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Abstract The aim of this study was to identify potential
environmental controls of the asexual phases of reproduc-
tion by measuring the rates of asexual reproduction (bud-
ding and strobilation) and mortality in naturally occurring
populations of Aurelia sp. scyphistomae at diVerent spatial
and temporal scales. The percentage cover, density of colo-
nies of Aurelia sp. scyphistomae, and density of the popula-
tion of two naturally occurring colonies of Aurelia sp.
scyphistomae were examined over 2 years in southern Tas-
mania. ArtiWcial substrates were also deployed to investi-
gate colony dynamics when density dependent eVects were
reduced. Clear spatial and temporal diVerences in the popu-
lation dynamics of the colonies were observed. Density
dependent eVects controlled budding and recruitment of
new scyphistomae to the substrate when populations were
dense and space limiting. In contrast, environmental con-
trols of budding and strobilation were more apparent in a
colony with signiWcantly greater area of bare substrate and
hence room for expansion. Water temperature and rainfall
(as a proxy for salinity) were linked to changes in popula-
tion size. Annual and seasonal diVerences in population
dynamics were not observed in a colony limited by space

but were apparent in a colony where space was not limited.
When space was removed as a limiting factor by deploying
artiWcial substrates, a seasonal environmental eVect on the
rate of growth of the colony was observed. These studies
suggest that the growth, survival and reproduction of the
sessile colonial phase of Aurelia sp. is regulated by a com-
bination of density dependent factors and environmental
conditions, which are consequently important to the forma-
tion of jellyWsh blooms.

Introduction

Blooms of jellyWsh medusae are increasing in many parts of
the world and may cause signiWcant economic losses to
coastal Wsheries (e.g. Brodeur et al. 2002; Lynam et al.
2004) and aquaculture operations (e.g. Båmstedt et al.
1998; Lynam et al. 2004), resulting in a need to better
understand the mechanisms driving these blooms and the
large interannular variability. However, many jellyWsh spe-
cies have a relatively complex life history involving sexual
and asexual reproduction. This makes it diYcult to deter-
mine which phase of the life cycle is most aVected by
changing environmental conditions and potentially aVect-
ing the presence and size of medusae blooms. Adult medu-
sae reproduce sexually producing planktonic larvae that
settle on the seabed and metamorphose into benthic scy-
phistomae. The scyphistomae reproduce asexually by bud-
ding, to form benthic colonies, and by strobilation, to form
the juvenile pelagic stage (ephyra) that mature into adult
medusae. The benthic colonial phase is an important com-
ponent of the life cycle because it is perennial, enabling
populations to survive through years when recruitment to
the medusae sexual phase fails. It also provides the oppor-
tunity to greatly increase the population size in preparation
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for production of the dispersive ephyrae when conditions
are suitable (Keen 1991). Factors aVecting the growth and
survival of scyphistomae colonies are thus highly likely to
impact on the distribution and abundance of the bloom
forming medusae stage (Watanabe and Ishii 2001; Colin
and Kremer 2002; Holst and Jarms 2007).

Scyphistomae abundance is inXuenced by various fac-
tors, including recruitment of larvae to the substrate (Lucas
2001) and predation (Hernroth and Gröndahl 1985b; Keen
1991; Osman and Whitlatch 2004). Those processes that
inXuence the growth of colonies, such as competition for
space will aVect the density of scyphistomae at a site
(Coyne 1973; Watanabe and Ishii 2001). While competition
for food (Harper 1985) and food availability (Hernroth and
Gröndahl 1985a; Keen and Gong 1989; Purcell et al. 1999)
will also aVect the density of scyphistomae within a colony.
As such it is essential to understand factors aVecting the
capacity of the polyp colonies to occupy space (measured
as site density) and also the density of the polyps (measured
as colony density), as both these will ultimately determine
the sexual reproductive capacity of the scyphistomae popu-
lation. The rate and timing of asexual reproduction in scy-
phistomae is also dependant on environmental conditions
such as temperature and salinity (e.g. Hughes and Cancino
1985; Purcell et al. 1999; Willcox et al. 2007). However,
the population dynamics of the benthic phase of the life
cycle, and links with environmental conditions, remain
poorly understood (Purcell et al. 1999; Lucas 2001; Holst
and Jarms 2007). Most of what we know is derived from
laboratory experiments (e.g. Spangenberg 1965, 1968;
Coyne 1973; Kakinuma 1975). Few in situ studies of this
small and cryptic benthic stage have been conducted
(Doyle et al. 2007) and most have used settling plates (e.g.
Hernroth and Gröndahl 1983, 1985a; Watanabe and Ishii
2001; Miyake et al. 2002).

