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ABSTRACT

Vertical distribution, population structure and chemical composition of a population of the scyphomedusan
Aurelia sp. 5 were studied in the Mediterranean euhaline lake on Mljet Island (Veliko jezero, the Southern Adriatic)
where dense aggregations have been observed throughout the year. A majority of Aurelia were located in a layer
below the thermocline with temperatures 13-19 ‘C over most of the day during summer, whereas in October the
population was shallower. The medusae migrated towards the surface at dusk but rarely crossed the thermocline.
Elemental analysis of Aurelia revealed low dry weight specific carbon, nitrogen and phosphorus content ranging
from 0.9-1.7%, 0.2-0.5% and 0.02-0.06%, respectively. In addition to the direct predatory impact on micro- and
mesozooplankton, a clear positive response of heterotrophic bacteria to the presence of live and dead Aurelia was
observed.
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POPOLAZIONE DI AURELIA SP. 5 (SCYPHOZOA) NEL LAGO DI MLJET
(ADRIATICO MERIDIONALE): INTERAZIONI TROFICHE E LEGAME CON
LA RETE ALIMENTARE MICROBICA

SINTESI

Gli autori presentano la distribuzione verticale, la composizione chimica e la struttura della popolazione di scifo-
meduse Aurelia sp. 5, studiata nel lago Mediterraneo eualino sull’isola di Mljet (Veliko jezero, Adriatico meridionale),
dove dense aggregazioni sono state osservate nel corso dell’anno. Durante il periodo estivo, la maggioranza degli in-
dividui di Aurelia era situata, per gran parte della giornata, nello strato sottostante il termoclino, con temperature fra i
13 ei 19 °C, mentre in ottobre la popolazione si trovava in acque pil superficiali. Le meduse migravano verso la supe-
ficie allimbrunire, ma raramente oltrepassavano il termoclino. L’analisi elementare di Aurelia ha rivelato un basso
peso secco specifico in contenuti di carbonio, azoto e fosforo, variando rispettivamente fra 0,9-1,7%, 0,2-0,5% e
0,02-0,06%. A prescindere dall’impatto diretto di predazione su micro- e mesozooplankton, e stata registrata una chi-
ara risposta positiva dei batteri eterotrofi alla presenza di esemplari di Aurelia vivi e morti.

Parole chiave: Aurelia, distribuzione verticale, contenuti C, N, P, plancton microbico, mare Adriatico
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INTRODUCTION

The classical linear planktonic food chain that de-
scribed transfer of material from dissolved nutrients
through phytoplankton to herbivorous and carnivorous
mesozooplankton was changed radically by the discovery
of the ‘microbial loop” more than two decades ago (Azam
etal., 1983). At the opposite end of the marine planktonic
size-spectrum, more recently we have also modified our
understanding of the importance, trophic position and
ecosystem role of jellyfish. Traditionally, jellyfish were
viewed as a single functional group (Pauly et al., 2009)
largely unpalatable to consumers due to high water con-
tent, nematocysts and toxins (e.g., Shanks & Graham,
1988), and thus significant for organic matter cycling only
as ‘top’ predators. However, recent discovery of diverse
feeding modes (Costello et al., 2008), widespread and
frequently massive presence (Purcell et al., 2007), and the
fact that even some large marine animals such as sunfish
(Mola mola) and leatherback turtles (Dermochelys coria-
cea) prey on jellyfish (Houghton et al., 2006), has
changed our perception of jellyfish as a dead-end in food
webs. Jellyfish were conventionally viewed as voracious
predators feeding mainly on mesozooplankton and com-
peting for food with pelagic fish (Purcell & Sturdevant,
2001).

