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Abstract
The kelp Ecklonia radiata has become a target for controlled cultivation. However, to date there are no standardised protocols 
for the hatchery stage of this species that result in high rates of germination, gametophyte development and transition to 
sporophytes. Therefore, the objective of this study was to quantify the effect of photoperiod, light intensity, temperature, 
nutrient media and use of GeO2 on the key hatchery processes of germination, gametophyte development and transition 
to sporophytes in controlled laboratory experiments. Germination of E. radiata was high (≥ 85%) throughout the study, 
regardless of treatments. Temperature had a major effect on the length of gametophytes, which increased with increasing 
temperature. The formation of sporophytes was favoured when individuals were maintained under 17 °C continuously, while 
reduced by approximately 30% when using F/2 compared to PES nutrient media. Overall, the recommended conditions 
for the hatchery stage of E. radiata are to maintain cultures under a 12 h L:12 h D photoperiod at 17 °C as this resulted in 
higher germination rates, good gametophyte development and higher transition to sporophytes compared to other treatments. 
Moreover, the use of GeO2 has to be limited to no more than 2 days as extended use has detrimental effects on the development 
of sporophytes. Finally, storage of sorus-bearing fronds of sporophytes up to 4 days after the collection from the field 
generally increased the number of released zoospores and is a simple mechanism to increase the fertility of brood stock.
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Introduction

The brown seaweed Ecklonia radiata (C. Agardh) J. Agardh 
(order Laminariales, commonly known as kelps) has become 
a target for habitat conservation (Layton et al. 2021; Tatsumi 
et al. 2021), restoration projects (Layton et al. 2021), as 
well as for commercial seaweed cultivation to provide a 
wide range of high-value products (Winberg et al. 2011; 
Wiltshire et al. 2015). All of these applications require the 
controlled cultivation of E. radiata, including the induction 
of the release of zoospores, as well as controlled cultivation 
of early life history stages in a hatchery. Ecklonia radiata 
has a typical kelp life cycle characterised by a microscopic 
gametophyte stage which alternates with the macroscopic 

sporophyte stage (Nelson 2013). Crucially, the transition to 
the sporophyte stage occurs only under favourable conditions 
(Nelson 2005; Carney and Edwards 2010; Martins et al. 
2017) and the effect of abiotic factors on the development 
of each of the life stages of E. radiata is poorly understood. 
Previous studies have identified low rates of transition to 
sporophytes, with more than half of the seeded surfaces 
failing to produce sporophytes (Tatsumi and Wright 2016) 
and transition rates from female gametophyte to sporophyte 
as low as 10% (Tatsumi and Wright 2016) to 55% (Tatsumi 
et al. 2022). Therefore, a critical first step towards achieving 
the controlled cultivation of E. radiata for any application 
is to develop standardised protocols for the hatchery stage 
that result in high rates of germination and transition from 
gametophyte to sporophyte.

A range of factors affect reproduction in kelps and therefore 
need to be considered for the development of standardised 
protocols for the cultivation of E. radiata in hatcheries. 
Kelp species are widespread in temperate regions, which are 
characterised by strong seasonal variation in daylength, light 
intensity and temperature (Lüning 1993). In general, growth 
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and reproduction of kelps show clear seasonal patterns (Kain 
1979; Novaczek 1984a; Lee and Brinkhuis 1988; Fairhead 
and Cheshire 2004; Bartsch et al. 2008; Miller et al. 2012; 
Boderskov et al. 2021) and the reproduction of sporophytes 
(formation of sorus) is driven by short daylengths (Lüning 
1988; Pang and Lüning 2004; Boderskov et al. 2021) and 
occurs during periods of low or no growth (Kain 1979). 
Similarly, daylength is the trigger for the reproduction of 
gametophytes in kelps, although the requirements for the 
formation of antheridia and oogonia (gametogenesis) are 
species-specific (Choi et  al. 2005; Nelson 2005). While 
it has been demonstrated that female gametogenesis in 
Ecklonia requires irradiances above 10–20 µmol photons 
m−2 s−1 (Bolton and Levitt 1985; Tatsumi and Wright 2016), 
there is a lack of understanding of how daylength affects 
gametogenesis. A further key driver affecting the transition 
of life stages and growth in kelps is temperature (Nelson 2005; 
Bartsch et al. 2008). Notably, the temperature window for 
gametogenesis in kelps is narrower than for the germination 
of zoospores and growth of gametophytes (Lee and Brinkhuis 
1988; Müller et al. 2008; Martins et al. 2017; Augyte et al. 
2019; Paine et al. 2021). This has also been demonstrated for 
E. radiata (Novaczek 1984b; Mabin et al. 2013). Additionally, 
the optimal temperature range for vegetative and reproductive 
development of E. radiata can differ between ecotypes 
(Novaczek 1984b; Mohring et al. 2014).

Nutrient medium is another important consideration for the 
development of standardised protocols for hatchery cultivation 
of E. radiata. A range of nutrient media have been used in stud-
ies of kelp reproduction (Jennings 1967; Zhang et al. 2008; Ker-
rison et al. 2016; Mabin et al. 2019). F/2 and Provasoli Enriched 
Seawater (PES) are the most commonly used culture media for 
E. radiata (Mabin et al. 2013; Mohring et al. 2014; Tatsumi 
and Wright 2016) and studies using these media have reported 
successful germination, and growth of gametophytes and spo-
rophytes. However, their particular effects on the growth and 
transition of each life stage for E. radiata remain unknown and 
it is important to close this knowledge gap. Similarly, the use 
of germanium dioxide (GeO2) to control diatom growth during 
the early stages of kelp cultivation differs substantially between 
studies. While some studies omit the use of GeO2 entirely (Lee 
and Brinkhuis 1988; Bartsch et al. 2013; Tatsumi and Wright 
2016; Augyte et al. 2019), in other studies the duration of its 
application varies from the first few days of the cultivation 
period (Lüning 1981; Novaczek 1984b; Kerrison et al. 2016) 
to continuous use (Bolton and Levitt 1985; Murúa et al. 2013). 
Notably, the use of GeO2 can affect the reproduction of game-
tophytes and the development and growth of sporophytes in 
kelps (Markham and Hagmeier 1982; Shea and Chopin 2007), 
including E. radiata (Novaczek 1984b). Therefore, the effects 
of GeO2 need to be considered for the cultivation of E. radiata 
as contamination with diatoms can have detrimental effects on 
growth of E. radiata during the hatchery stage.

Finally, delaying the initiation of zoospore release by stor-
ing the sorus-bearing fronds of sporophytes for a few days 
in the laboratory after collection from a field site allows the 
time window that zoospores can be obtained to be extended. 
This is of particular importance when collection in the field is 
strongly weather-dependent or in a remote location resulting in 
a limited time window to collect biomass and process it upon 
return to the laboratory. Studies on E. radiata have initiated 
zoospore release on the day of collection (Mohring et al. 2013; 
Suebsanguan et al. 2021) or one day after collection (Tatsumi 
and Wright 2016; Tatsumi et al. 2022). However, the effect of 
delaying the initiation of zoospore release on the quantity and 
viability of released zoospores remains unknown and needs to 
be considered, including whether initiation of zoospore release 
can be delayed for more than one day following collection.