In southern Tasmania, Australia, dense blooms of moon
jellyWsh (Aurelia sp.) occur in some years, but not others.
These blooms have caused major mortalities of caged
Atlantic salmon with economic losses valued at several
million dollars per annum. As a consequence, the Wsh farm-
ers have been keen to develop predictive models of bloom
occurrence, which requires a better understanding of the
ecology of the benthic sessile stage, as well as the medusae,
of this jellyWsh. Prior to this study, almost nothing was
known about the biology of the Tasmanian moon jellyWsh
and the benthic scyphistomae colonies of this species had
not been located or identiWed.

The aim of this study was to identify potential biotic and
abiotic inXuences on the asexual phases of reproduction by
measuring the rates of asexual reproduction (budding and
strobilation) and mortality in naturally occurring populations
of Aurelia sp. scyphistomae at diVerent spatial and temporal
scales. By quantifying changes in polyp dynamics in wild

populations at the level of the site and within the colony we
could determine the role of inter-speciWc competition and
predation. ArtiWcial substrates were used to study colony
dynamics in situ, but in conditions where density dependant
eVects were reduced from those operating in adjacent natu-
rally occurring colonies and from inter-speciWc competition.
This gave a clearer understanding of environmental controls
over colony size, as well as an understanding of how rapidly
new habitats might be colonised.

Methods

Study sites

Naturally occurring colonies of Aurelia sp. scyphistomae
were monitored at two sites in south east Tasmania from
October 2002 to December 2004. The Derwent Estuary site
in Hobart (Fig. 1) was the Xat horizontal underside of a
300-m long, rigid cement breakwater at a depth of approxi-
mately 2.5 m § calm tidal excursions of »1 m. The Ketter-
ing site in the D’Entrecasteaux Channel (Fig. 1) was on the
Xat horizontal underside of a 150-m long Xoating marina at
a depth of 0.5 m. Both sites were low energy environments,
sheltered from swell surge and tidal Xows. Colonies were
only located on the horizontal underside of the structures,
with no scyphistomae present on the vertical sidewalls of
either the breakwater or the Xoating marina.

Populations on natural substrates

To monitor the population dynamics of the polyp colonies
at each site, the sites were visited every 6 weeks. On each

Fig. 1 Location of the scyphistomae colony study sites at Hobart and
Kettering in south east Tasmania
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visit 15 newly selected, haphazardly placed 0.09 m2 qua-
drates were photographed (Fig. 2) using a Wve mega pixel
digital camera in an underwater housing operated by a
SCUBA diver. The camera was Wtted with a framing arm so
that it was perpendicular to, and the same distance from, the
substrate for all photographs. The camera settings for focal
length and zoom were the same on each sampling day.
Errors in area measurements due to optical distortion char-
acteristics of the camera and underwater housing were
quantiWed by photographing underwater a grid of known
dimensions and calculating the size of each grid square
using image analysis software. The mean area error esti-
mate of 2.2 § 0.4% (SE) was considered to be insigniWcant
and no calibration was used prior to image analysis. How-
ever, the distribution of scyphistomae on colony substrates
was patchy, with colony size ranging from a few cm2 to
>>0.09 m2 (maximum size of images).

To better understand the population dynamics of the pol-
yps the populations was assessed at two levels. At the
larger scale the site density (the number of scyphistomae
within the photographic Weld of view divided by the area of
the photograph) was examined, while at the smaller scale
the colony density (the number of scyphistomae in a colony
divided by the area covered by that colony) was examined.
A colony was a grouping of polyps where all available
space was utilised by polyps.

