Mar Biol (2016) 163:103
DOI 10.1007/500227-016-2867-1

@ CrossMark

ORIGINAL PAPER

The influence of salinity on box jellyfish (Chironex fleckeri,
Cubozoa) statolith elemental chemistry

Christopher J. Mooney' - Michael J. Kingsford!

Received: 23 July 2015 / Accepted: 7 March 2016 / Published online: 15 April 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Very little is known on the sources and move-
ments of the potentially fatal cubomedusae Chironex fleck-
eri found around estuary mouths and beaches along tropi-
cal coastlines of Australia. Largely anecdotal evidence
suggests an alternating season of polyps in protected estu-
aries during the dry season and medusae emerging from
estuaries to feed along beaches with the onset of the mon-
soonal season. An experiment was conducted on young
wild-caught C. fleckeri medusae (caught at Cape York, Aus-
tralia, in November 2012) to establish how elemental incor-
poration into statoliths was affected by salinity. A critical
salinity test revealed medusae inhabit salinities >20. Medu-
sae were held in salinities of 22, 26, 30 and 34 (n = 5 per
treatment) for a duration of 4 days. Laser ablation induc-
tively coupled plasma mass spectrometry was used to ana-
lyse experimental areas of statoliths and solution-based
ICPMS used for analysing water samples taken from each
treatment. Statolith Mg Ca~! and the partition coefficient
(Dy,) significantly differed among treatments and were the
only element Ca™' ratios to do so. Multi-element Ca™! sig-
natures could also discriminate among salinity treatments.
Partition coefficients revealed Dy, Dg, and D;; were
2.62 x 107°-0.81 and Dy, Dy, and D, 1.87-431. Experi-
mental and strong correlative evidence suggested that
temperature exposure and not salinity was responsible for
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the significant patterns seen in statolith Sr Ca~! found by
Mooney and Kingsford (2012). Statolith chemistry shows
strong promise for determining the movement of medusae
through water bodies where there are known thermal and
salinity gradients.

Introduction

Chironex fleckeri is found around the mouths of estuar-
ies and beaches along tropical coastlines of Australia and
is the largest of the Cubomedusae and potentially fatal to
humans. C. fleckeri is an active predator (Seymour et al.
2004) of prawns and fish using complex camera-type lens
eyes (Nilsson et al. 2005), strong directional swimming
ability (Hamner et al. 1995; Colin et al. 2013) and pow-
erful venom (McClounan and Seymour 2012). Medusae
display strong seasonality (Jacups 2010; Gordon and Sey-
mour 2012) and widespread distribution (Tibballs 2006)
and envenoming to humans can represent a significant
cost to northern Australian communities in not only pub-
lic health but also leisure and tourism (Bailey et al. 2003).
Knowledge about C. fleckeri population ecology is, how-
ever, scarce (Kingsford and Mooney 2014) but see Hart-
wick (1991), Gordon and Seymour (2012), Kingsford et al.
(2012) and Mooney and Kingsford (2012).

Hartwick (1991) suggested preferred habitats for alter-
nating life phases of C. fleckeri. Like all Cubozoa, Chironex
have a polymorphic life history with benthic asexual polyp
and pelagic sexual medusa phases. Over 9 years of search-
ing, Hartwick (1991) noticed a gradient of smaller medu-
sae with proximity to rivers and located one annual pop-
ulation of polyps ~1 km from the sea in shallow subtidal
water. This, coupled with medusae displaying strong sea-
sonality with the tropical monsoon season, led Hartwick
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to conclude polyps were likely in protected estuaries over
the dry season and emerged as medusae to the coast with a
change to monsoon season. Hartwick’s (1991) suggestion
evolved into the largely anecdotal paradigm of C. fleckeri
medusae being flushed from creeks with the onset of the
wet season. Elemental chemistry has the potential to deter-
mine the sources and movements of C. fleckeri medusae.

Elemental chemistry of calcified structures has been
used in a variety of marine organisms to investigate popu-
lation structure, connectivity and movement of individuals.
Structures including mollusc statoliths (e.g. Zumholz et al.
2007), bivalve shells (e.g. Thébault et al. 2009), crustacean
exoskeletons (e.g. Jack et al. 2011), yet most commonly
fish otoliths (e.g. Campana 1999), have been investigated,;
all a form of calcium carbonate (CaCO;), most commonly
aragonite. The utility of geochemical signatures in calcified
structures is based on the assumption that trace elements
from surrounding waters substitute for Ca in the structure’s
CaCO; matrix (Zacherl et al. 2003). The use of partition
coefficients can allow the evaluation of elemental discrimi-
nation in otoliths compared to the ambient water chemis-
try (Bath et al. 2000; Elsdon and Gillanders 2005; Tabouret
et al. 2010; Walther et al. 2010). Strontium (Sr) has been
found to be positively correlated with salinity, particularly
evident at estuarine/marine gradients associated with coast-
lines, and barium (Ba) to be negatively correlated (Daverat
et al. 2005; McCulloch et al. 2005; Tabouret et al. 2010).
This clear close to linear relationship with salinity, defined
whatever the flow regime (i.e. low flow periods, spring run-
off), occurs for salinities <20 (Tabouret et al. 2010). Otolith
composition has been found to reflect Sr and Ba behaviours
in water (McCulloch et al. 2005; Tabouret et al. 2010) mak-
ing it possible to track animals moving between salinities if
the calcified structure is deposited sequentially. Upwelling-
related elemental signatures can confound the interpreta-
tion of salinity-based signals (Kingsford et al. 2009). How-
ever, in nearshore waters well away from the shelf break
a salinity-related signal would dominate. Cubomedusae
possess a calcified structure analogous to fish otoliths, the
statolith.

