the nutrient-rich deep water to the productive
surface waters for much of the year. This suggestion
is supported by Biggs (1977) in the western North
Atlantic, where NH,* excretion by gelatinous zoo-
plankton was estimated to provide between 39% and
63% of the N required by phytoplankton. Whilst
some doubts exist about the biomass estimates used
to calculate these figures (Nemazie et al., 1993), they
do demonstrate the potential role that jellyfish and
ctenophores could play in supporting phytoplankton
production. Indeed, the estimated contributions of
regenerated nutrients are likely to be very conserva-
tive since NH," may contribute only ~50% of N
released by the medusae (Kremer, 1977; Costello,
1991). At least part of the directly excreted DON, in

addition to DON that leaches from egested material
and occurs in mucus, would be directly available to
the phytoplankton (Bronk et al., 2006 and references
therein). The remaining DON would subsequently
become available to phytoplankton when bacterio-
plankton mineralise it to NH, " (Fenchel et al., 1998).
Unfortunately, complete N and C budgets are only
available for the hydrozoan Cladonema californicum
Hyman (Costello, 1991) and the ctenophore Pleuro-
brachia sp. (Reeve et al., 1978). Budgets for a wider
range of species need to be done to enable more
rigorous assessment of the potential role of jellyfish
in elemental cycling and in supporting primary
production.

Contribution of dissolved organic matter
to bacterioplankton production

Bacteria are the major consumers of DOM in the
oceans (Kirchman, 2000). In most marine systems,
the majority of bacterial production is sustained by
organic matter derived from primary production or
phytoplankton exudates (del Giorgio & Cole, 1998;
Kirchman, 2000; Hansell & Carlson, 2002). The
bacterial C demand, however, often exceeds rates of
primary production (del Giorgio & Peters, 1993; del
Giorgio & Cole, 1998) and bulk organic pools
contain large concentrations of refractory DOM
(Hansell & Carlson, 2002). At such times, the
DOM excreted by gelatinous zooplankton may be
an important source of C, N and P for bacterioplan-
kton. For example, the excretion of DFAA by
“jellyfish” may be a N-rich energy source for
bacteria and other marine saprotrophs (Webb &
Johannes, 1967). The predominant forms of DOM
produced by jellyfish (e.g. DFAAs and DPAs) are
labile, suggesting there could be tight coupling
between excretion of DOM by jellyfish and bacte-
rioplankton production. Only one study, however, has
attempted to correlate abundances of jellyfish and
bacterial activity in the field. Periphylla periphylla
(Péron & Lesueur) undertakes diel vertical migrations
in some Norwegian fjords. Riemann et al. (2006)
predicted bacterial activity would be stimulated at
different depths throughout the diel cycle in correla-
tion with changes in the depth distribution of the
medusae. No diel differences in bacterial activity
were observed, but the depth at which the greatest
biomass of jellyfish occurred coincided with the
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depth of maximum bacterial activity integrated over
24 h. Care must be taken, however, not to infer
causation from correlative data and sampling at
multiple places and over periods longer than 24 h
are required before robust conclusions regarding the
influence of jellyfish on bacterial activity in the field
can be drawn.

