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Abstract Temperature is one of the most important
drivers to affect marine ectotherms in the context of
anthropogenic climate change modifying seasonal
cycles in temperate regions. To reliably predict the
impact of climate variability on marine ectotherms,
their capacity to adapt to rapid change needs to be
understood. Due to fast transmission between gen-
erations, transgenerational effects may enable popu-
lations to moderate stressors. We examined repro-
duction across three temperature scenarios and
three generations of asexual Aurelia aurita polyps:
transgenerational warming, transgenerational cool-
ing, and stable temperatures. Polyps were incubated
at three temperatures (15, 17, 19°C) encountered in
summertime in Southampton Water. In the first two
polyps generations, temperature remained the main
driver of polyp reproduction. However, in the third
generation parental and grandparental tempera-
ture influenced offspring production. These effects
appeared most strongly in cooling scenarios: polyps
who experienced rapid cooling between generations
displayed an immediate drop in reproductive output
as opposed to polyps who remained at the same tem-
perature as their parents. Our results highlight that
transgenerational effects may require more extreme
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temperatures or increased numbers of generations to
have a measurable impact on a population, highlight-
ing the vulnerability of these organisms to continued
climate change.
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Introduction

Rising air and ocean temperatures are two indica-
tors of global climate change currently taking place
(IPCC, 2019). This warming has profound effects
on most ecosystems and the animals living within
them: increasing the frequency of marine heat-
waves (IPCC, 2019; Shanks et al., 2019); encour-
aging ocean acidification (Byrne et al., 2010; Klein
et al., 2014, 2017); and forcing species to shift their
ranges (Poloczanska et al., 2013). In marine ecosys-
tems, several species of scyphozoan jellyfish form
large blooms in coastal regions, often interfering
with human industry and recreation, from forcing
beach closures to clogging power station intake
valves (Dong et al., 2010; Kingsford et al., 2018).
These transient blooms typically show large inter-
annual variations in both abundance and phenol-
ogy (Condon et al., 2012; Schnedler-Meyer et al.,
2018a) although due to the scarcity of reliable base-
line data and a complex life cycle it is unclear how
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continued changes to the ocean system will affect
scyphozoan populations in the future.

Further investigation of jellyfish life histories
has revealed natural cycles spanning multiple spa-
tial and temporal levels (Brodeur et al., 2008; Gib-
bons & Richardson, 2013; Schnedler-Meyer et al.,
2018a). Scyphozoan jellyfish such as the frequently
studied Aurelia spp. have life cycles composed
of both a mobile, pelagic medusa and a seden-
tary, benthic polyp (Lucas et al., 2012). This flex-
ible life history enables them to take advantage of
rapidly changing environments, such as changes
to the seasonal temperature cycle experienced by
a population (Bayha & Graham, 2014). Polyps
are now known to be one of the key determinants
of the longevity, magnitude and timing of scypho-
zoan blooms, by maintaining the benthic population
across the year and producing ephyrae under appro-
priate environmental conditions (Lucas et al., 2012;
Schnedler-Meyer et al., 2018b).

