10

11

12

13

14

15

16

17

18

19

20

Extreme changes in salinity drive population dynamics of Catostylus mosaicus medusae in a modified

estuary

Alexandra Loveridge!
Kylie A. Pitt?

Cathy H. Lucas?

Jan Warnken?

!Ocean and Earth Science, University of Southampton, Southampton, United Kingdom

2Australian Rivers Institute — Coasts and Estuaries, Griffith School of Environment and Science, Griffith
University, Gold Coast, QLD, Australia

Corresponding Author:
Alexandra Loveridge

al2gl4@soton.ac.uk

07415181766

ORCID
Alexandra Loveridge: orcid.org/0000-0003-2651-4870
Kylie A. Pitt: orcid.org/0000-0002-2292-2052

Cathy H. Lucas: orcid.org/0000-0002-5929-7481


mailto:al2g14@soton.ac.uk

21

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

39

40

41

42

43

44

45

46

47
48
49

50

o1
52
53

Abstract

Modifications to estuaries through the construction of barrages alters the natural dynamics of inhabitant
species by controlling freshwater inputs into those systems. To understand the effects of these changes on
scyphozoan jellyfish such as Catostylus mosaicus, we analysed a 20-year observational dataset from the
Fitzroy River, Queensland, and studied the effect of salinity changes on adult medusae in the laboratory.
Two experimental simulations examined the effect of sudden and prolonged salinity decreases (30, 20, 10
%o; such as experienced when the barrage is opened), and short term decreases in salinity (20, 15, 10 %o;
such as occurs during a moderate rainfall event) on medusae health and survival. Major decreases in salinity
occurred approximately 16 times over the 20-year period in the Upper estuary and medusae disappeared
from the Upper estuary following every major flow event. Salinity was the most influential variable
contributing to variation in the number of Upper estuary sites reporting jellyfish. Medusae were unable to
survive extended periods at extreme low salinities, such that they would experience when a barrage opens
fully but survived and recovered from short-term freshwater inputs such that they would experience during a
rainfall event. This demonstrates for the first time that modification of freshwater flow by a barrage regulates
the population dynamics of the estuarine jellyfish Catostylus mosaicus. Future artificial modifications of
freshwater flows following the construction of barrages are likely to modify estuarine medusa population
dynamics. Such investigations highlight the need for robust, long term datasets, as well as to firmly embed

experimental approaches in realistic ecological contexts.
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1  Introduction

Estuaries are highly dynamic environments that are often subject to rapid changes in environmental conditions
associated with varying freshwater flows (Gillanders and Kingsford, 2002; Morais, 2008). Modifications to
natural flow, through the construction of dams and barrages used to store freshwater and mitigate flooding,
alter the natural dynamics within estuaries, with potentially severe consequences for estuarine species (Xian
et al., 2005; Montagna et al., 2012; Amorim et al., 2018). Whilst estuarine species can generally tolerate
reasonable salinity fluctuations (Lee et al., 2017; Heim-Ballew and Olsen, 2019), extreme reduced salinity is
often detrimental to animals (Holst and Jarms, 2010; Amorim et al., 2018). Determining how species respond
to modifications in their environment will enable stakeholders to better manage estuaries and waterways
(Gillanders and Kingsford, 2002; Bunn et al., 2010; Amorim et al., 2018).

Jellyfish are important components of many coastal and estuarine systems and frequently form spectacular
blooms that affect ecosystem structure and marine food webs (Goldstein and Steiner, 2017; Schnedler-Meyer
et al., 2018). Scyphozoan jellyfish life cycles are comprised of a pelagic sexual medusa and a benthic asexual
polyp (Lucas et al., 2012). Their ability to take rapid advantage of favourable conditions, coupled with the
medusa lifespan of a few months (Pitt, 2000), leads to transient population booms, termed *“jellyfish blooms’
(Schiariti et al., 2014). Interactions between polyp colonies and their environment lead to variations in the
timing and appearance of these blooms, with some evidence that anthropogenic disturbances may modify
natural dynamics (Purcell, 2012; Pitt et al., 2018). In coastal areas, blooms often interfere with human
enterprise and recreation (Purcell et al., 2007; Kingsford et al., 2018), but jellyfish also provide valuable
resources to pharmaceutical and scientific industries (Leone et al., 2015; Brotz et al., 2017). Determining how
changes to environmental flows affect estuarine jellyfish populations will help stakeholders understand their
population dynamics and provide insights into managing potentially problematic species (Jones and Moss,
2011).

Although many species of gelatinous zooplankton inhabit estuaries that are subject to varying salinity (Brewer,
1989; Wang et al., 2016; Baumsteiger et al., 2018), only two studies have examined how varying freshwater
flows affect jellyfish medusae (Xian et al., 2005; Amorim et al., 2018). Most research examining scyphozoan
jellyfish populations in estuaries has focused on settlement of planula larvae and polyp reproduction, and on
how salinity changes affects medusa production (Conley and Uye, 2015; Takao and Uye, 2018). Both the
planula and polyp stages have limited capacity to move away from areas of reduced salinity (Webster and
Lucas, 2012). Thus, low salinity may hinder bloom formation because it inhibits larval settlement and increases
rates of polyp morphological deformities, which impairs their ability to feed (Cargo and King, 1990; Conley
and Uye, 2015; Widmer et al., 2016). As osmoconformers, medusae have limited ability to respond to changes
in salinity, and if subjected to rapid changes the animal will shrink or swell (Albert, 2014). Some species of
pelagic medusae actively avoid low salinity in surface waters by swimming below the halocline (Albert, 2014).
Consequently medusae are generally observed in higher salinity areas of estuaries, although further details on
how they respond to changes in salinity are still lacking (Albert, 2014; Amorim et al., 2018; Heim-Ballew and
Olsen, 2019).
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Catostylus mosaicus, commonly referred to as the Blue Blubber jellyfish, is a rhizostome medusa native to the
Australian east coast and the Central Indonesian Pacific (Pitt and Kingsford, 2003b; Purcell et al., 2013). The
medusae are large, frequently growing to bell sizes of 250-300mm (Pitt, 2000) and have been harvested in
small quantities in Australia and Asia (Omori, 1981; Kingsford et al., 2000). Despite a growing commercial
interest in this species and the medusae being abundant in many eastern Australian coastal lagoons and
estuaries (Dawson, 2005; Dawson et al., 2015), little is known about the drivers behind the spatial and temporal
patterns of C. mosaicus medusae. Sightings outside of estuaries and coastal embayments are rare (Kingsford
et al., 2000) and although anecdotal observations indicate that medusae may endure short-term reductions in
salinity, such that may occur following rainfall, they are unlikely to survive reduced salinity for multiple weeks
to months (Pitt and Kingsford, 2000). Severe modifications of freshwater flows, therefore, could result in

significant changes to estuarine medusa population dynamics (Amorim et al., 2018).