The cubomedusan statolith forms within the statocyst
membrane at the base of the rhopalium (Fig. 1), serving
to orientate the medusa (Sotje et al. 2011). Statoliths show
continuous growth with concentric increments suggested
to be daily in several species including the Carybdeidae
Carybdea rastonii (Ueno et al. 1995) and the Chirodropi-
dae Chironex yamaguchii (as Chiropsalmus quadrigatus
in Kawamura et al. 2003), Chiropsella bronzie (as Chi-
ropsalmus sp. in Gordon et al. 2004) and most recently C.
fleckeri (Gordon and Seymour 2012). Medusan statoliths,
however, are constructed of a CaSO,-0.5H,0O (bassanite;
Tiemann et al. 2006; Sotje et al. 2011) matrix, not CaCO;
(usually aragonite) as for other calcified structures. These
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Fig. 1 (a) Proximal view of C. fleckeri rhopalium showing location
of lower lens eye (LLE), pit eye (PE), upper lens eye (ULE), slit eye
(SE) and statolith (ST) and (b) position of rhopalial niche on side of
bell of C. fleckeri medusa

characteristics of Chironex statoliths showed great promise
for elemental chemistry investigations.

Earlier research established that laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICPMS)
was capable of extracting C. fleckeri statolith microchem-
istry (Mooney and Kingsford 2012). Mooney and Kings-
ford (2012) used Sr Ca~! as a proxy for salinity to test the
hypothesis that C. fleckeri medusae only originate from
lower salinity estuaries, emerging to higher salinity coastal
waters. Significant differences were found in statolith Sr
Ca~! between locations and strong patterns seen in statolith
core to edge Sr Ca™! profiles across concentric increments.
Differences in Sr Ca~! core to edge rankings led to the
conclusion that suitable habitat for polyps is likely broader
than previously thought (Mooney and Kingsford 2012).
Based only on field calibration of statolith Sr Ca~! matched
to salinity at time of capture, experimental calibration of
the relationship between Sr Ca~! ratios in the bassanite
statolith matrix and known salinities was required. As ele-
mental chemistry relationships with salinity are clearest at
salinities <20 (Tabouret et al. 2010), salinity survival limits
of C. fleckeri medusae were also required.

The primary objective of this study was to experimen-
tally calibrate how elemental ratios vary in C. fleckeri
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statoliths among different salinities. The specific aims were
as follows: (1) determine the range of salinities that C.
fleckeri can tolerate, these data could in turn be used as the
design of a calibration experiment, (2) elucidate any differ-
ences in statolith element Ca~! ratios between salinities,
(3) establish how this relates to water chemistry with use of
partition coefficients, (4) investigate for a potential multi-
elemental ratio salinity signature in statolith chemistry, and
(5) perform an a posteriori comparison to determine the
influence of water temperature that medusae were exposed

to on statolith Sr Ca™ .

Materials and methods
Sampling

Chironex fleckeri medusae were collected from Red Beach,
Mapoon (12°01'6.28"S, 141°54’16.5"E), Port Musgrave,
Cape York, at 0700 h, 1 November 2012. Twenty medium-
sized medusae (inter-pedalial distance; IPD ~ 40-80 mm)
and 20 juvenile medusae (IPD = 12-24 mm) were col-
lected from shallow (~0.5 m depth) tidal flats at high tide
<1.5 m from a sandy beach shore near mangrove habitat.
Jelly prawns (Acetes australis) were collected from the
same location by scoop net and frozen to feed C. fleckeri
during the experiment. A conductivity, temperature and
depth device (CTD; Seabird, SBE 19 Plus) deployed at
time of collection recorded a salinity of 33.43 and water
temperature of 25.95 °C. Live medusae were transported in
local sea water to the experiment location at Evans Land-
ing, Weipa, Cape York.

Choice of salinity range

A critical salinity test was conducted on C. fleckeri medusae
to determine a suitable salinity range for the experiment.
The 20 medium-sized medusae were held in a 1000-L hold-
ing tank in sea water (salinity of 34). Dilution of holding
water was achieved by the slow addition of fresh water into
the holding tank. Fresh water (Weipa town water) was fil-
tered by two 5-um pure tec® impregnated carbon filter car-
tridges to reduce chlorine, bad taste and odour, sediments,
pesticides, herbicides and other chemicals. Salinity was
diluted at a rate of 1.42 parts h™!, and periodic mixing of
water was conducted with a 12 V submersible pump. The
salinity of holding water was measured every 30 min with a
refractometer, and observations of medusae responses were
taken. The refractometer was checked for accuracy with a
CTD over a range of salinities and was found to be accurate
to within 0.5 parts.

Experimental design

Juvenile C. fleckeri medusae were used for the experiment.
Four salinities: 22, 26, 30 and 34 were tested with five
medusae per treatment. Our prediction of precision (stand-
ard errors of <10 % of the mean) for an n of 5 was based on
the study by Mooney and Kingsford (2012). Salinities were
achieved by diluting sea water collected from Albatross
Bay with fresh water, through the same filtration as the crit-
ical salinity test, in 60-L bins. Acclimatisation of medusae
to treatment salinities was achieved with a slow drip dilu-
tion of filtered fresh water at a rate of 1.42 parts h™!. Salini-
ties were measured with a refractometer post-mixing of
water. Four water samples were taken per salinity treatment
over the duration of the experiment. Samples were taken
using polypropylene syringes and filtered through 0.45-um
filters into acid washed polypropylene sample jars. Water
samples were then acidified to 1 % with 20 % ultrapure
HNO; to fix the sample and enable storage.