As a cosmopolitan species containing multiple dif-
ferent lineages and cryptic sister species (Dawson &
Jacobs, 2001), how Aurelia spp. populations respond
to seasonal environmental stimuli in the short term
and the effects of climate variability on this cycle will
vary depending on the population and life stage in
question (Gambill & Peck, 2014; Hubot et al., 2017).
As sedentary benthic organisms, polyp health and
reproductive rates are largely determined by in situ
environmental conditions and temperature is a key
variable dictating growth, survival (Chi et al., 2019)
and reproduction (Lucas, 2001; Willcox et al., 2007,
Pascual et al., 2015). The thermal optima reflects the
seasonal temperature range experienced by a popula-
tion (Riascos et al., 2013; Hohn et al., 2017) and tem-
peratures above, or below this optima will negatively
affect survivorship and growth, even if temperatures
are within the survivable temperature range (Pur-
cell et al., 2012; Gambill & Peck, 2014; Loveridge
et al., 2021). Asexual reproduction rates increase
with increasing temperature as temperatures reach the
thermal optima, and in temperate areas, the warmer
months are key to increasing the size of the benthic
population before reproductive rates decrease as tem-
peratures decline (Purcell et al., 2012). In the context
of increased instability in the ocean sphere due to
continued climate warming, it is crucial to understand
how populations will respond to changes in their ther-
mal environment during these warmer months.
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To mitigate the effects of temperatures above or
below the thermal optima, the conditions experienced
by a polyp may partly determine the performance of
its offspring via non-genetic parental effects, or epi-
genetic processes (Klein et al., 2017; Lu et al., 2020).
To date, despite careful study of polyps and their role
in perpetuating jellyfish populations, very few stud-
ies distinguish between different polyp generations
(Lu et al., 2020; Chi et al., 2022). Transgenerational
acclimation encompass previous generations’ influ-
ences on offspring phenotype (Mousseau & Fox,
1998; Zhang et al., 2006; Youngson & Whitelaw,
2008; Wolf & Wade, 2009), resulting in the pheno-
typic modification of physiological and behavioural
offspring traits by the parent in response to a perma-
nent or temporary stimulus (Mousseau & Fox, 1998;
Youngson & Whitelaw, 2008). These effects play a
critical role in moderating the response of individu-
als to stressors such as temperature, acting as a buffer
against rapid environmental change, providing time
for adaptation and genetic change to catch up (Tucié
& Avramov, 1996; Mousseau & Fox, 1998; Marshall
et al,, 2010). This phenomena, also referred to as
‘transgenerational plasticity’ is generally reserved for
sexual reproduction, although there is mounting evi-
dence for similar processes occurring across asexual
generations (Garbutt et al., 2014; Norouzitallab et al.,
2014). Following Lu et al. (2020), here we define a
generation by individuals, i.e. an individual bud is
considered the offspring of the individual parent from
which it was produced.

In scyphozoan jellyfish, we are only just starting to
identify how much of polyp response to environmen-
tal change is driven by the in situ external environ-
ment or by offspring internal phenotype (Klein et al.,
2017; Lu et al., 2020). Transgenerational effects of
temperature on reproduction and fitness have been
identified in several species across multiple taxa such
as the waterflea Daphnia sp. and a number of fish
species (Wolf & Wade, 2009; Veilleux et al., 2015;
Donelson et al., 2016), but remain largely unexplored
in scyphozoan jellyfish (Chi et al., 2022). Due to the
exclusive asexual reproduction in polyps, these effects
may be important in governing population acclima-
tion to changing environmental conditions.

In this study, we aimed to understand how
transgenerational effects modify the response of pol-
yps to climate variability in the warmer months of the
year. In particular, we examined asexual reproductive



Hydrobiologia (2023) 850:1955-1967

1957

across three polyp generations of the scyphozoan
Aurelia aurita (Linnaeus, 1758) collected from UK
temperate coastal waters. We examined three temper-
ature scenarios: transgenerational warming, transgen-
erational cooling, and stable temperatures. We tested
the following hypotheses:

i. The exposure of parent polyps to different tem-
peratures affects (a) the number of offspring
produced per polyp; (b) offspring reproductive
mode; and (c) reproductive timing.

ii. Offspring of polyps experiencing stable tem-
perature across multiple generations will differ
in terms of (a) the number of offspring produced
per polyp; (b) offspring reproductive mode; and
(c) reproductive timing, compared with off-
spring of polyps that experienced transgenera-
tional warming or cooling.

Methods

Medusa collection and establishment of polyp
cultures

Polyps of Aurelia aurita were settled from planula
larvae taken from mature female medusae collected
on 18th January 2018 from Horsea Lake, UK (50°
49' 58.8; — 1° 05’ 36.9), when the ambient surface
temperature was 6.3°C and salinity was 21.9. Horsea
Lake is a brackish, semi-enclosed, man-made body
of water connected to Portsmouth Harbour via a con-
trolled pipe and valve, and the mean bottom (6 m)
water temperature ranges from 6.8 (+1.82 S.D.) °C in
February to 19.3 (+1.36 S.D.) °C in August, remain-
ing below 10°C from December to March (CEFAS,
2018).

Medusae were maintained in a kreisel at the
National Oceanography Centre Southampton aquar-
ium. Fully developed polyps that settled on the glass
surface were removed using a scalpel and Pasteur
pipette and 90 polyps were individually reattached in
60 ml clear polystyrene pots.