An important factor for the assessment of an organ-
ism’s trophic position is its biochemical composition, and
it is likely that differences in composition will affect their
biogeochemical role. Recently, the role of jellyfish in ele-
mental cycling has been reviewed (Pitt et al., 2009) with
special attention to the accumulation and release of inor-
ganic and organic carbon, nitrogen and phosphorus. Ex-
cretion of dissolved organic matter as a nutrient source for
bacterioplankton was also discussed, although it was
stressed that very few data were available. A study on the
linkage between jellyfish and microbes was carried out in
a jellyfish (Periphylla periphylla) dominated fjord, where
it was found that the layer of maximal jellyfish biomass
coincided with elevated total organic carbon, bacterial
production and ectoenzymatic activities (Riemann et al.,
2006). Another study conducted in this fjord found the
microbial community clearly responding to dead jellyfish
in different ways; some morphotypes proliferated while
others were inhibited by jellyfish tissue (Titelman et al.,
2000).

The moon jellyfish Aurelia spp. is a cosmopolitan ge-
nus but molecular criteria used in recent evolutionary
studies indicate that it includes numerous cryptic species
(Dawson, 2003). Aurelia can form large aggregations,
particularly in enclosed seas (the Adriatic, Baltic, Black,
Seto Inland, Wadden seas) and in protected coastal wa-
ters such as fjords, bays, estuaries and marine lakes where
it often attains very high biomass (Lucas, 2001). In many
cases Aurelia has significant impact on plankton commu-
nities, and its structuring effect on mesozooplankton has
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been demonstrated in several coastal environments (Ole-
sen, 1995; Omori et al., 1995; Lucas et al., 1997; Schnei-
der & Behrends, 1998; Barz & Hirche, 2005).

Several studies have also linked jellyfish to the micro-
bial loop via direct consumption of ciliates (Stoecker et
al., 1987; Bamstedt, 1990; Omori et al., 1995). High clea-
rance rates for nauplii and naked ciliates were found by
Malej et al. (2007) who pointed to indirect cascading ef-
fects of Aurelia on the microbial loop in addition to its
impact on the entire food web. A more direct connection
with bacterioplankton which may use DOC released by
Aurelia aurita was suggested by Hansson & Norrman
(1995).

Our study on the Aurelia sp. 5 population and its links
to the microbial food web was carried out in a Mediterra-
nean euhaline lake, where dense aggregations have been
observed throughout the year (Benovic et al., 2000). Ge-
nus Aurelia is present in the shallow northern Adriatic and
in some semi-enclosed bays and lagoons along the east-
ern and western Adriatic. It has traditionally been termed
A. aurita although molecular criteria used in recent stud-
ies questioned this designation (Schroth et al., 2002;
Dawson, 2003); following these authors we use Aurelia
sp. 5 for the Mljet lake population.

Large (110 L) and small (8 L) mesocosm experiments
were used to study the influence of Aurelia sp. 5 on mi-
crobial biomass and production (Turk et al., 2008) and the
response of the native bacterial community to biomass
originating from dead Aurelia (Tinta et al., submitted). We
report here on the vertical position, seasonal size struc-
ture, and elemental composition (C, N, P) of Aurelia and
discuss these data in relation to microbial plankton.

MATERIAL AND METHODS

Our study was conducted in a euhaline marine ‘lake’
located on the north-western side of Mljet, an offshore
south Adriatic island. Veliko jezero (Big Lake — BL, see
Fig. 1 in Graham et al., 2009) is a submerged karstic de-
pression that was flooded during Holocene sea-level rise
(Wunsam et al., 1999). Exchange between this small lake
(surface area about 1.45 km?) and the open Adriatic is
through a 1 km long and 10 m wide channel that was arti-
ficially deepened to about 2.8 m (Ridzanovi¢ & Simuno-
vi¢, 1995). Weak tides (< 25 cm tidal range) restrict water
exchange with the open sea through the channel. The
lake bathymetry has two main depressions (depths > 40
m) separated by a sill (depth < 15 m), which affect the en-
vironmental and biological characteristics of the lake.
During summer, a strong thermocline separates the 12-20
m deep upper layer from deeper waters where tempera-
ture is rather stable throughout the year (9-12 °C). Maxi-
mal surface temperatures may reach 26-28 °C. Small sa-
linity differences between the surface layer (36.3-38.6
psu) and deeper layer (37.5-38.6 psu) also exist (Fig. 1).
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Fig. 1: Temperature (solid line) and salinity (solid square) profiles in July 2003 (left) and October 2006 (right).
Sl. 1: Temperatura (polna crta) in slanost (polni kvadrati) julija 2003 (levo) in oktobra 2006 (desno).

