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Abstract Kelp forests are ecologically diverse habitats that provide vast ecosystem goods and services, but 
are threatened by climate and anthropogenic stressors. Laminarian kelps have an alternating biphasic life 
cycle, and while there is a growing understanding of climate impacts on the macroscopic diploid sporophyte, 
impacts on the microscopic haploid gametophyte stage are just emerging. There exists a strong history of 
gametophyte literature on single species and environmental factors, but only recently studies have increasingly 
examined multiple climate stressors, species and populations. We synthesize studies on kelp gametophytes, 
building upon our understanding of their responses to environmental conditions and subsequent vulnerabil-
ity in changing oceans. Kelp gametophytes have a broad tolerance to environmental conditions predicted to 
change with climate change, including temperature and irradiance, but large variation exists among species 
and populations. Key processes such as gametogenesis and early sporophyte development consistently appear 
more sensitive to environmental conditions than vegetative growth and may present bottlenecks to ongoing 
kelp persistence. Indirect effects of climate change negatively affect kelp gametophytes through competition, 
grazing and sedimentation. Modern genomic techniques are paving the way to transition research into field 
settings that include both sporophyte and gametophyte stages. Unravelling the response of gametophytes to 
changing environmental conditions is beginning to provide an understanding of overall kelp forest persistence 
and enables proactive conservation and management initiatives in changing oceans.
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Introduction

Kelp forests, defined here as communities structured by macroalgae in the order Laminariales, are 
the dominant biogenic habitat of shallow temperate rocky reefs and underpin some of the most pro-
ductive ecosystems globally (e.g. Kain 1979, Dayton 1985, Schiel & Foster 1986, Steneck et al. 2002, 
Graham et al. 2007, Smale et al. 2013, Wernberg et al. 2019a, Wernberg & Filbee-Dexter 2019). 
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Kelp forests provide habitat for many ecologically and economically important species (Bertocci 
et al. 2015) and are often the main primary producers in many temperate rocky reef systems (Mann 
1973). They are the third most productive system globally (Filbee-Dexter & Wernberg 2018) and 
store and cycle large amounts of CO2 (Krause-Jensen & Duarte 2016, Duarte 2017, Filbee-Dexter & 
Wernberg 2020). Through direct exploitation by harvesting (Buschmann et al. 2017) and indirect 
support of economically valuable industries such as fisheries and tourism, the value of kelp forests 
is estimated at $US 684 billion annually worldwide (Eger et al. 2021).

Despite their importance, the cover of kelp forests is declining in many regions due to local 
anthropogenic impacts such as pollution, urban run-off and industrial effluents (Reed et al. 1994, 
Tegner et al. 1995, Coleman et al. 2008, Strain et al. 2014), overgrazing by urchins (Jones & 
Kain 1967, Chapman 1981, Johnson & Mann 1988, Keats et al. 1990, Filbee-Dexter & Scheibling 
2014, Ling et al. 2015) and increased sedimentation (Foster & Schiel 2010, Alestra et al. 2014). 
Decline is also occurring due to global stressors such as ocean warming (Moy & Christie 2012, 
Vergés et al. 2014, Krumhansl et al. 2016, Filbee-Dexter et al. 2016, Filbee-Dexter & Wernberg 
2018, Wernberg et al. 2019b, Berry et al. 2021, Coleman et al. 2022), marine heatwaves (Dayton 
et al. 1999, Wernberg et al. 2013, Arafeh-Dalmau et al. 2019, Smale et al. 2019) and increased fre-
quency and intensity of storms (Dayton et al. 1992, Filbee-Dexter & Scheibling 2012, Davis et al. 
2022). The decline of kelps can be due to direct impacts (Dayton et al. 1999, Smale & Wernberg 
2013, Wernberg et al. 2016), or driven by indirect effects such as climate-induced range shifts 
of tropical grazers into temperate habitats (Johnson et al. 2011, Vergés et al. 2014, Wernberg 
et al. 2016) and suppressed recruitment due to algal turfs that thrive under urbanized or acidi-
fied conditions (Connell & Russell 2010, Connell et al. 2018, Filbee-Dexter & Wernberg 2018). 
These stressors on the marine environment have altered the ecological structure (Harley et al. 
2012, Filbee-Dexter & Wernberg 2018, Vergés et al. 2019), adaptive capacity (Gurgel et al. 2020, 
Coleman et al. 2020a) and economic and social values derived from kelp forests (Bennett et al. 
2016). In contrast to these general trends, localized increases in kelp cover have also occurred in 
some regions (Krumhansl et al. 2016, Krause-Jensen et al. 2020) and understanding what confers 
these positive responses is key for informing conservation, restoration and management of kelp 
forests globally (Coleman & Goold 2019, Layton et al. 2020b, Coleman et al. 2020b, Eger et al. 
2020b).

Kelps are characterized by a haplo-diplontic life history with macroscopic diploid sporophytes 
alternating with microscopic haploid gametophytes. While we have a growing understanding of 
the functioning and resilience of kelp forests at their macroscopic sporophyte stage, our under-
standing of the microscopic gametophyte stage is considerably less (Schiel & Foster 2006). For 
example, a literature search using the keywords “gametophytes”, “microscopic stages”, “kelp” and 
“Laminariales” conducted on 5-12-2020 in Web of Science resulted in a final set of 192 papers 
(Figure 1), whereas a search on “sporophyte”, “kelp” and “Laminariales” in the same search engine 
resulted in over 5000 publications. As such, several excellent reviews exist on the effects of cli-
mate change on the ecology and persistence of kelp forests (e.g. Steneck et al. 2002, Harley et al. 
2012, Wernberg et al. 2019b), the reproductive biology of kelps (Santelices 1990, Amsler et al. 
1992, Schiel  & Foster 2006, Liu et  al. 2017) and the potential of gametophytes to persist as a 
bank of microscopic forms (Hoffmann & Santelices 1991, Barrento et al. 2016, Wade et al. 2020, 
Schoenrock et al. 2020). Moreover, there are several reviews on the biology and ecology of individ-
ual kelp species that compare both gametophyte and sporophyte life stages (e.g. Kain 1979, Graham 
et al. 2007, Bartsch et al. 2008, Wernberg et al. 2019a) as well as a long history of gametophyte 
knowledge and studies that focus on aquaculture (Valero et al. 2017).

Despite this body of literature, studies on kelp gametophytes are largely biased towards single 
factor experiments on individual species, with multi-factor studies in the context of climate change 
only gaining traction in recent years (16% of the total number of studies identified above; Figure 1). 
Moreover, studies examining the impact of environmental factors predicted to be altered under 
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anthropogenically driven climate change (e.g. marine heatwaves, acidification) on gametophytes 
account for less than half (45%) of papers and have only emerged in the past two decades with 
acceleration in the appearance of such studies in recent years (Figure 1).

This review presents a contemporary synthesis of how kelp gametophytes are influenced by 
variation in environmental conditions relevant to anthropogenic climatic change, indirect effects 
of climate change such as change of ecological interactions and other anthropogenic disturbances 
such as pollution and eutrophication (together termed ocean change hereafter) and the implica-
tions for kelp persistence. We build on earlier reviews to consider kelp gametophyte biology, 
ecology and physiology and integrate emerging studies on ocean change (Figure 1). We review 
the literature on kelp gametophytes across taxa and development stages to examine responses to 
environmental conditions (Figure 1) and highlight the implications for kelp persistence in chang-
ing oceans. Where possible, we compare differences in response to environmental conditions 
between gametophyte and sporophyte stages and summarize current knowledge on ecological 
interactions in the microenvironment that gametophytes inhabit. Finally, we identify knowledge 
gaps and key future research directions that will increase understanding of the role of gameto-
phytes and provide pathways for conservation and management of kelp in a changing ocean.

The alternation of generations life cycle of kelp

Kelps are characterized by a haplo-diplontic life history with macroscopic diploid sporophytes 
alternating with microscopic haploid gametophytes (Figure 2). The haploid life stage begins follow-
ing spore release from the mature adult sporophyte (as reviewed by Santelices 1990). Spores then 
develop a germ tube through which the first gametophyte cell grows (germination) and develops 
into male and female gametophytes that either undergo gametogenesis (i.e. production of gametes) 
or persist in a vegetative state, depending on environmental conditions (Harries 1932, Kain & Jones 

Figure 1 Database of papers collated through a Web of Science search with search terms “microscopic 
stages”, “gametophytes”, “kelp” and “Laminariales” on 5-12-2020. A total of 327 studies were found, which 
were then examined to concern solely laminarian kelps and gametophytes. The final database consisted of 
192 papers and was sorted according to ocean change theme. The dotted line represents all papers throughout 
time, with the coloured bars representing the proportion of total papers that concern ocean change, sorted by 
theme.
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1969, Lüning & Neushul 1978, tom Dieck 1993; Figure 2). Male gametes (sperm) are attracted to 
female gametes (oogonia) by pheromones released by females (Marner et al. 1984), resulting in 
fertilization and the subsequent development of a microscopic sporophyte and completion of the 
life cycle (Figure 2). While this review deals with factors influencing gametophytes rather than spo-
rophytes, below we briefly summarise how environmental conditions and ocean change may alter 
sporophyte phenology as this has implications for the environment in which gametophytes grow.