Individual medusae were held in separate 9-L buckets
in their respective salinities so that replicate jellyfish were
independent. Full water exchanges were conducted bidaily,
at 0600 and 1800 h, over the 4 days of experiment dura-
tion, and medusae were fed a single A. australis daily at
noon. Buckets were randomised post-water exchange to
account for potential temperature differences from one side
of the experimental area to the other. Ten measurements of
four random treatment buckets showed an average range
of <0.5 °C (mean + SE: 0.47 £ 0.09 °C, n = 10) across
treatments. Water temperature was recorded to vary with
ambient air temperature over the experimental duration
and treatment water recorded every 30 min by two Tinytag
TG-3100 data loggers ranged from 26.2 to 30.8 °C with a
mean temperature == SE = 28.4 £+ 0.07 °C (n = 369). A
natural photoperiod was maintained throughout the exper-
iment. At the end of the 4 days, medusae were extracted
from treatment salinities and preserved in 100 % ethanol.

SO-ICPMS analysis

Analysis of water samples was carried out at the Advanced
Analytical Centre (AAC; James Cook University). Samples
were diluted tenfold prior to trace element measurements
[strontium (Sr), barium (Ba), manganese (Mn), zinc (Zn)
and lithium (Li)] on a Varian 820-MS ICPMS using H, as
a CRI gas at a flow rate of 120 mL min~'. Multi-element
standard solutions (1 and 5 ppb) were used to calibrate the
instrument while 20 ppb of yttrium (Y) and indium (In)
were added online to work as internal standards to con-
trol for instrumental drift and matrix effects. A CASS-4
sea water certified reference material (CRM) was diluted
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tenfold, spiked with 1 ppb of the multi-element standard
and analysed every 20 samples for quality control and used
to subtract backgrounds from all analysed samples. Major
elements [e.g. calcium (Ca) and magnesium (Mg)] were
determined by a Varian Liberty Series II ICP-OES after
trace elements analysis; a series of multi-element standard
solution was used to calibrate the instrument and a 1 ppm
independent standard was used as the quality control sam-
ple. Element concentrations were converted to umol g~ ! and
ratioed to Ca (Sr Ca~'; mmol mol~!, BaCa™!; pmol mol ™!,
Mg Ca~!'; mmol mol~!, Mn Ca™'; mmol mol~!, Zn Ca™!;
mmol mol™!, Li Ca~!; mmol mol™).

Statolith preparation

Analysis of element Ca~! from all four statoliths of one
medusa found only 2.8 % variance among the four stato-
liths, suggesting that a single statolith was representative
for that medusa. One statolith per medusa was extracted
from rhopalial tissue and placed proximal side up (cleav-
age vertical) in a glass petri dish. A small amount of Crys-
tal Bond adhesive was applied to a heated slide which was
then lowered onto the statolith so that it adhered. Once
mounted and Crystal Bond had cooled, statoliths were pol-
ished using 0.3 um lapping film until a transverse section
displaying statolith core and smooth surface with concen-
tric increments was visible under x400 magnification of an
Olympus CX31 compound microscope.

LA-ICPMS operation and data processing

Statoliths were analysed at the AAC (James Cook Uni-
versity) using a Coherent GeoLasPro excimer laser sys-
tem (A = 193 nm) coupled with a Varian 820-MS ICPMS.
Statoliths were placed in a sealed sample cell mounted on
an automated X-Y sample stage and ablation occurred in a
helium (He) gas environment. A pilot study of laser oper-
ating parameters established that with a constant He gas
flow rate of 240 mL min~", an energy of 80 mJ and mask
aperture of 16 pum resulted in little fracturing of the bas-
sanite statoliths, yet was capable of extracting elemental
composition (see Mooney and Kingsford 2012). C. fleck-
eri statoliths grow in increments like a flattened onion.
Given increments were ~6.7 um wide and each LA pulse
only drilled 0.04 pm of the bassanite statolith, we could not
have confounded the ‘experimental period’ at the edge of
the statolith with pre-experimental material. A step-repeat
path was focussed around a section of the edge of the pol-
ished statolith so as to analyse the most recently deposited
material. All samples were first cleaned with a step-repeat
path of 1 Hz at one pulse spot~' with a 23 um aperture to
remove any possible etching of the surface during prepara-
tion. Then analysis was performed along the cleaned path
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Fig. 2 Section of polished C. fleckeri statolith displaying concentric
growth increments and 16 um step-repeat laser ablation path around
statolith edge

with a step-repeat path of 5 Hz at 10 pulses spot™! with
16 um aperture (Fig. 2).

For LA-ICPMS analyses, ICPMS recording was started
30 s prior to laser ablation of each statolith sample. Stato-
liths were analysed for seven elements based on the fol-
lowing isotopes: Ca*, S8, Ba'®, Mg24, Mn>®, Zn%, Li’.
Calibration of the ICPMS was achieved using the CRM
NIST 610 (National Institute of Standards and Technol-
ogy, Maryland), a synthetic glass containing known levels
of elements. Cleaning and analysis procedures as for stato-
lith material were performed twice on NIST 610 before and
after every eight statolith samples to correct for elemental
fractionation and instrument drift in the ICPMS. The trace
elements data reduction scheme (Woodhead et al. 2007) of
ITolite 2.2 (Paton et al. 2011) was used for the subtraction
of baselines, internal standardisation of elements to Ca and
conversion of counts per second (CPS) to ppm relative to
NIST 610 glass data. The Iolite parameter ‘index content of
Ca in sample’ was set to 0.276 (Ca in CaSO,-0.5H,0), and
‘threshold to use when masking low signals’ to O as most
trace elements were only detected at very low levels. Ele-
ments were divided by their respective molar mass to pro-
duce concentrations in pmol g~! and ratioed to Ca. Abso-
lute values for elements cannot be used, as small variation
in size of the laser spot can alter concentrations. In con-
trast, the ratioing of elemental signals (that are above detec-
tion limits) is robust given it does not vary with amount of
material extracted by the laser.

