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ABSTRACT

Context. Range-edge populations persist closer to their physiological thresholds, often limiting
reproductive output. Kelps are foundation species on temperate reefs, but their reproductive
phenology at range edges remains poorly understood. Aims. We assess the reproductive phenology
of Ecklonia radiata at its eastern Australian warm range edge in relation to local environmental
conditions and make comparisons with populations throughout Australia. Methods. E. radiata
fertility was monitored over multiple years and environmental predictors of fertility were
assessed using generalised additive models. Fertility responses were compared with data from
centre and cold range-edge populations. Key results. The proportion of fertile E. radiata plants
increased as daylength declined and the length of fertile tissue was positively correlated with
temperature. The magnitude of spore release was variable and responded to episodic swell and
rainfall events. This is contrary to spore-release data from centre and cold range-edge populations,
which demonstrated seasonal patterns correlated with temperature. Conclusion. Spore release
was lower at the warm range edge, yet year-round spore release demonstrated flexibility in response
to local environmental conditions. Implications. Flexible reproductive phenology of E. radiata at its
warm range edge may be advantageous for sustaining populations at low latitudes under climate change.

Keywords: Ecklonia radiata, environmental analysis, fertility, kelp, reproduction, reproductive
phenology, spores, warm-range edge.

Introduction

Range-edge populations have long been studied to understand fundamental ecological and
evolutionary theories (MacArthur 1972; Sexton et al. 2009). The central abundance theory
suggests that population size, reproduction, and genetic variability will decline from the
centre of the population towards the range edge (Gaston 2003; Sagarin et al. 2006).
This assumes that environmental conditions become less favourable towards the range
edges, which will either increase mortality or decrease reproduction (Kawecki 2008). When
reproduction is lower than mortality, the population at the edge of a species’ distribution
will decline and may contribute to range contractions (Gaston 2003). In practice, many
exceptions exist to the pattern of lowered reproductive output at range edges (Parmesan
and Hanley 2015; Pironon et al. 2017). This non-conformity can be caused, for example,
by different life-history strategies and reproductive plasticity at the range edge (Levin
2012; Almeida et al. 2017; Sinclair et al. 2020). In terrestrial systems, considerable
variation in life histories within plant communities facilitates exceptions to the central-
abundance theory (Abeli et al. 2014; Shay et al. 2021). When reproductive output at
the range edge is higher than or equal to that in centre populations, reproduction
is often driven by local environmental conditions rather than large-scale environmental
gradients (Lester et al. 2007; Granado-Yela et al. 2013; Zardi et al. 2015; Pironon et al.
2017). Teasing out the environmental drivers that alter patterns of reproduction between
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centre and range-edge populations can therefore be informative
in understanding the underlying mechanisms that structure
species range edges and contribute to range shifts.

The timing of reproductive events (or reproductive phenology)
can vary throughout a species distribution, and this may be
driven by changes in environmental conditions across a species
range (Hampe and Petit 2005). In some cases, the way
reproductive phenology changes in response to environ-
mental factors may differ between range-edge populations
and populations at the centre of species distributions
(Lara-Romero et al. 2014; Hargreaves and Eckert 2019;
Dangremond et al. 2022). Highly variable reproductive
phenology is also often reported at range edges (Sexton et al.
2009; Duarte and Viejo 2018), which may mitigate the
negative effects of lower reproductive output, contributing
to stable range edges (Hampe and Petit 2005; Hargreaves
and Eckert 2014). Reproductive strategies such as asexual
reproduction or highly variable reproductive output that
prevail at species range edges can make a population more
suitable to marginal conditions, but may also leave populations
vulnerable to increased environmental stress through lowered
genetic variation (Kawecki 2008; Oppliger et al. 2014).

Marine and coastal species that persist across strong
environmental gradients provide opportunities to better
understand adaptive phenology at range edges (Sagarin
et al. 2006; Almeida et al. 2017). Large macroalgae are
foundation species that have a variety of life-history strategies,
often grow along strong latitudinal gradients (Dayton
1985; Wernberg et al. 2019a) and, in the case of kelps
(Laminariaceae), have a heteromorphic life cycle where
adult sporophytes alternate with microscopic gametophytes
(Pedersen 1981). Kelps underpin temperate ecosystems
globally and are undergoing climate-driven declines globally,
particularly at their warm range edges (e.g. Wernberg et al.
2016; Assis et al. 2017; Filbee-Dexter et al. 2020; Coleman
et al. 2022). Understanding phenology across the range of
kelps, but particularly at warm range edges will help predict
their resilience and ability for recovery from climate-change
impacts. Compared with central populations, range-edge
populations of kelps show broad variations in patterns of
genetic structure (e.g. Robuchon et al. 2014; Vranken et al.
2021; Coleman et al. 2022), thermal tolerance thresholds
(e.g. King et al. 2019; Liesner et al. 2020), recruitment of
sporophytes (Muth et al. 2019) and reproductive strategies
of the gametophyte (Camus et al. 2021), and sporophyte
(Brown et al. 2016).