Climate change has already facilitated shifts in phenology for many species (e.g. Scranton & 
Amarasekare 2017, Piao et al. 2019) including seaweeds (e.g. Tala et al. 2004, Coleman & Brawley 
2005, Bartsch et al. 2013, de Bettignies et al. 2018), and because many aspects of sporophyte repro-
duction are tightly linked to environmental conditions (e.g. Lüning & tom Dieck 1989, Santelices 
1990), sporophyte phenology is likely to change under predicted future climatic conditions. 
Reproductive phenology of kelp can be characterised as the production of sporangia in sori (fertil-
ity) and the timing of spore release and these processes, as well as the biology of spores generally, 
have been relatively well studied and reviewed (Santelices 1990, Amsler et al. 1992, Clayton 1992, 
Fletcher & Callow 1992, Schiel & Foster 2006, Liu et al. 2017, de Bettignies et al. 2018).

Kelp reproductive phenology can be strictly seasonal, or vary intra-annually depending on 
environmental conditions (Reed et al. 1996). Reproductive phenology may also be linked to spo-
rophyte growth which is governed by circannual rhythms, or can be influenced directly by chang-
ing environmental factors such as temperature (tom Dieck 1991). Recent studies have shown that 
sori production may be the life-history phase with the narrowest environmental window (Bartsch 
et al. 2013, de Bettignies et al. 2018) highlighting the likely sensitivity of sporogenesis to changing 
environmental conditions. The dispersal of spores and their settlement are also important deter-
minants of subsequent gametophyte development. Dispersal distance and settlement density are 
likely species-specific and vary seasonally (Reed et al. 1988, 1992) depending on several factors 
such as water motion and currents (Gaylord et al. 2002, 2006, Coleman et al. 2011). These factors 
can in turn be modified by kelp forest density (Graham 2003) and episodic events such as storms 

Figure 2 Haplo-diplontic life cycle of laminarian kelp. Diploid sporophytes produce spores by meiosis 
which develop into male and female haploid gametophytes. Fertilization can take place after the production of 
gametes, which results in recruitment of juvenile sporophytes.
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(Reed et al. 1988). As spore dispersal is integral to population structure and connectivity (Graham 
2003, Coleman et al. 2011, Oppliger et al. 2014), and is predicted to be altered under climate change 
(Coleman et al. 2017), research into reproductive phenology and its ties to environmental factors are 
at the base of the overall resilience of gametophytes to ocean change.

The impact of ocean change on gametophytes

Climate change and other anthropogenic stressors are fundamentally altering environmental condi-
tions in the world’s oceans and coastal waters. Ocean warming, acidification, increasing intensity 
and frequency of storms and extreme events in conjunction with increasing urbanisation and pollu-
tion presently threaten kelp forests globally (Filbee-Dexter & Wernberg 2018). This section reviews 
research on how environmental factors expected to change in future oceans (temperature, light, 
pH, sedimentation, nutrients, pollution and salinity) will impact the survival, growth and physiol-
ogy of the gametophyte stage and its key developmental stage transitions (e.g. gametogenesis and 
sporophyte production; summarized in Figure 3). Where studies exist that specifically examine such 
environmental factors in an ocean change context, we highlight the response of gametophytes and 
implications for persistence in future oceans. 

Effects of change in temperature on gametophytes

Temperature is among the most important drivers in the large-scale distribution of marine spe-
cies, including kelps (Bartsch et al. 2012, Harley et al. 2012, Martínez et al. 2018, Smale 2020, 
Krause-Jensen et al. 2020). The impact of temperature on gametophytes is the most documented 
environmental factor, with 55% of papers identified in our search addressing impacts of temperature 

Figure 3 The ocean change factors influencing different microscopic life stages, including spores and juve-
nile gametophytes. Based on the available literature, variable, negative and positive impacts (up to a threshold) 
of ocean change factors are indicated in the table.
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(Figure 1), and more than half (68%) of those papers specifically studying temperature in the con-
text of ocean warming. Early research on gametophyte temperature tolerance was part of a larger 
effort to characterize the ecophysiology of kelps and identified a broad thermal range in which kelp 
gametophytes can survive (Ueda 1929, Kain & Jones 1964, Lüning & Neushul 1978, Novaczek 
1984b, Bolton & Levitt 1985, tom Dieck 1993). Independent of location, most kelp gametophytes 
have a lower survival threshold of 0°C and their upper thermal limit ranges between 20°C and 
30°C (tom Dieck 1993) which is hypothesised to have played an important evolutionary role in 
kelp dispersal across the equator for some species (Peters & Breeman 1992). Apparent differences 
in temperature tolerances between gametophytes and sporophytes, as well as the fact that many 
gametophytes exhibit higher temperature tolerances than conditions experienced by natural popula-
tions (e.g. Bolton & Lüning 1982), have led to the notion that gametophytes can persist even when 
environmental temperatures exceed the upper thermal thresholds of sporophytes (Ladah et al. 1999, 
Murua et al. 2013, Mohring et al. 2014, Komazawa et al. 2015, Park et al. 2017, Augyte et al. 2019, 
Rodriguez et al. 2019, Hollarsmith et al. 2020). This broad thermal tolerance of gametophytes rela-
tive to sporophytes is particularly important in the context of ocean warming (Ladah et al. 1999, 
Carney et al. 2013) and the predicted increase in extreme temperature anomalies such as marine 
heatwaves (Frölicher et al. 2018, Oliver et al. 2018, Smale et al. 2019).

The response of kelp gametophytes to change in temperature appears to be both species- and pop-
ulation-specific (Lüning & Neushul 1978, Bolton & Anderson 1987, Oppliger et al. 2012, Mohring 
et al. 2014, Lind & Konar 2017, Muth et al. 2019; Figure 3). Elevated temperature can negatively 
affect germination, particularly in colder adapted species (Lee & Brinkhuis 1988, Fredersdorf et al. 
2009, Shukla & Edwards 2017, Gonzalez et al. 2018), but appears to have less impact on cosmopoli-
tan species that occupy a broader thermal niche (Muth et al. 2019). In some instances, elevated tem-
peratures have been found to positively influence germination (Izquierdo et al. 2002). The negative 
effects of increased temperature on kelps can have a cumulative impact on the transition from spore 
to gametophyte (Muth et al. 2019) and may depend on the temperature range over which they occur. 
The role of cumulative effects highlights the need for multi-factor, multi-species experiments across 
multiple life stages and over broad geographical ranges to fully understand the effect of changing 
oceans on all life-history stages (Muth et al. 2019).

Some general differences in requirements for gametogenesis are apparent between cold and 
warm temperate species. However, it is important to note that due to high variability in responses, 
these differences are not universal across locations, suggesting local adaptation. Laboratory stud-
ies have shown that species occurring in cold temperate waters (i.e. monthly means below 10°C in 
winter and below 15°C in summer) appear to have gametophytes that grow slower under decreased 
experimental temperatures and induce gametogenesis and sporophyte production at relatively low 
(5°C–18°C) temperatures (e.g. Lüning 1980, Lee & Brinkhuis 1988, Izquierdo et al. 2002, Nelson 
2005, Martins et al. 2017, Augyte et al. 2019, Rodriguez et al. 2019). Species distributed in warm 
temperate (monthly means above 15°C in summer) waters generally appear to have higher thermal 
tolerance of the gametophyte stage, where gametophytes can survive experimental temperatures 
that are higher than the thermal maximum experienced by the source population and can undergo 
gametogenesis across a wide (10°C–25°C) temperature range (e.g. Novaczek 1984b, Deysher & 
Dean 1986b, Bolton & Anderson 1987, Thornber et al. 2004, Oppliger et al. 2012, Mabin et al. 2013, 
Hollarsmith et al. 2020). This indicates gametophytes may persist while conditions for sporophyte 
production are unfavourable and can become fertile and produce gametes when the environment 
matches their reproductive window, potentially acting as a seedbank (Hoffmann & Santelices 1991, 
Santelices et al. 2002). However, the reproductive window for gametophytes does not always match 
ideal environmental conditions for sporophyte growth, which demonstrates the importance of local 
environmental drivers and highlights the reproductive versatility that is often found among kelps 
(e.g. Muth et al. 2019, Liesner et al. 2020, Martins et al. 2020, Camus et al. 2021). Moreover, most 
studies have been done in laboratory settings and the ecological relevance of temperature tolerance 
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in gametophytes, as well as their ability to persist vegetatively for periods until their ‘reproductive 
window’ occurs, remains to be validated in natural settings (Deysher & Dean 1986a, Reed et al. 
1997, McConnico & Foster 2005).