Partition coefficients (D)) were calculated by divid-
ing the element Ca~! ratio measured in a statolith by the
mean element Ca~! ratio measured in the treatment tank
water (after Morse and Bender 1990). A Dy, = 1 repre-
sents elemental deposition into the calcified structure in
proportion to ambient concentrations, Dy, < 1 elemental
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Table 1 Observed response of

> . Salinity Observed response by medusae

20 C. fleckeri medusae resulting

from sequential drops in salinity 34-29 Normal behaviour (regular bell pulsation, contractile tentacles, respond to stimuli)
26 Fully extended tentacles
21 All alive, bell pulsing strongly, but motionless on bottom
19 Weak pulse of bell, holding bell shape, loss of tentacle control and locomotory powers
18 Numerous tentacles detached, slight pulsing of bell, laying motionless on side
16 Loss of transparency of exumbrella, no response to stimulation, >50 % mortality

discrimination and D, > 1 active elemental uptake (Morse
and Bender 1990).

Statistical analyses

Statistical analyses were performed using SYSTAT 11 for
Windows. The model that there would be consistent differ-
ences in chemistry between salinity treatments was tested
with one-way analysis of variance (ANOVA). Salinity was
treated as a fixed factor (treatments: 22, 26, 30, 34). Sepa-
rate ANOVAs were performed for water element Ca !,
statolith element Ca~' and partition coefficient (Dy;,).
Where a single extreme outlier was present for Mg Ca™!
in statolith chemistry, it was removed and replaced with
the mean of the remaining four samples for that treatment.
As a result, one degree of freedom (df) was removed from
the residual for Mg Ca~' in ANOVA for statolith chemistry
and corresponding D, following the procedures of Under-
wood (1997). Water chemistry and statolith chemistry data
were log-transformed to satisfy the assumption of normal-
ity. Variances among treatments were not all homogeneous,
yet fortunately ANOVA is robust and capable of operating
well even with considerable heterogeneity of variances as
long as all n are equal (Glass et al. 1972).

An a posteriori power analysis (n required for power of
80 %) was completed on element Ca~' ratios which dem-
onstrated a strong, but not significant trend with changing
salinity treatments following procedures recommended by
Cohen (1988). The one-way analysis required the means
by treatment (required to determine the effect size) and the
average SD within groups from the experiment.

Multivariate techniques were applied to statolith chemis-
try to test for a multi-element signature that could differen-
tiate among the salinities which experimental medusae had
experienced. Principal component analysis (PCA) deter-
mined that log (Ba Ca™'), log (Mg Ca~ ') and log (Zn Ca™h
were responsible for describing the most variance between
salinity treatments. Following this, canonical discriminant
analysis (CDA) with a ‘leave one out’ cross-validation
jackknifed classification procedure was performed on sta-
tolith log (Ba Ca™!), log (Mg Ca™!) and log (Zn Ca™!) to
determine the robustness of elemental signatures to predict
the salinities to which medusae were exposed.

Statolith Sr Ca~! versus water temperature

An a posteriori comparison was made of statolith Sr Ca™!
and water temperature to determine any affect that the
water temperature medusae were exposed to had on the
incorporation of Sr Ca™' into statoliths. Whole statolith
Sr Ca~! from medusae collected from the Strand, Towns-
ville, Queensland, Australia, over four seasons spanning
2008/2009-2011/2012 was compared to the mean water
temperature measured at Middle Reef (Townsville) for
2 months prior to the collection of medusae (based on Aus-
tralian Institute of Marine Science data). Further, Sr Ca’!
in the statoliths of medusae treated with a salinity of 34 and
held at a constant temperature over 4 days was compared.
Sr Ca™! of the statolith edges from medusae from the 2010
field calibration at Wooldrum Point was also compared to
mean water temperature over 3 days of the field calibration
(from Mooney and Kingsford 2012). Five medusae from
each source were used in the least squares regression to test
the dependence of statolith Sr Ca~! on water temperature.

Results
Critical salinity test

The behaviour of C. fleckeri was normal to a salinity of 26
(Table 1). Tentacles remained extended before medusae lay
on the substratum at salinities just above 20. At salinities
<~20, C. fleckeri medusae ceased moving, until the dilu-
tion was ceased at a salinity of 16 as >50 % mortality was
observed (Table 1). Accordingly, a salinity range of 2234
was chosen for the experiment.

Water chemistry

The concentrations of single elements generally increased
with salinity across the tested range, as would be predicted.
In contrast, Mn showed little change among treatments
from a salinity of 22-30 with a slight decrease at 34. There
was a strong trend where Zn declined with an increase in
salinity. However, once ratioed to Ca different patterns
were observed.
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Table 2 ANOVA results of log (element Ca™") ratios for (a) water
chemistry (a = 4, n = 4, F-crit = 3.49), (b) statolith chemistry
(a=4,n =25, F-crit = 3.24; Mg Ca~! =3.29) and (c) partition coef-
ficient Dy, (a =4, n =5, F-crit = 3.24; Mg Ca~' =329

Source df MS F
(a)
SrCa™! S 3 0.001 0.660
R 12 0.002
BaCa™! S 3 0.008 2.338
R 12 0.004
Mg Ca™! S 3 1.00 x 1073 0.193
R 12 5.00 x 1073
Mn Ca™" S 3 0.068 2.384
R 12 0.029
Zn Ca™! S 3 1.194 336.310%%*
R 12 0.004
LiCa™! S 3 0.001 0.838
R 12 0.001
(b)
SrCa™! S 3 0.008 1.908
R 16 0.004
Ba Ca™! S 3 0.505 1.348
R 16 0.374
Mg Ca™! S 3 4.302 14,517
R 15 0.296
Mn Ca™! S 3 0.105 0.332
R 16 0.315
ZnCa™! S 3 0.242 0.863
R 16 0.280
LiCa™! S 3 0.043 0.190
R 16 0.228
(©)
D, S 3 0.009 1.710
R 16 0.005
Dy, S 3 0.769 1.668
R 16 0.461
Dy, S 3 0.305 14,513
R 15 0.021
Dy S 3 0.078 0.637
R 16 0.123
D,, S 3 0.191 0.749
R 16 0.254
Dy S 3 0.179 0.180
R 16 0.995