Populations on artiWcial substrates

To determine the processes by which colonies expanded to
occupy bare space six black acrylic plates,15 cm £
15 cm £ 3 mm, were attached at haphazard locations at
each site. Plates were lightly abraded with steel wool to

roughen the surface and remove any contaminants before
being attached to the colony substrate (cement breakwater
or cement pontoon) using ‘Z-Spar’ 2-pack epoxy putty. The
edges of plates were Xush with the substrate ensuring conti-
nuity of the surface from natural to artiWcial. Plates were
allowed to ‘acclimatise’ for 6 weeks before being wiped
clean of all biofouling organisms using steel wool. Each
plate was then photo-sampled at 6-week intervals over
three consecutive 18-week periods. Each plate was wiped
clean of all biofouling organisms including scyphistomae at
the end of each 18-week period. This regime of sampling
and cleaning facilitated the study of colony growth during
three distinct periods of the year; January–May (summer/
autumn), May–August (winter) and August–December
(spring). Colonies could expand to occupy available space
in several ways. The polyps could Wrst bud and expand to
occupy the available habitat at a low density and then con-
tinue budding to increase the density within the newly
occupied space, or they could bud to increase the density
within the existing colony boundary to a maximum and
only then start to expand to occupy the adjacent available
habitat. We therefore, estimated polyp density both at the
level of the plate and also within the colony.

Data analysis

Images were analysed using Sigma Scan Pro 5. image anal-
ysis software. The area of non-strobilating scyphistomae,
strobilating scyphistomae, bare substrate, algae, other, and
obscure categories was measured in each photo (Table 1).
The area was digitised and the total area calculated for each
image. On the artiWcial plates, the distance that scyphisto-
mae incurred onto the plate on subsequent sampling times
following cleaning (encroachment), was the shortest per-
pendicular measurement from a plate edge to the scyphis-
toma attached closest to the centre of the plate.

Water temperature was not diVerent between colony
sites during a trial period in summer (F = 0.1, df = 1, 7,
P = 0.8) and temperature was subsequently recorded at
Kettering only. It was recorded every four hours using an
Onset Optic Stowaway temperature data logger that
remained in situ from May 2003 to December 2004. Salin-
ity was measured at the depth of the colony at each site on
four occasions using a WTW salinity meter. Three samples
were on randomly selected dates. The fourth day of sam-
pling targeted the end of a 3-day period of very heavy rain-
fall. Daily rainfall, recorded by the Bureau of Meteorology
at Margate (Fig. 1), was used as a proxy for salinity when
examining temporal changes in colony dynamics. Rainfall
was assumed to have an immediate and short term impact
on salinity based on measurements of salinity during and
after rainfall.

Fig. 2 Photograph of Aurelia sp. scyphistomae colony located at
Hobart with; a scyphistoma, b encrusting sponge, c bare mussel,
d algae, and e scale bar on camera frame
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Statistical analysis

The eVect of year, colony site, and season on the proportion
of the substrate occupied by scyphistomae, colony density,
and population density was examined by three-way
ANOVA. Season was identiWed by water temperature and a
‘year’ was the 12 month period from the start of one sum-
mer period to the start of the next. Tukeys HSD post hoc
test was used to determine diVerences among means when
terms in the ANOVAs were signiWcant.

Temporal patterns in scyphistomae density and substrate
coverage were explored using multiple regression. Water
temperature, rainfall, and the area of bare substrate were
included as predictor variables for density. Mean water
temperature and rainfall values for the 30-day period prior
to each sample day were used in regression analysis. Data
were grouped by year allowing inter-annual diVerences in
relationships between predictor variables and dependent
variables to be examined.

Univariate repeated measures ANOVA was used to exam-
ine the eVects of site and season on the rate of encroachment
of scyphistomae, changes in the proportion of the substrate
covered by scyphistomae, and changes in scyphistomae den-
sity on artiWcial substrates. Heterogeneity of variance was
checked using residual plots. Population density was trans-
formed (log 10) for analysis. Pairwise comparisons were
made using repeated measures ANOVA to compare rates of
change between sites and among seasons when signiWcant
eVects of site and/or season were found. The Type II error
rate was adjusted for the number of tests to � = 0.006.