Contrasting roles of zooxanthellate and
azooxanthellate medusae

The nutrient dynamics of zooxanthellate medusae are
dominated by the internal recycling of organic and
inorganic compounds between the jellyfish tissues
and their algal symbionts (Fig. 3). Consequently,
zooanthellate species, in contrast to non-zooanthel-
late taxa, recycle relatively small quantities of
dissolved nutrients to the water column under dark
conditions and can be a net sink for inorganic N and P
in the light (Muscatine & Marian, 1982; Wilkerson &
Kremer, 1992; Pitt et al., 2005; Todd et al., 2006).
Similarly, the mucus secreted by at least some
zooanthellate species contains much less N than that
of non-zooanthellate species (Ducklow & Mitchell,
1979). Zooxanthellate species, therefore, can be
considered as a “bottle-neck” in the N and P cycles,
as organic nutrients ingested as food are actively
retained by the jellyfish and their symbionts, and the
majority of accumulated nutrients would become
available to other parts of the ecosystem mainly
through predation upon the jellyfish or when the
medusae die and decompose. Therefore, whilst both
non-zooxanthellate and zooxanthallate jellyfish are
able to exert top-down pressure on the zooplankton
community through predation, only non-zooxanthel-
late taxa are likely to simultaneously exert substantial
‘bottom-up’ influences on plankton production via
the recycling of nutrients (Fig. 3). Indeed, since
zooxanthellate taxa can assimilate dissolved nutrients
from the surrounding water, they may even, at times,
actively compete with the phytoplankton for dis-
solved nutrients.

Decomposition
Jellyfish and ctenophores can form dense populations
and, therefore, represent large environmental stocks

of nutrients. These stocks will become available and
could have significant influences on ecosystem
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Fig. 3 Conceptual models of the contributions of non-zoo-
xanthellate (A) and zooxanthellate (B) medusae to nutrient
cycling during growth of jellyfish blooms. The width of the
arrows represents their relative contributions. Dotted arrows
indicate the contribution has not been confirmed. Microbial
feedback loops involving bacteria, phytoplankton and zoo-
plankton are not included. POM = particulate organic matter,
DOM = dissolved organic matter and DIM = dissolved inor-
ganic matter

nutrient and oxygen dynamics when the populations
die and decompose. Although some authors have
proposed that bloom declines and moribund jellyfish
biomass could exert significant effects on the envi-
ronment (e.g. Kingsford et al., 2000; Miyake et al.,
2005), decomposition of jellyfish has been examined
only twice (Titelman et al., 2006; West et al., 2008).
Depending on sinking rates and the depth of the
water, jellyfish carcasses may decompose within the
water column or on the benthos. Rates of decompo-
sition vary from 4-7 days for P. periphylla in the
water column (10-12°C) (Titelman et al., 2006) to
~9 days for C. mosaicus decomposing on sediments
in a coastal lagoon (~25°C; West et al., 2008). The
decay of P. periphylla involved both direct leaching
of DOC from the jellyfish tissues and mineralisation
by bacteria, with a large accumulation of PO,*~ and
NH," recorded in the water column at the end of
the 50-h incubation. Nitrogenous compounds
appeared to be hydrolysed faster than C compounds,
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resulting in an initial increase in the C:N ratio of
decaying medusae. Rates of release of total organic
carbon were more than an order of magnitude
greater (~0.36 mg C g wet weight ™' d™') than that
produced by living medusae (A. aurita ~0.012
mg C g wet weight™' d~'; Hansson & Norman,
1995).

To our knowledge only West et al. (2008) have
studied the influence of jellyfish decomposition on
sediment biogeochemistry and benthic fluxes. In that
study, dead C. mosaicus were added to continuous
flow mesocosms and benthic fluxes of oxygen and
dissolved nutrients were followed for 9 days and
compared with control mesocosms. Initially, there
were significant peaks of organic nutrient release, but
bacterial processes gradually dominated and inorganic
nutrient fluxes became more important, with NH,"
efflux reaching 2 mmol m 2 h_l, which was close to
an order of magnitude greater than the controls.

DOC released during decomposition of gelatinous
zooplankton may support bacterioplankton produc-
tion. Shipboard mesocosm experiments using
homogenised P. periphylla tissue demonstrated var-
iable results on bacterial communities, with some
mesocosms having higher, and some lower, bacterial
abundances than those recorded in controls (Titelman
et al., 2006). Microscopic observations showed that
increases in bacterial abundances in some treatments
resulted from growth of specific bacterial phylotypes,
indicating that whilst jellyfish tissues stimulated the
growth of some bacteria, the growth of others was
potentially inhibited. Subsequent experiments found
that the degree of inhibition depended on both the
concentration of jellyfish homogenate and the types
of jellyfish tissues that were used to prepare the
homogenates (Titelman et al., 2006).