Polyp maintenance
Generation 0 (GO) replicates were maintained in

individual 60 ml microcosms at 15°C for 14 days
before the start of the experiment. Only GO polyps

that reattached were used in the experiment. Prior to
the start of the experiment, over 21 days, thirty repli-
cates per group were either maintained at experimen-
tal temperatures (15°C), or gradually transitioned at
a constant rate to experimental temperatures prior to
the start of the experiment (17, 19°C). All replicates
were maintained at their experimental temperatures
for an additional week before the start of the experi-
ment. Any offspring produced by asexual reproduc-
tion before the start of the experiment were removed.
Food was supplied at non-limiting quantities
3 days a week, directly on to polyp tentacles using a
Pasteur pipette to minimise uneaten food remaining in
the water. Due to suggestions that Artemia nauplii are
not of sufficient quality to sustain polyps (Lesniowski
et al., 2015), a combination of ZM100 (80-200 pm
dried zooplankton) mixed with 1 day-old Artemia
nauplii were fed to the polyps. Salinity was main-
tained at 31 following a week-long transition from
the collection salinity. Seawater was sourced from
Southampton Water and passed through pressurised
sand filters, a UV steriliser, a protein skimmer and a
de-nitrifier before use. When required, reduced salin-
ity water was created by adding reverse osmosis water
to seawater until the desired salinity was achieved.
Polyp cultures were maintained in darkened tempera-
ture-controlled incubators apart from when measure-
ments were being taken (<1 min) or when being fed
(<1 min) to minimise algal growth and to remove any
confounding effects of the dark/light cycle on asexual
reproduction (Holst & Jarms, 2007; Liu et al., 2009).

Experimental set up and measurements

Three successive polyp generations (GO, G1, G2)
were exposed one of three temperatures represent-
ing the potential range of temperatures encoun-
tered in summertime in Southampton Water (Fig. 1,
15°C=cold summer; 17°C=typical summer;
19°C =hot summer) (Lucas et al., 1997; Lucas &
Lawes, 1998). Successive generations were moved
to different temperature conditions in the order
outlined in Fig. 1 in order to examine transgenera-
tional warming, transgenerational cooling, and sta-
ble temperature scenarios. Temperature cycles in
Horsea Lake and Southampton Water are very simi-
lar (Lucas et al., 1997), and temperature data from
Southampton Water were used because the estuary
has longer data records (1984-2012) revealing more

@ Springer



1958

Hydrobiologia (2023) 850:1955-1967

Generation 0

Generation 0 Generation 1
n=30 n=10

!
)

=)
7\ U
=3 \
\
1) ST ST

=1
AN
(o
]
/&
==

F<i—

Incubahon
temperature (°

g0

Fig. 1 Experimental design. Three successive generations of
asexually reproducing polyps were exposed to three summer
temperatures (cold, average, hot) for 49 days to examine the
transgenerational effect of cooling, warming and stable teme-
prature scenarios on reproduction
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of the inter-annual variability (CEFAS, 2018). Oft-
spring of GO and G1 replicated were removed from
parent polyps using a Pasteur pipette and placed in
individual 60 ml clear polystyrene pots to supply
the next experimental generation. Each experiment
lasted for 49 days from the introduction of the polyp
into its individual microcosm and each replicate
was followed individually.
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Reproductive output (number of stolonal, directly
budded polyps and podocysts, Adler & Jarms, 2009)
and whether the polyp was attached, were recorded
on a weekly basis.

Data analysis

Each generation was analysed independently from the
others. Data were tested for normality and assump-
tions of statistical models were tested with g—g plots,
Levene’s and Shapiro—Wilk’s test. Appropriate statis-
tical tests were selected for each analysis based on the
results of these tests:

GO: A one-way parametric ANOVA was used to
examine the effects of temperature on average total
reproductive output and mode (directly, stolonally
budded polyp, podocyst) followed by a post hoc
Tukey test.

G1: The effect of parental and current temperature
on average offspring production for total reproductive
output and by reproductive mode in G1, as well as on
the number of days taken by G1 polyps to produce
offspring was analysed using a negative binomial
regression model due to over-dispersed count data.
As this was non-significant, the interaction term was
dropped, and an additive model was created, followed
by post hoc Tukey contrasts. Too few podocysts were
produced to enable robust statistical analysis.