Another important factor that makes the study of temperature responses more complex is the 
within-species variation between geographically distinct populations and genotypes, particularly 
those growing along latitudinal thermal gradients. For instance, geographically distinct populations 
are often genetically differentiated due to a combination of isolation by distance, which is common 
among kelps (Valero et al. 2011, Durrant et al. 2014), and local adaptations (Wood et al. 2021, Vranken 
et al. 2021). Such differences can drive disparity in gametophyte thermal tolerance (Oppliger et al. 
2012, Mohring et al. 2014) and fertility (Bolton & Levitt 1985, Camus et al. 2021) potentially due to 
selection and underlying genetic variation among individuals (Alsuwaiyan et al. 2021, Vranken et al. 
2021). Populations that grow in cooler waters often produce more gametes and sporophytes at lower 
temperatures, whereas survival of gametophytes is higher with increased temperatures in warm-
adapted populations within the same species (Bolton & Levitt 1985, Oppliger et al. 2012, Mabin et al. 
2013, Mohring et al. 2014, Muth et al. 2019, Rodriguez et al. 2019, Hollarsmith et al. 2020, Camus 
et al. 2021). Gametophytes from populations at the warmer edge of their distribution can be more 
tolerant of high thermal stress (Oppliger et al. 2012, Muth et al. 2019, Hollarsmith et al. 2020), while 
populations with more narrow distributions often produce gametophytes that are more susceptible 
to temperature change (Lind & Konar 2017, Augyte et al. 2019, Choi et al. 2019, Gao et al. 2019). 
Even different individuals (genotypes) from within the same population can display very different 
responses and tolerance to temperature stress (Alsuwaiyan et al. 2021).

The temperature experienced by parent sporophytes can also impact gametophytes. Spores 
collected at different times from the same population can produce gametophytes with different 
thermal tolerances, with two laboratory studies showing that spring and summer spores produce 
relatively heat-tolerant gametophytes with higher growth rates (Mohring et al. 2013a, Murua et al. 
2013). In turn, higher growth rates of gametophytes can enhance the production of sporophytes 
(e.g. Mabin et al. 2013, Martins et al. 2020). Conversely, in situ temperature during spore release 
and early growth of gametophytes has recently been confirmed to impact subsequent sporophytes 
in Laminaria digitata, which had higher growth rates across a range of temperatures when gameto-
phytes were grown in cooler temperatures (Liesner et al. 2020). Based on these studies, it is likely 
that gametophyte growth and performance are highly dependent on temperature conditions experi-
enced during spore production and increased temperatures in future oceans may severely affect kelp 
gametophytes (Martins et al. 2017, Muth et al. 2019) and subsequent sporophyte production (but see 
Layton & Johnson 2021). However, time lags between the production of spores and recruitment of 
sporophytes may indicate persistence of gametophytes (or microscopic sporophytes; Kinlan et al. 
2003) in a dormant state until temperatures become suitable for recruitment (McConnico & Foster 
2005). Similarly, different temperature optima for spore production and gametogenesis (Mabin 
et al. 2013, Mohring et al. 2013b) could indicate the persistence of gametophytes between pulses of 
spore release and recruitment.

Marine heatwaves, defined as discrete periods of anomalously warm water that exceed histori-
cal norms of ocean temperature (Hobday et al. 2016) are superimposed on a background of ocean 
warming. Marine heatwaves are increasing in frequency and duration globally (Oliver et al. 2018) 
with devastating consequences for kelp forests (Dayton et al. 1999, Wernberg et al. 2013, Arafeh-
Dalmau et al. 2019, Smale et al. 2019). Despite this, only 2% of studies examined the impact of heat-
waves on gametophytes. Alsuwaiyan et al. (2021) simulated different types of marine heatwaves 
and found that all heatwaves negatively impacted Ecklonia radiata gametophyte performance and 
delayed gametogenesis and sporophyte recruitment. However, the response to heatwaves was also 
highly dependent on genotype, with some genotypes (from the same population) performing much 
better than others (Alsuwaiyan et al. 2021). Furthermore, heatwaves have been shown to decrease 
photosynthetic activity of gametophytes beyond a threshold of 20°C in some cold temperature 
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species (Delebecq et al. 2016), and indeed, a simulated marine heatwave caused high mortality 
(80%–100%) in juvenile sporophytes of Macrocystis pyrifera across different populations (Camus 
et al. 2021). Post-heatwave recovery may be possible, though population dependent, as gameto-
phytes from warm-adapted populations of L. digitata had a higher recovery rate after simulated 
heatwave treatments (Martins et al. 2020).

Effects of change in light on gametophytes

Climate change is predicted to increase the frequency of storms (Coumou & Rahmstorf 2012, 
Collins et al. 2019) that may impact light provision to kelp forests and gametophytes in several 
ways. Storms can remove large proportions of the adult canopy and change light levels within 
kelp forests. Moreover, increases in storm events and run-off may change turbidity and light 
in nearshore coastal systems. This may affect gametophytes given that light availability is an 
important determinant of the distribution of kelp (Swanson & Druehl 2000, Roleda et al. 2005). 
In the total database of papers, 47% studied the influence of light on gametophytes, but less 
than half of those papers (46%) considered the impact of changes to light in the context of cli-
mate change. Similar to the effects of temperature, the transition from one life stage to another 
is highly sensitive to light cues, but gametophytes can grow in a wide range of light condi-
tions (Lüning & Neushul 1978, Lüning 1980, Novaczek 1984a, Bolton & Levitt 1985, Ebbing 
et al. 2020), and can even persist in darkness for extended periods (Kain & Jones 1969, tom 
Dieck 1993). Low light concurrent with adult canopy shading generally increases germination of 
spores once settlement has occurred (Augyte et al. 2019) and high light stress can decrease suc-
cessful germination in Lessonia, Pterygophora and Undaria (Veliz et al. 2006, Cie & Edwards 
2008, Morelissen et al. 2013), potentially affecting gametophyte density in open canopy patches 
created by storms.

Low light conditions generally induce growth in gametophytes (Kain & Jones 1964, 
Lüning  & Neushul 1978, Bolton & Levitt 1985, Kinlan et al. 2003, Nelson 2005, Xu et al. 
2015a, Augyte et al. 2019) and a change of light intensity and colour can be a cue for the 
onset of gametogenesis (Lüning & Dring 1975). The use of blue light to promote gameto-
genesis (Lüning & Dring 1975) has been used for decades in aquaculture settings, whereas 
cultures are often grown in red light to suppress gametogenesis. To cue gametogenesis, some 
species require increased light (Deysher & Dean 1984, Novaczek 1984a, Nelson 2005, Choi 
et al. 2005, Morelissen et al. 2013, Tatsumi & Wright 2016), while others require decreased 
light (Izquierdo et al. 2002, Pang et al. 2008, Roleda 2016). The ability to induce gametogen-
esis in high light conditions allows gametophytes to rapidly recruit when the canopy of adult 
kelps is removed after storms or other pulse disturbances (Dayton 1985, Schiel & Foster 1986), 
which has been documented among Lessonia and Ecklonia species growing in the southern 
hemisphere and the invasive Undaria pinnatifida (Novaczek 1984a, Nelson 2005, Choi et al. 
2005, Morelissen et al. 2013, Tatsumi & Wright 2016). However, gametogenesis can also be 
prevented when irradiance is too high (Augyte et al. 2019) which may have implications for 
low latitude populations within western boundary currents where warm, nutrient poor and thus 
clearer waters are more frequently encroaching into temperate kelp habitats (Cetina-Heredia 
et al. 2014). Suppressed recruitment under light stress may have consequences for future kelp 
persistence, especially in view of competition with other algae that might be better adapted to 
changing light circumstances, such as invasive species (Morelissen et al. 2013) or in competi-
tion for light with understory algae (Tatsumi & Wright 2016).

Day length is a factor less studied when measuring gametophyte performance, but appears to be 
as important as light intensity (Martins et al. 2017) and may influence kelps as they shift distribu-
tion or their timing of reproduction with climate change. Cycles of day length are strongly corre-
lated with seasonal changes in natural kelp populations, which are governed by circannual rhythms 
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(Lüning  1991, Lüning 1994), and can determine growth and gametogenesis in gametophytes 
(Deysher & Dean 1984, Mohring et al. 2013a, Martins et al. 2017). Increasing daylight hours has 
been found to promote both gametophyte growth and gametogenesis in several species (Mohring 
et al. 2013a, Martins et al. 2017, Choi et al. 2019), which is concurrent with summer/spring photope-
riods. Under field conditions photoperiod, light intensity and temperature all increase concurrently 
meaning that teasing apart the individual influence of these factors is difficult. Some studies have 
tried to test the influence of these covarying factors. For instance, it has been shown for M. pyrifera 
that total irradiance received determines gametogenesis, irrespective of photoperiod and light inten-
sity (Deysher & Dean 1986b). Conversely, short day lengths induce gametogenesis in U. pinnatifida 
rather than total light intensity (Choi et al. 2005), which allows recolonization after winter storms 
when day length is short, giving this species a potential competitive advantage over native peren-
nial kelps (e.g. L. digitata and Lessonia variegata) where gametogenesis is induced under long day 
lengths (Nelson 2005, Martins et al. 2017).