The water column characteristics and Aurelia vertical
distribution were studied in the two deepest areas of BL
(Fig. 1, Graham et al., 2009). A CTD fine-scale probe
(Microstructure Profiler MSS90, Sea & Sun Technology
GmbH) was used to determine temperature and salinity,
and vertical distribution of Aurelia was assessed using a
Sony DCR-VX200E video camera in an lkellite under-
water housing.

Aurelia were collected either with a zooplankton net
(WP2, 200 pm mesh) or manually by divers during fol-
lowing periods: 4-18 July 2003, 16-23 May 2004, 20-21
July 2005, 6-10 March 2006, 3-6 October 2006, 6-16
May 2008, 14-23 May 2009. For bell diameter meas-
urements, medusae were spread flat on a glass plate and
the diameter was recorded to the nearest 1 mm. Aurelia
were stored individually in bags for elemental analysis
and kept deep-frozen (-30 °C). Samples were freeze-dried
and chemically analysed using a CHN elemental ana-
lyzer (CarloErba). Phosphorous was estimated after di-
gestion of samples with K,S,04 in an autoclave and sub-
sequent colorimetric detection of phosphate produced
(Grasshoff et al., 1983).

The concentration of Chlorophyll a in the water sam-
ples was determined using the reverse-phase HPLC (High
Performance Liquid Chromatography) method (Mantoura
& Llewellyn 1983; Barlow et al., 1993) and by absorb-
ance at 440 nm using a UV/Vis spectrophotometric de-
tector (Spectra Physics, Model UV2000).

Bacterial abundance and production were deter-
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mined using standard procedures of staining formalin-
fixed samples with DAPI (Porter & Feig, 1980) and bac-
terial protein synthesis using *H-Leucine (Smith & Azam,
1992); methodology used is described in detail in Turk
et al. (2008).

RESULTS AND DISCUSSION
Vertical distribution

Vertical distribution of Aurelia was followed over
several diel cycles in the deepest parts of the lake (> 40
m). There was a clear difference in vertical position of
Aurelia population over the diel cycle in October, par-
ticularly when compared to months when surface tem-
peratures were > 26 °C (Fig. 2). In summer during the
day, most Aurelia were below the thermocline in a layer
with temperatures of 13-19 °C. They migrated towards
the surface at dusk but rarely crossed the thermocline. In
October, the population was located shallower during
daylight, occupying mostly the thermocline layer with
similar temperatures as during summer (see Fig. 1 for
temperature and salinity profiles). The water column was
still thermally stratified in October although temperature
differences between surface and 20 m depth were sig-
nificantly smaller (about 8 °C) than in July (about 16 °C).
At night most medusae were below the thermocline.
Aurelia were very rarely observed in surface layers (< 5
m; temperatures higher than 20 °C) during any season.
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Fig. 2: Vertical position of Aurelia population over the diel cycle in July 2003 (left) and October 2006 (right) in
different layers: a — above the thermocline layer, b — the thermocline layer, c — below the thermocline layer, d -
deep layer (> 25 m). Times of the day (local hour): early morning (04:30-7:30), day (7:30-17:30), dusk (17:30-

20:30), night (20:30-04:30).

Sl. 2: Vertikalna razporeditev populacije Aurelia v dnevno-nocnem ciklusu julija 2003 (levo) in oktobra 2006
(desno) po slojih: a - sloj nad termoklino, b — termoklinski sloj, ¢ — sloj pod termoklino, d — globoki sloj (> 25 m).
Ure (lokalni ¢as): zgodnje jutro (04:30-7:30), dan (7:30-17:30), vecer (17:30-20:30), no¢ (20:30-04:30).