We aimed to understand how the modification of an estuary (in this case a barrage used for flood mitigation)
affects the population dynamics of C. mosaicus medusae through two different approaches. Firstly, we used a
20-year data set to identify how the occurrence of medusae related to environmental parameters. Secondly, we
used two laboratory experiments to investigate the effect of salinity changes on medusae health and survival,
by mimicking: (i) severe and prolonged reductions in salinity such as occurs when the barrage is opened; and
(ii) a transient rainfall event, resulting in temporary reductions in salinity, such that would occur during the
dry season. The following hypotheses were tested: (i) long term decreases in salinity impair survival, pulsation,
and respiration rates of C. mosaicus medusae; and (ii) short term decreases temporarily impair pulsation and

respiration but medusae recover when salinity returns to normal levels.

2 Materials and Methods

2.1 Study Site

The Fitzroy River (S 23°48.643’, E 150°65.309) is a sub-tropical estuary in Queensland, Australia (Dobbie
et al., 2003). The Fitzroy Barrage, 53km upstream from the river mouth, separates fresh water upstream from
the tidal salt water downstream and is used to mitigate flooding. Two hydrological states are observed below
the barrage: low and high (>1000 ML day) flow (Dobbie et al., 2003). In a high flow state salinity can be
reduced to zero 30 km below the barrage, while turbidity increases dramatically (Dobbie et al., 2003). Marine
conditions return over a period of 4-6 months following cessation of the freshwater flow, consistent with the
exchange time for the estuary water of 100 days. The estuary depth varies from 3 to 7 metres at mid tide with
the tides varying from 0.3 to 4 metres near the barrage and at the mouth, respectively. When the barrage is
closed, flows are generally small (median 7 m3s™) and tidal currents cause fine sediments (<100 um) to be

pumped upstream (Margvelashvili et al., 2003).

2.2  Effects of freshwater discharge on the occurrence of medusae
Each month from April 1999 to February 2019, 11 environmental variables were monitored along the Fitzroy
Estuary at 15 sites below the Barrage by the Queensland Department of Environment and Science (Table 1).

No observations were taken in 2001, and only one observation was recorded in 2002, resulting in a total of 538
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observations across the 15 sites. Sampling sites were grouped into three regions; Upper estuary (5 sites), the
first of which is located at the barrage, with the others extending 9 km downstream; Mid estuary (4 sites),
extending from 15 to 32 km from the barrage; and Lower estuary (6 sites) 41 km to 59 km from the barrage,
at the mouth of the estuary (Appendix 1). The number of sites at which C. mosaicus was observed each month

was recorded within each of the three regions.

Table 1. Variables collected by the EHMP.

Variable Type Unit Sites measured at
Chlorophyll-a Biological po/L Upper, Mid, Lower
Pheopigments Biological po/L Mid, Lower
Total Nitrogen (TN) Physio-chemical mg/L Upper, Mid, Lower
Nitrogen Ammonia (NH3) Physio-chemical mg/L Mid, Lower
Oxygen Physio-chemical mg/L Upper, Mid, Lower
pH Physio-chemical Unit Upper, Mid, Lower
Total Phosphorous Physio-chemical mg/L Upper, Mid, Lower
Salinity Physio-chemical %o Upper, Mid, Lower
Specific Conductance at ] )
Physical mS/cm at 25°C Mid, Lower
25°C
o ] ] Nephelometric Turbidity ]
Turbidity Physio-chemical ) Upper, Mid, Lower
Units (NTU)
Secchi Disk Depth Physical meter Upper, Mid, Lower
Catostylus mosaicus ) ] ]
Biological Presence/absence Upper, Mid, Lower

medusae

Data Analysis

The relationship between the occurrence of C. mosaicus and other environmental variables was tested within
each region using partial least squares regression models (PLSR). PLSR combines features from principal
component analysis (PCA) and multiple regression. It reduces a large set of predictor variables to a smaller set
of uncorrelated latent variables (equivalent to principal components in PCA) and is well suited for dealing with
multicollinearity in datasets, allowing for correlated explanatory variables to be included in the analysis
(Rosipal and Kramer, 2005; Carrascal et al., 2009).

All variables were standardised before PLSR models were fitted using the orthogonal scores algorithm

(NIPALS algorithm). Cross validation of the model using leave-one-out segments determined the appropriate

number of latent variables, as well as a cross-validation error Root Mean Square Error (RMSE) plot. Variable

Importance in Projection (VIP) coefficients were extracted from the relevant latent variables to determine

which of the initial variables significantly influenced the occurrence of medusae within the model. VIP scores

were calculated as the weighted sum of the squared correlations between the latent variables and the original
5



147
148
149
150
151
152
153
154

155
156
157
158

159
160
161
162
163
164
165

166

167
168
169
170
171
172
173

174

175
176
177
178
179
180

variable. The weights were calculated separately for each latent variable and were weighted proportionally to
the reduction in the sums of squares for each latent variable. Despite PLSR’s ability to take multicollinearity
between variables into account, the VIP score cut-off value was selected as 1.5 for very important variables,
and 1 for relevant variables. These levels were selected due to very high multicollinearity between numerous
variables as well as the lack of consensus within the modelling community as to which cut-off value to use
(Chong and Jun, 2005; Chi-Hyuck et al., 2009). Finally, regression coefficients were extracted for each model,
to inform on how important variables influenced the presence of medusae in each region. Analyses were done
in Rv3.6.3.