UV radiation is recognized as a stressor throughout shallow coastal ecosystems and is 
expected to increase under climate change (Williamson et al. 2014, Barnes et al. 2019), which 
might alter the capacity of gametophytes to persist especially in places of high UV stress such as 
the Arctic (Müller et al. 2012). Both UVA and UVB radiation play a role in gametophyte develop-
ment. Gametophytes are relatively more resilient to UV radiation than sporophytes, but exposure 
can still result in damage to the growing gametophyte (Müller et al. 2012). UVA is found to be less 
damaging than UVB to gametophyte growth, and in some cases even promotes germination (Tala 
et al. 2007, Müller et al. 2008). However, UVB can be severely damaging to gametophytes, with 
exposure resulting in up to 50% decreased germination (Huovinen et al. 2000) and the complete 
failure to recruit in some species (Tala et al. 2007, Roleda et al. 2007). Yet when the increase in 
UV radiation is gradual, some gametophytes have been found to survive and produce sporophytes 
(Tala et al. 2007). Some species can recover from the negative effects of UV radiation, and sporo-
phyte recruitment has been observed when gametophytes are placed back under low light condi-
tions (Roleda et al. 2007). This indicates that kelps can survive UV radiation as gametophytes, and 
recruitment can resume when conditions improve (Müller et al. 2012). The ability to cope with 
UV radiation and light stress is often observed in species growing in the intertidal and shallow 
subtidal waters (Augyte et al. 2019), and the ability to adapt to UV radiation could be a factor that 
determines the distribution of kelps in future oceans (Wood 1987, Tala et al. 2007, Müller et al. 
2008, Fejtek et al. 2011).

A small number of studies have experimentally tested the interactive effects of light with 
other environmental factors and have shown that effects of light intensity and day length on 
growth and gametogenesis can interact with several other abiotic factors. Interactions of light 
and temperature often create a species-specific ‘reproductive window’ (Lüning & Neushul 1978, 
Lüning 1980, Deysher & Dean 1986b, Izquierdo et al. 2002, Müller et al. 2008, 2012, Martins 
et al. 2017, Augyte et al. 2019), and it is hypothesized that opposite regimes of light and tempera-
ture (i.e. low light, high temperature or high light, low temperature) induce fertility in game-
tophytes (Ebbing et al. 2021). This is important to consider in an ocean change context as the 
disparity between temperature and light might increase recruitment pulses, though this increased 
disparity may also alter the reproductive window with unknown ecological consequences. The 
influence of increased nutrient pulses can stimulate growth in light-limited gametophytes (Kinlan 
et al. 2003, Morelissen et al. 2013), which can be relevant for populations growing in upwelling 
sites and potentially beneficial to kelp species competing for light with understory algae. Day 
length, irradiance and ocean temperature covary over seasonal timescales, and gametophytes 
are likely to have evolved interactive responses to these variables. To obtain more accurate and 
comparable results in the future, it will be necessary to refine experimental methods to realisti-
cally reflect multi-stressor field conditions related to ocean change, as well as consider not only 
the quantity, but also the quality of light used in studies.
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Effects of change in pH on gametophytes

The effect of lowered pH caused by increasing atmospheric CO2 concentrations, known as ocean 

acidification, on marine organisms is a well-researched topic, but most studies have focused on nega-

tive effects on calcifying species (Hofmann et al. 2010, Connell et al. 2013). In contrast, fleshy algae 

such as kelps are expected to be largely unaffected by a decrease in ocean pH as their photosynthe-

sis is saturated at current oceanic carbon concentrations (Hurd et al. 2019). When atmospheric CO2 

comes in contact with seawater it dissolves and subsequent reactions with water convert the majority 

of dissolved CO2 into 3-HCO  (bicarbonate) (Raven et al. 2005). Aqueous CO2 requires less energy 

for most aquatic plants to take up into their cells as it can diffuse passively. Bicarbonate, in contrast, 

requires energy to take up using active carbon concentrating mechanisms (Hepburn et al. 2011). As 

many laminarian species are not able to downregulate their use of active carbon uptake, the added 

CO2 for passive uptake may not pose a large benefit for kelps (Roleda & Hurd 2012).
Due to the active carbon uptake mechanisms of kelp, decreased pH can have either positive 

or neutral effects on growth and photosynthesis of sporophytes (Roleda & Hurd 2012), but few 
studies (5%) have researched the effect of lowered pH on gametophyte growth and gametogenesis 
(Figure 1). From these limited studies, however, it seems that an increase in CO2 concentration 
can either increase growth (Roleda et al. 2012, Leal et al. 2016, 2017) or have no effect (Shukla & 
Edwards 2017, Gonzalez et al. 2018) on gametophytes. In contrast, germination can be decreased 
by a reduced pH consistent with future ocean acidification (Roleda et al. 2012, Xu et al. 2015a), 
although increased germination has also been observed (Leal et al. 2016). Differential responses to 
the interaction of ocean warming and ocean acidification suggest gametophytes’ response to these 
dual stressors might be related to local environmental conditions. For example, M. pyrifera has been 
found to grow faster and larger under ocean warming and ocean acidification independently (Leal 
et al. 2016), while ocean warming and ocean acidification have been found to interact to impair 
growth and germination in the same species (Gaitán-Espitia et al. 2014, Shukla & Edwards 2017). 
This varying response to ocean warming and acidification within the same species might be the 
result of adaptation to local temperature and pH conditions. It has been shown that geographically 
and genetically separated populations of M. pyrifera can react differently to reduced pH, where 
populations more often exposed to low pH had a higher egg production in reduced pH compared 
to populations that do not experience pH fluctuations (Hollarsmith et al. 2020). In a study span-
ning populations of a broad latitudinal temperature range, Hollarsmith et al. (2020) showed high 
resistance of gametophytes to increased temperature and reduced pH concurrent with ENSO events 
and upwelling, but reproduction of gametophytes presented a bottleneck where fertility was most 
successful in varying populations when treatment pH and temperatures were concurrent with local 
temperatures and acidity. This increased fertility under environmental conditions matching that of 
the source population shows that gametophytes can be well adapted to their local environments, and 
an increase in extreme events such as marine heatwaves and increased ENSO events can constrain 
reproduction at the gametophyte stage (Hollarsmith et al. 2020). However, if such conditions are of 
short nature, gametophytes could persist in their resilient vegetative stage (Hollarsmith et al. 2020).

Gametophytes that survive acidification can be more resistant to a subsequent decrease in pH sug-
gesting acclimation (Xu et al. 2015a). Indeed, kelp forests can themselves display large diel and seasonal 
fluctuations in pH driven by photosynthesis and respiration which can be larger than the projected reduc-
tion in ocean pH under climate change (Delille et al. 2009, Hofmann et al. 2011, Cornwall et al. 2013), 
which must be considered in laboratory studies to accurately predict the response of gametophytes to 
ocean acidification. The natural variation in pH often found in kelp forests may influence (and potentially 
increase) the tolerance of kelps, including gametophytes, to future acidification as they already experi-
ence reduced pH levels concurrent with projected ocean acidification (Hofmann et al. 2011). Interestingly, 
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due to high fluctuations in pH levels kelp farms are increasingly recognised as an efficient local buffer to 
decreased pH, as well as providing an environment that can facilitate adaptation for other marine organ-
isms, suggesting that kelp farms may serve as local refugia from ocean acidification (Xiao et al. 2021).

Even if there are minimal direct effects of ocean acidification, kelps may be more likely to be indi-
rectly affected under future acidified conditions. It has been suggested that kelp could become outcom-
peted by turf-forming algae, which are positively affected by the increased availability of CO2 under 
ocean acidification (Connell et al. 2013, Provost et al. 2017, Connell et al. 2018). Through high turn-over 
rates (Copertino et al. 2005, Miller et al. 2009, Layton et al. 2019a) filamentous algal turfs can utilize the 
additional available carbon to increase growth rate and cover when temperatures rise (Connell & Russell 
2010). It is thus possible that future ocean acidification could exacerbate declines in kelp forests associated 
with turf-forming algae (Filbee-Dexter & Wernberg 2018) by hindering the survival of gametophytes to 
reproduction and subsequent sporophyte recruitment (Connell et al. 2018, Layton et al. 2019a). The effect 
of turfing algae on gametophytes has not yet been studied, and so manipulative experiments of gameto-
phytes in co-occurrence with turfs and under future ocean conditions are required to test these hypotheses.

Effects of change in nutrients, pollution and 
sedimentation on gametophytes

Climate change and other anthropogenic activities are also fundamentally changing levels of 
nutrients, pollution and sedimentation in coastal ecosystems (Brierley & Kingsford 2009). Ocean 
warming and changing ocean currents are decreasing nutrient availability for some temperate kelps 
(Behrenfeld et al. 2006, Keeling et al. 2010), while changes in storm frequency and terrestrial 
run-off may create local pulses of high nutrient loads and introduce pollution (Russell et al. 2009). 
Consequently, understanding the influence of nutrients, sediments and pollution on the survival and 
reproduction of gametophytes is essential for predicting future persistence of kelp.