The aim of this study was to quantify optimal conditions 
for the hatchery stage of E. radiata resulting in high germina-
tion rates of zoospores and a high transition from gametophytes 
to sporophytes. The effects of the following fundamental fac-
tors for controlled cultivation were tested in laboratory-based 
experiments: (1) photoperiod in combination with light inten-
sity, (2) temperature, and (3) nutrient medium and the use of 
GeO2. For each experiment we determined the germination rate 
after 48 h, the size of gametophytes and the female:male sex 
ratio after 12 days, and the proportion of female gametophytes 
transitioned to sporophytes and their size after 30 days. Finally, 
the effect of storage of sorus-bearing fronds of sporophytes for 
up to four days after collection was quantified as the number 
and viability of zoospores. These experiments will provide an 
optimised baseline method for the cultivation of the early life 
history stages of E. radiata under highly controlled conditions.

Materials and methods

Study species

Ecklonia radiata (C. Agardh) J. Agardh is common and 
abundant along the temperate rocky coasts of Australia 
and New Zealand and is frequently the dominant sub-tidal 
canopy forming species in these habitats (Kirkman 1981; 
Novaczek 1981; Nelson 2013). Ecklonia radiata alternates 
between a microscopic gametophyte stage and a macro-
scopic sporophyte stage. Reproductive sporophytes develop 
reproductive tissue (termed sorus, plural: sori), which 
releases zoospores. These subsequently settle and germinate 
into filamentous male and female gametophytes (Fig. 1). 
These microscopic gametophytes are dioceious and show 
sexual dimorphism with male gametophytes being generally 
narrower and more branched compared to female gameto-
phytes (Mabin et al. 2013). Female gametophytes produce 
non-motile oogonia, each containing an egg, which produce 
a zygote after being fertilized by the motile antherozoids 
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produced by the male gametophyte. The zygote develops 
into a young sporophyte (Fig. 1) and individuals can reach 
an age of 10 years (Novaczek 1981).

Sample collection and zoospore release

Fertile fronds of sporophytes with visible sori (distinct dark 
and raised patches) were collected by hand from subtidal 
areas south of Mount Maunganui, Tauranga, Aotearoa New 
Zealand (37° 38' S 176° 10’ E) for each experiment and 
returned in a mesh bag exposed to air to the University of 
Waikato Coastal Marine Field Station, Tauranga, within 
45 min of collection (collection permit SP742-3). Fronds 
were maintained in 10 L buckets with filtered seawater for 
1–4 days with gentle aeration. To initiate the release of zoo-
spores, sori were excised from each frond and then cleaned 
by gently scraping, rinsing with autoclaved filtered seawater 
(AFSW) and wiping down the surface with lint free tissues 

to remove contaminants. Subsequently, sori were disinfected 
in a NaOCl bath (200 ppm, ambient temperature ~ 20 °C) 
for 2 min following Forbord et al. (2018) and then placed 
on a plastic tray and left uncovered at ambient temperature 
for 60 min to desiccate. Sori were then placed in a beaker 
filled with AFSW and occasionally stirred. After 30 min, 
the resultant zoospore solution was strained using a 120 µm 
filter followed by a 37 µm filter to remove sori and organic 
debris respectively. The spore density of the zoospore solu-
tion was determined using a haemocytometer and subse-
quently adjusted to 2,500 spores mL−1 in AFSW. Provasoli 
(PES) nutrient medium was added to allow for non-limiting 
conditions throughout the cultivation period (Mohring et al. 
2013) unless stated otherwise. GeO2 was used for the first 
2 days to eliminate diatoms (Novaczek 1984b; Redmond 
et al. 2014). A stock solution containing 250 mg GeO2 L−1 
was prepared and added at a concentration of 2 mL L−1 to the 
culture media following Redmond et al. (2014), resulting in 

Fig. 1   Life history stages of E. radiata. (a) Germinated zoospores 
(circled) 48 h post seeding characterised by a dumbbell shape. Scale 
bar = 200  µm. (b) Female (F) and male (M) gametophytes after 
12 days of cultivation under 17 °C and a photoperiod of 12 h L:12 h 
D. Female and male gametophytes are distinguishable after approxi-
mately 10 days of cultivation by differences in size and morphology. 
Female gametophytes are comprised of larger cells and the filaments 
are less branched than males. Scale bar = 200 µm. (c) Female gameto-

phyte with extruded eggs (arrow) typically observed after 20 days of 
cultivation. A sporophyte develops within 24 h of fertilisation of an 
egg marked by the first visible transverse cell division of the zygote 
(circled). Scale bar = 200  µm. (d) Development of elongated sporo-
phytes around 25 days of cultivation. Scale bar = 200 µm. (e) Young 
sporophytes with longitudal separation develop around 25  days of 
cultivation. Sporophytes form rhizoids at the basal portion of the 
blade. Scale bar = 500 µm
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a concentration of 0.5 mg GeO2 L−1 in the culture medium. 
Water in the culture dishes was changed weekly.

Experiment 1: Effect of photoperiod and light 
intensity on zoospore germination, gametophyte 
development and transition to sporophyte

To determine the effect of photoperiod and light intensity on 
zoospore germination, development of gametophytes and tran-
sition to sporophytes, a total of 140 Petri dishes (90 × 20 mm, 
LabServ, LBS60016) were seeded with zoospores obtained 
from sori collected in October 2021 as described above. Each 
Petri dish contained a glass microscope slide, which was pre-
cleaned using Decon-90 and 10% hydrochloric acid (v/v) 
according to Kerrison et al. (2016) and 20 mL of the spore 
suspension was added to each Petri dish, equating to 50,000 
spores per dish. The dishes were maintained in environmental 
control cabinets (Bio-strategy; MLR-352) at 17 °C under the 
following three photoperiods for the first 13 days of cultiva-
tion: 8 h L:16 h D (short day), 12 h L:12 h D (normal day), 
and 16 h L:8 h D (long day). The light intensity for all photo-
periods during this period was 35 µmol photons m−2 s−1 and 
was measured using a light sensor (LI-192, LI-COR, USA) 
connected to a light sensor logger (LI-1500; LI-COR, USA). 
After 48 h post seeding, the numbers of germinated zoospores 