Differences in kelp reproductive phenology have been
compared among some populations, although not explicitly
compared across species geographic distributions. Kelp repro-
ductive phenology can either consist of a defined reproductive
season or continuous fertility year-round (Kain 1989; Santelices
1990; Liu et al. 2017). Fertile seasons are often governed by
growth cycles, which in turn are induced by environmental
cues unaffected by environmental change such as daylength
(e.g. Amsler and Neushul 1989; tom Dieck 1991). By contrast,

species that are continuously fertile can display peaks in
fertility (e.g. spore release) tied to environmental factors
such as temperature (Reed et al. 1996; Bartsch et al. 2013;
Mohring et al. 2013a), increased water motion (Gordon and
Brawley 2004; McConnico and Foster 2005) and nutrients
(Reed et al. 1996). In continuously reproducing kelps,
environmental cues can cause synchronous spore release,
which promotes long-distance dispersal and recolonisation
(Reed et al. 1997; Graham 2003; Edwards 2022). Seasonal
fertility can have the advantage of investing energy in
reproduction only when it is most likely to be successful,
which is often the case for species growing in environments
characterised by strong seasonality (but see Buschmann
et al. 2004; Liu et al. 2017). Conversely, continuous fertility
allows for a more flexible response to environmental conditions,
which may be of advantage to kelps growing in locations where
environmental conditions are less favourable (Hoffmann 1987;
Buschmann et al. 2006), such as range edges.

The kelp Ecklonia radiata is the main canopy-forming kelp
growing throughout Australia’s temperate coastlines and is
experiencing local declines because of heatwaves, eutrophi-
cation, and direct and indirect effects of ocean warming
(Johnson et al. 2011; Wernberg et al. 2013; Vergés et al.
2016; Wernberg et al. 2016; Carnell and Keough 2019).
The warmer, equator-ward edges of this population represent
some of the most thermally tolerant kelp populations globally
(Wernberg et al. 2019b) but are also experiencing more
frequent and intense climate disturbances (Hobday and
Lough 2011). Sporophyte fertility patterns have not been
assessed at the warm range edges of E. radiata. In other
parts of the Australian E. radiata distribution, fertility appears
seasonal and is influenced by seasonally varying environ-
mental factors, such as temperature (Mohring et al. 2013a;
Tatsumi et al. 2022). Interpopulation differences are found
where some populations increase (Mohring et al. 2013a) or
decrease (Tatsumi et al. 2022) fertility in response to rising
temperatures. Warm range edge populations of E. radiata
may have different reproductive strategies that may be
adapted to conditions that approximate the physiological
thresholds for E. radiata, contributing to the realised range
edge of this species (Hampe and Petit 2005; Oppliger et al.
2014).

Here, we characterise the reproductive phenology of
E. radiata sporophytes from the warm range-edge population
off eastern Australia. Through multi-year monitoring of plant
fertility, we aim to assess seasonality in E. radiata reproduc-
tion and test for correlative relationships between E. radiata
sporophyte fertility and a suite of environmental variables.
We synthesise our findings with previous studies of E. radiata
sporophyte fertility to construct a more complete picture of
interpopulation variability in fertility, specifically comparing
a warm range-edge population to centre and cold range-edge
populations throughout Australia. Through this study, we aim
to improve the currently limited understanding of E. radiata
phenology throughout its Australian distribution.
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Materials and methods

Location and sampling

Field sampling was undertaken fortnightly, weather permit-
ting, over a full 2-year period encompassing July 2020-July
2022, at the following three sites: Diggers Beach, (30°28’S,
153°15’E), Charlesworth Bay Beach, (30°27’S, 153°14'E)
and Sawtell Beach (30°37’S, 153°08’E). These three sites
were chosen because they represent the warmer range edge
of this species. Warm-edge populations can be defined by
in situ temperature regimes, which vary by both latitude
and depth in marine environments or altitude in terrestrial
environments (Hampe and Petit 2005; Habibzadeh et al.
2021). We define warm range edge here as populations
occurring in low latitudes of the species distribution that
occurs in the upper 10% of the temperature range (Hampe
and Petit 2005; Rehm et al. 2015; Wijffels et al. 2018), as
well as occurring in the spatial extent that is projected to be
lost under the most conservative future climate projections
(Rehm et al. 2015; Davis et al. 2022) and that harbour local
adaptations characteristic of the warmer range edge
(Habibzadeh et al. 2021; Nimbs et al. 2023). Although
there are some small and isolated populations of E. radiata
at lower latitudes further north (as far as Moreton Island at
27°S), these are found only in deeper water below a
thermocline and at a thermal environment similar to the
shallow-water populations surveyed here. The forests we
sampled are the lowest-latitude continuous and dense
functioning canopy-forming forests (Davis et al. 2021, 2022).
The three individual sites chosen encompassed ~13 km of
coastline and were variably exposed to prevailing swell
directions and accessible on snorkel to ensure fortnightly
sampling was possible. Data were pooled across sites for
analysis of temporal fertility trends and to assess the effects
of environmental covariates on fertility, as there was no
evidence for differences among sites. However, all models
used to analyse temporal fertility and effects of environmental
covariates were assessed for spatial collinearity to confirm the
absence of an effect of ‘Site’ (see ‘Data analysis’). Sampling
was conducted at depths of 2-5 m by randomly selecting
five plants along a 25-m transect and removing tissue by
cutting 10 cm above the top of the stipe. This allows
regeneration from the intercalary meristem located at the
base of the thallus (Mabin et al. 2013) and reduces potential
long-term impacts of sampling on the adult population. Pilot
studies showed that fertile material was almost exclusively
only on the top 15 cm of plants. Samples were transported
back to the laboratory in a moist dark calico sample bag
and processed on the same day.