The positive effect of nutrients on sporophyte growth has been well studied and nutrient (such 
as nitrate and phosphate) enrichment of culture media in a laboratory setting has a positive effect 
on growth rates of gametophytes and increases the proportion of gametophytes undergoing gameto-
genesis (Harries 1932, Carter 1935, Hoffmann & Santelices 1982, Hoffmann et al. 1984, Morelissen 
et al. 2013, Nielsen et al. 2016, Gao et al. 2019). However, it should be noted that nutrient addition in 
still cultures is necessary to mimic the replenishment of nutrients that occurs by water movement in 
natural settings, and it is unknown if the same effects are seen in the field. The addition of nutrients 
to cultures often has a positive effect on the later developmental stages of gametophytes (i.e. game-
togenesis and fertilisation), as well as an increased positive impact on the growth rate of juvenile 
sporophytes (Harries 1932, Morelissen et al. 2013, but see Muth et al. 2019). In contrast, earlier 
stages (spores) do not require as many external nutrients due to lipid storage (Brzezinski et al. 1993). 
In field conditions, a lack of sporophyte recruitment under nutrient depletion suggests that game-
togenesis is nutrient-limited in natural populations (Dayton et al. 1992), which is corroborated by 
increased recruitment and growth of sporophytes through nutrient addition in the field (Deysher & 
Dean 1986a). Some evidence exists that nutrient supply in the early stages of gametophyte develop-
ment also affects the ability to recruit sporophytes. For example, M. pyrifera gametophytes failed 
to produce sporophytes in a laboratory setting after being exposed to low nutrient levels (Kinlan 
et al. 2003, Ladah & Zertuche-Gonzalez 2007), but showed increased production of sporophytes 
after a period of arrested development under low nutrient conditions (Carney & Edwards 2010). The 
observed difference is thought to be the result of the nutrient history in which the gametophytes 
were grown. Inducing spore release and germination in non-limiting conditions often results in 
poor performance when nutrient supply is subsequently lowered, whereas growing spores in limit-
ing conditions from the point of spore release means gametophytes are capable of gametogenesis 
once nutrient limitations are lifted, often producing smaller sporophytes, but at a higher rate than 
gametophytes grown under continuously high nutrients (Muñoz et al. 2004, Carney & Edwards 
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2010, Lewis et al. 2013). Note that most of the nutrient addition studies discussed here were carried 
out in laboratories (and under still culture conditions), and results may vary in natural field condi-
tions where nutrients are likely to be replenished through water motion and interact with multiple 
additional factors (e.g. temperature and light).

Species-specific responses to nutrients have been observed. For example, Eisenia bicyclis is 
known to require higher nutrient concentrations to induce gametogenesis than the more common 
Ecklonia cava (Choi et al. 2019). Similarly, variable effects of nutrient addition have been iden-
tified among geographically distinct populations of M. pyrifera, with different concentrations of 
nutrients required to induce gametogenesis (Lewis et al. 2013). Furthermore, nutrient enrichment 
interacts with increased light intensity (Morelissen et al. 2013), daylight cycles (Martins et al. 
2017, Choi et al. 2019) and decreased temperature (Martins et al. 2017) to induce gametogenesis in 
other species. Increased gametogenesis in high nutrients and decreased temperature is concurrent 
with annual upwelling events; however, in future oceans warm, eutrophic waters can negatively 
impact gametophyte fertility (Martins et al. 2017). Even so, temperature seems more important than 
nutrient supply in determining the survival of gametophytes in future oceans (Muth et al. 2019). 
More recent multifactor experiments testing interactive effects of factors such as temperature, day 
length, sedimentation, nutrients, pH and salinity have demonstrated that such interactions affect 
stage transitions in gametophytes, which will be key for understanding kelp persistence in changing 
multi-stressor marine environments (e.g. Zacher et al. 2016, Martins et al. 2017, Muth et al. 2019, 
Rodriguez et al. 2019, Hollarsmith et al. 2020, Augyte et al. 2020; Figure 3).

Increasing urbanisation results in high wastewater output and pollution which can have a nega-
tive effect on kelp populations (Coleman et al. 2008, Connell et al. 2008, Jara-Yáñez et al. 2021). 
The negative effects of some pollutants can exceed that of future ocean warming and acidifica-
tion (Leal et al. 2018). Copper is a well-researched metal pollutant that can negatively impact 
gametophyte development in several species (Garman et al. 1994a, Bidwell et al. 1998, Contreras 
et al. 2007, Leal et al. 2018). Copper and other metals, such as cadmium, zinc and arsenic, pol-
lute nearshore waters via biofouling agents, wastewater from oil production and mining sites, and 
cadmium pollution has been observed near nuclear power plants (James et al. 1990, Reed et al. 
1994, Garman et al. 1994a, Wang et al. 2019). Most studies demonstrate that these metals affect 
gametophyte development in successive life stages. For example, germination of spores is gener-
ally not affected, whereas gametophyte growth is increasingly negatively affected, and gameto-
genesis is completely inhibited in E. radiata, Lessonia nigrescens, Lessonia spicata, M. pyrifera 
and U. pinnatifida (Anderson et al. 1990, Bidwell et al. 1998, Contreras et al. 2007, Leal et al. 2018, 
Espinoza-González et al. 2021). The inhibition of gametogenesis naturally results in a loss of suc-
cessive sporophyte populations. Importantly, although in high concentrations of metal pollutants 
(i.e. >10 mg/mL or higher) regeneration does not take place (Bidwell et al. 1998), in low concen-
trations (i.e. <100 µg/mL) the effects of metal pollution may be reversible (Wang et al. 2019) and 
long-term exposure can result in adaptation to high copper concentrations (Roncarati et al. 2015). 
Determining lethal thresholds and concentrations at which recovery or adaptation can be achieved 
for local kelp populations can inform conservation and restoration efforts through managing levels 
of pollution in urbanized coastal systems.

The mechanisms underlying the observed negative effects of pollutants, especially in gameto-
genesis, are still not fully resolved. It is likely, however, that pollutants interfere with cell division 
and DNA replication (Garman et al. 1994b) and possibly pheromone signalling between male and 
female gametophytes (Reed et al. 1994). Copper and other toxic metals may interfere with the cel-
lular calcium pathway which makes membranes more permeable, perhaps interfering with adhesive 
qualities (Contreras et al. 2007, Leal et al. 2018). Alternatively, metal ions may potentially compete 
for space with ions in photosynthesis, interfere with signalling molecules necessary for cell determi-
nation and differentiation, and increase the number of reactive oxygen species in gametophyte cells, 
ultimately leading to cell degradation (Leal et al. 2018, Wang et al. 2020).
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In addition to pollution, run-off from the land can increase sedimentation rates which nega-
tively impact gametophyte germination, survival, reproduction and recruitment, likely due to the 
combined effects of decreased attachment surface (hard substrate) and interference with light and 
nutrient supply (Watanabe et al. 2016, Zacher et al. 2016, Traiger & Konar 2017)  (Schiel et al. 
2006, Layton et al. 2019b, 2020a, Watanabe et al. 2016, Zacher et al. 2016, Traiger & Konar 2017). 
Additionally, sedimentation rate can change the outcome of competition between gametophytes 
of different species. For example, Nereocystis luetkeana has a higher survival when settled first 
in the absence of sediment, but Saccharina latissima has a higher survival when settled first in 
the presence of sediment (Traiger & Konar 2017). Understanding multi-stressor scenarios caused 
by human disturbance such as pollution and increased sedimentation and their interactions with 
global climate stressors will be essential in assessing long-term health and resilience of kelp popu-
lations in urbanized environments (Russell et al. 2012, Zacher et al. 2016).

Effects of change in salinity on gametophytes

Salinity may decrease in some parts of future oceans, with influxes of fresh water more likely in 
Arctic areas due to glacial melt and nearshore areas experiencing greater run-off and freshwater 
input from storms (Collins et al. 2019). To date, gametophyte growth under varying salinities 
has been mostly assessed in Arctic and sub-Antarctic species, which are regions experiencing 
changes in salinity due to run-off from glacial melt. Indeed, while only 2% of studies researching 
change in environmental conditions on gametophytes focused on salinity (Figure 1), they were 
all on Arctic kelps. In all studies, a significant interaction of salinity with temperature was found, 
where higher temperatures interacted with lowered salinity to decrease germination and growth 
(Fredersdorf et al. 2009, Lind & Konar 2017, Rodriguez et al. 2019). However, temperatures 
needed to achieve these negative effects were often higher than these populations are expected to 
experience under near- to mid-term climate change (Fredersdorf et al. 2009). Additionally, popu-
lations of the same species living in different environments show maximum gametophyte growth 
and germination under varying salinities that match their local conditions, which indicates local 
adaptation to geographic change in salinity (Rodriguez et al. 2019). The inability to grow at very 
low salinity and high temperatures is thought to be the effect of decreased physiological func-
tioning of cold-adapted species under higher temperatures (Fredersdorf et al. 2009). However, 
as some individuals were able to survive even under high temperatures and low salinities, game-
tophytes of these species may be resilient to reduced salinities (Lind & Konar 2017, Davis et al. 
2022). Additionally, gametophytes can be more resilient to reduced salinities than sporophytes 
(Peteiro & Sanchez 2012), indicating microscopic stages can survive fluxes in salinity and be a 
source of population regrowth (Davis et al. 2022).