(characterised by a germination tube and/or dumbbell shape) 
and non-germinated zoospores were quantified in 10 haphaz-
ardly selected FOV using an inverted microscope (Olympus 
CKX53) to determine the proportion (%) of settled zoospores 
in half the dishes (n = 30 for 8 h L:16 h D, n = 20 for 12 h 
L:12 h D and 16 h L:8 h D). Subsequently, the spore sus-
pension in all dishes was gently poured off and replaced with 
nutrient enriched (PES) AFSW. Culture water was changed 
weekly and the position of the dishes rearranged after each 
water change. All dishes were then returned to the cabinets and 
maintained under the same conditions. After 12 days post seed-
ing, the same dishes were used to quantify the female:male sex 
ratio of gametophytes in 5 haphazardly selected fields of view 
(FOV), as well as the size (length) of 5 haphazardly selected 
female and male individuals using an inverted microscope 
(Olympus CKX53) and the Olympus CellSens Entry Software 
(Version 2.3). Dishes used for these measurements were dis-
carded afterwards to exclude any confounding effects on sporo-
phyte development. After 13 days post seeding, the remaining 
70 dishes were either maintained at their previous photoperiod 
and light intensity or allocated to their previous photoperiod 
under increased light intensity, or a new photoperiod under 
the same or increased light intensity (Fig. 2a). Dishes main-
tained under the short photoperiod of 8 L:16 h D for the initial 
culture period were transferred to the following photoperiods 

Fig. 2   (a) Experimental design for experiment 2 testing the effects of 
photoperiod and light intensity showing photoperiods (L:D) for the 
initial 13  days of cultivation (day 0–13) and onwards (day 13–30). 
Light intensity was 35 µmol photons m−2  s−1 for the initial 13 days 
and was maintained or increased to 55  µmol photons m−2  s−1 after 

13 days of cultivation. (b) Experimental design for experiment 3 test-
ing the effect of temperature. Temperatures were either maintained at 
their initial temperature over 30 days or allocated to a new tempera-
ture after 13 days of cultivation
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after 13 days post seeding: 8 h L:16 h D, 12 h L:12 h D, and 
16 h L:8 h D. The light intensities for those photoperiods were 
35 and 55 µmol photons m−2 s−1 (Fig. 2a). Dishes maintained 
under 12 h L:12 h D and 16 h L:8 h D were transferred to the 
following photoperiods: 12 h L:12 h D, and 16 h L:8 h D with 
the light intensities for each photoperiod being 35 and 55 µmol 
photons m−2 s−1 (Fig. 2a). Each treatment had 5 replicates 
(n = 5), resulting in 70 dishes. After 30 days post seeding the 
proportion of female gametophytes that transitioned to sporo-
phytes was determined in 8 haphazardly selected FOV and the 
length of the 8 biggest sporophytes was determined for each 
dish. Sporophytes were classified as such with the first visible 
cell division of a zygote.

The experiment used three culture cabinets for the first 
13 days, with each culture cabinet set at one of the tested pho-
toperiods (8 h L:16 h D, 12 h L:12 h D, and 16 h L:8 h D) at a 
light intensity of 35 µmol photons m−2 s−1. After 13 days only 
two cabinets were used with one set at 35 µmol photons m−2 s−1 
and one set at 55 µmol photons m−2 s−1. Both were set at the 
longest photoperiod of 16 h L:8 h D and shorter photoperiods 
(12 h L:12 h D and 8 h L:16 h D) were achieved by covering 
and uncovering dishes with customised folded blackout covers.

Experiment 2: Effect of temperature on zoospore 
germination, gametophyte development 
and transition to sporophyte

To quantify the effect of temperature on zoospore germination, 
development of gametophytes and transition to sporophytes, a 
total of 108 pre-cleaned glass slides were seeded with zoospores 
obtained from sori collected in November 2021 and placed in 
Petri dishes as described above. The dishes were maintained 
under temperatures of 14, 17 and 20 °C, which are representa-
tive of water temperatures near Tauranga in winter, spring/
autumn and summer, respectively (Chappell 2013). Germina-
tion was quantified in half the dishes (n = 18 for each treatment) 
after 48 h as described above, followed by a water change with 
nutrient enriched (PES) AFSW as described above. Culture 
water was changed weekly and the position of the dishes rear-
ranged after each water change. All dishes were then returned 
to the cabinets and maintained under the same conditions. After 
12 days, the same dishes were used to quantify the sex ratio of 
gametophytes in 5 haphazardly selected FOV, as well as the size 
(length) of 5 haphazardly selected female and male gameto-
phytes using an inverted microscope (Olympus CKX53) and the 
Olympus CellSens Entry Software (Version 2.3). Dishes used 
for these measurements were discarded afterwards to exclude 
any confounding effects on the sporophyte development. The 
remaining 54 dishes were either maintained at their previous 
temperatures or allocated to a new temperature (14, 17 and 
20 °C) on day 13 (Fig. 2b) with 6 replicates for each treatment 
(n = 6) to determine whether a change in temperature affects the 
transition from gametophytes to sporophytes. After 30 days, the 

number of female gametophytes transitioned to sporophyte was 
determined in 8 haphazardly selected FOV and the length of the 
8 biggest sporophytes was determined for each dish. For this 
experiment, the number of female gametophytes transitioned 
to sporophyte was also determined on day 37 to allow for the 
fact that lower temperatures might slow the development of both 
gametophytes and sporophytes. The experiment used three cul-
ture cabinets (Bio-strategy; MLR-352) with each culture cabinet 
set at one of the tested temperatures and a photoperiod of 12 h 
L:12 h D (35 µmol photons m−2 s−1).

Experiment 3: Effect of nutrient medium and use 
of germanium dioxide on zoospore germination, 
gametophyte development and transition 
to sporophyte

To determine the effect of nutrient medium and the use of 
germanium dioxide (GeO2) on zoospore germination, devel-
opment of gametophytes and transition to sporophytes, both 
factors were fully crossed. PES and F/2 were used as culture 
media and the following durations of GeO2 exposure were 
tested for each culture media: 0, 2, 9, and 30 days with 6 
replicates for each treatment (n = 6) resulting in 48 dishes in 
total. All Petri dishes contained a pre-cleaned glass micro-
scope slide and were seeded with zoospores obtained from 
sori collected in October 2021 as described above. Petri 
dishes were maintained in a culture cabinet (Bio-strategy; 
MLR-352) at 17 °C under a photoperiod of 12 h L:12 h D 
(35 µmol photons m−2 s−1). Germination (day 2), the sex 
ratio of female and male gametophytes (day 12), and the 
size (length) of female and male individuals (day 12) were 
quantified as described above. After 30 days, the proportion 
of female gametophytes that transitioned to sporophytes was 
determined in 8 haphazardly selected FOV and the length of 
the 8 biggest sporophytes was determined for each sample.