Results

Scyphistomae colonies

Scyphistomae were found only on the Xat horizontal under-
sides of Xoating marinas and a breakwater at a depth of

0.5–3.5 m; none were present on the sides of these struc-
tures. The scyphistomae were attached to bare substrate and
to other biofouling organisms growing on the substrate in
discreet ‘patches’ (Fig. 2). Scyphistomae were predomi-
nantly attached to barnacles, solitary ascidians and both liv-
ing and dead oyster and mussel shells. They were also
occasionally observed on trapped marine debris including
seagrass fronds, drift algae and plastic.

Environmental parameters

Water temperature during the study was 7.7-20.4°C. Mean
water temperature during the periods when artiWcial sub-
strate experiments were conducted was: summer/autumn;
16.2°C, winter; 10.4°C, and spring; 13.4°C. Salinity was
typically 31–34, however, salinity dropped suddenly during
heavy rainfall and subsequent runoV. The Hobart site was
particularly susceptible to short term Xuctuations in salinity
due to large inXuxes of fresh water from a nearby storm-
water outfall and from the Derwent River. Here the lowest
salinity at the depth of the colony was 27.3 following heavy
rainfall. The same rainfall event resulted in a salinity of
30.7 at the Kettering colony.

Dynamics of naturally occurring colonies

DiVerences in the percent cover of the substrate occupied
by scyphistomae was a function of signiWcant Year £
Site £ Season interaction (F = 3.4, df = 3, 238, P = 0.018).
Percent cover at Kettering was 1.5–6 times greater than at
Hobart (Fig. 3) and did not change during the 2-year study.
In contrast there were large seasonal diVerences at the
Hobart site in 2003, but not in 2004 (Fig. 3). The greatest
cover of scyphistomae (56%) at Hobart occurred in summer
2003, after which time it declined by 40% (Fig. 3). It then
increased slightly the summer 2004 (Fig. 3). During 2004
percent cover was not signiWcantly diVerent from those
seen in 2003.

Table 1 Categories assigned to benthic photograph subject matter for use in quantifying diVerences among colony sites and among sampling
periods

Category Description

Scyphistomae 
(non-strobilating)

Any substrate (non living and living) covered by scyphistomae which were not clearly 
in the process of strobilating

Scyphistomae 
(strobilating)

Any substrate (non living and living) covered by scyphistomae which were clearly 
in the process of strobilating

Bare Any bare substrate potentially available for scyphistomae for attachment and includes 
exposed concrete or acrylic plate, bare oyster and mussel shells, and ascidians

Algae Any part of any algal species attached to and covering any substrate

Other Any biofouling organisms which were not used by scyphistomae as habitat 
and includes sponges and bryozoans

Obscure Any area of substrate not clearly visible in an image and includes Wsh, starWsh, 
shadows, and areas covered by the camera framer
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Relationships between percent cover of scyphistomae
and biotic and abiotic variables diVered between the sites
and years. At the Hobart site water temperature explained
>80% of the variation in percent cover of scyphistomae in
2003, but this relationship was not evident in 2004
(Table 2). The percent cover of other encrusting organisms,
rainfall, and the area of bare substrate did not explain any
of the variation in scyphistomae abundance at Hobart in
either year. In contrast at the Kettering site variation in per-
cent cover of scyphistomae in both 2003 and 2004 was
related to the percent cover of encrusting organisms (>75%

of variation), but not to water temperature, rainfall, or per-
cent area of bare substrate (Table 2).

The area of bare habitat diVered by an order of magni-
tude between sites (F = 114, df = 1, 238, P < 0.001), with a
mean of 2.8 § 0.4% (SE) at Kettering compared to
20.8 § 1.7% (SE) at Hobart. The area covered by other
encrusting organisms (including algae) also diVered signiW-
cantly between sites (F = 315, df = 1, 238, P < 0.001), with
a mean of 6.7 § 2.1% (SE) at Kettering compared to
51.8 § 1.8% (SE) at Hobart.