2.3 Experimental simulations: Barrage opening vs Short-term rainfall event
Medusae were collected on 8th January 2020 from Deception Bay, Queensland (S 27°10.800’, E 153°03.292").
Surface water temperature was 29.7°C and salinity was 35 %o. Thirty-two medusae of varying sizes were

collected and transferred in buckets to the Griffith Sea Jellies Research Laboratory.

Medusae were maintained in a 12:12 hr light:dark regime and were each fed twice daily with 150 mL one-day
old Artemia nauplii mixed at a concentration of 1600/mL with 0.1g Polyplab Reef-roids, a dried crushed
zooplankton mix. Ten to fifteen percent of water was replaced daily with water of the same temperature and
salinity. Seawater was sourced from a depth of ~1 m from the Gold Coast Broadwater on a flooding tide and
filtered through a 10 pum felt filter and passed over a protein skimmer. Reduced salinity water was created by
adding fresh tap water (treated with sodium thiosulfate to neutralise chlorine) to seawater until the desired

salinity was achieved.
Barrage opening simulation

Individual medusae of similar sizes (wet weight; 511 g £ 108 SE) were placed into sixteen 100L kreisels at
ambient salinity (34.5+1 %o). The experiment consisted of four salinity treatments; a control maintained at 34.5
%o and three experimental salinities of 30, 20, and 10 %.. Four medusae were randomly allocated to each
treatment. Kreisels were randomly interspersed across a 24+1°C temperature controlled room. Salinity was
decreased over 6 hours until the target salinity for each treatment was achieved. Medusae were maintained at
experimental salinities for 12 days, or until they recorded no pulsating across three consecutive days and began
to disintegrate.

Short-term rainfall simulation

Sixteen medusae of similar sizes (2419 + 81g) were placed in individual 87L kreisels (+65L sump) at ambient
salinity (33+1 %o). Due to increased rainfall at the time of the experiment, average ambient salinity was 1.5+1
%o lower than for the previous experiment. To simulate a rainfall event the salinity of each kreisel was lowered
over six hours to one of three different salinities (20, 15, and 10 %o) or maintained as a control at ambient
salinity. Salinity remained at experimental levels for 48 hours, before it was increased over 4 days (Klein et

al., 2016) to ambient salinity. All medusae remained at 33+1 %o for the remaining 12 days of the experiment.
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Experimental variables

In both experiments, survival and pulsation rates were recorded daily prior to feeding. Pulsation rates were
measured as the number of complete pulsations per minute, averaged across three 1-minute intervals recorded
15 seconds apart. Respiration rates were measured prior to feeding on Day 0, 2, 7 and 12 for experiment 1, and
Day 0, 3, 8, 13, and 18 for experiment 2. Respiration was measured using airtight 23L Perspex chambers, each
fitted with an oxygen sensor spot (OXSP5; Pyroscience). Sensor spots were calibrated using a 2-point (100%
and 0% oxygen saturation) calibration. O, concentrations were measured via a compatible FireSting 02 (FSO2-
4) oxygen and temperature meter fitted with an oxygen fiberoptic sensor (3mm tip diameter). Two medusae
were incubated individually for 2-hours alongside a blank filled with seawater of the same salinity. Oxygen
concentrations (mg L) were measured every 30 minutes. Oxygen consumption (ug O hrt g) was calculated
using the slope of the five measurements. For logistical reasons, the 16 medusae were measured over 2 days,
and each medusa was randomly assigned Group A or Group B at the start of the experiment to determine on

which day they were measured. Within each group the order in which they were measured was random.
Analysis of experimental data

Assumptions of normality and homoscedasticity were tested using residuals and Q-Q plots. Survival of
medusae differed among treatments creating unbalanced data sets. Subsets of data including only treatments
where all 4 medusae were alive were analysed to prevent an unbalanced analysis. Where significant differences

occurred, post hoc Tukey HSD tests identified which means differed.

Barrage opening - Separate ANOVAs were used to compare pulsation rates among all treatments on Day 0,
2 and 3. A repeated measures ANOVA compared pulsation rates between the control and 30 %o treatment
across all 12 days of the experiment. Separate ANOVAs were done to compare respiration rates among all

treatments on Day 0 and 2; and between the control and 30 %o treatments on Day 7 and 12.

Short-term rainfall event - Pulsation rates were analysed using separate ANOVAs on Day 0, 2, and 8. A
repeated measures ANOVA compared the control and 20 %o pulsation rates across 18 days. Respiration rates
were analysed using ANOVA. Comparisons were made among all four treatments on Day 0 and 3; among the

control, 20, and 15 %o treatments on Day 8; and between the control and 20 %. treatments on Day 13 and 18.

3  Results

3.1 Effects of freshwater discharge on occurrence of medusae

Major decreases in salinity occurred approximately 16 times over the 20-year period in the Upper estuary and
medusae disappeared from the Upper estuary following every major flow event (Fig. 1). After cross validating
the PLSR model, two latent variables (LVs) captured 40.54% of the variation in the predictors (LV1: 31.18%;
LV2: 9.36%), and 47.16% of the variation in the outcome variable (LV1: 40.63%; LV2: 6.53%). Additional
latent variables provided minimal improvement (14 LVs = 48.24% of variation in the outcome variable).
‘Salinity” and ‘Specific Conductance at 25°C’ were the most influential variables contributing to variation in

the number of Upper Estuary sites reporting jellyfish, both with VIP scores >1.5 (Table 2). Other relevant

7



216
217
218
219

220
221
222
223
224
225
226
227
228
229

230
231
232

233

234
235

variables in order of importance included ‘Secchi Disk Depth’, ‘O,’ and ‘Month’. Any variables that scored
below 1 were discounted as being non-important variables. Notably, despite high correlation with *Secchi Disk
Depth’, “Turbidity’ was not an important factor contributing to jellyfish occurrence in either of the latent

variables (VIP score <1).