Fertility metrics

To assess the reproductive phenology of the study population
we measured (1) the proportion of all collected plants that

930

were fertile, (2) the length (cm) of fertile tissue and (3) the
number of spores that were released per square millimetre
of fertile tissue. Plants were cleared of epiphytes by gentle
scraping with a blade and visually examined for fertile
tissue, which presents as raised and slightly discoloured
tissue on the central lamina and upper laterals of the plant.
Plants presenting fertile tissue contributed to the total
percentage of plants fertile and the length of fertile tissue
on the central lamina of these individuals was recorded.
The thallus was then left to dry for one hour at room
temperature (~19°C). After drying, a hole-punch (950 mm?)
was used to take 10 equally distributed cores across the fertile
tissue available per plant, which were all placed in 50 mL of
1-pum-filtered, UV-sterilised seawater and gently stirred for
20 min to induce spore release (as per Mohring et al.
2013a; Alsuwaiyan et al. 2019). A haematocytometer was
used to count spores from four 1-mL subsamples from each
50-mL spore sample. This established an average number of
spores of 1-mL spore solution, which was then related to
spores per square millimetre of fertile tissue (as in Mohring
et al. 2013a; Tatsumi et al. 2022).

For a 3-month period, the lengths of the thallus, stipe, and
entire plant were recorded in situ for each collected plant to
test for relationships between fertility and sporophyte
morphology. However, correlations between fertility response
variables (i.e. proportion of plants fertile, fertile tissue length
and spore release) and morphology predictors (i.e. thallus,
stipe and total plant length) were weak (r> < 0.05) and not
statically significant (at alpha level 0.05), so effects of plant
morphology on fertility were not incorporated into subsequent
analyses (Supplementary Table S1).

Environmental covariates

To investigate potential environmental drivers of sporophyte
fertility, environmental data were obtained for the sampling
period from variable sources (Table 1, Supplementary Fig. S1)
and used to assess for correlative relationships with fertility
responses. The suite of environmental predictors selected
for analyses was based on previously published relationships
(e.g. Reed et al. 1996; Gordon and Brawley 2004; Mohring
et al. 2013a) and predictors hypothesised to have biological
relevance to kelp fertility. Environmental variables were
assessed for covariance and only non-covarying (i.e. r? < 0.5
and >—0.5) environmental variables were retained for statistical
analysis (Zuur et al. 2009; Table 1; see Supplementary Table S2
for environmental variables not included in final analysis).

Data analysis

We applied a generalised linear modelling (GLM) framework
to assess for temporal trends in each of the fertility response
variables. The spore-release response variable was analysed
with data for infertile plants included and excluded from the
analyses. We did this as each response relates to separate aims
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Table I. Summary of environmental predictors used in the data analysis.

Predictor Description Range Source

SST In situ daily sea-surface temperature derived from three 18.37-25.75°C NSW DPI Fisheries shark-listening station,
daily readings. Averaged over the 2 days prior to Park Beach, Coffs Harbour
each sample date.

Swell height Swell height from Coffs Harbour Wave Rider buoy. 1.98-0.93 m Manly Hydraulics Laboratory, located at
Average for 3 days prior to sample date. 30°22'S, I53°16'E

Woave period Coffs Harbour Wave Rider buoy. Average for 3 days 13.71-7.68 s Manly Hydraulics Laboratory, located at
prior to sample date. 30°22'S, I153°16'E

Daylength Hours of sunlight daily. 14.08-10.18 h Bureau of Meteorology Coffs Harbour

station, located at 30°32’S, 153°12'E
Chlorophyll-a 8-day composite mass concentration of chlorophyll-a 0.16-13.11 mgm Globcolour downloaded from CMEMS

in seawater (level 4).