Experiment 4: Delaying the initiation of zoospore 
release

To quantify the effect of delaying the initiation of zoospore 
release for up to four days following collection on the num-
ber and viability of released zoospores, fronds of E. radiata 
sporophytes with visible sori were collected on three sepa-
rate occasions in September and October 2021. Upon return 
to the laboratory, fronds were weighed and 12 randomly 
selected fronds were allocated to each of four 5 L plastic 
buckets filled with 4 L filtered seawater. Each bucket was 
gently aerated through a ceramic air stone and placed in a 
temperature and light controlled room (18 °C, 12 h L:12 h 
D, ≤ 6 µmol photons m−2 s−1). The total fresh weight of 
biomass collected on each occasion was similar (approxi-
mately 85 g fresh weight). The release of zoospores was 
initiated after 1, 2, 3, and 4 days following collection, with 
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each bucket randomly allocated to one of these treatments 
on the day of collection. As a control, spore release was also 
initiated on the day of collection (day 0) using 12 randomly 
selected fronds. The water in the buckets was changed after 
two days and water samples were taken from each bucket 
daily to check for the presence of zoospores. The number of 
zoospores released while sorus-bearing fronds were stored 
in buckets for 1 to 4 days was calculated by adding the num-
bers of zoospores found in the daily water samples for each 
bucket. The number of zoospores released during storage 
was then calculated as a proportion of the total number of 
zoospores released (e.g., during storage and the initiation 
process) to determine whether storing the sorus-bearing 
fronds resulted in a significant loss of zoospores prior to the 
initiation process. It was anticipated that this would ensure 
that if low numbers of zoospores were obtained during the 
delayed initiation process it would not be due to a high 
number of zoospores released during storage. Zoospores 
are expected to settle and adhere to the bucket within 24 h 
and therefore the number of zoospores found in daily water 
samples were expected to have been released within this 
time period. The total number of released zoospores was 
calculated by adding the number of zoospores released dur-
ing storage and during the initiation process.

To account for differences in sori weight across samples 
and allow for comparability across days and collections, the 
amount of AFSW used after the desiccation step to obtain 
zoospores was standardised to 150 g sori in 1 L of AFSW 
(e.g. 15 g sori were placed in 100 mL AFSW). The density of 
zoospores was determined after 30 min and adjusted to 2,500 
spores/mL as described above. Petri dishes (90 × 20 mm; 
LabServ LBS60016) were filled with 20 mL of the diluted 
spore suspension (n = 5) and subsequently placed in a culture 
cabinet (Bio-strategy; MLR-352) at 17 °C under a 12 h L:12 
h D photoperiod (15–35 µmol photons m−2 s−1). To quantify 
the viability of the spores, germination was determined after 
48 h in 8 haphazardly selected FOVs in each dish using an 
inverted microscope (Olympus CKX53). Experiments were 
conducted with three independent collections of E. radiata 
with each collection being a replicate (n = 3).

Statistical analysis

Experiment 1: A one-factor PERMANOVA was used to 
quantify the differences in germination (48 h), length of female 
and male gametophytes and the female:male sex ratio (day 12) 
between the three photoperiods (fixed factor) in which seeded 
slides were maintained for the first 13 days of the experiment. 
A three-factor PERMANOVA was used to quantify differences 
in the transition from gametophyte to sporophyte, and the length 
of sporophytes on day 30 at each of the photoperiod treatments, 
which comprised of a photoperiod treatment during the initial 

13 days of cultivation (fixed factor) and final stages of cultivation 
(day 13–10; fixed factor), under constant or increasing light 
intensity over the 30 day experiment (fixed factor).

Experiment 2: A one-factor PERMANOVA was used to 
quantify the effect of temperature (fixed factor) on the germi-
nation (48 h), length of female and male gametophytes and 
the female:male sex ratio (day 12) for the first 13 days of the 
experiment. A two-factor PERMANOVA was used to deter-
mine the effect of the temperature during the initial (day 0–13; 
fixed factor) and final stages of cultivation (day 13–30; fixed 
factor) on the transition to sporophytes and their length after 
30 days of cultivation.

Experiment 3: A two-factor PERMANOVA was used 
to determine the effect of nutrient medium (fixed factor) 
and exposure period of GeO2 (fixed factor) on the germina-
tion (48 h), length of female and male gametophytes and 
the female:male sex ratio (day 12), and the transition from 
female gametophytes to sporophytes and their length (day 
30). Due to the absence or low number of sporophytes on the 
slides exposed to GeO2 for ≥ 9 days, only data from the 0 and 
2 days exposure to GeO2 were used to quantify differences 
in the length of sporophytes.

Experiment 4: The effect of delaying the initiation of zoo-
spore release by storing sori over up to 4 days on the number 
of released zoospores and germination was assessed, with 
days of storage as fixed factor and collection as random factor.

The PERMANOVA analyses were performed using 
PRIMER 7 and PERMANOVA + . All PERMANOVA 
tests presented here used Euclidean similarity matrices and 
P-values were calculated using permutations of residuals 
under a reduced model with 9,999 random permutations for 
multi-factorial PERMANOVAs and unrestricted permuta-
tions of raw data for one-factor PERMANOVAs. If there 
was a significant difference, pair-wise a posteriori compari-
sons were made among significant groups. Differences were 
considered significant of P < 0.05, non-significant results are 
not reported.

Results

Experiment 1: Effect of photoperiod and light 
intensity on zoospore germination, gametophyte 
development and transition to sporophyte

Overall, zoospore germination was high (> 93%) and con-
sistent among each treatment. There were significant (one-
factor PERMANOVA: F(2,67) = 7.93, P < 0.001) but small 
differences in germination rates between the photoperiod 
treatments (Table 1). Germination rates were significantly 
lower under the short-day photoperiod of 8 L:16 D com-
pared to longer day photoperiods of 12 L:12 D and 18 L:6 
D (pair-wise a posteriori comparisons; P < 0.001).
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In general, the length of female gametophytes was larger 
than male gametophytes on day 12 across all of the photoperi-
ods (Table 1). Photoperiod had a significant effect on the length 
of both female (F(2,67) = 16.85, P < 0.001) and male gameto-
phytes (F(2,67) = 16.85, P < 0.001) with their lengths being 
significantly different across all photoperiods (pair-wise a pos-
teriori comparisons; P ≤ 0.003). Both female and male gameto-
phytes had the largest length under the normal-day photoperiod 
of 12 L:12 D (Table 1). Photoperiod had no effect on the sex 
ratio of gametophytes on day 12 post seeding (Table 1).

The transition from female gametophytes to sporophytes after 
30 days of cultivation was neither affected by initial photoperiod 
(day 0–13 post seeding; three-factor PERMANOVA: F(2, 56) = 0.133, 
P = 0.88), final photoperiod (day 13–30 post seeding: F(2,56) = 0.641, 
P = 0.54), nor light intensity (F(1,56) = 0.358, P = 0.55) (Fig. 3a). The 
mean transition rate ranged from 11.5 ± 2.0% to 33.3 ± 17.9%. Nota-
bly, the transition rate was highly variable among replicates within 
each treatment (Fig. 3a), with the biggest variation in transition rate 
among replicates within a treatment ranging from 0 to 100%. Only 
two of the 70 replicates had no sporophytes formed after 30 days.