Within the Upper Estuary, more sites reported sightings of medusae at higher salinities (Fig. 1). Jellyfish were
only observed at multiple sites when salinity was >10 %o, and jellyfish were reported occurring in salinity <10
%o only three times across the whole dataset. With every increase of 5 %o, roughly one additional site reported
observing jellyfish across the Upper Estuary (PLSR; Table 2). Visibility in the Upper Estuary was often <1m,
with only 5 reports of Secchi disk depth >1m. The average Secchi disk depth was ~0.4m, and jellyfish were
observed more frequently when Secchi disk depth was deeper, i.e. the water was clearer. Most freshwater
inputs occurred in the first three months of the year, and ‘Month’ and ‘Salinity’ were correlated (r=0.52,
p<0.001). Both ‘O,’ and ‘Month’ were barely relevant to the model with VIP scores just above 1 (Table 2),
but each saw a slight increase in the number of sites reporting jellyfish when the water was more oxygenated,

as well as later in the year.

Table 2. Important (VIP >1) and relevant (VIP 1-1.5) variables contributing significantly to the variation in

the number of sites reporting jellyfish in the Upper, Mid and Lower Estuary and their associated regression

coefficients.
Location Variable VIP - LV1 VIP - LV2 Regression Coefficient
Upper Salinity 1.84 1.73 +0.24
Estuary Specific Conductance at 25°C 1.84 1.73 +0.25
Secchi Disk Depth 1.30 1.22 +0.17
0, 1.03 1.04 +0.14
Month 1.07 0.99 +0.14
Mid Salinity 1.80 +0.08
Estuary Turbidity 1.42 -0.07
Month 1.27 +0.06
pH 1.17 +0.06
Lower Year 1.45 +0.03
Estuary Turbidity 1.39 -0.03
Total Phosphorous 1.20 -0.03
Total Nitrogen 1.12 -0.03
Salinity 1.08 +0.02

In the Mid and Lower estuary, single latent variables explained 30 and 35% of the variation in the predictors
respectively. However the models only accounted for 12 and 5% of the variation in the outcome variable
8
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respectively. This low amount of variation explained by the two models, combined with the small regression
coefficients (<0.1), indicates that despite their significance, the actual effect of these variables on the presence
or absence of C. mosaicus in the mid estuary was limited (Table 3). Within the Mid Estuary, medusae were
only observed at salinities >10 %o except for one occasion, where they were observed at two sites. They were
also more frequently observed when “Turbidity” was low and from October to December. Within the Lower
Estuary, medusae were more frequently observed in the latter months of the year when the waters were less

turbid and more saline.

~

35 - . ) r
sites reporting o -
30 medusae l 65
——Salinity o
@
25 5w
2.
a
20 A 4
—_ ]
S g
= 15 33
> =
= . @
£ 10 3
©

& 2
5 * 1€
wv
Q
5]

0 ++—% 0

N N T )
) O Y
F S ST

Figure 1. Salinity and number of Upper Estuary sites reporting medusae across the 20-year dataset

3.2 Barrage opening simulation
All medusae in the 34.5 (control) and 30 %o treatments survived and swam actively throughout the experiment.
By Day 5, all of the medusae exposed to a salinity of 10 %o ceased to pulsate, and at 20 %o only one medusa

was alive from Day 7 until the end of the experiment.

On Day 0 pulsation rates were similar across all treatments (p>0.05, Fig. 2). By Day 2, medusae at 10 pulsed
significantly slower than the other treatments (F(3,12)=32.241, p<0.001) and on Day 3, medusae at both 10
and 20 salinity pulsed more slowly than the controls (F(3,12)=22.49, p<0.001). Pulsation rates did not differ

between the control and 20 treatment at any other time during the experiment (p>0.05).
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Figure 2. Mean pulsation rates across the experiment (n= 4). Salinity was reduced on Day 1 after the
observation. From Day 7, only 1 medusa was alive at 20. Letters above data points indicate similarities (e.g.

A, A), and differences (e.g. A, B) between treatments at single time points, as determined by post hoc tests

On Day 0 respiration rates were similar across all treatments (p>0.05, Fig. 3). By Day 2, medusae consumed
significantly less oxygen at 10 than at control or 20 salinities (F(3,12)=3.63, p<0.05). Respiration rates were
similar for medusae at 34.5 and 30 on Day 7, but by Day 12 medusae at 30 had lower respiration rates than the
controls (F(4.39)=-3.6241, p<0.05).
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262  Figure 3. Mean (+ SD) oxygen consumption across the experiment. Letters above data points indicate
263  similarities (e.g. A, A) and differences (e.g. A, B) between treatments at single time points, as determined by

264  post hoc tests

265 3.3  Short-term rainfall simulation
266  All control medusae maintained at 33 and those exposed to a temporary decrease to 20 survived to the end of
267  the experiment. Only 50% of medusae that experienced a temporary reduction in salinity to 10 and 15 were

268  still alive by Day 4 and Day 17 respectively.

269  Prior to the decrease in salinity that occurred after the observation on Day 1, pulsation rates were similar across
270  all treatments (p>0.05, Fig. 4). On Day 2, all medusae in treatments that experienced a salinity decrease pulsed
271 significantly slower than the controls (F(3,12)=7.965, p<0.01). Following the return to ambient salinity on Day
272 7, medusae in treatments that decreased to 15 were still pulsing significantly slower than the controls and the
273  treatment that decreased to 20 (F(2,4.88)=24.52, p<0.01). Salinity negatively affected pulsation rates of
274  medusae that experienced a decrease to 20, although this effect depended on the day of the experiment
275  (F(18,108)=2.520, p<0.01). From Day 2 to Day 5 pulsation rates were significantly slower in the 20 salinity
276  treatment compared to the controls.