Short-term (< 60 min) surface swarming was observed
on rare occasions during periods of very calm weather
during summer and autumn. We did not determine ver-
tical distribution of Aurelia population during winter
(February-March), but divers that collected jellyfish for
bell diameter and elemental analysis reported aggrega-
tions between 15 and 5 m.

Population characteristics
Medusae from BL were sampled in all seasons but

more frequently during the warmer part of the year. In
other temperate marine systems with Aurelia popula-
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tions, medusae tend to show seasonality with winter-
spring recruitment of ephyrae, spring growth, followed
by summer accumulation of medusae biomass and
eventual disappearance from the water column in
autumn (Lucas, 2001). However, Aurelia in BL do not
show distinct seasonal dynamics. Medusae are present
year-round, and from our data we could not see a clear
seasonal recruitment and growth (Fig. 2). Presumably,
there is an extended recruitment period of new medusae
from benthic scyphopolyp in this lake. Bell diameter
varied from 2.8 cm in May (2009) to 18.8 cm in July
(2006) with the largest average and median diameter in
October. However, large year-to-year variability of me-
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Tab. 1: Mean size and weight of measured jellyfish
(Aurelia) during 2003-2009.

Tab. 1: Srednje vrednosti premera klobuka in mokre
mase izmerjenih meduz (Aurelia) v obdobju 2003-
2009.

Bell diameter (cm) Wet weight (g)
Average 8.4 42.3
SD 2.9 46.7
Median 8.2 25.0
Min 2.8 10.0
Max 18.5 380.0
N 379 379

dusae size in the same period was also found (Fig. 3)
and May samples (collected in three years: 2004, 2008,
and 2009) clearly illustrate this divergence. Mean wet
weight (Tab. 1) of Aurelia individuals was rather low and
showed a seasonal pattern that matched bell diameter,
with slightly higher values in July compared to March
and May and with maximum weight in October.
Elemental analysis of Aurelia reveals low dry weight
specific carbon and nitrogen content (Fig. 4) ranging
from 0.9 to 1.7% and 0.2 and 0.5% for carbon and ni-
trogen, respectively, and rather low C/N atomic ratios
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(3.9-4.9). Similarly, phosphorus content of Aurelia was
low with an overall average of 0.04% of dry weight.
These contents are comparable to other gelatinous
plankton but lower than some other Scyphomedusae
(Larson, 1986; Malej et al., 1993) as well as Aurelia from
the northern Adriatic (Malej et al., 2006). Proteins repre-
sent the largest organic fraction consistent with low
atomic C/N ratio (4.3+0.21). Some seasonal differences
were observed with significantly higher organic contents
in samples collected in October (p < 0.01).

Aurelia-associated organic mass in BL

The average October 2006 values of DW (3% of wet
weight), carbon (1.3% of DW), nitrogen (0.3% of DW)
and phosphorous (0.04% of DW) contents were applied
to abundance estimates of Aurelia based on acoustic sur-
veys done during the same period (Alvarez Colombo et
al., 2009) to calculate total Aurelia-associated mass in the
BL (Tab. 2). Taking into account the BL volume, these val-
ues translate to average Aurelia wet mass of 19.63 g m”
and organic carbon, nitrogen and phosphorus biomass of
7.9 mg C m”, 1.8 mgN m~, and 0.2 mgP m”, respec-
tively. Since Aurelia C, N, P contents and mean size
were higher in October compared to other months we
may consider these estimates as upper biomass levels.

Umbrella diameter

Diameter (cm)

March06 May04 May08

May09 July03 July05  October06

Size classes (%)

el EELC

March06 May04 May08

May09 July03 July05 October06

Fig. 3: Aurelia median bell diameter (top) and size-frequency distribution (bottom) in different months. Bell diame-
ter (cm): black < 5; dark grey 5-9.9; light grey 10-14.9; white: > 15 cm.