The average length of sporophytes after 30 days of cultiva-
tion ranged from 87.9 ± 19.5 µm to 409.5 ± 120.0 µm (Fig. 3b). 
The length of sporophytes after 30 days post seeding was 
affected by the initial photoperiod during the first 13 days 
of cultivation during the gametophyte stage (3-factor PER-
MANOVA: F(2,54) = 8.380, P = 0.001), while neither photoper-
iod (F(2,54) = 0.853, P = 0.43) nor light intensity (F(1,54) = 0.418, 
P = 0.52) from 13 days of cultivation onwards had an effect. In 
general, sporophytes were bigger when maintained under a pho-
toperiod of 16 L:8 D for the initial 13 days of cultivation, regard-
less of the photoperiod or light intensity samples were main-
tained from 13 days of cultivation onwards. These differences 
were significant when comparing the initial short- and long-day 
photoperiods (pair-wise a posteriori comparisons; P < 0.001).

Experiment 2: Effect of temperature on zoospore 
germination, gametophyte development 
and transition to sporophyte

Temperature significantly affected zoospore germination 
(one- factor PERMANOVA: F(2,51) = 5.73, P = 0.006), 
although differences across treatments were minor (Table 2). 

Significantly more zoospores germinated at 17 °C (pair-
wise a posteriori comparisons; P ≤ 0.035) than under colder 
(14 °C) and warmer temperature conditions (20 °C).

Temperature significantly affected the lengths of both female 
and male gametophytes, which were similar within each tem-
perature treatment (Table 2). Warmer temperatures resulted 
in larger lengths for both male and female gametophytes. The 
length of gametophytes approximately doubled from 14 to 
17 °C, and increased by approximately 50% from 17 to 20 °C. 
The sex ratio of gametophytes was not affected by temperature 
and was 1.0 under all temperature conditions (Table 2).

The transition from female gametophytes to sporophytes was 
generally low and ranged from 2.7 ± 1.3% (14 °C for 30 days) to 
12.8 ± 3.9% (17 °C for 30 days) after 30 days of cultivation and 
from 5.0 ± 2.1% (14 °C for 37 days) to 10.4 ± 2.9% (Day 0–13: 
20 °C; day 13–37: 14 °C) after 37 days of cultivation (Fig. 4a). 
Notably, temperature had no effect on the transition to sporophytes 
and there was no clear trend. However, the length of sporophytes 
(Fig. 4b) was significantly affected by temperature during the initial 
(day 0–13 post seeding; two-factor PERMANOVA: F(2,29) = 3.53, 
P = 0.042) and final stages of cultivation (day 13–30 post seeding; 
F(2,29) = 3.93, P = 0.032). Sporophytes were generally smaller when 
cultivated under 14 °C during the initial cultivation period (day 
0–13 post seeding) compared to 17 °C (pair-wise a posteriori com-
parisons; P < 0.024), and when cultivated under 14 °C compared to 
20 °C during the final cultivation period (day 13–30 post seeding) 
(pair-wise a posteriori comparisons; P < 0.006). After 30 days of 
cultivation, 15 of the 54 replicates had no sporophytes formed and 
this number reduced to 10 after 37 days of cultivation.

Experiment 3: Effect of nutrient medium and use 
of germanium dioxide on zoospore germination, 
gametophyte development and transition 
to sporophyte

Zoospore germination was not affected by nutrient medium 
(F(1,40) = 0.131, P = 0.72) or the use of GeO2 (F(3,40) = 0.871, 
P = 0.47) and ranged from 93.3 ± 1.4% (F/2 with continuous 
use of GeO2) to 96.4 ± 1.1% (F/2, no Ge02).

The type of nutrient medium affected the length of 
female gametophytes on day 12 (two-way PERMANOVA: 
F(1,40) = 10.465, P = 0.002), but the use of GeO2 had no 
clear effect (F(3,40) = 1.021, P = 0.392) (Fig. 5a). Female 

Table 1   Mean (n = 30 for 8 h D:16 h L, n = 20 for 12 h L:12 h D and 
16 h L:8 h D; ± S.E.) germination after 48 h, and mean size of game-
tophytes and ratio of female:male gametophytes after 12 days under 

different photoperiods in experiment 1. Common letters in super-
scripts indicate no significant difference

Photoperiod (L:D) Germination (%) Size female gametophyte (µm) Size male gametophyte (µm) Sex ratio (F:M)

8:16 93.8 ± 0.6 a 64.6 ± 1.3 a 62.9 ± 2.7 a 1.0 ± 0.0 a

12:12 96.3 ± 0.5 b 81.9 ± 2.2 b 76.1 ± 1.7 b 1.0 ± 0.0 a

16:8 96.4 ± 0.4 b 73.2 ± 1.5 c 71.9 ± 1.1 c 1.0 ± 0.0 a
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gametophytes were significantly larger when cultivated in 
F/2 compared to PES (pair-wise a posteriori comparisons; 
P = 0.003). Notably, the length of female gametophytes was 
more variable in F/2 (100.4 ± 3.4 µm to 120.4 ± 6.6 µm) 
than in PES (98.2 ± 5.7 µm to 101.9 ± 3.3 µm) (Fig. 5a). 
The length of male gametophytes was affected by nutri-
ent medium and the use of GeO2, with a significant 

interaction between these factors (two-way PERMANOVA: 
F(3,40) = 27.85, P = 0.025). The length of male gametophytes 
followed the same trend as female gametophytes and was 
generally larger and more variable in F/2 (97.4 ± 2.4 µm 
to 126.8 ± 6.3  µm) compared to PES (96.0 ± 4.9  µm to 
105.2 ± 2.1 µm) (Fig. 5a). The female:male sex ratio of 
gametophytes was similar between treatments (Fig.  5b) 

Fig. 3   Effects of light intensity 
and photoperiod in experiment 
1. (a) Mean (n = 5; ± S.E.) 
transition from female 
gametophyte to sporophyte 
(%) after 30 days. (b) Mean 
(n = 5; ± S.E.) length (µm) of 
sporophytes after 30 days. 
Samples were maintained under 
different photoperiods (L:D) for 
the initial 13 days of cultiva-
tion (day 0–13, indicated above 
the graphs and dashed lines) 
and onwards (day 13–30; see 
axis label). Light intensity was 
maintained at 35 µmol photons 
m−2 s−1 for 30 days of cultiva-
tion or increased to 55 µmol 
photons m−2 s−1 after 13 days of 
cultivation

Table 2   Mean (n = 18; ± S.E.) germination after 48 h, and mean size of gametophytes and ratio of female:male gametophytes after 12 days under 
different temperature conditions in experiment 2. Common letters in superscripts indicate no significant difference

Temperature (°C) Germination (%) Size female gametophyte (µm) Size male gametophyte (µm) Sex ratio (F:M)

14 94.5 ± 0.4 a 40.6 ± 0.8 a 40.9 ± 4.4 a 1.0 ± 0.0 a

17 96.8 ± 0.5 b 85.0 ± 17.9 b 89.6 ± 18.0 b 1.0 ± 0.0 a

20 95.3 ± 0.8 a 138.0 ± 13.6 c 138.9 ± 12.1 c 1.0 ± 0.0 a
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and ranged from 0.9 ± 0.1 (F/2, use of GeO2 for 2 days) to 
1.2 ± 0.1 (PES, use of GeO2 for 2 days). There was a signifi-
cant interactive effect between nutrient medium and use of 
GeO2 on the sex ratio (two-factor ANOVA: F(3,40) = 4.357, 
P = 0.009) driven by a higher proportion of male gameto-
phytes in the F/2 treatment where GeO2 was used for 2 days.