11
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Figure 4. Mean pulsation rates across the experiment (n= 4). Letters above data points indicate similarities
(e.g. A, A) and differences (e.g. A, B) between treatments, as determined by post hoc tests. The grey bar
indicates the direction of salinity changes across the experiment

Oxygen consumption was similar between all treatments on Day 0, 3 and 8 (excluding 10 treatment on day 8,
p>0.05, Fig. 5). On days 13 and 18 the controls and medusae that experienced a decrease to 20 had similar
respiration rates (p>0.05).
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Figure 5. Mean oxygen consumption across the experiment (n=4). Letters above data points indicate

similarities (e.g. A, A) and differences (e.g. A, B) between treatments, as determined by post hoc tests

4  Discussion

Barrages are commonly constructed to regulate freshwater flows in estuaries (Lehner et al., 2011; Mulligan et
al., 2020). How barrages modify both the physical characters of estuaries (Ma et al., 2019; Kang and Lee,
2020), and population dynamics of estuarine animals (Gillanders and Kingsford, 2002; Amorim et al., 2018;
Kim and Kim, 2020), is a key research focus with the aim of balancing societal needs with ecological impacts.
Despite general investigations into how modified freshwater inputs into estuaries affect gelatinous zooplankton
(Wang et al., 2016; Baumsteiger et al., 2018), we demonstrate for the first time that modification of freshwater
flow by a barrage regulates the population dynamics of the estuarine jellyfish Catostylus mosaicus. Two studies
have previously examined the effects of major dams and regulated flow on estuarine scyphozoan medusae
(Xian et al., 2005; Amorim et al., 2018), but these structures differ from barrages by generating a large
freshwater reservoir as well as a much larger storage buffer capacity. Medusae were unable to survive extended
periods at extreme low salinities, such that they would experience when a barrage opens, but were able to
survive and recover from short-term freshwater inputs such that they would experience during a rainfall event.
Consequently, artificial modifications of flow that occur following the construction of barrages are likely to

result in large changes to estuarine medusa population dynamics.

Jellyfish are osmoconformers, unable to respond to rapid changes in salinity without shrinking or swelling
(Albert, 2014). In an estuary characterised by sudden freshwater inputs, due to seasonal heavy rainfall and
barrage openings, substantial and abrupt decreases in salinity are frequent (Margvelashvili et al., 2003). The
disappearance of medusae from the upper estuary coincided with a sustained reduction in salinity. It is unclear,
however, whether the freshwater discharged killed the medusae or whether they may have been flushed
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downstream. The two experiments we conducted provided insight into the ability of Catostylus medusae to
withstand changes in salinity. Unlike polyps, medusae can actively move away from low salinity areas to
prevent injury, with A. labiata observed swimming vertically downwards in response to encountering low
salinity surface waters (Albert, 2012). The data presented here contained monthly observations of the
occurrence of medusae at sites along the estuary, so changes in distribution along the estuary at a time scale
appropriate for identifying a net downstream movement could not be identified. During periods of very high
flow, salinity in the Fitzroy River can be reduced to zero 30km below the barrage, halfway along the estuary
towards the mouth. Fewer sites reported medusae when salinity was lower than 10 and in the laboratory, severe
impairment of medusae pulsation and respiration at moderate salinities was followed by rapid death at extreme
low salinities, suggesting that medusae cannot survive at extreme low salinities for more than a few days to a
week. Such rapid changes probably do not allow sufficient time for medusae to escape low salinity areas
before they incur irreversible damage or perish. This is in line with observations that medusae are not observed
<12 salinity (Pitt and Kingsford, 2003a).

Records and anecdotal observations have reported that estuarine jellyfish are more often observed at higher
salinities and disappear from estuaries following freshwater inputs (Kingsford et al., 2000; Amorim et al.,
2018). Small freshwater inputs into the estuary, however, such as rainfall events, may result in less dense
freshwater sitting as a lens at the surface. This may create a ‘refuge’ below the halocline in which medusae
can shelter during the event (Rippingale and Kelly, 1995; Albert, 2014). Despite not having any refuge from
osmotic changes in the rainfall simulation experiment, within a few days of recovery to marine conditions, all
medusae at 20 survived and were able to recover to pre-input pulsation rates. This contrasts with the barrage
opening simulation, where ¥ of medusae died within 7 days when continuously exposed to 20 salinity. In the
lower part of the estuary, where salinity reductions may not be quite as abrupt or as dramatic as in the Upper
Estuary, medusae are likely to survive rainfall events, or barrage openings if >30km downstream, by escaping
to higher salinity areas or outlasting the osmotic changes. Alternatively, in response to a freshwater input,
medusae may have swum vertically downwards, into deeper, more turbid areas, and not been observed during
sampling (Albert, 2012).

Salinity tolerances normally constrain estuarine inhabitants to specific areas of the natural salinity gradient in
an estuary (Gillanders and Kingsford, 2002). Construction of a barrage greatly narrows, and in some cases,
eliminates the gradient from fresh to saltwater as these constructions primarily act as a physical barrier
separating fresh river water from the marine saltwater (Kim and Kim, 2020). In the Fitzroy River, the
construction of a barrage greatly shortened the extent of the estuary, reducing the available habitat for medusae
(Margvelashvili et al., 2003). This is not the case for all estuaries, for example in the Yangtze River, intrusion
of marine water into the estuary extended further upstream after the construction of the Three Gorges Dam
facilitated the introduction of marine invasive species (Xian et al., 2005). In both cases, the artificial
construction determined the timing and scale of large salinity changes in their respective estuaries by releasing
freshwater. In some regions, freshwater releases from major dams, termed “freshets” have been posited as a

way to control blooms of Aurelia aurita blooms in estuarine ecosystems (Amorim et al., 2018). Our data
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confirms that medusae are vulnerable to sudden, extreme salinity changes. These constructions are likely
change the natural population dynamics of animals that would, under normal circumstances, be driven by

natural freshwater inputs into the estuary (Gillanders and Kingsford, 2002; Amorim et al., 2018).