(product #009_082). Spatial resolution 4 km

Temperature anomaly Sea-level anomaly, maximum intensity of marine heatwave. 231 to —1.63°C marineheatwaves.org, pixel used located
at 30°38’S, 153°13’E
Storms Number of days with +3 m waves within |0 days 0-2 days Manly Hydraulics Laboratory, buoy located
preceding sampling from Coffs Harbour Wave Rider buoy. at 30°22’S, 153°16'E
Rainfall Rainfall 0-29.8 mm? day™' Bureau of Meteorology Coffs Harbour

station, located at 30°32’S, 153°12'E

For every predictor, distinct spatial coordinates were used to extract data for each monitoring site (i.e. Sawtell, 30°37’S, 153°08'E; Charlesworth, 30°27’S, 153°14’E;
and Diggers, 30°28’S, 153°15'E) over the sampling period unless otherwise indicated.

of this study, given the number of spores that are released into
the environment at any given time represents the total repro-
ductive output of the studied population, and the number of
spores released by fertile plants throughout the year is
indicative of temporal variability of E. radiata fertility in a
previously unstudied geography. Each response was modelled
as a function of the sample year and month in which data were
recorded to assess for temporal patterns among the fertility
response variables during the sampling period. GLMs used a
logistic link function to model the proportion of plants
fertile (i.e. binomially distributed response variable), the
number of spores released from all plants (i.e. zero-inflated
negative binomially distributed response variable) and the
number of spores released by fertile plants (i.e. negative
binomially distributed response variable; Zuur et al. 2009).
We used an identity link function to relate the length of
fertile tissue (i.e. gamma-distributed response variable) to the
year and month in which these data were recorded (Zuur et al.
2009). Model terms ‘Year’, ‘Month’ and their interaction were
initially included, with individual terms iteratively removed
and model quality evaluated using the Akaike information
criterion (AIC), where lower AIC values are indicative of
reasonably parsimonious models. To assess for temporal
trends in the number of spores released from all plants (i.e.
a zero-inflated response), model selection involved using a
binomial distribution to account for the zero-inflated component
of this response and a negative binomial distribution to account
for all non-0 data (Zuur et al. 2009). Predicted values from
optimal models were obtained to assess temporal trends.
After initial analysis of temporal trends, some fertility
responses appeared to covary. Simple linear models were fitted
to assess for relationships among these responses. There was a

weak (r? = 0.13) but significant (F; 512 = 31.21, P < 0.01)
positive linear relationship between the length of fertile
tissue and the proportion of fertile plants (Supplementary
Fig. S2a). Additionally, there was a weak (r> = 0.11) but
significant (F; 212 = 25.24, P < 0.001) negative linear
relationship between the number of spores from fertile plants
and the proportion of fertile plants (Fig. S2b). There was no
significant relationship between the number of spores and
the length of fertile tissue (r? < 0.01, F; 15 = 0.61, P = 0.44).

Generalised additive models (GAMs) were applied to test
for effects of environmental factors on fertility responses by
using the same link functions and distributions as described
above. Smoothing functions were removed if the effective
degrees of freedom were approximately equal to 1, which is
indicative of approximately linear responses (Zuur et al. 2009).
AlC-informed backwards model selection was applied to
identify the most parsimonious model for each fertile response.
Residual plots were assessed visually to confirm that the
GAMs and GLMs satisfied assumptions of homogeneity of
variance. Model residuals were plotted against ‘sampling
location’ (i.e. ‘Site’ with three levels) for all GAMs and
GLMs to assess whether this variable should be included as
a random effect to account for potential spatial collinearity
within the dataset. However, model residuals were randomly
distributed in response to sampling location (Supplementary
Fig. S3, S4), suggesting that site-level effects were not
apparent and confirming a mixed-effects modelling approach
was not required. All analyses were undertaken in R (ver.
4.0.3, R Foundation for Statistical Computing, Vienna,
Austria, see https://www.R-project.org/) using the pscl package
(ver. 1.5.5.1, see https://github.com/atahk/pscl/) to fit zero-
inflated GLM (Zeileis et al. 2008) and the mgcv package (ver.
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1.8-42, see https://cran.r-project.org/package=mgcv; Wood
et al. 2016) to fit all other GAMs and GLMs.

Results

Proportion of fertile plants in sample population

The percentage of plants that were fertile varied among
months but not years, indicating consistent changes in the
number of fertile plants throughout the sampling period.
‘Month’ was the only explanatory variable included in the
optimal temporal model; however, this was not statistically
significant (y*> = 9.41, P = 0.58; Supplementary Table S3).
This is most likely due to the model being fitted to a response
associated with considerably fewer data points than for other
response variables assessed, because each sample date was
associated with only one data point for the proportion of
fertile plants within the sampled population (Fig. 1, Table S3).
Therefore, the black line denoting the fitted values of the
model presented in Fig. 1 should be interpreted with caution.
Nevertheless, there was a clear trend toward higher numbers
of fertile plants between March and July during the Austral
autumn and early winter. The lowest number of fertile
plants appeared between September and December, which
is concurrent with Austral spring.

The optimal environmental model for the percentage of
plants that were fertile contained daylength as the single
predictor (Table S4), providing strong additional evidence
for a seasonal pattern in the occurrence of fertile plants and
no influence of any of the environmental predictors. The
smoothing function was dropped for daylength, favouring a
negative linear relationship (coefficient estimate: —0.56;
Fig. 2) that was marginally significant (P = 0.05). With
increasing daylength, fewer plants were fertile (Fig. 2). This
was seen as an observable decrease in the proportion of
fertile plants after the winter solstice (June), followed by an
increase after the summer solstice (December; Fig. 1).