G2: The effect of grandparental, parental, and cur-
rent temperature on average total offspring produc-
tion for all outputs, and separated by mode (stolonally
budded polyps, directly budded polyps, podocysts), in
G2 was analysed using a negative binomial regression
model. The data were subset by grandparental tem-
perature and each dataset was reanalysed using a neg-
ative binomial regression model to further uncover
the effects of parental and current temperature on
average offspring production. Too few podocysts
were produced to enable robust statistical analysis.
As there was no significant interactive effect between
parental and current incubation temperature the inter-
action term was dropped when examining replicates
whose grandparents were incubated at 15°C (all), and
17°C (stolonal budding), and an additive negative
binomial regression model was created.

The effect of grandparental, parental, and current
temperature on the number of days taken by G2 pol-
yps to produce offspring was analysed using an addi-
tive negative binomial regression model.
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Fig. 2 Number of offspring produced across the three GO tem-
perature treatments. A bold line inside each box and whisker
plot marks the median. The extremities of the box denote the
first and the third quartile and solid vertical lines denote the
range. 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

Results
Generation 0 (GO)

In the GO generation,>95% of polyps survived
to the end of the experiment in each of the three
temperature treatments. Asexual reproduction via
the production of direct and stolonal buds, as well
as the production of podocysts occurred in all
three temperature treatments. No strobilation was
observed in any treatment. Temperature had a sig-
nificant effect on the number of total offspring pro-
duced by GO (F(, 54=7.906, P<0.001), with GO
polyps incubated at 15°C producing significantly
fewer buds than those incubated at 17 and 19°C
(P<0.001, Fig. 2).

There were no significant differences in the
number of podocysts or directly budded polyps
produced across the three temperature treatments,
however temperature influenced the number of stol-
onally budded polyps produced (F, s4=14.47,
P <0.001), with polyps incubated at 17°C produc-
ing significantly more stolonally budded polyps
than those at 15°C or 19°C (P<0.001).

Generation 1 (G1)

A higher number of offspring were produced by
polyps incubated at higher incubation tempera-
tures, regardless of the temperature at which their
parents were incubated (Z=28.55, P <0.001; Fig. 3).
On average 2.5 additional offspring were produced
for every 2°C increase in replicate incubation
temperature.

There were no significant transgenerational effects
of temperature affecting the production of different
reproductive modes in G1 polyps. Only their cur-
rent incubation temperature affected the number of
direct buds (Z=28.287, P<0.001) and stolonal buds
(Z=3.608, P<0.001), with polyps incubated at
warmer temperatures producing more of each type no
matter their parental temperature (P <0.001, Fig. 4).

There were no significant transgenerational
effects of temperature affecting the number of days
to first bud in G1 polyps. Polyps incubated at aver-
age and warmer temperatures produced their first
offspring more rapidly than those incubated at a
cooler temperature, no matter their parental tem-
perature (Z=— 5.648, P <0.001, Fig. 5). Out of the
G1 polyps incubated at 15°C, 19 polyps did not pro-
duce any buds across the experimental period.
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Fig. 3 Number of offspring produced across the three G1 tem-
perature treatments. A bold line inside each box and whisker
plot marks the median. The extremities of the box denote the
first and the third quartile and the solid vertical lines denote
the range. Any points beyond the solid vertical line are outli-
ers. 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
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Fig. 4 Number of a directly budded polyps (DBP) and b stol-
onally budded polyps (SBP) produced across the three G1 tem-
perature treatments. A bold line inside each box and whisker
plot marks the median. The extremities of the box denote the
first and the third quartile and the solid vertical lines denote
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Fig. S Number of days taken for G1 polyps to produce off-
spring by temperature. A bold line inside each box and whisker
plot marks the median. The extremities of the box denote the
first and the third quartile and the solid vertical lines denote
the range. Any points beyond the solid vertical lines are outli-
ers. 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

Transgenerational effects in Generation 2 (G2)

In G2,>95% of polyps survived to the end of the
experiment in each temperature treatment.
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the range. Any points beyond the solid vertical lines are outli-
ers. 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

The effect of parental (i.e. G1) temperature on a
replicate’s offspring production (i.e. G2) was sig-
nificant, but its effect depended on the replicate’s
current incubation temperature. As well as this, the
interaction between parental and current tempera-
ture differed depending on the replicate’s grandpa-
rental (i.e. GO) temperature (Z=3.416, P<0.001,
Fig. 6).

Amongst polyps whose grandparents were incu-
bated at 15°C, there was no significant interactive
effect between parental and current incubation tem-
perature influencing offspring production (P <0.05,
Fig. 6a). Current temperature had a significant effect
on offspring production, with more offspring being
produced at higher temperatures (Z=2.523, P <0.05).