S salinity, R residual
w4k P < 0.001

There was little variation in Sr Ca~!, Mg Ca™' and Li
Ca~! with increases in salinity, while Ba Ca~!, Mn Ca™!
and Zn Ca~! showed negative trends. Zn Ca~' significantly
declined in water as salinity increased (Table 2a; Fig. 3). No
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other element Ca~! significantly differed among treatments
(Table 2a). Mean Ba Ca~! had a strong trend with a stepped
drop across treatments as salinity increased, with highest Ba
Ca™! values at a salinity of 22, dropping down from 26 to 30,
and lowest values were found at 34 (Fig. 3). Mn Ca~! was
found at much lower levels and also declined with increase in
salinity from a mean of 0.039-0.019 mmol mol~' (Fig. 3). Sr
Ca~! values were consistently around 8 mmol mol~! across
the tested salinity range with a trend for slight decrease at
salinity of 34, but this was not significant (Fig. 3; Table 2a).
Mg Ca~! was about 5700 mmol mol~" for all four salinity
treatments, while Li Ca™' displayed a similar trend to Sr
Ca~!, staying at a stable level from salinity 22—-30 around
3 mmol mol~! with a slight decline at salinity of 34; these
differences were not significant (Fig. 3; Table 2a).

Statolith chemistry

Significant differences in Mg Ca~! were found with
changes in salinity (Table 2b). Mg Ca~' was barely
detected at low salinity (i.e. mean at salinity 22 £+ SE =
0.06 + 0.02 mmol mol™!, n = 5; mean at salinity 26 =+
SE = 0.01 £ 0.01 mmol mol™!, n = 5), but high levels
were detected at salinity 34 (mean + SE = 3.59 + 2.14
mmol mol™!, n = 5; Fig. 3). Other elements Ca~! showed
some strong trends among salinity treatments (e.g. Ba
Ca! and Zn Ca™'), but variation among replicates was
high and no significant differences with salinity were
detected (Table 2b). There was a strong trend for Ba Ca™!
to increase with salinity among treatments from mean =+
SE = 17.83 & 11.88 umol mol~! (n = 5) at salinity of
22 to mean # SE = 120.11 £ 65.55 umol mol™! (n = 5)
at 34 (Fig. 3). However, standard errors were 36—67 % of
the mean and differences were not significant (Table 2b).
Mean Zn Ca~! showed a similar trend and increased
sharply with salinity, with a marked step up from salin-
ity 30-34 (Fig. 3). Mean statolith Sr Ca~! did not increase
with salinity across the tested treatments, ranging between
2.30 and 2.84 mmol mol~! for the four treatments (Fig. 3).
Differences among treatments were not significant and
there was no discernable ‘effect size’ from lowest to
highest salinities (Table 2b). The lack of a response with
salinity could not be explained by a lack of precision as
standard errors were only 3.5-11.5 % of the mean. Mean
statolith Mn Ca~! increased in a step function from salin-
ity 22-26 and although within treatment variances were
again high (SE = 49-59 % of the mean) values plateaued
at higher salinities (Fig. 3). Li Ca~! values were charac-
terised by similar mean values among treatments and high
within treatment variation (SE = 33-62 % of the mean;
Fig. 3).

There was a risk of type II error for elements that were
not significantly different but showed a trend with salinity.
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Power analyses performed on Ba Ca~! and Zn Ca~! dem-  Partition coefficients
onstrated that for an 80 % chance of rejecting the null
hypothesis if it was false, it would have required large sam-  There were also strong trends for partition coefficients
ple sizes (i.e. Ba Ca~! would require n = 14 and Zn Ca™! (Dy;.) among salinity treatments and these largely reflected
n = 20). the relationships found for element Ca~' ratios (Fig. 3).
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D\, significantly differed among salinities, mirroring pat-
terns seen in statolith Mg Ca™!; no other significant differ-
ences were detected between salinity treatments (Table 2c).
Dy, Dg, and Dy; were all <1 ranging from 2.62 x 1076~
0.81, and Dg,, Dy, and D, were all >1 ranging from 1.87
to 431 (Fig. 3); high values indicated that uptake increased
greatly at high salinities.

Multivariate salinity signature

Multi-element Ca~! signatures could successfully assign
samples to their salinity treatment (CDA performed on
statolith log (Ba Ca™h), log Mg Ca™Y and log (Zn Ca™h;
Wilks Lamda = 0.160, F g 34, = 4.262, P = 0.009; Fig. 4).
Salinity treatments of 22—-30 had best classification with an
overall chance of 60-80 % correct classification following
jackknifed cross-validation (Table 3).

Statolith Sr Ca~! versus water temperature

A strong positive relationship was detected between stato-
lith Sr Ca~! and water temperature (Fig. 5, linear regres-
sion: r* = 0.54, F 8 = 33.28, P < 0.001). Regression
analysis and associated ANOVA tests demonstrated that the
slope was significantly different from zero and the relation-
ship explained 54.3 % of the variation.

Discussion

Chironex fleckeri could not tolerate salinities of <~20.
Accordingly, salinities of 22, 26, 30 and 34 are a represent-
ative range of the full range of salinities that wild C. fleckeri
medusae can endure. These findings were not only of utility
with respect to the planning of the experiment, but are of
utility to be used for models that predict the occurrence of
C. fleckeri. For example, Kingsford et al. (2012) concluded
that numbers of C. fleckeri drop off quickly along the tropi-
cal coast of northern Australia during periods of heavy rain
and riverine runoff. The experimental data, therefore, pro-
vide a causal mechanism for this drop off.