DiVerences in colony density of scyphistomae was a
function of a Year £ Site £ Season interaction (F = 12.2,
df = 3, 186, P < 0.001). Colony density did not change
among seasons at Kettering during the two year study;
however there were large diVerences at Hobart (Fig. 4). The
diVerences at Hobart among the season were opposite in the
2-years; in 2003 colony density was 50% greater in spring
compared to summer, while in 2004 the reverse was seen
(Fig. 4). Scyphistomae colony density at Hobart was not
related to water temperature, rainfall or the area of bare
substrate in 2003 (Table 2). In contrast nearly 95% of the
variability was explained by water temperature in 2004
(Table 2) when colony density increased with water tem-
perature. Rainfall also explained the most variation at
Kettering with colony density decreasing as mean daily
rainfall increased (Table 2).

DiVerences in population density were a function of both
a Site £ Year interaction (F = 4.2, df = 1, 239, P = 0.042),

Fig. 3 The percent cover (§SE) of the natural substrate covered by
scyphistomae (n = 12 for Kettering, n = 18 for Hobart). Means with
diVerent letters were signiWcantly diVerent as determined by Tukey’s
HSD tests
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Table 2 Relationships between environmental variables (water temperature, mean daily rainfall, % cover of other encrusting organisms) and
scyphistomae colony density

P is the probability that the predictor variable explains a signiWcant amount of variation in the dependent variable. Multiple regressions included
the dependent variables water temperature, rainfall and area of bare substrate. In all the analyses presented, only a single variable was signiWcant

** Non-signiWcant relationships

Dependent variable (a) Year Independent variable (£) Intercept (c) (§SE) Slope (b) (§SE) r2 P

Kettering

Percent cover of scyphistomae (%) 2003 % cover encrusting 98.4 (1.7) ¡1.21 (0.2) 0.79 <0.001

2004 % cover encrusting 96.6 (1.0) ¡0.9 (0.2) 0.79 0.001

Patch density (thousands m¡2) 2003 Mean daily rainfall 402.0 (19.1) ¡19.3 (6.2) 0.49 0.012

2004 Mean daily rainfall 418.4( 27.7) ¡33.8 (10.8) 0.55 0.014

Site density (thousands m¡2) 2003 Mean daily rainfall 356.5 (16.6) ¡17.7 (5.4) 0.52 0.009

2004 Mean daily rainfall 390.5 (32.3) ¡33.3 (12.6) 0.46 0.030

Dependent variable Year Independent variable Intercept (§SE) Slope (§SE) r2 P

Hobart

Percent cover of scyphistomae (%) 2003 Mean water temperature ¡63.7 (13.6) 6.7 (1.0) 0.86 <0.001

2004 **

Patch density (thousands m¡2) 2003 **

2004 Mean water temperature ¡8.8 (28.0) 21.9 (2.0) 0.95 <0.001

Site density (thousands m¡2) 2003 Mean water temperature ¡14.6 (3.9) 15.9 (0.3) 0.81 0.001

2004 Mean water temperature ¡56.7 (45.0) 11.1 (3.3) 0.66 0.015
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and a Site £ Season interaction (F = 3.4, df = 3, 239,
P = 0.019). Population density was signiWcantly greater
at Kettering (mean = 313,000 individuals § 13,000 (SE)
individuals m¡2) than at Hobart (mean = 72,800
individuals § 6,300 (SE) individuals m¡2) in both years.
There were no diVerences at Kettering either between years
or among seasons (Fig. 5a, b). However, there were diVer-
ences at Hobart where population density was 25% greater
in 2004 than in 2003, and where population density in sum-
mer was more than double the average in the remaining
seasons (Fig. 5a, b).

Population density at Hobart increased with water tem-
perature, which explained 81% of the variation in 2003 and

66% in 2004 (Table 2) in the temperature range 10–19°C.
However, population density at Hobart was not related to
rainfall, the area of other encrusting organisms, or the area
of bare substrate. At Kettering, population density of scy-
phistomae decreased as mean daily rainfall increased in the
range of 0.4–4.8 mm, with rainfall explaining approxi-
mately half of the variation in both years. However, popula-
tion density at Kettering was not related to water
temperature, the area of other encrusting organisms, or the
area of bare substrate (Table 2).