Amongst polyps whose grandparents were incu-
bated at 17°C, offspring production increased with
increasing parental incubation temperature, but the
strength of this effect depended on the polyp’s current
temperature (Z=2.523, P<0.05, Fig. 6b).

Finally, there was a strong effect of parental tem-
perature on polyps whose grandparents were incu-
bated at 19°C, although the strength of the effect also
depended on the current incubation temperature of
the polyp (Z=3.350, P<0.001, Fig. 6¢). G2 polyps
whole parents were incubated at 17°C produced fewer
than 1 offspring on average. G2 polyps who were
themselves incubated at 15°C produced over twice as
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Fig. 6 Number of offspring
produced across the G2
temperature treatments,
split according to grandpar-
ental (GO) temperature, i.e.
a GO temperature 15°C, b

(a) 15

() 17 (©) 19

Parental Temperature (°C)
B 15
B 17
B3 19

17°C, and ¢ 19°C. Colour
indicates parental (G1)
temperature. A bold line
inside each box and whisker
plot marks the median.

The extremities of the box
denote the first and the third
quartile and the solid verti-
cal lines denote the range.
Any points beyond the solid
vertical lines are outliers

Number of Offspring
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15 17 19 15 17 19
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Fig. 7 Number of directly
budded polyps produced by
G2 polyps whose grand-
parents were incubated at
17°C. A bold line inside
each box and whisker plot
marks the median. The
extremities of the box
denote the first and the third
quartile and the solid verti-
cal lines denote the range.
Any points beyond the solid

Number of DBP per Polyp

Parental Temperature (°C)

B3 15
B 17
‘ B3 19

vertical lines are outliers 11

15

17 19

Current Temperature (°C)

many offspring when their parent was also incubated
at 15°C, as opposed to 17 or 19°C.

The effect of parental temperature on polyps’
directly budded polyp and stolonally budded polyp
production was significant, but the effect depended
on the replicate’s current incubation temperature. As
well as this, the interaction between parental and cur-
rent incubation temperature differed depending on
the replicate’s grandparental temperature for directly
budded polyps (Z=2.768, P<0.01) and stolonally
budded polyps (Z=2.538, P <0.05).

Amongst replicates whose grandparents were incu-
bated at 15°C, only current temperature significantly
influenced the production of directly budded polyps
(Z=3.462, P<0.001) and stolonal budded polyps
(Z=3.736, P<0.001), with more direct buds and stol-
onal buds produced at current warmer temperatures.

Amongst replicates whose grandparents were
incubated at 17°C, directly budded polyp production
was affected by parental incubation temperature, but
the strength of this effect depended on the replicate’s
current temperature (Z=2.151, P<0.05, Fig. 7).
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Fig. 8 Number of directly
budded polyps produced by
G2 polyps whose grand-
parents were incubated at
19°C. A bold line inside
each box and whisker plot
marks the median. The
extremities of the box
denote the first and the third
quartile and the solid verti-
cal lines denote the range.
Any points beyond the solid
vertical lines are outliers
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Fig. 9 Number of days taken for G2 polyps to produce off-
spring by temperature group. A bold line inside each box and
whisker plot marks the median. The extremities of the box
denote the first and the third quartile and the solid vertical lines
denote the range. Any points beyond the solid vertical lines are
outliers. 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

Stolonal bud production was only affected by polyps’
current incubation temperature (Z=2.151, P <0.05).

Amongst replicates whose grandparents were incu-
bated at 19°C, directly budded polyp production was
affected by parental incubation temperature, but the
strength of this effect depended on the replicate’s cur-
rent temperature (£=2.422, P <0.05, Fig. 8). Too few
podocysts were produced to enable robust statistical
analysis.
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The preparatory period needed prior to initial off-
spring production was reduced in G2 with increas-
ing current incubation temperature (Z=-— 6.128,
P<0.001, Fig. 9) and there were no observed
transgenerational effects of temperature on repro-
ductive timing. At 19°C, G2 polyps took on aver-
age 23 days to produce their first bud, as opposed to
30 days at 17°C and approximately 49 days at 15°C
degrees.