Within shallow semi-enclosed systems, areas of higher salinity in deep water may provide sedentary polyps
with a refuge from large seasonal freshwater inputs, enabling them to repopulate the estuary with medusae in
the spring (Rippingale and Kelly, 1995). However, this is unlikely to be the case when large volumes of
freshwater are released into estuaries. For example most barrage openings resulted in the Upper Fitzroy estuary
salinity dropping to below 5 and to 0 in many cases. Whilst polyps from coastal and estuarine species appear
to be more tolerant of low salinity than their medusa counterparts, with some able to survive in salinities of 10
(Holst and Jarms, 2010; Dong et al., 2015), reduced rates of asexual budding has been reported at 5 (Purcell et
al., 1999), and polyps have died when salinity was reduced to 10 and <7.5 (Holst and Jarms, 2010). Moreover,
during periods of high freshwater flows following the opening of the barrage, large quantities of sediment are
flushed out of the estuary (Margvelashvili et al., 2003) which is likely to be inhospitable to the establishment
of polyp colonies. The reappearance of medusae in the estuary coincides with the return of marine conditions,
consistent with the exchange time for the estuary water of 100 days (Dobbie et al., 2003). This observation
indicates that medusae in the estuary may be restocked from coastal populations rather than from local
populations of polyps. Data on sizes of medusae, however, would be needed to help interpret recruitment

patterns.

The most robust test of how modification of environmental flows affects medusae populations would require
comparing the population dynamics of medusae in a modified estuary with one or more control estuaries where
flows were unmodified. Comparing population dynamics of medusae in the estuary before and after the
construction of the barrage would also be very informative. However, no data on the population dynamics of
medusae are available from before the barrage was constructed and estuaries to the north and south of the
Fitzroy River lack populations of C. mosaicus. Hence robust controls were not available and our conclusions
from the EHMP data set are essentially based on correlations. Relying solely on correlational and
circumstantial evidence to support inferences risks drawing the wrong conclusions from data (Pitt et al., 2018).
Nevertheless, there are two reasons we are confident in our conclusions. First was the consistency of the pattern
observed over the duration of the 20-year data set. Major flow events occurred approximately 16 times over
the 20-year period and medusae disappeared from the Upper estuary following every major flow event.
Secondly, our observations were supported by robust laboratory experiments, replicating changes that would

occur naturally (i.e. rainfall) and as a result of estuarine modifications (i.e. a barrage opening).

In conclusion, our study provides evidence that the population dynamics of the estuarine medusae Catostylus
mosaicus are partly driven by freshwater inputs into an artificially modified and managed estuary. Medusae
are unable to survive extreme low salinity such as when a barrage releases large volumes of freshwater, but
are more likely to survive smaller, transient changes to salinity in the estuary that might occur following a
rainfall event. Modifications of natural estuarine systems that change freshwater flows in an estuary are

therefore likely to lead to significant changes in the population dynamics of estuarine medusae.
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382 5 Appendices
383  Appendix 1 — Map of the Fitzroy Basin with land use and sampling points divided by area (Upper, Mid,
384  Lower estuary). Base map sourced from the Queensland Land Use Mapping Program (Department of

385 Environment and Science, Queensland Government).
386  Appendix 2 — Correlation matrixes for (a) Upper, (b) Mid, (c) Lower estuary variables
387  Acknowledgements

388  This research was supported by the University of Southampton and Griffith University, through the NERC-
389  funded SPITFIRE Doctoral Training Partnership International Placement Scheme. We want to thank Ashley
390  Johnston for her invaluable assistance throughout the experiment, Jonathan Lawley and Carolina Jacobson for
391  technical assistance, as well as all the staff at Sea Jellies Illuminated, Sea World, for their help throughout the
392  study. This paper contains data provided by the State of Queensland (Department of Environment and

393  Science) 20109.

394 6 References

395

396  Albert, D.J., 2012. Controlled activation of species typical behaviour to low salinity, seawater movement and
397  seawater depth in Aurelia labiata (Scyphozoa) jellyfish in Roscoe Bay, Canada. Hydrobiologia 680, 179-
398  186.

399  Albert, D.J., 2014. Field observations of four Aurelia labiata jellyfish behaviours: swimming down in
400  response to low salinity, pre-empted swimming up in response to touch, but animal and plant materials were
401  captured equally. Hydrobiologia 736, 61-72.

402  Amorim, K., Mattmdiller, R.M., Algueré-Mudiz, M., Meunier, C.L., Alvarez-Fernandez, S., Boersma, M.,
403 Morais, P., Teoddsio, M.A., 2018. Winter river discharge may affect summer estuarine jellyfish blooms.
404  Marine Ecology Progress Series 591, 253-265.

405  Baumsteiger, J., O'Rear, T.A., Cook, J.D., Manfree, A.D., Moyle, P.B., 2018. Factors affecting distribution
406  and abundance of jellyfish medusae in a temperate estuary: a multi-decadal study. Biological Invasions 20,
407  105-119.

408  Brewer, R.H., 1989. The annual pattern of feeding, growth and sexual reproduction in Cyanea (Cnidaria:

409  Scyphozoa) in the Niantic River Estuary, Connecticut. Biological Bulletin 176, 272-281.

410 Brotz, L., Schiariti, A., Lépez-Martinez, J., Alvarez-Tello, J., Morandini, A.C., Preciado, M., Laaz, E.,
411  Mianzan, H., 2017. Jellyfish fisheries in the Americas: origin, state of the art, and perspectives on new
412  fishing grounds. Reviews in Fish Biology and Fisheries 27.

16



413
414
415

416
417

418
419

420
421
422

423
424

425
426

427
428
429

430
431
432

433
434
435

436
437
438

439
440
441

442

Bunn, S.E., Abal, E.G., Smith, M.J., Choy, S.C., Fellows, C.S., Harch, B.D., Kennard, M.J., Sheldon, F.,
2010. Integration of science and monitoring of river ecosystem health to guide investments in catchment

protection and rehabilitation. Freshwater Biology 55, 223-240.

Cargo, D.G., King, D.R., 1990. Forecasting the Abundance of the Sea Nettle, Chrysaora quinquecirrha, in
the Chesapeake Bay. Estuaries 13, 486-491.