Length of fertile tissue

The length of fertile tissue on the thallus of plants varied
between and within years, but plants displayed fertile tissue
year-round (Fig. 3). The optimal temporal model included a
significant effect of ‘Month’ (F = 2.329, P = 0.010; Table S3)
and ‘Year’ (F = 9.382, P = 0.003; Table S3). The length of
fertile tissue was slightly higher in the second sample year
than in the first sampling year (Fig. 3). The length of fertile
tissue decreased between August and November, during the
Austral spring (Fig. 3).

The optimal environmental model for the length of fertile
tissue contained the predictors SST, swell height, the number
of storm days in the 10 days preceding sampling and
chlorophyll-a concentration (Table S4). Each of these
factors was a statistically significant predictor of the length
of fertile tissue (at alpha level 0.05; Table S5) and demon-
strated that both seasonal and non-seasonal ocean factors
contribute to the length of fertile tissue in E. radiata at its
warm range edge off eastern Australia. For SST, the smoothing
function was dropped in favour of a positive linear term
(Fig. 4a). The positive relationship between the length of fertile
tissue and temperature (Fig. 4a) was driven by differences
in fertile tissue between sample years. The second sampling
year was characterised by higher SST between January and
July (~+1°C degrees; Fig. S1), which coincided with longer
fertile-tissue length during this period (Fig. 3). Swell height
had a unimodal influence on fertile tissue, with a maximum
positive effect on fertile-tissue length occurring at ~1.3 m
of swell (Fig. 4b). These intermediate swell heights coincided
with longer fertile tissue between March and June of the
second sample year (Fig. S1). The occurrence of one storm day
in the 10 days preceding sampling had the maximal positive
effect on the length of fertile tissue (Fig. 4c). For chlorophyll-a,
the smoothing function was dropped to favour a positive
linear term (Fig. 4d). This positive effect was driven by multiple
small episodic events of high (i.e. >10 mg m?) chlorophyll-a
concentration (Fig. S1).

Sampleyear: @ 1 o 2

2 8 ° Y L
= 1.00 ° 16
0
Y-
2 0.75 5
& F14 2
o >
% 0.50 cg:
c
o 12 =
£ 0.251 =
o
o
o
o 0.00A hd - 10

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun
Fig. . Results of GLMs relating the proportion of total plants fertile to the factor ‘month’. Dot points represent individual data

points, whereas the black line denotes the predicted model output of the optimal GLM. The red line represents the variation in
daylength averaged per month as used in the environmental analyses. Note the different y-axis. Sampling year | encompassed the
period July 2020-July 2021, whereas Sampling year 2 encompassed July 202 |—June 2022.
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Fig. 2. Effect of daylength on the fitted values of the optimal model for
the total proportion of fertile plants. The grey areas denote the 95%
confidence interval and rugs (short stripes) represent the observed data.

Spore release

Spore-release data showed that spores could be released year-
round (Fig. 5). For spore-release data inclusive of infertile
plants (i.e. zeros), a zero-inflated model was used consisting

of two parts. The part of the optimal temporal model
explaining the non-0 data included significant interaction of
‘Year’ and ‘Month’ (4> = 82.094, P < 0.01; Table S3).
‘Month’ had a significant effect on the part of the optimal
temporal model explaining the non-0 data only (y? = 110.42,
P <0.001; Table S3). This indicated variation in the number of
spores released both within and between years. Predicted
values from this model indicated that the number of spores
released each month was higher in the first sampling year
than in the second year between February and May, but
showed similar trends between June and January for both
years (Fig. 5a). In both sampling years, there was a minor
peak in spore release in February, which was more pronounced
in the first year than in the second. Spore release was highly
variable across the sampling periods, except for a period of
relatively lower spore release that was apparent between
September and November (Austral spring) in both sample
years (Fig. 5a).

Spore-release data from only fertile plants showed peak
patterns slightly different from data with infertile plants
included. The optimal temporal model included a significant
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Fig.3. Results of the GLM relating the length of fertile tissue (cm) to month and year. Dot points represent individual data points,

whereas the lines represent the predicted model output of the optimal GLM fitted to data from each sample year. Sampling year |
encompassed the period July 2020—July 2021, whereas Sampling year 2 encompassed July 202 | -June 2022. Note missing values for
July in Sampling year |, where fertile tissue length was not recorded initially.
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Partial effects of (a) sea-surface temperature (SST, °C), (b) swell height (m), (c) storm days (number in |0 preceding days of sample

collection), and (d) chlorophyll-a concentration (mg m~3) on the fitted values of the optimal model for length of fertile tissue. Grey areas
denote the 95% confidence interval and rugs (short stripes) on each individual graph represent the observations of fertile-tissue length.
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Fig.5. Results of GLMs relating (a) spores released per square millimetre of all plants to Month and Year, and (b) spores released per

square millimetre of fertile plants only to Month and Year covariates. Dot points represent individual data points, whereas lines are the
predicted model outputs of the best-fitting GLMs for each response variable. Sampling year | encompassed the period of July 2020—
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interaction between ‘Year’ and ‘Month’ (y*=76.652, P < 0.001;
Table S3), indicating variable responses for different months
between sampling years. The modelled relationship showed
that fertile plants release between 200 and 1400 spores
mm~2 year-round (Fig. 5b). The peak in February was more
pronounced when omitting data of infertile plants, and this
peak was higher in the first sample year as opposed to the
second (Fig. 5b). This dataset also identified an additional
peak in December, which was similar for both sample years,
and showed similar trends between years in spore release
between June and January. Spore release between February
and May was lower in the second sampling year, which is
in contrast to the response of fertile-tissue length, which
was lower in the first year than in the second sampling year.