The transition from female gametophytes to sporophytes 
was affected by nutrient medium and the use of GeO2, 
with a significant interaction effect between these factors 
(two-factor PERMANOVA: F(3,40) = 4.475, P = 0.007). 
Transitions were lower overall in F/2 (≤ 26%) compared 
to PES (≤ 38%) (Fig. 5c). The use of GeO2 for more than 
2 days had a marked inhibitory impact on the transition 
from gametophyte to sporophyte. When GeO2 was used 
for ≥ 9  days transitions were ≤ 0.6% for F/2, and no 

successful transition was recorded for PES. Exposure to 
GeO2 for 2 days resulted in a nearly two-third decrease in 
transition in F/2, while the transition was not affected in 
PES. Notably, the use of GeO2 for ≥ 9 days resulted in the 
successful elimination of diatoms in all dishes after 30 days 
of cultivation, while these were present in all samples with 
shorter exposure periods to GeO2.

Sporophytes were significantly larger in F/2 than in PES 
after 30 days of cultivation (two-factor PERMANOVA: 
F(1,20) = 4.679, P = 0.044). The mean length of sporo-
phytes without GeO2 exposure was 297.1 ± 39.8 µm and 
173.0 ± 29.9 µm for F/2 and PES, respectively. When indi-
viduals were exposed to GeO2 for 2 days, sporophytes had 
a mean length of 207.6 ± 53.5 µm in F/2 and a mean length 
of 150.3 ± 41.1 µm in PES.

Fig. 4   Effects of temperature 
in experiment 2. (a) Mean 
(n = 6; ± S.E.) transition 
from female gametophyte to 
sporophyte (%) after 30 and 
37 days. (b) Mean (n = 6; ± S.E.) 
length (µm) of sporophytes 
after 30 days. Samples were 
maintained under different 
temperatures (°C) for the initial 
(day 0–13) and final stages (day 
13–37) days of cultivation
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Experiment 4: Delaying the initiation of spore 
release

The number of released zoospores on the day of collection 
(day 0) was similar between collections and ranged from 
23,125 spores mL−1 (collection 1) to 37,500 spores mL−1 
(collection 2). The number of released zoospores was not 
significantly affected by delaying the initiation of spore 
release (two-factor PERMANOVA: F(4,8) = 0.871, P = 0.476). 
However, it was highly variable, with more than an order of 
a magnitude difference between treatments and collections 
ranging from 22,500 spores mL−1 (delay of 3 days, collec-
tion 2) to 1,561,875 spores mL−1 (delay of 3 days, collection 

3). To identify the change in reproductive output over time, 
the number of released zoospores was plotted as fold change 
compared to the release on day 0 (Fig. 6). In general, a higher 
number of zoospores were released when the spore release 
was delayed up to four days compared to day 0 with 1.3 to 
64.1-fold increases (Fig. 6). Only one data point (delay of 
3 days, collection 2) resulted in a fold decrease less than 1.

The released spores were viable with the average ger-
mination rates across collections ≥ 85% after 48 h, ranging 
from 85.8 ± 8.0% (day 0) to 97.3 ± 0.1% (delay of 3 days). 
The number of days zoospore initiation was delayed had no 
effect on germination rates, but there were significant dif-
ferences between collections. This effect was not consistent 
among collections, as evidenced by a significant interactive 
effect between collection x delay of initiation (two-factor 
PERMANOVA: F(8,60) = 19.954, P < 0.001).

Each of the daily collected water samples from the buck-
ets used for storing the sorus-bearing fronds contained 
zoospores, accounting for 20–30% of the total number of 
released zoospores. Notably, the majority of zoospores were 
released during the initiation process, which accounted for 
70–80% of the total number of zoospores released.

Discussion

Germination

This study provides a foundation for understanding the fac-
tors affecting germination, gametophyte development and 
transition to sporophytes, and has identified the best treat-
ment combination for the successful cultivation of early life 
stages of E. radiata under hatchery conditions. High rates 
of germination are fundamental to establish the controlled 
cultivation of any seaweed species as this is the first critical 
process of the hatchery stage. Germination was high in E. 

Fig. 5   Effects of nutrient media and GeO2 in experiment 3. (a) Mean 
(n = 6; ± S.E.) length (µm) of female and male gametophytes after 
12  days. (b) Mean (n = 6; ± S.E.) female:male sex ratio of gameto-
phytes after 12 days. (c) Mean (n = 6; ± S.E.) transition from female 
gametophyte to sporophyte (%) after 30 days

Fig. 6   Fold change of the number of released zoospores compared to 
the day of collection (day 0) when the initiation of spore release was 
delayed for 1 to 4 days in experiment 4. Each of the three collections 
was independent
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radiata with ≥ 85% in all the experiments run in this study. 
This falls well into the reported range of other kelp species 
(Müller et al. 2008; Augyte et al. 2019), although germina-
tion rates of E. radiata were generally in the higher range 
compared to Macrocystis pyrifera (39–66%; (Leal et al. 
2014)), Saccharina latissima (syn. Laminaria saccharina; 
0–75%; (Lee and Brinkhuis 1988)), Alaria esculenta (~ 60%; 
(Zacher et al. 2019)), and Laminaria digitata (~ 55–70%; 
Bartsch et al. 2013; Zacher et al. 2019)). Both photoper-
iod and temperature significantly affected germination of 
E. radiata with short daylength (8:16) and winter (14 °C) 
and summer (20 °C) temperatures resulting in significantly 
reduced germination rates. However, germination was still 
high (≥ 93%) under those conditions and only slightly lower 
(< 3%) than in other tested photoperiod and temperature 
treatments. This is in stark contrast to other studies, where 
differences in germination were more pronounced between 
photoperiod (Kerrison et al. 2016) and temperature treat-
ments (Lee and Brinkhuis 1988; Müller et al. 2008; Bartsch 
et al. 2013; Augyte et al. 2019). For example, the germina-
tion percentage of S. latissima nearly doubled when zoo-
spores were maintained in the dark for 48 h compared to a 12 
h L:12 h D photoperiod (Kerrison et al. 2016). Notably, such 
differences in germination percentage between photoperiods 
were not found for E. radiata in the present study (exper-
iment 1), even when the treatment of 48 h darkness was 
tested in a pilot study (see supplementary data). Moreover, 
previous studies have shown that temperatures representative 
of those occurring at the locations where study species were 
collected could cause a twofold change in germination (Lee 
and Brinkhuis 1988; Müller et al. 2008; Bartsch et al. 2013; 
Augyte et al. 2019) or higher (Izquierdo et al. 2002). Overall, 
E. radiata maintained high germination percentages under 
all tested conditions, including photoperiod, light intensity 
(see supplementary data), temperature, nutrient media, and 
exposure to GeO2. This ability to successfully germinate 
under a broad range of environmental conditions may be 
a competitive advantage of E. radiata over other seaweed 
species allowing for the successful colonization of available 
substrates within and outside of kelp forests, regardless of 
the season and the associated differences in temperature, 
light intensity and light period. Crucially, high germination 
percentages under non-specific conditions fulfils the first 
critical process for the successful hatchery production of 
E. radiata.