Despite the paucity of direct experimental data,
decomposition of medusae is also likely to have
significant effects on oxygen dynamics. The oxygen
required to decompose medusae can be calculated from
estimates of the carbon biomass. For example, Titel-
man et al. (2006) observed that 0.36 mg C (g wet
weight ™' d™'), equivalent to 30 pmol C (g wet
weight_1 d™"), was released from P. periphylla as
DOC. Complete oxidation of the DOC alone, depend-
ing on its biochemical composition, would require
around 30 pmol of oxygen or approximately 11% of
the oxygen present in a litre of oxygen-saturated
seawater (Solubility = 276.0 uM at 11°C and 35

salinity). Complete oxidation of the tissues (i.e. C
other than that released as DOC), would require
considerably more oxygen than this and could result
in local hypoxia if the decomposing biomass was large.
Whilst the effects of jellyfish decomposition in the
water column may be significant, decomposition on the
benthos could be more severe. Recently, large accu-
mulations of moribund scyphomedusae, Crambionella
orsini (Vanhoffen), were observed at depths of 300—
3300 m in the Arabian Sea (Billett et al., 2006). The
standing stock of C in the decomposing jellyfish was
estimated to vary between 1.5 and 78 g C m™?
equivalent to 0.125-6.5 mol C m~2. Based on C:N
ratios of 4.5, the medusae also contained ~0.028—
1.44 mol N m™2. Complete oxidation of the C alone
would require all the oxygen in 367-19,101 1 of
seawater (solubility of O, = 340.4 uM at 2°C and 35
salinity), leading to potential anoxia in the boundary
layer. Thus, oxygen demands for the mineralisation of
C during decomposition of jellyfish could potentially
cause or contribute to hypoxic events, particularly in
areas with limited water exchange (e.g. coastal
embayments) or where stratification inhibits mixing
(e.g. some fjords).

Overall, the effects of jellyfish bloom declines and
the associated decomposition processes could be
similar to those caused by macro-algal blooms, which
show similar “boom and bust” population dynamics.
Decomposition of these blooms results in massive
nutrient recycling and increases in oxygen demand can
cause hypoxia, anoxia, and even dystrophy (accumu-
lation of free sulphides in the water column), and
decimation of benthic faunal communities (Viaroli
etal., 1995; Valiela et al., 1997; Raffealli et al., 1998).
Thus, decomposition of jellyfish blooms could have
similar impacts, albeit less severe, as algal blooms can
achieve significantly higher biomass densities than
those of jellyfish.

Conclusions and future directions for research

This review has highlighted several deficiencies in our
understanding about the way in which jellyfish and
ctenophores contribute to nutrient cycling. The cal-
culation of elemental budgets is a primary
requirement for a complete understanding of nutrient
cycling. Whilst elemental budgets have been calcu-
lated for several zooxanthellate taxa (e.g. McCloskey
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et al., 1994; Kremer, 2005), very few budgets have
been completed for non-zooxanthellate coelenterates
(but see Kremer & Reeve, 1989; Costello, 1991).
Moreover, assimilation efficiencies have been esti-
mated for relatively few taxa, probably due to the
difficulties in quantifying egestion rates, but are
fundamental to the completion of elemental budgets.
The use of chemical tracers, such as heavy- and radio-
isotopes may make assimilation efficiencies easier to
quantify. Research on recycling of nutrients has
largely focused on excretion of inorganic forms,
although these may contribute only ~50% of the total
metabolic products (Kremer, 1977; Costello, 1991).
Indeed, greater focus on excretion of organic nutrients
is required due to their potential importance in
supporting bacterioplankton production. The area
perhaps most lacking in information, however, is the
influence of decomposing medusae on the ecology
and nutrient and oxygen dynamics of the water
column and benthos.
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