Discussion

To reliably predict the impact of climate variability
on ecosystems, the capacity of organisms to adapt
to rapid thermal change needs to be understood.
Despite a wide tolerance to variable environmental
conditions, increasing instability in the ocean sphere
threatens to modify the timing and abundance of
seasonal temperate jellyfish blooms, which can be
highly disruptive to human activity. Across the 4°C
temperature range used in this experiment, we char-
acterised the complex effects of a range of potential
summer temperatures on three polyp generations of
the scyphozoan Aurelia aurita. In all generations, the
temperature experienced by the polyp was the main
variable driving polyp reproductive activity. However
transgenerational effects did affect polyps’ reproduc-
tive activity in certain scenarios.

Thermal regimes are a key determinant of pol-
yp’s reproductive output: thermal windows are as
narrow as possible to minimise maintenance costs
and increase efficiency. Steep declines in respiration
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rates occur at temperatures beyond thermal limits,
likely leading to a loss of function (H6hn et al.,
2017). This may explain why the widely distributed
scyphozoan A. aurita is known to have a wide toler-
ance to environmental conditions as temperate pop-
ulations are well adapted to UK coastal waters that
undergo large seasonal variations in temperature. In
our experiment, G1 and G2 polyps produced more
offspring at warmer temperatures, indicating that
our highest experimental temperature (19°C) was
within this population’s thermal limits. As well as
this, the number of days taken by polyps to pro-
duce their first offspring was lower at warmer tem-
peratures. Producing more offspring more rapidly
at warmer summer temperatures will prove advan-
tageous to polyp colonies, both in maintaining the
benthic population across the year, as well as when
producing ephyrae following suitable environmental
cues (Han & Uye, 2010). Provided this reproductive
growth is sustained with sufficient food resources,
increased reproductive output may compensate for
mortality caused by predation, inter- and intra-spe-
cific competition for space and food and physiologi-
cal stress experienced across the year (Lucas et al.,
2012).

Transgenerational effects of temperature have
been observed in a range of taxa (Burgess & Mar-
shall, 2011; Donelson et al., 2012; Groot et al., 2017).
In parthenogenetic Daphnia magna Straus, 1820,
females, maternal incubation temperature affects
offspring resistance to bacterial parasites and other
pathogens (Garbutt et al., 2014), as well as increas-
ing resistance to toxic cyanobacteria at high tempera-
tures (Lyu et al., 2017). In the coral Acropora tenuis
(Dana, 1846) parental effects account for variations
in larval settlement success and associated Symbiod-
inium communities (Quigley et al., 2016). Effects are
most likely to be environmentally adaptive if the off-
spring are faced with the same stressors and environ-
ment as the previous generation (Salinas & Munch,
2012; Mousseau & Fox, 2014). For example, a strong
adaptive response was observed in Sheepshead min-
nows where offspring from high and low tempera-
ture parents grew best at their parental temperatures,
provided sufficient exposure time (Mousseau & Fox,
1998; Salinas & Munch, 2012). Similarly, Putnam
and Gates (2015) observed that when adults of the
reef building coral Pocillopora damicornis (Lin-
naeus, 1758) were exposed to warmer, more acidic

conditions, larvae were able to better respond to simi-
lar post-release conditions.

We examined three scenarios across three genera-
tions of asexual polyps: transgenerational warming,
transgenerational cooling, and stable temperatures.
Polyps that remained at the same temperature as
their parent produced more offspring than those that
experienced transgenerational cooling. This could
indicate that within the 4°C range examined in our
experiment, transgenerational effects of temperature
could offer an advantage to polyps that experience the
same conditions as their parents. However, in regions
with large seasonal variations in temperature, such
as in UK coastal waters, these effects may not prove
beneficial. Similar to Lu et al. (2020), we observed
significant inhibition of budding activity in cooling
scenarios. In the winter and at colder experimental
temperatures, bud production slows and can reduce
to almost zero (Willcox et al., 2007). Seasonal cool-
ing in the autumn and winter may therefore dampen
polyp colony growth in the winter period partly due
to a mismatch between parental and offspring thermal
conditions. In temperate areas where polyp colonies
maintain the population through the winter, colony
expansion is likely to occur in the warmer months
of the year, and significant losses in colony size that
occur in the cooling and colder months of the year
which are unlikely to be recouped until springtime,
leaving the colony vulnerable to overgrowth and pre-
dation events.