We initially placed some emphasis on statolith Sr Ca™!
as a strong potential discriminator of salinity (e.g. Mooney
and Kingsford 2012), but we quickly established that C.
fleckeri medusae are moribund or dead at salinities of <20.
As major variations in Sr Ca~! in water occur at salinities
<15 (Phillis et al. 2011), analyses of other element Ca~!
ratios played a greater role than we initially predicted.

Mg Ca~! was the only element Ca~' to significantly
vary within statoliths among salinity treatments. Few stud-
ies have focussed on the incorporation of Mg into calcified
structures as a result of changes in salinity. Investigations
into aragonitic fish otoliths have found otolith Mg Ca™! was
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Table 3 Canonical discriminant analysis classifications based on log
(Ba Ca™), log (Mg Ca™!) and log (Mn Ca " of C Sfleckeri statolith
experimental zone for four salinity treatments

Salinity % correct classification Salinity classified to follow-
ing jackknifed classification
(% of samples)
22 26 30 34
22 80 60 20 20
26 100 40 60
30 80 80 20
34 40 20 40 40

n =5 per treatment; bold = correctly classified
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Fig. 5 Sr Ca~!in C. fleckeri statolith versus water temperature. Sr
Ca~! = whole statolith for four seasons from the Strand, Townsville,
Australia; statolith edge for 2012 Experiment and 2010 field calibra-
tion. Water temperature = mean of 2 months prior to medusae col-
lection for four seasons from the Strand; mean over 4 days for 2012
Experiment; mean over 3 days for 2010 field calibration
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not affected by salinity, yet have focussed only on salinities
<32 (e.g. juvenile spot Leiostomus xanthurus; Martin and
Thorrold 2005 and flathead mullet Mugil cephalus; Wang
2014). Similar non-significant results were found for Mg
Ca'in aragonitic soft shell clams (Mya arenaria; Strasser
et al. 2008). However, a general trend has been found in
Mg Ca~! in calcite of foraminifera for Mg Ca~! to increase
with increases in salinity, and this was particularly evident
in higher salinity ranges ~>36 (Ferguson et al. 2008). Sim-
ilar to the foraminifera, it appears that Mg Ca~' increases
at higher salinity ranges in Cubozoa bassanite statoliths
(i.e. salinity 34 treatment), and thus will be a good dis-
criminator of exposure to full sea water (>salinity 34) or
lower salinity estuarine waters in C. fleckeri. Mg is super
abundant in sea water compared to requirements of many
marine taxa, and therefore, its uptake and levels in body
fluids and flesh are highly regulated (Watanabe et al. 1997).
Dy, was considerably less than one with a maximum
mean value of 0.00063. Water Mg Ca~! was consistently
high for all four salinity treatments but statolith Mg Ca™!
showed very low levels at salinities of 22 and 26 and then
increased sharply as salinity treatment increased. Dy, was
also found to be much less than one in aragonitic otoliths of
L. xanthurus (Martin and Thorrold 2005). It was suggested
by Martin and Thorrold (2005) that Mg ions were actively
excluded from the otoliths and that this occurred either dur-
ing movement across membranes or in the endolymph at
the site of aragonite precipitation. Branchial, intestinal or
endolymphatic membranes isolate otoliths from sea water
(Campana 1999), so physiological processes also influence
otolith composition, and fish obviously control ion trans-
port across membranes for osmoregulatory purposes (Mar-
tin and Thorrold 2005). Cubomedusan statolith formation
occurs within the statocyst which consists of epidermis,
mesoglea and gastrodermal cells (Sotje et al. 2011). It is
unclear at which stage regulation of ions is occurring, but
the very low values of Dy, clearly demonstrated that this is
happening.

No other element Ca™! ratio significantly varied among
salinity treatments. However, Ba Ca~'and Zn Ca~! showed
strong trends across treatments with some potential to be
useful in determining local population level movements
among salinities, but only with large sample sizes (i.e. n
of 14-20) for a high probability of detection. Large num-
bers of C. fleckeri of similar size are very difficult to find
in the field. The lack of sensitivity for these elements also
suggests that the ability of these standalone ratios to recon-
struct (i.e. elemental profiles from the core) the salinity-
based environmental conditions that individual jellyfish
experience would be weak.

Barium was incorporated into C. fleckeri bassanite
statoliths at greater levels than some marine fish arago-
nite otoliths or even cuttlefish aragonite statoliths. At

a salinity of 34, mean C. fleckeri statolith Ba Ca~' of
120 umol mol ™! and Dy, of 16.40 far exceeded examples of
15.8 umol mol ! in aragonitic L. xanthurus otoliths (Martin
and Thorrold 2005) and ~16 umol mol ! reported in arago-
nitic cuttlefish (Sepia Officinalis) statoliths (Zumholz et al.
2007), or Dy, of 0.043 in European eel (Anguilla anguilla;
Tabouret et al. 2010), 0.21 in a tropical damselfish (Acan-
thochromis polyacanthus; Walther et al. 2010) and 0.27
in black bream (Acanthopagrus butcheri; Elsdon and Gil-
landers 2005) aragonite otoliths. Although mean statolith
Ba Ca™! and Dy, increased across treatments of the current
study, differences between salinities were not significant.
A clear negative relationship with salinity and Ba Ca™!
is most apparent at salinities <20 (Tabouret et al. 2010).
Some variations in Ba Ca~! could be found over salinities
20-35 but appeared very small when compared to observed
gradients between freshwater and sea water end members
(Tabouret et al. 2010). As C. fleckeri medusae only inhabit
waters within the higher salinity interval >20, it is no sur-
prise that differences in statolith Ba Ca~! were not sig-
nificant. Aragonitic otolith Ba Ca™! has been found to be
a useful proxy for salinity gradients (at salinities 4-23) in
sole (Solea solea; Tanner et al. 2013) and salinity affected
Dy, in spot (L. xanthurus; Bath et al. 2000; Martin and
Thorrold 2005), yet Ba Ca~! had no significant relationship
with salinity in aragonitic statoliths of cuttlefish (S. offici-
nalis; Zumbholz et al. 2007).