The proportion of scyphistomae strobilating varied
between sites and between years. At Kettering it diVered
between years, with 82 § 14.5% (SE) of scyphistomae
strobilating in 2003 compared to 30 § 11% (SE) in 2004.
Strobilation at Hobart occurred at such a low level that it
was not detected by the photographic survey in either year,
however a thorough visual search found strobilation occur-
ring on a single sampling day in 2003 and again in 2004.
Strobilation in 2003 at Kettering occurred over two months
from early August to early October. In contrast, in 2004 it
was over a shorter six week period from late August to
early October (Fig. 6). Strobilation in both years at Ketter-
ing began when water temperatures were ca. 10.5°C and
Wnished by ca. 12°C (Fig. 4). Strobilation also occurred
among scyphistomae that had colonised the artiWcial sub-
strates placed at Kettering, but not at Hobart. These
plates had been cleaned 3 months prior to this sample
day; therefore scyphistomae on the plates were less than

Fig. 4 Mean colony density (§SE) of scyphistomae (n = 12 for Ket-
tering, n = 18 for Hobart). Means with diVerent letters were signiW-
cantly diVerent as determined by Tukey’s HSD tests
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3 months old. The proportion of scyphistomae strobilating
on artiWcial substrates was signiWcantly less than in the nat-
urally occurring colony (F = 35.6, df = 1, 10, P < 0.001);
19.7 § 9.0% (SE) compared with 30 § 11% (SE) of scy-
phistomae in the surrounding colony at the peak of strobila-
tion in 2004.

Dynamics of scyphistomae colonising artiWcial substrates

The percent cover of scyphistomae on artiWcial substrates
increased through time, however there was a signiWcant
Sample Time £ Site £ Season interaction (F = 4.0, df = 4,
71, P = 0.006). At Kettering the percent cover at the end of
spring was 68% greater than at the end of winter; however,
there were no diVerences among seasons at Hobart (Fig. 7).
Percent cover at Kettering was 130 times greater than at
Hobart by the end of the summer/autumn season and 10
times greater at the end of the spring season. There was no
diVerence between sites in the winter season at the adjusted
� level of � = 0.006 (F = 4.1, df = 2, 23, P = 0.04).

Colony density

Changes through time in the colony density of scyphisto-
mae on the artiWcial substrates did not diVer between sites
(Ftime£site = 0.4, df = 2, 71, P = 0.70), however there were
diVerences among seasons (Ftime£season = 2.8, df = 4, 71,
P = 0.036), with density in spring up to 40% greater than in
winter across the sampling period (Fig. 8).

Site density

The site density of scyphistomae increased through time,
however there was a signiWcant time £ site £ season interaction (F = 4.1, df = 4, 71, P = 0.006). At Kettering the

site density at the end of winter was half that at the end of
spring. In contrast, no diVerences among seasons were
observed at Hobart. All seasons were signiWcantly diVerent
between sites, with site density 11-21 times greater at
Kettering than at Hobart by the end of each sample season
(Fig. 9).

Encroachment

The distance scyphistomae moved onto plates (encroach-
ment) increased through time and the rate of encroachment
varied between sites (FTime£Site = 30, df = 2, 71, P < 0.001),
with encroachment three times greater at Kettering than at
Hobart (Fig. 10a). This equated to a mean rate of encroach-
ment during each experimental season of 1.5 mm day¡1 at
Kettering and 0.5 mm day¡1 at Hobart. The rate of
encroachment also depended on season (FTime£Season = 3.1,
df = 4, 71, P = 0.021), where encroachment in spring was
40% greater than in winter (Fig. 10b).

Fig. 7 The pattern of increase in the percent cover (§SE) of scyphis-
tomae on artiWcial substrates following plate cleaning in three diVerent
seasons at Kettering and at Hobart (n = 6). Letters indicate where sea-
sonal patterns were diVerent between sites and among seasons as deter-
mined by repeated measures ANOVA

Fig. 8 The pattern of colony density of scyphistomae (§SE) on artiW-
cial substrates following plate cleaning in three seasons (n = 12). Let-
ters indicate where seasonal patterns were diVerent as determined by
repeated measures ANOVA. The data have been combined across the
two sites