The optimal environmental model for the number of spores
released from fertile plants contained the predictors swell
height, wave period, chlorophyll-a concentration, and rainfall
(Table S4). This showed that spore release was driven mostly
by environmental factors that are not associated with strong
seasonal trends within the study region. Each of these environ-
mental covariates was a statistically significant predictor
of spore release (Table S6). Swell height generally had a
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marginally positive effect on spore release between 1.2 and
1.6 m and had a maximum positive effect at swell heights
of ~1.8 m, before declining steeply as swell exceeded this
height (Fig. 6a). The level of swell for optimal spore release
was ~0.5 m higher than that for optimal fertile length. The
influence of wave period appeared unimodal, where wave
periods ranging between 9 and 11 s had a positive effect on
spore release, and higher values (>11 s) had a negative effect
(Fig. 6b). Wave period and swell height were highly variable
throughout the sampling period (Fig. S1) and contributed to
considerable temporal variation in spore release (Fig. 5b).

The smoothing function was dropped from chlorophyll-a
in the optimal model in favour of a negative linear term
(Fig. 6¢), which was driven by higher values of chlorophyll-
a concentration during July and September of the second
sample year (Fig. S1). Rainfall generally did not have a
large effect on spore release, but exceptionally high rainfall
events (i.e. >25 mm day™) affected spore release positively
(Fig. 6d). This response was driven by fewer than five data
points of high rainfall in December in both sample years
(Fig. S1), which contributed to the peak of spore release
noted in December (Fig. 5b).
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observed spore-release data.

Discussion

Populations at their warm range edge are often associated
with variable reproductive phenology as an adaptation to
environmental conditions that approach species’ physiological
thresholds (Sexton et al. 2009; Duarte and Viejo 2018). Here,
we showed that the fertility of E. radiata at its warm range
edge off eastern Australia was highly variable and related
to both seasonal and non-seasonal effects. The proportion of
fertile plants was related to daylength, with shorter daylengths
(Austral autumn and early winter) coinciding with higher
proportions of fertile plants, which was consistent between
sampling years. The length of fertile tissue on plants was
only partly related to seasonally varying factors, with higher
temperatures (Austral summer and autumn) contributing to
more fertile tissue. However, episodic events such as inter-
mediate swell events were associated with the greatest length
of fertile tissue on thalli. Spores could be released from fertile
plants year-round and the magnitude of spores released was
influenced by episodic events including swells and rainfall.
These specific fertility responses can be part of an adaptive
reproductive response at the warm range edge and indicate
a general versatility in phenology that may enhance species
persistence at the range edge (Sexton et al. 2009).

The number of fertile E. radiata individuals varied
seasonally and was not related to dynamic environmental
factors. Seasonal patterns in growth and reproduction are
well documented within kelps, where photoperiod or strict
temperature thresholds can trigger a switch from vegetative
growth to the production of reproductive tissue (Kain 1979;
Liining 1979; Liining and tom Dieck 1989). Here, short
daylengths coincided with a higher proportion of fertile
plants, which occurred during Austral autumn and early winter.
Seasonal influence was also detected in the length of fertile
tissue, where higher sea-surface temperatures were related to
increases in the length of fertile tissue. This indicated that
Austral autumn (March-May) is the most fertile season for
E. radiata at the warm range edge. During these months off

eastern Australia, days start to shorten, yet the lag between
atmospheric temperatures and SST means that the warmest
ocean conditions are commonly experienced during this
period (Fig. S1) (Whetton 1990), providing optimal conditions
for a high proportion of the fertile plants and a high length
of fertile tissue. These findings concur with those of other
studies that have identified autumn as part of the peak of
fertility within populations in Tasmania (Mabin et al. 2013;
Tatsumi et al. 2022) and Western Australia (Mohring et al.
2013a), which may be related to daylengths between 10 and
12 h, identified in this study as correlating with peak fertility.
Seasonal investment in reproduction is also recorded for other
kelps, where set reproductive seasons unaffected by environ-
mental change occur in Pterygophora californica (Reed et al.
1996) or narrow temperature windows drive the fertile season
in Laminaria digitata (Bartsch et al. 2013). Variable and
episodic environmental factors also affected the length of
fertile tissue in E. radiata. For instance, higher temperatures
in one sample year correlated with longer fertile tissue which
may be related to increased growth during hotter summer
months (Novaczek 1984a; Kain 1989; Wernberg et al. 2019b).
Intermediate swells coincided with a higher length of fertile
tissue, whereas higher swells were correlated with a decrease
in the length of fertile tissue. This may potentially be due to
periods of higher erosion and rates of sloughing old reproductive
tissue during higher swells (Novaczek 1984a).