Sl. 3: Aurelia: — premer klobuka (mediana, zgoraj) in frekvencna distribucija (spodaj) v razli¢nih mesecih. Premer
klobuka (cm): ¢rno < 5; temno sivo 5-9.9; svetlo sivo 10-14.9; belo: > 15 cm.
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Tab. 2: Carbon, nitrogen and phosphorus biomass of
Aurelia population in the Big Lake (BL) during October
2006 (* from Alvarez Colombo et al., 2009).

Tab. 2: Biomasa populacije Aurelia v Velikem jezeru
(BL), izraZena kot mokra masa, ogljik, dusik in fosfor (*
po Alvarez Colombo et al., 2009).

Abundance* 4,238,602
per lake 745,993 kg

et mass per m’ 19.63gm”
C. per lake 291 kg

biomass per m’ 7.9 mg Cm”
N per lake 67 kg

biomass per m’ 1.8mgNm”
P per lake 8.9 kg

biomass per m’ 0.2mgPm”’

Top-down control and Aurelia as a source of nutrients

Gut content analyses and in situ enclosure experi-
ments indicated small copepods, copepodites (Paracala-
nus parvus, Oithona nana) and nauplii, followed by na-
ked ciliates, which are the most important prey of Aure-
lia. Other prey items (mollusc larvae, cirripedia nauplii,
Limacina) were seasonally abundant in guts. Malej et al.
(2007) speculated that this top-down control of the food
web is responsible for lower zooplankton abundance
and reduced number of species in Mljet’s Veliko jezero
compared to the neighbouring open Adriatic waters.

In addition to the direct predatory impact on micro-
and mesozooplankton, a clear response of heterotrophic
bacteria (Turk et al., 2008) to the presence of Aurelia in
mesocosm experiments was also observed as an increase
of bacterial biomass (average 1.8 pg C L") and produc-
tion (average 1.8 ug C L' d). Microbial plankton dy-
namics in the BL are not well-understood, and few data
exist on abundance and production of microorgnisms in
this system. Most of our analyses were conducted during
the warm stratified period when it is expected that
abundance and production of autotrophic and hetero-
trophic microbial plankton are higher than during the
cooler periods of the year. The highest chlorophyll a
concentrations were found in the thermocline layer and
were between 233-423 ng L in July 2003 (Fig. 5, right).
During the same period, numbers of heterotrophic bac-
teria varied between 5.0 and 8.9 x 10° cells L', with
elevated abundance above and bellow the thermocline
layer (Fig. 4, left). In contrast to abundance, bacterial
growth tended to be higher at the thermocline layer with
an average value of 2.7 ug C L' d”', compared to 2.4 pg
CL'd" and 0.5 pg C L' d', above and bellow the
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thermocline, respectively (Fig. 4, middle). These results
of bacterial abundance and production rates differ only
slightly from those found in the more eutrophic Gulf of
Trieste and are consistently higher than in the southern
Adriatic waters (Tab. 3).

Aurelia could be a substantial source of nutrients for
bacteria in the BL where average phytoplankton biomass
is nearly an order of magnitude lower (Cari¢ & Jasprica,
1995) than in the Gulf of Trieste (Turk et al., 2007). Ap-
plying the weight normalized carbon release rate of
0.012 mg C g wet weight/d (Hanson & Norrman, 1995)
to data on Aurelia in BL during October suggests the
whole BL Aurelia population releases 8.9 kg C d'. Ap-
plying nitrogen (ammonium) and phosphorus (phos-
phate) excretion rates by Aurelia determined by Shi-
mauchi & Uye (2007) we estimate 2.3 kg N d”' and 0.26
kg P d'was released across the whole lake in October.
These values indicate that Aurelia released about 3%,
3.4%, and 2.9% of its carbon, nitrogen and phosphorus
biomass daily. These values do appear comparatively

Tab. 3: Comparison of data for bacterial abundance
and bacterial carbon production for different areas in
the Adriatic Sea.

Tab. 3: Primerjava bakterijske abundance in produkcije
v razli¢nih obmodjih Jadranskega morja.