Fig. 9 The pattern of increase in site density (§SE) of scyphistomae
on artiWcial substrates following plate cleaning in three diVerent sea-
sons at Kettering and Hobart (n = 6). Letters indicate where seasonal
patterns were diVerent between sites and among seasons as determined
by repeated measures ANOVA
123



668 Mar Biol (2008) 154:661–670
Discussion

There was clear spatial diVerences in the factors that
aVected the growth, survival and reproduction of Aurelia
sp. scyphistomae populations with one site (Kettering) pro-
viding the most favourable conditions. The substantial
diVerences in site densities were primarily due to dense col-
onies of scyphistomae occupying a greater proportion of
the substrate. Furthermore, the proportion of scyphistomae
strobilating were also far greater at this site, with 80% of
the scyphistomae strobilating over a 6–8-week period in
spring.

Competition for space was thought to have limited col-
ony growth, given the inverse linear relationship between
the area covered by scyphistomae and the area covered by
other encrusting organisms at Kettering. Greater rates of
mortality of A. aurita scyphistomae are been attributed to
competition for space from other encrusting organisms
(Watanabe and Ishii 2001). InterspeciWc competition for
space is also a major controlling process of density in Cya-
nea spp. scyphistomae (Colin and Kremer 2002). Similarly,
rates of colony growth and therefore density of A. aurita
scyphistomae can change according to environmental con-
ditions and density dependant eVects (Coyne 1973; Watan-
abe and Ishii 2001; Fischer and Hofmann 2004). In
contrast, at Hobart competition for space did not appear
evident as there was no relationship between the area cov-
ered with scyphistomae and the area covered with other
encrusting organisms, and >20% of the substrate was bare.

Therefore, given the abundance of space other factors must
have were acting to limit the ability of Aurelia sp. scyphis-
tomae to use the available habitat.

Water temperature and rainfall (as a proxy for salinity)
both explained signiWcant amounts of variation in the site
density of scyphistomae. In the laboratory growth rates of
colonies and of individuals of this species signiWcantly
increase with temperature, but were not aVected by salinity
(Willcox et al. 2007). Similarly, rates of asexual reproduc-
tion in A. aurita in experiments increase with water temper-
ature (Keen 1991; Omori et al. 1995; Miyake et al. 2002).
However, the eVect of salinity on colony dynamics is not
clear. Salinity has little direct eVect on scyphistomae
reproduction in A. aurita (Halisch 1933; Watanabe and
Ishii 2001), but may aVect mortality of A. aurita (Watanabe
and Ishii 2001) and asexual budding of Chrysaora quin-
quecirrha (Purcell et al. 1999). The perceived eVect of rain-
fall on site density may be a function that rainfall is
correlated with other variables, such as food availability,
which is positively correlated with rates of budding in
scyphistomae (e.g. Hernroth and Gröndahl 1985b; Lucas
2001).

Predation was not thought to be a process aVecting the
colonies at either site at any time as populations of preda-
tors were not observed in the colony photographs. Predator
populations numerically increase in response to large popu-
lations of scyphistomae, resulting in a rapid reduction in the
number of scyphistomae (Gröndahl and Hernroth 1987;
Keen 1991), and would have been observed if they had
been present in signiWcant numbers. The absence of medu-
sae in the Derwent Estuary during the study, along with the
observed presence of the colony a year prior to, and it’s
persistence a year following this study (pers. obs.) suggests
that colonies in the Estuary had survived for at least
4 years. This is not unrealistic given that A. aurita scyphis-
tomae colonies have persisted in the laboratory for 4 years
(Gong 2001). Given the nature of asexual reproduction, it is
likely that colonies could survive indeWnitely, with a con-
tinual turnover of new individuals replacing those dying
(Jackson 1985). However, if there was diVerential survival
of colonies it is possible that this may eventually limit
genetic diversity in the population (Keen and Gong 1989;
Keen 1991; Gong 2001).