Water Zn Ca~! was found to significantly differ between
salinity treatments displaying a distinct decline in levels as
salinity increased (Table 2a; Fig. 3). Determination of Zn
by solution-based ICPMS (SO-ICPMYS) is difficult mainly
due to sea water salts giving complicated interferences on
all Zn isotopes for which the quadrupole ICPMS is unable
to resolve (pers comm Hu at AAC). As high Zn background
levels can also hamper Zn determination in sea water sam-
ples, results for water Zn Ca~! should be treated with cau-
tion. Despite this, there was a strong but not significant
trend for statolith Zn Ca~!, and more drastically D,,, to
increase with salinity. Mean D, was over 400 at the high-
est salinity treatment of 34. A possible explanation could
be that adsorption of elements may increase at lower ambi-
ent concentrations, while binding sites become saturated as
elemental concentrations rise and equilibrium is reached
in the solution interface and growing crystal surface (Wat-
son 1996). Another possible explanation was suggested by
Templeman and Kingsford (2010) when Zn concentrations
were found at high levels in tissue of the scyphozoan Cas-
siopea sp. even though Zn concentrations in ambient sea
water were below detection limits. Templeman and King-
sford (2010) suggested that Cassiopea sp. was efficient at
either obtaining Zn from their food or water, or recycling
Zn. The exact mechanism in C. fleckeri is not known, but
the ability to accumulate Zn probably limits the utility of
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Zn as a standalone discriminator of the conditions that jel-
lyfish experience.

The remaining element Ca™' ratios showed little poten-
tial for discrimination between conditions experienced,
either actively regulating or accumulating elements. Mn
Ca~! showed no consistent pattern across salinity treat-
ments. Mean D), were >1, reaching up to 25.33 at salin-
ity 34. Mn was found to accumulate more than ten times
above ambient sea water concentrations in tissue of the scy-
phozoan Cassiopea sp. (Templeman and Kingsford 2010),
and up to 100 times greater than typical sea water concen-
trations in tentacles of the scyphozoan Pelagia noctiluca
(Cimino et al. 1983). Mn is perhaps an essential element
for medusae existence. Li Ca™! also showed no apparent
pattern across the tested salinity treatments. Dy ;, however,
was <I1, indicating elemental discrimination. Templeman
and Kingsford (2010) found Li to be the only element pre-
sent at lower tissue concentrations than ambient sea water
concentration in Cassiopea sp., suggesting Li to be actively
regulated within the body although mechanisms and
requirements for regulation were not known. Li is perhaps
quite the opposite of Mn and a non-essential element for
medusae existence.

Statolith Sr Ca~! did not increase across the tested
salinity treatments and this was partly because C. fleckeri
medusae die before they can be exposed to low salinities
(i.e. <20). Furthermore, Sr Ca~! did not significantly differ
between salinity treatments in water, statoliths or partition
coefficient. The incorporation of Sr into C. fleckeri bassan-
ite statoliths was, however, found to be directly comparable
to several studies on fish otoliths that are made of CaCO,
(usually aragonite). Mean Dg,. ranged between 0.28 and
0.33 across the four salinity treatments. This range is equiv-
alent to mean Dg, of 0.28 seen in black bream (A. butch-
eri) otoliths (De Vries et al. 2005), 0.29 recorded in spot
(L. xanthurus) otoliths (Martin et al. 2004), 0.31 in striped
bass (Morone saxatilis; Phillis et al. 2011) and 0.33 in eel
(A. Anguilla; Tabouret et al. 2010). If Dy, is so similar in
C. fleckeri statoliths and some fish otoliths, why was no
positive correlation between statolith Sr Ca~! and salinity
detected?

Chironex fleckeri medusae inhabit estuarine and coastal
waters of salinity >20. Major changes in Sr Ca™! occur at
salinities <15 (Phillis et al. 2011) and the clear close to lin-
ear positive relationship that can be seen between Sr Ca™!
and salinity occurs for salinities <20 (Tabouret et al. 2010).
Element Ca™! ratios have been found to be almost constant
at salinities between 20 and 25 (Kraus and Secor 2004; Els-
don and Gillanders 2005; Tabouret et al. 2010). Elsdon and
Gillanders (2005) found salinity was not correlated with
ambient Sr Ca™! in estuarine locations sampled, and Miles
et al. (2009) found it difficult to discriminate estuarine con-
ditions when examining movements between fresh water
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and sea water for five Australian riverine fishes. Indeed in
most systems, Sr Ca~! is said to be best suited to determine
between fresh water and more saline waters (Phillis et al.
2011), not solely estuarine waters. We demonstrated that
C. fleckeri medusae will only likely survive in higher salin-
ity estuarine and coastal waters (Table 1); it is understand-
able, therefore, why statolith Sr Ca~! was not significantly
affected by salinity. Salinity is obviously not the explana-
tion for the strong significant patterns found in C. fleckeri
statolith Sr Ca~! (Mooney and Kingsford 2012).

There was strong correlative evidence that temperature
rather than salinity was a primary driver in altering the Sr
Ca~! values in C. fleckeri statoliths. Temperature has a
strong and significant effect on Sr incorporation in arago-
nitic fish otoliths (Bath et al. 2000; Martin et al. 2004)
and corals (Marshall and McCulloch 2002). It is highly
likely that variation in temperature caused the variation in
Sr Ca™! that was found in the bassanite statoliths of wild
C. fleckeri (Mooney and Kingsford 2012). The a posteri-
ori comparison between statolith Sr Ca~!' and water tem-
perature that medusae were exposed to found a significant
positive relationship—as water temperature rose, so too did
statolith Sr Ca~! (Fig. 5). Relationships between tempera-
ture and Sr Ca~! in the aragonite from animals of different
taxa vary; positive (Bath et al. 2000; Martin et al. 2004),
negative (Sadovy and Severin 1992; Secor et al. 1995) and
no effect have been found (Gallahar and Kingsford 1996;
Tzeng 1996). Sr Ca~! in cuttlefish (S. officinalis) statoliths
was found to show no relationship to salinity or tempera-
ture (Zumholz et al. 2007). Additional calibration experi-
ments are required and would help to test our prediction
that temperature affects Sr incorporation into C. fleckeri
bassanite statoliths.