Sexual variation and sporophyte 
production in changing oceans

Factors affecting sex bias and reproductive strategies of gametophytes

The mode of reproduction and the rate and manner of sex determination can be influenced by 
environmental factors that are predicted to change in future oceans. While the development of 
gametophytes into males or females is genetically determined (Ouyang et al. 2009, Liu et al. 2009, 
Shan & Pang 2010, Lipinska et al. 2015, Zhang et al. 2019) environmental factors can influence sex 
ratios, most likely by post-germination mortality of either males or females (Oppliger et al. 2011). 
For example, increasing temperature has been found to increase the number of males in M. pyrifera 
(Rodriguez et al. 2019) and females in L. variegata (Nelson 2005). Variation in sex ratio is geo-
graphically dependent in some species, where more males of M. pyrifera are observed under high 
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temperatures in poleward populations (Rodriguez et al. 2019), but more females of L. nigrescens 
are found in lower latitude populations under temperature stress (Oppliger et al. 2011). High light 
intensity has been shown to skew the sex ratio to a higher proportion of females in S. japonica (Xu 
et al. 2015a). While some studies have shown an influence of environmental factors on sex ratios, 
others have found no effect and ascribed an observed skewed sex ratio to either a genetic influence 
or unmeasured environmental factors (Leal et al. 2016, Shukla & Edwards 2017, Gonzalez et al. 
2018). There are no studies that examine gametophyte sex ratios under field conditions, though 
other temperate seaweeds can show a sex bias towards males in warm, low latitude populations 
(Wood et al. 2021) and male bias under warm temperatures is common among dioecious land 
plants (e.g. Munné-Bosch 2015, Petry et al. 2016). This suggests that skewed sex ratios in warming 
oceans could indeed hinder fertilisation and sporophyte production in kelps because the abundance 
and fertility of females will determine overall sporophyte recruitment. Indeed, gametogenesis in 
females (production of oogonia) has been shown to decrease, while antheridia production increased 
under experimental high temperature stress in several species (Müller et al. 2008, Choi et al. 2019, 
Martins et al. 2020, Hollarsmith et al. 2020). Decreased egg production by female gametophytes 
as observed in laboratory studies and subsequent recruitment failure under temperature stress may 
potentially explain why many kelp forests often fail to rapidly recover in situ following thermal 
stress such as heatwaves, while direct stress on adult sporophytes is most likely responsible for ini-
tial loss. For example, an increased number of oogonia has been observed in M. pyrifera in central 
populations, while the warmer marginal populations had a smaller number of oogonia and a lower 
fertility rate (Camus et al. 2021). Conversely, E. radiata increases egg production under tempera-
ture stress in warm edge populations (Bolton & Levitt 1985). There is clearly much versatility and 
compensatory mechanisms in reproductive strategies that allow kelp gametophytes to persist under 
a range of conditions (Bolton & Levitt 1985, Coleman & Veenhof 2021).

As well as physiological differences between male and female gametophytes, gene expression 
is shown to be sex-biased (Pearson et al. 2019). Higher gene expression activity was found in female 
gametophytes of S. latissima under increased experimental temperatures, indicating a higher sen-
sitivity to heat stress (Monteiro et al. 2019). Functional expression patterns of female gametophytes 
are related to protein degradation and signalling, whereas male expression links more to cell divi-
sion, growth and flagella production (Ouyang et al. 2009, Pearson et al. 2019). The occurrence of 
signalling molecules in females and cell division and growth expression in males is consistent with 
females producing pheromones, mainly lamoxirene (Marner et al. 1984) to attract male gametes 
(Müller et al. 1985, Maier & Müller 1986, Boland 1995, Gordon & Brawley 2004), and corroborates 
the male reproductive strategy of continuously producing reproductive cells (Destombe & Oppliger 
2011).

Gametophytes can also produce sporophytes without fertilization through parthenogenesis and 
apomixis which are viable in culture conditions (Oppliger et al. 2007, Li et al. 2017), and this mode 
of reproduction has also been observed in warm-edge wild populations (Oppliger et al. 2014). It is 
interesting to speculate whether this reproductive mechanism is an adaptation to ensure persistence 
in marginal habitats where gametogenesis may fail. However, asexual reproduction potentially 
has negative consequences for the genetic diversity of wild populations (Oppliger et al. 2014) and 
reduced genetic diversity may compromise the persistence and adaptive capacity of kelps under 
climate and anthropogenic change (Wernberg et al. 2018). There is mixed evidence to support this 
idea. For example, studies have shown that reduced genetic diversity of gametophytes inhibited spo-
rophyte production and growth (Raimondi et al. 2004) while others have shown no negative effect 
or only a slight disadvantage of gametophyte selfing and inbreeding on the subsequent sporophyte 
generation following thermal stress (Camus et al. 2021, Layton & Johnson 2021). Certainly, the abil-
ity to asexually reproduce is also hypothesized to benefit populations by fixing beneficial genes into 
a population (Coleman & Wernberg 2018, Müller et al. 2019). While it is still unclear what effect 
apomixis may have on natural populations and how this influences climate change resilience, the 
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use of apomixis in maintaining stock cultures of gametophytes to preserve declining wild popula-
tions is currently being explored (Müller et al. 2019).

Gametophytes can also be selfed if males and females from the same parent plant fertilise, or 
inbred if related individuals mate, potentially leading to inbreeding depression. Inbreeding can be 
enhanced where genetic diversity is limited, such as in warm, marginal populations (Wernberg 
et al. 2018), highly fragmented populations (Reynes et al. 2021) or where there have been population 
bottlenecks following stress-induced mortality (Gurgel et al. 2020). Despite this, a recent study by 
Camus et al. (2021) found that the degree of selfing and inbreeding in gametophytes did not affect 
the resilience of the F1 sporophyte generation to a marine heatwave. Even though fertility decreased 
with inbreeding, female gametophytes may be able to detect the degree of kinship in potential mates 
and increase fecundity (i.e. production of eggs) accordingly (Camus et al. 2021). Interestingly, this 
kinship effect was less pronounced in warm-edge populations which may represent an adaptation 
to having fewer available mates in marginal populations (Camus et al. 2021). These results suggest 
that the underlying mechanisms of fertilization in gametophytes begs much further research, and 
their flexibility in mating strategies can prove an important avenue for climate change resilience 
(Coleman & Veenhof 2021), which is especially relevant in warm-edge populations.

Transition from gametophyte to sporophyte: comparing performance

Comparison of the relative performance of both gametophyte and sporophyte stages can hint at 
how changing oceans may impact kelp persistence as the transition between these stages is a key 
bottleneck in the kelp life history. Our review identified that 30% of studies compare both game-
tophytes and sporophytes that grow beyond their microscopic stages. Overall, photosynthetic rates 
of gametophytes are less affected by changing light, temperature and salinity than the sporophyte 
generation (Gerard 1990, Fredersdorf et al. 2009, Borlongan et al. 2019), although some studies 
have recorded similar optimum temperatures for photosynthesis for both life stages (Watanabe 
et al. 2014, Borlongan et al. 2018). This indicates that gametophytes may have a greater ability to 
grow and persist under a wider range of environmental conditions. Gametophytes are also repeat-
edly defined as shade adapted (Lüning & Neushul 1978), with low light requirements to achieve 
net photosynthesis and displaying a lower light saturation point than the sporophyte generation 
(Fain & Murray 1982, Altamirano et al. 2003, Xu et al. 2015b, Roleda 2016, Borlongan et al. 2018, 
Borlongan et al. 2019, Gao et al. 2019). This reflects the circumstances under which gametophytes 
grow in the field, as they will usually grow under the shade of the adult canopy and/or understory 
algae (Schiel & Foster 2006).

The juvenile sporophyte can be more sensitive to light stress and photodamage than the game-
tophyte stage in several species (Kinlan et al. 2003, Altamirano et al. 2004, Roleda et al. 2007, 
Augyte et al. 2019). Lower sensitivity to light may allow gametophytes to survive under a range 
of conditions in the field and initiate gametogenesis in response to environmental conditions that 
are also favourable for juvenile sporophyte growth (Izquierdo et al. 2002). The adverse effects of 
photodamage can also be enhanced under low temperatures, which is an effect that can be more 
pronounced in the sporophyte generation (Borlongan et al. 2019). Gametophytes are capable of con-
trolling photodamage by upregulating accessory pigments (Delebecq et al. 2016) and the capability 
of gametophytes to recover from UV damage will be of increasing relevance in safeguarding future 
kelp populations as increased storms (Coumou & Rahmstorf 2012, Collins et al. 2019) will create a 
patchier distribution (Layton et al. 2019b) which will lead to local increases in UV radiation.