Gametophyte stage

The second critical hatchery process for the successful con-
trolled cultivation of E. radiata is the growth and devel-
opment of gametophytes. Temperature, photoperiod, and 
nutrient medium had a significant effect on the growth of 
gametophytes, with temperature being the factor which 

resulted in the most pronounced size differences across treat-
ments. Notably, the length of gametophytes increased with 
increasing temperature and was more than 3-times larger 
(~ 140 µm in length) under summer temperature conditions 
(20 °C) compared to winter temperature conditions (14 °C). 
This summer temperature falls into the optimal range of 
gametophyte growth reported for E. maxima (17.5—20°C; 
Bolton and Levitt 1985) and other ecotypes of E. radiata in 
Tasmania (16.5—22 °C; (Mabin et al. 2013)), Western Aus-
tralia (18—23 °C; Mohring et al. 2014) and New Zealand 
(12—20 °C; Novaczek 1984b).

Differences in gametophyte length were less pronounced 
across photoperiod treatments compared to temperature 
treatments. Interestingly, the largest gametophytes were found 
under the normal day photoperiod (12 h L:12 h D; ~ 80 µm 
in length) in experiment 1, while the short (8:16) and long 
day photoperiods (16 h L: 8 h D) resulted in approximately 
20% and 10% smaller gametophytes, respectively. This finding 
was unexpected, as algal growth is driven by photoperiod 
and light intensity (total daily dose of light). For example, 
increasing light periods resulted in increased vegetative 
growth of gametophytes in L. digtata at light intensities of 
10–15 µmol photons m−2 s−1 (Martins et al. 2017; Ratcliff 
et al. 2017), and in Undaria pinnafidata at light intensities of 
17–60 µmol photons m−2 s−1 (Choi et al. 2005). In general, 
vegetative growth of gametophytes is improved at lower light 
intensities (5–20 µmol photons m−2 s−1), although growth still 
occurs at high intensities up to 200 µmol photons m−2 s−1 
(Bolton and Levitt 1985; Lee and Brinkhuis 1988; Augyte 
et al. 2019). The light saturation threshold for gametophyte 
growth in kelps is 10 – 20 µmol photons m−2 s−1 (Lüning and 
Neushul 1978; Lüning 1980; Izquierdo et al. 2002) and around 
20 µmol photons m−2 s−1 for E. maxima (Bolton and Levitt 
1985). Therefore, extended light periods with light intensities 
above the light saturation threshold have the potential to 
increase stress and thus may have resulted in reduced growth 
in gametophytes of E. radiata in the present study (35 µmol 
photons m−2 s−1).

In addition to temperature and photoperiod, nutrient 
medium affected the length of gametophytes. Growth 
of gametophytes was promoted in F/2 and resulted in 
approximately 10% larger gametophytes than in PES after 
12 days, likely to be driven by compositional differences in 
these culture media. Similarly, F/2 facilitated rapid growth of 
gametophytes of L. digitata for the initial 21 days of cultivation, 
while growth in PES was significantly slower (Ratcliff et al. 
2017). However, after 25 days of cultivation gametophytes 
in F/2 and PES had similar lengths (Ratcliff et al. 2017). It 
is therefore likely, that the minor differences in gametophyte 
length of E. radiata between F/2 and PES quantified on 
day 12 would diminish over time. As a consequence, either 
nutrient medium can be used for the vegetative cultivation of 
gametophytes of E. radiata and similar growth is expected.
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Importantly, the sex ratio remained 1 throughout the pre-
sent study, equating to equal numbers of female and male 
gametophytes regardless of temperature, photoperiod, nutri-
ent medium or use of GeO2. Previous studies have found 
that the sex ratio of gametophytes is temperature-dependent 
in S. latissima (Lee and Brinkhuis 1988), Lessonia varie-
gata (Nelson 2005), Laminaria ochroleuca (Izquierdo et al. 
2002), and A. esculenta (Park et al. 2017). Shifts in the sex 
ratio are driven by a higher survival of one sex over another 
and differences in the tolerance limit between female and 
male gametophytes have been determined for temperature, 
as well as light conditions (Lee and Brinkhuis 1988; tom 
Dieck 1993; Augyte et al. 2019). However, given that the 
tested temperature range and light conditions in the pre-
sent study were within the naturally occurring range of E. 
radiata, the finding that the sex ratio remained unchanged 
was not surprising.

Sporophyte stage

The final critical process of the hatchery stage is the suc-
cessful transition from female gametophytes to sporophytes, 
which only occurs under favourable conditions (Nelson 2005; 
Carney and Edwards 2010; Martins et al. 2017). While game-
tophytes of E. radiata had high survival rates, the transition 
rates were ≤ 38% in all experiments, and considerably lower 
than those reported for other kelp species, including S. latis-
sima (~ 80–100%; Lee and Brinkhuis 1988; Park et al. 2017; 
Boderskov et al. 2022)), L. digitata (~ 90%; (Müller et al. 
2008)), and A. esculenta (~ 100%; (Park et al. 2017)) under 
favourable conditions. However, low transition rates have also 
been shown for E. radiata in previous studies. For example, 
Tatsumi and Wright (Tatsumi and Wright 2016) obtained 
an average of 5 female gametophytes mm−2 and 0.5 sporo-
phytes mm−2 in a laboratory experiment after 14 and 30 days 
respectively, equating to a transition rate of 10%. Another 
study quantified the transition rate of E. radiata during June 
(austral winter) and November (austral summer) and found 
that the transition from female gametophyte to sporophyte 
was higher in winter, with 30–55% transition compared to 
19–36% transition in summer (Tatsumi et al. 2022). Notably, 
cultures were maintained under 12 °C in June and under 17 °C 
in November to represent ambient winter and summer water 
temperatures respectively in that study (Tatsumi et al. 2022), 
suggesting that seasonality as well as a temperature may be 
important. An effect of both seasonality and temperature on 
gametogenesis and transition to sporophyte has been previ-
ously demonstrated for kelp species (Lee and Brinkhuis 1988; 
Tala et al. 2004; Murúa et al. 2013). In particular, temperature 
has been identified as the key driver for reproduction in game-
tophytes of other kelp species with transition to sporophytes 
being delayed, reduced or absent for temperatures outside of 
the optimal range (Lee and Brinkhuis 1988; Izquierdo et al. 