There are few other factors that are likely to cause large
changes in Sr Ca~! in Ca-based structures. Some elements
can be accrued through the diet (Sanchez-Jerez et al. 2002),
but C. fleckeri diet is thought to be similar among locations
(i.e. prawns and small fish; Carrette et al. 2002). Although
levels of Sr isotopes that contribute to the elemental signa-
tures can vary in fresh water (e.g. based on source rocks
with drainage systems), the isotopic composition of Sr in
saltwater is very stable (McCulloch et al. 2005). Accord-
ingly, we suggest that greatest variation in Sr Ca~! at salin-
ities above 20 would be from temperature.

In this study, salinity was varied and care was taken to
keep diet, photoperiod and temperature consistent among
treatments. Furthermore, the temperatures experienced
by experimental medusae were similar to the daily range
found in coastal habitats occupied by medusae. Com-
parisons among salinities were also not confounded with
ontogenetic stage as all individuals were of a similar size
and number of tentacles. Moreover, we did not confound
sampling on bassanite that was outside of the experimental
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period as sampling pits were tiny when compared to width
of statolith increments. Assuming that C. fleckeri growth
increments in statolith are daily (Gordon and Seymour
2012), the analysed section of statolith material would
equate to ~2.4 days (Mooney and Kingsford 2012), well
within the 4 days of salinity treatment exposure.

Templeman and Kingsford (2012) published elemen-
tal concentrations of C. fleckeri bell tissue. Element Ca™!
ratios calculated from mean tissue concentrations of stan-
dalone elements (after Table 2; Templeman and Kingsford
2012) showed similar levels to either water or statolith ele-
ment Ca~! of the current study. Templeman and Kingsford
(after 2012) reported tissue Sr Ca' = 9.66 mmol mol™!
which relates much closer to water concentrations than
statolith concentrations of the current study. Interest-
ingly, statoliths from the same three medusae assessed by
Templeman and Kingsford (2012) were those from Card-
well in Mooney and Kingsford (2012) where mean &+ SE
statolith edge Sr Ca™! = 3.32 + 0.23 mmol mol™!
(n = 3), three times lower than tissue values, sug-
gesting some form of active Sr regulation between
C. fleckeri bell tissue and statolith matrix. Tissue Mg
Ca~' = 5392.15 mmol mol~! (after Templeman and King-
sford 2012) is much closer to water Mg Ca~! than stato-
lith Mg Ca~! of the current study, also suggesting heavy
regulation of Mg somewhere between bell tissue and sta-
tolith formation. Tissue Ba Ca~! = 21.94 umol mol~!, Mn
Ca~!' = 0.18 mmol mol™!, Zn Ca~' = 1.42 mmol mol~!
and Li Ca~! = 1.96 mmol mol~! (after Templeman and
Kingsford 2012) are all within the ranges of statolith ele-
ment Ca~! found within the current study, suggestive of
near equilibrium between C. fleckeri bell tissue and stato-
lith concentrations for these element Ca™' ratios. Temple-
man and Kingsford (2012) also presented data on several
scyphomedusae and one other cubomedusae and concluded
that the accumulation of elements in tissues is likely to vary
by species, uptake route, speciation of the metal and organ-
ism sensitivity.

Multivariate (MV) salinity signatures [using log (Ba
Ca™h, log (Mg Ca™!) and log (Zn Ca™!] were found
within C. fleckeri statoliths across the tested range. Highest
success in classification of samples post-cross-validation
was at salinities lower than 30 with low successful classi-
fication at salinity 34. MV salinity signatures in statolith
chemistry thus show potential to distinguish exposures of
wild medusae to water masses of different salinities and
these MV signatures could complement the standalone Mg
Ca~! levels in C. fleckeri statoliths. Where Mg Ca~' could
delineate between exposure to full sea water of salinities
>34 and lower salinity estuarine waters, the MV signature
can delineate at a finer scale among the estuarine salini-
ties. Given the tight salinity gradient C. fleckeri medusae
inhabit, reconstructing movements among salinities would

be of highest utility where known salinity gradients exist.
The experimental findings and a posteriori comparisons
with field studies strongly indicated that temperature rather
than salinity will influence Sr Ca~! profiles and therefore
can be used to map thermal variation within local popu-
lations (sensu Kingsford and Mooney 2014) and help to
resolve local movements in the wild populations.

Conclusions

Chironex fleckeri medusae became immobile and quickly
died at salinities <20; this suggests a hidden vulnerability
to strong riverine runoff (Kingsford et al. 2012) that had
not been demonstrated experimentally until this study. Sta-
tolith Mg Ca~!, Dy;, and multi-element Ca~! signatures
varied significantly at salinities from 22 to 34. Although
there were some strong positive trends, no other element
Ca~! varied significantly among treatments. Partition coef-
ficients were element dependent: Dg,, Dy, and Dy; were
all <1 indicating elemental discrimination and Dg,, Dy,
and especially D,,, were >1, some far exceeding values
recorded in CaCOj structures, indicating active elemental
uptake. There was strong correlative evidence the Sr Ca™!
patterns seen in C. fleckeri statoliths (Mooney and Kings-
ford 2012) relate to changes in temperature and not salinity.
Reconstruction of medusa movements by statolith elemen-
tal chemistry has high potential where there is a known
salinity and temperature gradient. Further experiments are
required to confirm the utility of statolith chemistry as a
tool for reconstructing medusa movements.
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