There is recent interest in uncovering which genes are expressed under stressful conditions in 
both gametophytes and sporophytes, particularly as a line of defence against ocean change (Henkel 
& Hofmann 2008, Martins et al. 2019). Differential expression patterns between sporophyte and 
gametophyte generations indicate different cellular pathways between these life-history phases 
(Crepineau et al. 2000, Shan et al. 2015). For instance, gametophytes of L. digitata and S. japonica 
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show a higher expression of metabolic genes in comparison with sporophytes (Crepineau et al. 
2000, Liu et al. 2019). Gametophytes are more thermally tolerant than sporophytes in some spe-
cies and are thus presumed to have a metabolic pathway in place to attenuate heat stress, such as 
heat shock proteins (Henkel & Hofmann 2008). These proteins have, however, not been found until 
recently, partly because only two kelps have their genomes sequenced (S. japonica; Ye et al. 2015, 
U. pinnatifida; Shan et al. 2020) and information on transcriptomics is still in its early stages (Shan 
et al. 2020). Heat shock proteins have been identified in U. pinnatifida gametophytes, which use 
them to attenuate thermal stress, as well as differential expression patterns between sporophytes and 
gametophytes under thermal stress (Henkel & Hofmann 2008, Shan et al. 2015). This differential 
expression was also observed in S. japonica, where the sporophyte stress response included expres-
sion of proteins pertaining to cell cycle control and cytoskeleton adaption, and the gametophyte 
heat stress response pertained to metabolism and coenzyme transport (Liu et al. 2019). Similarly, 
genome-wide sequencing has recently shown that loci under selection in populations of kelp sporo-
phytes can show balancing selection suggesting that gametophytes and sporophytes may be under 
selection for different environmental conditions (Vranken et al. 2021).

Ecological interactions of gametophytes in changing oceans

Climate mediated ecological interactions such as competition and grazing are well documented 
drivers of change in the sporophyte generation of kelp (e.g. Tegner & Dayton 2000, Steneck et al. 
2002, Vergés et al. 2014, Wernberg et al. 2016, Filbee-Dexter & Wernberg 2018), but are less under-
stood in the gametophyte stage. This is particularly relevant to address given that climate and 
anthropogenic change will impact the gametophytes themselves as well as their grazers and com-
petitors, which can interact to either exacerbate or diminish the effects of climate change.

Interspecific interactions: competition & symbiosis

Interspecific competition between gametophytes within and among species forms an integral part 
of their overall survival. While gametophytes possess inherent mechanisms to combat competi-
tion such as chemical deterrents (Amsler et al. 1992) and can potentially trigger premature gamete 
release of competitors (Maier et al. 2001), other factors influencing interspecific competition may 
change in future oceans. For example, the outcome of interspecific competition can be determined 
by initial settlement density (Reed 1990), which may change as spore release is tied to factors pre-
dicted to change in future oceans, such as water motion and temperature (see previous sections). 
Increased disturbance will also create a patchier distribution in kelp forests (Layton et al. 2020a), 
and annual kelps and other opportunistic species that colonize rapidly can potentially be competi-
tors of perennial kelps (Reed & Foster 1984, Pereira et al. 2011). For example, gametophytes of 
Saccorhiza polyschides perform relatively better under increased temperature stress than the peren-
nial kelp Laminaria ochroleuca, necessitated by the increased reliance of annual populations on 
the persistence of the gametophyte stage (Pereira et al. 2011). In competition with the perennial S. 
latissima, the annual kelp N. luetkeana exhibits better survival success when settled first, whereas 
S. latissima is better able to cope with increased sedimentation, which is often detrimental to kelp 
sporophyte production (Traiger & Konar 2017; Figure 4). The relative advantage of N. luetkeana 
over S. latissima depending on timing of spore settlement indicates the importance of reproductive 
phenology noted earlier in this review.

The use of novel genetic techniques such as nested PCR with species-specific primers has 
allowed the occurrence of gametophytes of different kelp species, and potential interactions, to 
be quantified in situ. For example, the dominant canopy forming species N. luetkeana had a more 
widespread occurrence of their microscopic stages than Hedophyllum sessile (Fox & Swanson 
2007) which may indicate that the gametophyte generation of N. luetkeana has some competitive 
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advantage over H. sessile relating to dispersal potential or colonization of substrates. However, even 
when spore dispersal and presence of microscopic forms are high, recruitment might not take place. 
A recent study shows kelp recruitment in post-disturbance patches may be limited due to competi-
tion with faster-growing turfing algae for light (Layton et al. 2020a). Indeed, areas composed mostly 
of small understory algae are devoid of kelp gametophytes (Akita et al. 2019) and the species com-
position of microscopic stages can be very different from the sporophyte distribution in that same 
area (Robuchon et al. 2014). This disparity in distribution between gametophytes and sporophytes 
could be due to a seasonal effect, but can also be an indication that kelp gametophytes are losing 
in competition for space with understory and turf-forming algae, in which light requirements of 
germinating gametophytes might play a role (Tatsumi & Wright 2016).

Understanding interspecific competition and ecological interactions on microscales may ben-
efit from the development of metabarcoding for detecting the presence of gametophytes and other 
species within the environment (e.g. Fox & Swanson 2007, Robuchon et al. 2014). Co-culturing 
different species of gametophytes or other taxa will also aid in determining the effects of competi-
tion, but to date, only a few studies have attempted this (e.g. Reed 1990, Traiger & Konar 2017). 
Further convergence of several avenues of research (e.g. co-culturing, in situ use of metabarcod-
ing, multifactorial mesocosm ecological experiments) may help understand ecological interactions 
among species, as well as ‘winners and losers’ in a changing ocean within the microenvironment 
that gametophytes occupy.

Gametophytes can also live as endo- or epiphytes on red algae (Garbary et al. 1999, Hubbard 
et al. 2004, Bringloe et al. 2018) and other kelp (Lane & Saunders 2005; Figure 4), but the signifi-
cance of this in natural settings is unknown. This symbiosis is hypothesized to attenuate the negative 

Figure 4 Examples of interactions that take place on a microscale inside and outside of the sporophyte 
canopy. Studies on these subjects are few, and the field conditions in which gametophytes live and survive are 
an important future avenue of research.
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effects of sedimentation and grazing by growing inside the protective layer of other algal cell walls. 
For example, oogonia have been found protruding from red algal cell walls, which indicates that 
gametophytes are reproductive when living epiphytically (Garbary et al. 1999). As sedimentation 
and grazing are primary drivers of kelp loss (Strain et al. 2014, Ling et al. 2015), living epiphytically 
may prove advantageous in future oceans, though this needs to be corroborated in field settings.

Interactions of kelp gametophytes with microbes

Beneficial relationships between kelp sporophytes and associated microbes (termed the holobiont) 
are well established (Egan et al. 2013, Marzinelli et al. 2015, Pfister et al. 2019) and microbes may 
play a role in sporophyte resilience to ocean change (e.g. Qiu et al. 2019), but research establish-
ing the role of microbes on gametophytes is still in its infancy. Microbial communities obtained 
from urbanised nearshore waters negatively affected M. pyrifera gametophyte abundance and size, 
whereas microbes from more pristine environments enhanced growth when present in intermediate 
abundance (Morris et al. 2016; Figure 4). A positive association with bacteria has also been shown 
when associated microbiota negate the toxic effects of polluting metals (Wang et al. 2020), but 
negative effects may occur when fast growing filamentous bacteria compete for space with game-
tophytes in polluted environments (Reed et al. 1994). Evidently, interactions with microbes may 
either increase or decrease the resilience of gametophytes to ocean change factors such as pollution 
and urbanization, and through their manipulation might prove a functional method of increasing 
resilience (Egan et al. 2013).

Effects of grazing on gametophytes

Increased grazing by herbivores on adult sporophytes is recognized as a pressing threat to kelp for-
est persistence under climate change (Santelices & Ojeda 1984, Vergés et al. 2014, Ling et al. 2015) 
due to either increases in rates of herbivory from co-occurring grazers (Provost et al. 2017, Rich 
et al. 2018, Miranda et al. 2019) or climate-driven poleward extensions of herbivores into temperate 
systems (Vergés et al. 2014, Ling et al. 2015, Vergés et al. 2016). Less is known, however, about how 
grazing affects the gametophyte stage. It has been shown in laboratory settings that grazing by echi-
noderms and gastropods can negatively affect gametophyte growth and recruitment (Leonard 1994, 
Martinez & Santelices 1998, Zacher et al. 2016, Veenhof et al. 2022; Figure 4) and it is hypothesized 
that amphipods, urchins and fish can also graze on gametophytes (Dayton et al. 1984, Amsler et al. 
1992, Sala & Graham 2002, Franco et al. 2017). Although grazing is seen as a negative impact on 
successful kelp recruitment, herbivores can enhance gametophyte survival and subsequent sporo-
phyte recruitment if herbivores graze selectively on competing understory algae (Henriquez et al. 
2011, Zacher et al. 2016). In a multifactor design, Zacher et al. (2016) showed a species-specific 
response where temperature, sedimentation and grazing pressure can either decrease or stimulate 
gametophyte growth of Alaria esculenta, L. digitata and S. latissima. Specifically, the direction 
of singular effects was similar for all species, where increased temperature benefited germination 
and grazing increased sporophyte density, but sedimentation decreased recruitment of sporophytes. 
However, the interactive effects between grazing and abiotic factors were species-specific and could 
reinforce the positive effects of increased temperature and decreased disturbance of sedimentation 
(Zacher et al. 2016). As these are all factors that are influenced by ocean change, their study showed 
that climate change may alter kelp composition in a complex and hard to predict manner.