Carrascal, L.M., Galvén, 1., Gordo, O., 2009. Partial least squares regression as an alternative to current

regression methods used in ecology. Oikos 118, 681-690.

Chi-Hyuck, J., Lee, S.-H., Park, H.-S., Lee, J.-H., 2009. Use of Partial Least Squares Regression for Variable
Selection and Quiality Prediction, International Conference on Computers and Industrial Engineering,, pp.
1302-1307.

Chong, 1.-G., Jun, C.-H., 2005. Performance of some variable selection methods when multicollinearity is

present. Chemometrics and Intelligent Laboratory Systems 78, 103-112.

Conley, K., Uye, S., 2015. Effects of hyposalinty on survival and settlement of moon jellyfish (Aurelia
aurita) planulae. Journal of Experimental Marine Biology and Ecology 462, 14-19.

Dawson, M.N., 2005. Incipient speciation of Catostylus mosaicus (Scyphozoa, Rhizostomeae, Catostylidae),
comparative phylogeography and biogeography in south-east Australia. Journal of Biogeography 32, 515-
533.

Dawson, M.N., Cieciel, K., Decker, M.B., Hays, G.C., Lucas, C.H., Pitt, K.A., 2015. Population-level
perspectives on global change: genetic and demographic analyses indicate various scales, timing, and causes

of scyphozoan jellyfish blooms. Biological Invasions 17, 851-867.

Dobbie, M., Harch, B., Packett, R., 2003. Statistical analysis of the water quality of the Fitzroy River estuary
(FE3): Recommendations for improving current monitoring practices, in: Cooperative Research Centre for

Coastal Zone, E.a.W.M. (Ed.), Indooroophilly Sciences Centre, Queensland, Australia, pp. 1-62.

Dong, J., Sun, M., Purcell, J.E., Chai, Y., Zhao, Y., Wang, A., 2015. Effect of salinity and light intensity on
somatic growth and podocyst production in polyps of the giant jellyfish Nemopilema nomurai (Scyphozoa:
Rhizostomeae). Hydrobiologia 754, 75-83.

Gillanders, B.M., Kingsford, M.J., 2002. Impact of changes in flow of freshwater on estuarine and open
coastal habitats and the associated organisms. Oceanography and Marine Biology: An Annual Review 40,
233-300.

Goldstein, J., Steiner, U.K., 2017. Ecological and demographic drivers of jellyfish blooms. PrePrint.

17



443  Heim-Ballew, H., Olsen, Z., 2019. Salinity and temperature influence on scyphozoan jellyfish abundance in
444 the Western Gulf of Mexico. Hydrobiologia 827, 247-262.

445  Holst, S., Jarms, G., 2010. Effects of low salinity on settlement and strobilation of Scyphozoa (Cnidaria): Is
446  the lion’s mane Cyanea capillata (L.) able to reproduce in the brackish Baltic Sea? Hydrobiologia 645, 53-
447  68.

448  Jones, M.-A., Moss, A., 2011. Developing water quality guidelines for the protection of the freshwater
449  aquatic ecosystems in the Fitzroy Basin. Department of Environment and Resource Management,

450  Queensland Government, pp. 1-20.

451 Kang, K., Lee, G., 2020. Man-Induced Discrete Freshwater Discharge and Changes in Flow Structure and
452  Bottom Turbulence in Altered Yeongsan Estuary, Korea. Water 12, 1919.

453  Kim, J.Y., Kim, G.-Y., 2020. Effects of regulated dam discharge on plants and migratory waterfowl are
454  mediated by salinity changes in estuaries. International Review of Hydrobiology, 1-6.

455  Kingsford, M.J., Becken, S., Bordehore, C., Fuentes, V.L., Pitt, K.A., Yangihara, A.A., 2018. Empowering
456  Stakeholders to Manage Stinging Jellyfish: A Perspective. Coastal Management 46, 1-18.

457  Kingsford, M.J., Pitt, K.A., Gillanders, B.M., 2000. Management of jellyfish fisheries, with special reference
458  to the order Rhizostomeae, in: Gibson, R.N., Barnes, M. (Eds.), Oceanography and Marine Biology: an
459  Annual Review. CRC Press.

460 Klein, S.G., Pitt, K.A., Carroll, A.R., 2016. Reduced salinity increases susceptibility of zooxanthellate

461  jellyfish to herbicide toxicity during a simulated rainfall event. Environmental Pollution 209, 79-86.

462 Lee, H.E., Han, C.H., Kim, H., Yoon, W.D., 2017. Effects of Temperature and Salinity on the Asexual

463  Reproduction of Nemopilema nomurai (Scyphozoa: Rhizostomeae). Ocean Science Journal 52, 573-579.

464  Lehner, B., Liermann, C.R., Revenga, C., Vorésmarty, C., Fekete, B., Crouzet, P., D6ll, P., Endejan, M.,
465  Frenken, K., Magome, J., Nilsson, C., Robertson, J.C., Rédel, R., Sindorf, N., Wisser, D., 2011. High-
466  resolution mapping of the world’s reservoirs and dams for sustainable river-flow management. Frontiers in
467  Ecology and the Environment 9, 494-502.

468 Leone, A., Lecci, R.M., Durante, M., Meli, F., Piraino, S., 2015. The bright side of gelatinous blooms:
469  nutraceutical value and antioxidant properties of three Mediterranean jellyfish (Scyphozoa). Marine Drugs
470 13, 4654-4681.

471  Lucas, C.H., Graham, W.M., Widmer, C., 2012. Jellyfish life histories: role of polyps in forming and
472 maintaining scyphomedusa populations. Advances in Marine Biology 63, 133-196.

18



473
474

475
476
477
478

479
480

481
482
483

484
485

486
487

488
489

490
491

492
493

494
495

496
497
498

499
500

501
502

Ma, Q., Moreira, T.M., Adcock, T.A.A., 2019. The impact of a tidal barrage on coastal flooding due to storm

surge in the Severn Estuary. Journal of Ocean Engineering and Marine Energy 5, 217-226.