An increasingly unstable ocean sphere due to
global climate change poses significant threats to
marine organisms, through changes to phenology
(Parmesan 2007) and range (Zhang et al., 2020). For
example, likely in response to increasing sea surface
temperatures Calanus spp. copepods have shifted
their range further north in the NE Atlantic (Beau-
grand, 2003). For species dependent on spring plank-
ton blooms, such as Aurelia spp. these changes could
potentially cause a large disruption to reproduction
and growth. As well as this, with some regions expe-
riencing rapid warming, and increased occurrences
of marine heatwaves (Belkin, 2009; IPCC, 2019),
populations are likely to be vulnerable to continued
warming beyond their thermal limits (Hohn et al.,
2017). Thermal transgenerational plasticity may pro-
vide a buffer against the effects of warming in the
short term (Bellantuono et al., 2012). However, it is
still unclear how evolution, phenotypic plasticity and
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transgenerational plasticity interact to generate long-
term responses (Salinas & Munch, 2012). For exam-
ple, in the tropical Irukandji jellyfish Alatina alata
(Reynaud, 1830), pre-exposure of parent polyps to
elevated temperatures and reduced pH did not confer
any advantage on to offspring polyps and both parent
and offspring polyps responded similarly to the treat-
ments (Klein et al., 2017).

In our experiment we did not uncover any effects
of transgenerational warming increasing the fitness
or resilience of offspring in the face of increase tem-
perature instability due to continued climate warm-
ing. Parental temperature did not affect G1 reproduc-
tive output and in G2 reproductive timing was only
driven by the current incubation temperature. Polyps
who experienced transgenerational warming across
subsequent generations did not produce significantly
different numbers of offspring than polyps who were
maintained at constant warm temperatures across
multiple generations. Our results indicate that, at
our temperature range of 15-19°C, transgenerational
effects did not significantly benefit polyp reproduc-
tive output. Our results indicate that the environmen-
tal temperature that polyps directly experience likely
plays a much larger role in driving reproduction. If
temperatures increase past population thermal lim-
its, polyps are likely to experience a sharp decline
in reproductive activity (Hohn et al., 2017). Conse-
quently, determining the thermal limits of different
populations with the aim of highlighting potentially
vulnerable regions is critical to understanding how
continued ocean warming will affect scyphozoan jel-
lyfish populations.

The extent to which a stressor modifies an off-
spring phenotype depends on the amplitude, predict-
ability, and length of the fluctuation (Mousseau &
Fox, 1998; Klein et al., 2017). As such, how an effect
is expressed, either visibly in an organism’s reproduc-
tive output, or in the offspring’s phenotype, will vary
depending on the environment and genotype in ques-
tion. Responses to environmental drivers are therefore
highly contextual to the spatio-temporal scale of the
stressor (Mousseau & Fox, 2014). Across smaller
temperature ranges, such as the 4°C range exam-
ined in this study, transgenerational effects are sub-
tle, and may require an increased number of genera-
tions to become fully apparent. For example, in our
experiment, only the third generation of polyps (G2)
presented visible influences of past generations on
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offspring production, whereas across the 8°C range
used by Lu et al. (2020), effects became visible in
the second generation of polyps. Examining larger
temperature ranges is likely to result in more visible
effects that may become apparent in fewer genera-
tions (Lu et al., 2020). Nevertheless, despite observ-
ing no visible response in G1, it is possible that phe-
notypic modification of offspring traits was occurring
at the molecular level. Pespeni et al. (2013) examined
the response of the purple sea urchin Strongylocen-
trotus purpuratus (Stimpson, 1857) to elevated CO,.
No visible signs of change were recognised, although
changes across hundreds of loci were detected, sug-
gesting that there was potential for change (Pespeni
et al., 2013). Consequently, a molecular component to
experiments is key to understanding transgenerational
effects.

In conclusion, where polyps experience tempera-
tures above or below their thermal optima, our results
indicate that transgenerational effects may require
more extreme temperatures or increased numbers of
generations to have a measurable impact on a popu-
lation. Our experiment benefitted from taking place
over three clearly defined generations of asexual pol-
yps, providing further insights into the characterisa-
tion of transgenerational acclimation in the scypho-
zoan jellyfish Aurelia aurita and the thermal drivers
of asexual reproduction. Future investigations should
investigate population-specific responses to environ-
mental change to understand how transgenerational
effects may affect populations in the context of future
environmental change.
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