Whereas the length and proportion of fertile tissue might
be highest in Austral autumn in each year, spore release
was variable between sampling years. Continuous spore release
was shown over both sample years, supporting the idea that
reproduction can be more variable at the range edge. Minor
peaks in spore release were related to episodic events such
as higher swells and rainfall and periods after storms. Higher
spore release in the first sample year coincided with higher
swells. This indicates that these factors may promote spore release
at the range edge of E. radiata’s distribution. Water motion
has been shown to promote spore release in Alaria escuelenta
(Gordon and Brawley 2004; McConnico and Foster 2005) and
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increased water motion can aid kelps with long-distance
dispersal of spores (Graham 2003; Gaylord et al. 2006;
de Bettignies et al. 2013), as may occur during storms. In
addition, synchronised spore release can increase long-
distance dispersal (Reed et al. 1997). The production of spores
year-round also means that plants can readily respond to
favourable environments (Reed et al. 1996). Year-round
production of spores was also noted in Ecklonia maxima
(Joska and Bolton 1987) at the pole-ward range edge and
in Lessonia trabeculata (Tala et al. 2004) throughout the
range, although the magnitude of spore release fluctuated
temporally. Exposed areas were reproductive later in the
year in L. trabeculata than were protected locations (Tala
et al. 2004) and had a higher total spore output than did
sheltered locations (Edding et al. 1993). This adaptation to
exposure supports the notion that continuously reproducing
plants can be adapted to locally favourable conditions. It
should be noted that many of the significant predictors of
spore release were complex predictors, and so making exact
inferences is difficult. However, each variable predicting
spore release was a stochastic event, indicating a dynamic
response to environmental factors. Interestingly, the length
of the fertile tissue was promoted by lower swells but spore
release by higher swells in this study. This may indicate that

plants grow and experience less erosion and produce more
fertile tissue during calmer conditions, ready to release spores
during periods of optimal high swell (de Bettignies et al. 2013).

Fertility in the form of spore release by E. radiata at the
warm range edge was markedly different from that in popula-
tions at higher latitudes. Data on spore release are available
for southern populations in Tasmania (i.e. the current,
poleward cold range edge) and mid-latitude populations in
Western Australia (i.e. a central population). First, the
magnitude of peak spore release for E. radiata was ~50%
less at the eastern Australian warm range edge (this study;
maximum of 1440 spores mm™2 released) than in the central
population off Western Australia (maximum of 2845 spores mm™>;
Mobhring et al. 2013a). Spore release in both of these locations
represented only a small proportion of the maximum number
of spores released at the current cold range edge in Tasmania
(125 000 spores mm™2; Tatsumi et al. 2022). Second, spores
were released year-round and at an approximately constant
rate at the warm range edge in this study, whereas a defined
season of spore release is apparent in Western Australia
(summer and autumn; Mohring et al. 2013qa; Fig. 7) and
Tasmania (autumn and winter; Tatsumi et al. 2022) (Fig. 7).
Third, the number of spores released per square millimetre
was related to temperature only in Western Australia and

Warm range edge; \
this study

Year-round spore release

®

Peak percentage fertile 12.5 h

Cold range edge;

Tatsumi et al. (2021)
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Fig.7. Comparison of spore-release data of three Ecklonia radiata populations in Australia. The warm range-edge population of this study
shows a lower number of spores but is nearly constant throughout the year. The centre population of Western Australia shows seasonal
spore release that peaks from 21 to 22.5°C and is positively correlated with temperature. The cold range edge has seasonal spore release
that peaks at 14-16°C and is negatively correlated with temperature. The highest proportion of fertile plants is at 12.5 h of daylength at the
warm range edge. Data were extracted from Tatsumi et al. (2022) for the Tasmanian populations and from Mohring et al. (2013a) for the
Western Australian populations. Note the log|o y-axis in the spore release graph.
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Tasmania (Fig. 7), whereas there was no significant relationship
between temperature and spore release at the eastern Australian
warm range edge.

This may represent an altered reproductive strategy at the
warm range edge where there is less distinct seasonality. The
relatively lower number of spores released at the warm range
edge supports the central-abundance theory (Gaston 2003;
Sagarin et al. 2006); however, year-round fertility may
compensate for lower numbers of spores released during
peaks. The flexible response to environmental conditions
may ensure that fertility matches favourable conditions for
dispersal, whereas centre populations produce spores at set
times of the year that may favour the survival of gameto-
phytes (Mohring et al. 2013b). Because the production of
spores appears to not incur large energetic costs for kelps
(Joska and Bolton 1987; De Wreede and Klinger 1988;
Santelices 1990), their fertility response may be driven by
conditions favourable for gametophyte survival (Mohring
et al. 2013b). Warm range-edge populations often produce
gametophytes that are more thermally tolerant (Hollarsmith
et al. 2020; Liesner et al. 2020), which is true for E. radiata
(Mohring et al. 2014). The production of spores during
warmer months may be beneficial for range edge populations,
because these spores can utilise summer storms for increased
dispersal and the thermally tolerant gametophytes may
contribute to improved survival under higher temperatures.
Conversely, narrower temperature thresholds for current
cold range-edge gametophytes may limit spore production
during warm months (Tatsumi et al. 2022). It should be
noted that spores from Western Australia and this study
were collected between 2- and 5-m depth, and spores from
Tasmania at a depth of 11 m. Timing of spore release may
be delayed at greater depths (~15 m), although this has
not been found to influence spore density (Mohring et al.
2013a; Giraldo-Ospina et al. 2021). This may explain a
slightly later spore-release peak in Tasmania than in Western
Australia (Fig. 7).