Annual and seasonal diVerences in the percent cover,
colony density, and site density of scyphistomae were not
observed in the naturally occurring colony at Kettering
where all available space was occupied throughout this
time. However, where space was not limiting, i.e. at the
Hobart site, there were substantial temporal changes in the
colony cover, colony density and density of scyphistomae.
Interestingly at the Kettering site when new space was
generated through the deployment of artiWcial substrates,
eVectively removing space as a limiting factor, seasonal

Fig. 10 The distance (§SE) scyphistomae moved onto artiWcial sub-
strates (encroachment) following plate cleaning for a the time £ site
interaction (n = 18) with seasons combined, and b the time £ season
interaction (n = 12) with the sites combined. Letters indicate where
seasonal patterns were diVerent as determined by repeated measures
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diVerences in rates of budding and mortality became appar-
ent. This suggests that other density dependent factors such
as food availability and water quality may be limiting col-
ony growth (Harper 1985). Growth rates of colonies on
artiWcial substrates were greatest in spring coinciding with
the local annual phytoplankton bloom (Harris et al. 1991;
Cheshuck 2001) suggesting food availability is a key factor
in population growth.

The fast rate of increase in site density in spring corre-
sponds to the period immediately following strobilation.
Scyphistomae are likely to be small with depleted body
reserves following strobilation and colonies may have
experienced more than normal mortality at this time
(Watanabe and Ishii 2001). The fast growth rates of colo-
nies seen in spring suggested that conditions during this
period would be ideal for colonies to rebuild following stro-
bilation. In addition, with strobilation having just occurred,
newly released ephyrae will have access to the same pro-
ductive bloom conditions beneWting the scyphistomae
(Harris et al. 1991; Cheshuck 2001).

Strobilation in Aurelia sp. scyphistomae occurred as
water temperatures began to rise following six weeks of
stable low temperature during the winter. Strobilation in
A. aurita also occurs following minimum winter water tem-
peratures (Palmen 1953; Custance 1964; Rasmussen 1973).
Although strobilation occurred as water temperatures began
increasing in spring, it began when temperatures were still
near their annual average low but before a spring bloom
would be expected (Harris et al. 1991; Cheshuck 2001).
This suggests that spring warming of the water column was
not the cue for strobilation to commence, however, water
temperature may have some control over the proportion of
the population strobilating. Strobilation started later, ended
sooner, and fewer scyphistomae strobilated in 2004 when
winter water temperatures were one degree cooler than the
previous year. Similarly, A. aurita delays strobilation in
cooler years (Purcell et al. 1999; Lucas 2001). However,
strobilation at Kettering started and Wnished when water
temperature was the same in both years, suggesting that
strobilation may be tightly constrained by water tempera-
ture.

The spatial variability in strobilation suggests that unfa-
vourable environmental conditions can result in a reduction
or absence of strobilation in some years. This is contrary to
reproductive theory that suggests production of dispersive
rametes (ephyrae) will occur when conditions are least
favourable in an eVort to ensure survival of the genotype
(RoV 1992). There is evidence from laboratory experiments
that photoperiod is a trigger for strobilation, and that light
intensity can alter the rates of strobilation (Purcell 2007).
Alternately, an inverse relationship between density and the
timing of onset of strobilation (Silverstone et al. 1977;
Keen 1991) may explain the delay in the strobilation that

was observed at Hobart relative to strobilation at Kettering.
If onset of strobilation is density dependant then there is the
possibility that density at Hobart was below the threshold
necessary for strobilation to occur at this site. Poor nutrition
can also aVect the number of ephyrae produced (Spangen-
berg 1968), but there are no reports of whole colonies fail-
ing to reproduce, although some clone types can fail to
strobilate in the laboratory (Gong 2001).

Laboratory experiments with Aurelia sp. suggest that the
reproductive strategy to maximise production by increasing
the size of scyphistomae colonies via asexual budding
when conditions are good (Willcox et al. 2007). During the
cold winter period leading up to strobilation budding activ-
ity slows but the size of scyphistomae increases, resulting
in the production of a greater number of ephyrae (Willcox
et al. 2007). In the natural environment we observed greater
growth rates of benthic polyp colonies in spring and sum-
mer compared with winter, but did not measure the size of
scyphistomae. These Weld and laboratory studies suggest
that the sessile colonial phase of Aurelia sp. is regulated by
a combination of environmental conditions and density
dependent factors, which are important determinants of
ephyrae production and hence bloom formations.
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