2002; Müller et al. 2008; Park et al. 2017; Mabin et al. 2019). 
Although temperature had no significant effect on the transi-
tion to sporophytes on E. radiata in the present study, a differ-
ent picture emerges when we simplify the results and solely 
shift the focus to those three treatments where the cultivation 
temperature remained unchanged throughout experiment 2. 
On this occasion, transition rates of E. radiata were highest 
during continuous spring/autumn temperatures after 30 days 
(17 °C; 12.8 ± 3.9%) and more than halved during continuous 
summer (20 °C; 6.8 ± 2.8%) and winter temperatures (14 °C; 
2.7 ± 1.3%). This is a clear indication that the transition to spo-
rophytes is favoured around 17 °C and agrees with previous 
studies in which the transition to sporophytes was favoured at 
the lower temperature range of optimal gametophyte growth 
(Lee and Brinkhuis 1988; Martins et al. 2017). Notably, spo-
rophytes exhibit a much narrower range of survival tempera-
ture than gametophytes (Lee and Brinkhuis 1988) and the 
restriction of gametogenesis and transition to sporophytes 
outside of temperatures favourable for sporophyte growth con-
siderably enhances their survival. Moreover, the temperature 
favoured by E. radiata in the present study was similar to the 
ambient temperature at the collection site. Zoospores for the 
present study were obtained form sori collected during austral 
spring and there may be a significant seasonality effect on the 
processes of gametogenesis and transition to sporophyte, and 
optimal temperatures and photoperiods may differ between 
seasons. 

An important result of this study was the demonstrated 
detrimental effect of GeO2 on the development of 
sporophytes of E. radiata. In general, brown algae are 
sensitive to GeO2 as Ge interferes with essential cell 
processes (Tarakhovskaya et al. 2012). Although the use 
of GeO2 for ≥ 9 days generally resulted in the successful 
elimination of diatoms, the transition to sporophytes was 
inhibited. Therefore, the use of GeO2 has to be strictly 
limited to ≤ 2 days under hatchery conditions when cultures 
are grown from zoospores. Our findings are in contrast 
to previous studies, where gametophytes successfully 
transitioned to sporophytes when exposed to GeO2 for longer 
periods (Izquierdo et al. 2002; Kerrison et al. 2016) and even 
when used continuously (Bolton and Levitt 1985; Murúa 
et al. 2013). Moreover, a previous study tested the effect of 
the duration of GeO2 exposure on the growth of S. latissima, 
where the use of GeO2 for the first 9 days of cultivation (from 
zoospores) resulted in better cover and growth of sporophytes 
compared to shorter or longer exposure periods (Kerrison 
et al. 2016). Notably, the concentration of GeO2 was similar 
between studies with 0.5 mg GeO2 L−1 culture medium in the 
present study (2 mL L−1 of 250 mg GeO2 L−1 stock solution) 
and 0.56 mg GeO2 L−1 culture medium (0.125 mL of 4.48 g 
GeO2 L−1 stock solution) used by Kerrison et al. (Kerrison 
et al. 2016). This falls well within the concentration (0.45 
– 2.26 mg GeO2 L−1 culture medium) recommended by Shea 
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and Chopin (Shea and Chopin 2007) to prevent the growth of 
diatoms and eliminate their detrimental effect on the early life 
stages of kelps (Shea and Chopin 2007). However, that study 
applied GeO2 at day 8, when gametophytes were already 
developed and the sensitivity to GeO2 is likely to be higher 
for zoospores and developing gametophytes at the start of 
the cultivation period. Moreover, lower concentrations of 
GeO2 (0.045 – 0.179 mg GeO2 L−1 culture medium) have 
been recommended to inhibit diatom growth in cultures 
of brown and green seaweeds (Markham and Hagmeier 
1982). Whilst further work is required to determine suitable 
protocols for the elimination of diatoms during the hatchery 
stage of E. radiata, lower concentrations of GeO2 applied 
at a later cultivation stage is most likely to be successful 
without negatively impacting the growth, development and 
reproduction of E. radiata.

Overcoming low transition rates is the key for the 
successful cultivation of this target species and there are 
several avenues to improve the transition rates to sporophytes 
that were recorded here. Firstly, water motion by gentle 
aeration is likely to improve gametogenesis and the transition 
to sporophytes as demonstrated for Lessonia trabeculata 
(Tala et al. 2004), Pterygophora californica and M. pyrifera 
(Reed et al. 1991). Moreover, aeration is commonly used 
during the hatchery stage of kelps (Edwards and Watson 
2011; Redmond et al. 2014; Rolin et al. 2014) as water 
movement increases the nutrient uptake (Barr et al. 2008), 
resulting in improved growth of sporophytes (Yoneshigue-
Valentin 1990). Secondly, lower nutrient concentrations 
might improve the transition rates as high concentrations of 
nitrogen have been shown to inhibit the transition (Yarish 
et al. 1990; Boderskov et al. 2022). Full strength PES as 
used here has an N concentration of > 800 µM N, which is 
well above the recommendation (100–150 µM N) for optimal 
transition rates of S. latissima (Boderskov et al. 2022). 
Similarly, concentrations of 100 µM N severely reduced the 
formation of sporophytes in Laminaria longicruris (Yarish 
et al. 1990).

Delaying the initiation of zoospore release

Storage of sorus-bearing fronds of sporophytes up to 4 days 
after the collection from the field generally increased the 
number of released zoospores without affecting the viability 
of released zoospores. Notably, delaying the initiation of 
spore release allows the time window that zoospores can 
be obtained to be extended, e.g. in in  situations where 
the sampling site is located some distance away from the 
hatchery, or if weather and/or tidal windows preclude 
field collection and induction of zoospore release being 
undertaken on the same day. Moreover, delaying the initiation 
of zoospore release is a simple mechanism to increase the 
fertility of brood stock.

Conclusions

In conclusion, critical parameters for the hatchery stage have 
been identified which resulted in high rates of germination, 
vegetative growth and successful transition to sporophytes. 
We recommend to maintain the early life stages of E. radiata 
under a 12 h L:12 h D photoperiod at 17 °C as this resulted 
in higher germination rates, good gametophyte develop-
ment and higher transition to sporophytes compared to 
other treatments. Moreover, maintaining cultures at constant 
light periods and temperatures allows for the simultaneous 
cultivation of different life stages, minimising the required 
space for a hatchery. While germination rates remained high 
and gametophytes grew well under various conditions, the 
transition from gametophyte to sporophyte was low in E. 
radiata and requires improvement to enable the efficient use 
of the resource inputs in the hatchery process. However, low 
transition rates may be an artefact of running experiments 
in static Petri dishes and are likely to improve when apply-
ing our findings to larger-scale hatchery conditions, where 
seeded ropes are maintained in aerated tanks with higher 
water exchange rates and lower nutrient concentrations.
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