The reproductive phenology of the range edge population
of E. radiata off eastern Australia appears to be well adapted
to current and predicted environmental conditions. The
positive relationship between temperature and and the length
of fertile tissue, and the increased spore release with storm
events indicated that even under future climate change
scenarios, the fertility of this population is unlikely to be
restricted. Additionally, a positive correlation between
temperature and spore release is found in Western Australian
centre populations, but high temperatures decreased spore
release in Tasmanian cold range-edge populations of
E. radiata (Fig. 7). These responses indicated that poleward
populations of E. radiata may be negatively affected by
increasing temperatures (Tatsumi et al. 2022), contrary to
populations elsewhere throughout the Australian distribution
of E. radiata. This apparent adaptive fertility of E. radiata is in
contrast with kelps from the northern hemisphere that grow
in considerably cooler waters, where spore production and

release are defined by a narrow temperature window, and
so is more vulnerable to climate change (Bartsch et al. 2013).
In Australia, it is more likely that populations will be limited
by gametophyte reproduction and recruitment into young
sporophytes, rather than spore release or survival of gameto-
phytes. The temperature range and other environmental factors
under which E. radiata gametophytes reproduce and recruit to
young sporophytes in the field remain understudied (Wernberg
et al. 2019b), although the temperature range is likely to be
between 16 and 20°C in populations between ~43 and
~34°S (Novaczek 1984b; Mabin et al. 2013; Mohring et al.
2014; Alsuwaiyan et al. 2021) and in low-light conditions
found under adult kelp canopies (Tatsumi and Wright 2016;
Layton et al. 2020). This is a narrower temperature window
than that in which the release of spores can occur (e.g. between
18 and 26°C in this study) and gametophytes can survive, which
is reported to be up to 27°C (Mohring et al. 2014; Alsuwaiyan
et al. 2021).

The results of this study can be used to identify the optimal
timing to harvest fertile E. radiata plants for aquaculture
or restoration. With a rising demand for sustainable food
production, kelp aquaculture has received more attention
in recent years (Grebe et al. 2019; Forbes et al. 2022).
Traditional cultivation of kelp in Asian countries has led
the way for research into other suitable kelp species for
aquaculture (Grebe et al. 2019; Hu et al. 2021). E. radiata
is not yet farmed on industrial scales (Wiltshire et al. 2015).
This is partially due to the restricted knowledge we have of the
microscopic life processes of E. radiata (Praeger et al. 2022).
Our results indicated that with forecasts of temperature and
daylength at weekly to monthly lead times, and accurate
forecasts of wave activity up to 1 week ahead of time, the
timing of optimal spore release and the presence of fertile
tissue may be predictable at the warm range edge off eastern
Australia, and certainly elsewhere where there were stronger
links to temperature. More generally, Austral autumn appears
to be the optimal season for collecting fertile plants throughout
the Australian distribution of E. radiata. At the continental
scale, seasonal peaks might be utilised to maximise spore
release in central and cold range-edge populations (Fig. 7).

Here, we have filled knowledge gaps surrounding the
phenology and fertility of a dominant but declining kelp,
E. radiata. We showed that E. radiata has variable fertility
depending on its geographical location. There was seasonality
in the proportion of fertile plants, which increased with
shortened daylengths. Strong seasonal spore release was
noted in centre and cold range-edge populations, which
might be connected to survival and recruitment of subsequent
life-history phases. At the warm range edge off eastern
Australia, spores can be released year-round but at lower
rates than in the centre and cold range-edge populations.
Episodic events such as storms and high swells were related
to the magnitude of spore release at the range edge, which
may benefit dispersal. The fertility patterns of E. radiata at
the range edge both conform with (lowered spore counts)
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and deviate from (ability to reproduce year-round) the
central-abundance theory. Apparent local adaptation indicates
that sporophyte fertility is unlikely to be influenced by ocean
warming, and the opportunistic use of environmental conditions
favourable for dispersal may enhance spore release as the
frequency and intensity of storms increase under climate
change (Coumou and Rahmstorf 2012). Investigating
reproductive phenology across temporal and spatial scales
that encompass multiple populations exposed to variable
environmental conditions can greatly improve the under-
standing of the plasticity of kelp. This plasticity can be vital
to understanding the persistence of kelp under climate
change and the contribution of kelp to the emerging blue
economy.

Supplementary material

Supplementary material is available online.
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