Margvelashvili, N., Robson, B., Sakov, P., Webster, I.T., Parslow, J., Herzfeld, M., Andrewartha, J., 2003.
Numerical modelling of hydrodynamics, sediment transport and biogeochemistry in the Fitzroy Estuary.
Cooperative Research Centre for Coastal Zone, Estuary and Waterway Management, Indooroopilly Sciences

Centre, Queensland, Australia.

Montagna, P., Palmer, T.A., Pollack, J.B., 2012. Hydrological Changes and Estuarine Dynamics. Springer
New York.

Morais, P., 2008. Review on the major ecosystem impacts caused by damming and watershed development
in an Iberian basin (SW-Europe): focus on the Guadiana estuary. International Journal of Limnology 44,
105-117.

Mulligan, M., van Soesbergen, A., Séenz, L., 2020. GOODD, a global dataset of more than 38,000
georeferenced dams. Scientific Data 7, 31.

Omori, M., 1981. Edible jellyfish (Scyphomedusae: Rhizostomeae) in the Far East [Sea] waters: A brief
review of the biology and fishery. Bulletin of Plankton Society of Japan 28, 1-11.

Pitt, K., Kingsford, M.J., 2003a. Temporal and spatial variation in recruitment and growth of medusae of the
jellyfish, Catostylus mosaicus (Scyphozoa : Rhizostomeae). Marine and Freshwater Research 54, 117-125.

Pitt, K., Kingsford, M.J., 2003b. Temporal variation in the virgin biomass of the edible jellyfish, Catostylus

mosaicus (Scyphozoa, Rhizostomeae). Fisheries Research 63, 303-313.

Pitt, K.A., 2000. Life history and settlement preferences of the edible jellyfish Catostylus mosaicus. Marine
Biology 136, 269-279.

Pitt, K.A., Kingsford, M.J., 2000. Geographic separation of stocks of the edible jellyfish Catostylus mosaicus
(Rhizostomeae) in New South Wales, Australia. Marine Ecology Progress Series 196, 143-155.

Pitt, K.A., Lucas, C.H., Condon, R.H., Duarte, C.M., Stewart-Koster, B., 2018. Claims That Anthropogenic
Stressors Facilitate Jellyfish Blooms Have Been Amplified Beyond the Available Evidence: A Systematic

Review. Frontiers in Marine Science 5, 451.

Purcell, J.E., 2012. Jellyfish and Ctenophore Blooms Coincide with Human Proliferations and

Environmental Pertubations. Annual Review of Marine Science 4, 209-235.

Purcell, J.E., Baxter, E.J., Fuentes, V., 2013. Jellyfish as products and problems of aquaculture, in: Alan, G.,
Burnell, G. (Eds.), Advances in aquaculture hatchery technology, 1 ed. Woodhead Publishing, pp. 404-430.

19



503
504

505
506
507

508
509
510

511
512
513

514
915

516
517

518
519
520

521
522
523

524
525
526

527
528

529

530

Purcell, J.E., Use, S., Lo, W., 2007. Anthropogenic causes of jellyfish blooms and their direct consequences

for humans: a review. Marine Ecology Progress Series 350, 153-174.

Purcell, J.E., White, J.R., Nemazie, D.A., Wright, D.A., 1999. Temperature, salinity and food effects on
asexual reproduction and abundance of the scyphozoan Chrysaora quinquecirrha. Marine Ecology Progress
Series 180, 187-196.

Rippingale, R.J., Kelly, S.J., 1995. Reproduction and survival of Phyllorhiza punctata (Cnidaria:
Rhizostomeae) in a seasonally fluctuating salinity regime in Western Australia. Marine Freshwater Research
46, 1145-1151.

Rosipal, R., Kramer, N., 2005. Overview and advances in Partial Least Squares, in: Saunders, C., Grobelnik,
M., Gunn, S., J, S.-T. (Eds.), Subspace, latent structure and feature selection. Springer, Bohinj, Slovenia, pp.
34-51.

Schiariti, A., Morandini, A.C., Jarms, G., von Glehn Paes, R., Franke, S., Mianzan, H., 2014. Asexual
reproduction strategies and blooming potential in Scyphozoa. Marine Ecology Progress Series 510, 241-253.

Schnedler-Meyer, N.A., Kigrboe, T., Mariani, P., 2018. Boom and Bust: Life History, Environmental Noise,
and the (un)Predictability of Jellyfish Blooms. Frontiers in Marine Science 5, 257.

Takao, M., Uye, S., 2018. Effects of low salinity on the physiological ecology of planulae and polyps of
scyphozoans in the East Asian Marginal Seas: potential impacts of monsoon rainfall on medusa population
size. Hydrobiologia 815, 165-176.

Wang, L., Chen, Q., Han, R., Wang, B., Tang, X., 2016. Characteristics of Jellyfish Community and their
Relationships to Environmental Factors in the Yangtze Estuary and the Adjacent Areas after the Third Stage

Impoundment of the Three Gorges Dam. Procedia Engineering 154, 679-686.

Webster, C.N., Lucas, C.H., 2012. The effects of food and temperature on settlement of Aurelia aurita
planula larvae and subsequent somatic growth. Journal of Experimental Marine Biology and Ecology 436-
437, 50-55.

Widmer, C., Fox, C., Brierley, A., 2016. Effects of temperature and salinity on four species of north-eastern

Atlantic scyphistomae (Cnidaria: Scyphozoa). Marine Ecology Progress Series 559, 73-88.

Xian, W., Kang, B., Liu, R., 2005. Jellyfish blooms in the Yangtze Estuary. Science 307, 41.

20



	1 Introduction
	2 Materials and Methods
	2.1 Study Site
	2.2 Effects of freshwater discharge on the occurrence of medusae
	2.3 Experimental simulations: Barrage opening vs Short-term rainfall event

	3 Results
	3.1 Effects of freshwater discharge on occurrence of medusae
	3.3 Short-term rainfall simulation

	4 Discussion
	5 Appendices
	6 References