Bacterial car-
Abundance | bon produc-
Area (x 10° cells I') tion Reference
(ug C I''d™)
Mljet,
Veliko 4.7-8.9 0.68-4.3 This work
jezero
Southern Corinaldesi et
Adriatic 1.31-1.61 0.24-4.80 al,, 2003
Middle Soli¢ &
Adriatic 8.8+0.06 17.1941.99 Krstulovid,
Sea 1994
Middle Sestanovi¢ et
Adriatic 2.0-10 al,, 2004
Sea
Northern Fuks et al.,
Adriatic 1.0-60 2005
Turk and
Hagstrom,
'?rlljelfstzf 4.4-17 0.5-16.0 1994;
Turk et al.,
2001
Gulf of Pugnetti et
Trieste 0.06-18.5 9.6-55.2 al. 2005
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Fig. 4: Aurelia carbon and nitrogen contents (as % of dry weight) and atomic C/N ratio.
Sl. 4: Aurelia — vsebnost ogljika in dusika (% suhe mase) in atomsko C/N razmerje.
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Fig 5: Vertical distribution of an average bacterial number (left), bacterial carbon production (middle) and chloro-
phyll a concentrations (left) in July 2003 in different layers: a — above the thermocline layer, b — the thermocline
layer, c — below the thermocline layer, d — deep layer (> 25 m).

Sl. 5: Vertikalna razporeditev povprecnega $tevila bakterij (levo), bakterijske produkcije (sredina) in koncentracij
klorofila a (levo) v juliju 2003 v razli¢nih slojih: a —sloj nad termoklino, b — termoklinski sloj, ¢ - sloj pod termok-

lino, d - globoki sloj (> 25 m).

high and should be considered as very preliminary since
we do not have direct excretion measurements. Moreo-
ver, Shimauchi & Uye (2007) carried out excretion ex-
periments at temperatures that were higher than fa-
voured by Mljet Aurelia population, as inferred from
their prevailing vertical distribution.
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Dead Aurelia are likely to be an important nutrient
source for bacteria in the lake. Enclosure experiments
investigating degradation rates of Aurelia homogenates
from the Mljet Lake show a more rapid response of the
lake’s bacterial community when compared to the Gulf
of Trieste (Tinta et al., submitted). In addition to different
measured response times, changes in community com-
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position also diverged in the two ecosystems. The addi-
tion of jellyfish tissue did not trigger large changes in the
Mljet Lake bacterial community; however, it resulted in
changes in the Gulf of Trieste communities, as deter-
mined by genetic fingerprinting. In conclusion, we
found out that the lake’s bacterial community is well
adapted to utilize this type of substrate. Aurelia provide
significant nutrient sources for bacterioplankton in addi-
tion to direct predatory pressure on meso- and micro-
zooplankton and indirect cascading effect on microbial
plankton.
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POVZETEK

Studija vertikalne distribucije, strukture in kemijske sestave populacije skifomeduz Aurelia sp. 5 je bila narejena v
sredozemskem slanem jezeru na otoku Mljetu (Veliko jezero, juZni Jadran), kjer se skozi vse leto pojavljajo goste
zdruzbe teh organizmov. Vecina meduz se je poleti skozi vecji del dneva nahajala v sloju pod termoklino 13-19 °C,
medtem ko je bila populacija oktobra v plitvejsi vodi. Meduze so se proti gladini pomikale zvecer, a zelo redko
preckale termoklino. Elementna analiza meduz je v suhi masi pokazala nizko specifi¢no vsebnost ogljika, dusika in
fosforja od 0,9-1,7%, 0,2-0,5% in 0,02-0,06% za ogljik, dusik in fosfor. Poleg neposrednega plenilskega vpliva na
mikro- in mezozooplankton so raziskovalci zabeleZili tudi jasen pozitiven odziv heterotrofnih bakterij na prisotnost

Zivih in mrtvih Aurelia.

Klju¢ne besede: Aurelia, vertikalna distribucija, vsebnost ogljika (C), dusika (N) in fosforja (P), mikrobni plankton,
Jadransko morje.
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