Grazing by herbivores appears to have a greater direct negative impact on gametophytes than 
on juvenile sporophytes (Martinez & Santelices 1998), but can have an indirect positive influence 
on gametophyte survival through removal of sediment (Zacher et al. 2016) and competing algae 
(Henriquez et al. 2011) as well as enhancing fertilization and sporophyte recruitment following 
grazer ingestion (Veenhof et al. 2022). Sustained urchin barrens indicate recruitment of adult 
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sporophytes is prevented by grazing; however, there is an indication that algal diversity is still pres-
ent on a microscale (Akita et al. 2019, Coleman & Kennelly 2019, Shum et al. 2019). Additionally, 
spores of L. nigrescens can survive digestion by sea urchins, and other seaweed species can be 
recruited from fertile material after digestion by molluscs (Santelices et al. 1983, Santelices & 
Correa 1985, Veenhof et al. 2022). The sparse amount of research on grazer and gametophyte 
interactions makes these conclusions preliminary, but the complexity of interactions between herbi-
vores and microscopic stages of kelps and the paucity of knowledge of the biotic microenvironment 
gametophytes inhabit will mean that filling this knowledge gap will be central in understanding 
kelp persistence under increasing ocean change.

Future opportunities & knowledge gaps

Climate change is one of the most pressing issues faced by marine ecosystems globally (Henson 
et al. 2017). Predicted increases in temperature, acidification, UV radiation and non-climate related 
human impacts will affect ocean physics and chemistry (Collins et al. 2019), which in turn affects 
species physiology, distributions and interactions (Harley et al. 2012, Field et al. 2014). Negative 
impacts on kelp forests such as loss of biodiversity and change in ecological structure are already 
apparent (e.g. Wernberg et al. 2013, Filbee-Dexter et al. 2016, Berry et al. 2021) and climate projec-
tions suggest further loss in the future (e.g. Assis et al. 2017, Davis et al. 2021b). The response of 
gametophytes to environmental factors predicted to change in future oceans gives both concern and 
hope for the long-term persistence of kelp forests.

This review has revealed that gametophytes appear to be relatively tolerant to a wide range of 
ocean temperatures and light (Müller et al. 2012, Mabin et al. 2013, Hollarsmith et al. 2020), albeit 
with responses dependent on location (Oppliger et al. 2012, Mohring et al. 2014, Muth et al. 2019, 
Martins et al. 2020) and thermal history (Liesner et al. 2020). Temperature increases may have 
the largest impacts on gametophytes of temperate and warm adapted kelps (e.g. Gonzalez et al. 
2018, Augyte et al. 2019, Hollarsmith et al. 2020), and could partly underpin recruitment failure 
and large sporophyte declines in populations around the world (Muth et al. 2019, Wernberg et al. 
2019b), particularly at warm range edges (Vergés et al. 2016, Smale et al. 2019). Summer tempera-
tures and/or temperature anomalies such as marine heatwaves are increasingly exceeding the tem-
perature thresholds for stage transitions in gametophytes in the south-east Pacific Ocean (Shukla & 
Edwards 2017, Gonzalez et al. 2018, Muth et al. 2019) and the North Sea (Müller et al. 2008, Bartsch 
et al. 2013). As future kelp persistence and distribution may largely be driven by thermal tolerance 
(Martínez et al. 2018), understanding thermal plasticity in the gametophyte stage should be a prime 
direction of future research. Some advances have been made in understanding the genetic basis for 
thermal tolerance (Liu et al. 2019), how these genetic patterns manifest under naturally occurring 
temperature gradients in the field (Vranken et al. 2021) as well as the potential for adaptive capac-
ity of gametophytes under increased heat stress (Mabin et al. 2019, Vranken et al. 2021), but more 
research is required to demonstrate causation and link these patterns to conditions characteristic of 
field settings (but see Liesner et al. 2020). Efforts to map and preserve thermal and adaptive genetic 
variation more generally will also inform the capacity of gametophytes to face the challenge ocean 
warming poses (Wade et al. 2020, Coleman et al. 2020b, Wood et al. 2021).

Even though gametophytes can be resilient to a variety of temperature and light regimes, their 
phase changes (i.e. gametogenesis, recruitment of sporophytes) are tightly linked to specific envi-
ronmental cues which may be disrupted and alter population dynamics in the future (de Bettignies 
et al. 2018, Capdevila et al. 2019, Muth et al. 2019). The reproductive phenology of many kelps is 
likely to change with changes in seasonal temperatures and duration, and this may result in game-
tophytes growing under different environmental conditions than in the past (Martins et al. 2017). 
Kelp life cycles respond to circannual rhythms (tom Dieck 1991, Lüning 1991), with irradiance and 
temperature providing important cues in the onset of gametogenesis (Lüning 1980, Roleda 2016). 
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This might cause a mismatch between environment (e.g. optimum temperature for growth of game-
tophytes) and the developmental transition from gametophytes to sporophytes (de Bettignies et al. 
2018), as optimum conditions for growth can differ from those measured for survival (Mohring 
et al. 2013a) or fertility (Bolton & Levitt 1985, Martins et al. 2017). In addition, thermal conditions 
during early stages can have repercussions on performance in successive life stages (Liesner et al. 
2020). However, the ability of gametophytes to remain in a dormant state when conditions are unfa-
vourable for weeks to several months (Hoffmann & Santelices 1991, Barradas et al. 2011, Carney 
et al. 2013; Figure 5) could mitigate this problem, and potentially facilitate a shift in growing season 
and persistence through harsh conditions.

The potential of kelp gametophytes to temporarily persist through harsh conditions as a micro-
scopic seedbank (Hoffmann & Santelices 1991, Santelices et al. 2002, Carney et al. 2013, Schoenrock 
et al. 2020) is a current and relevant topic of discussion (Schoenrock et al. 2020; Figure 5). In labo-
ratories, gametophyte cultures can be preserved for decades (e.g. tom Dieck 1993). In field studies, 
however, tracking gametophyte growth and recruitment on out-planted microscope slides indicates 
recruitment occurs over a short period, suggesting multiple short ‘reproductive windows’ rather than 
long-term persistence of a bank of microscopic forms (Deysher & Dean 1986a, Reed et al. 1994, 1997). 
Field-based experiments have also tracked the regrowth of kelp beds following canopy removal as an 
indication of the persistence of microscopic gametophytes in the field in a dormant form (Barradas 
et al. 2011, Hewitt et al. 2005, McConnico & Foster 2005) or in the form of microscopic sporophytes 
(Kinlan et al. 2003), and found recruitment with no apparent source of spores, indicating the pres-
ence of dormant microscopic stages (Schoenrock et al. 2020). Additionally, several studies using 
genetic markers have established a widespread presence of gametophytes in the field (i.e. Bringloe 
et al. 2018, Fox & Swanson 2007, Robuchon et al. 2014) and genetic parentage analyses of recruits 
suggest that a bank of gametophytes of mixed age and origin may exist (Carney et al. 2013). The ben-
efits of a bank of microscopic forms with a mixed genetic make-up may lie in the ability to preserve 
genetic variability that supports the adaptive capability to changing conditions (Carney et al. 2013, 

Figure 5 A collation of studies that research the possibility of microscopic forms of kelps persisting for dif-
ferent periods. Studies are categorized by whether the study was based on data from gametophytes tracked in 
the field (“Data”), or by tracking recruitment after canopy removal (“Inference”). 
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Coleman & Goold 2019, Coleman & Wernberg 2020, Wade et al. 2020). Persisting through harsher 
conditions and recruiting when environmental conditions are suitable may indeed be of great benefit 
for overall kelp forest health and recovery.

The existence of banks of microscopic forms would be unlikely to present a pathway for persis-
tence through extreme events, such as marine heatwaves, that exceed the physiological thresholds of 
gametophytes. Indeed, failure of kelp to recover following loss of sporophytes after extreme events 
(e.g. Wernberg et al. 2013, Filbee-Dexter et al. 2016, Arafeh-Dalmau et al. 2019) suggests that game-
tophytes cannot survive, or their stage transitions are hindered, during such extreme conditions, 
and recovery may be dependent on dispersal of spores from surviving sporophyte populations. 
Indeed, refugia from grazing pressure in cryptic habitats (Zarco-Perello et al. 2021) and tempera-
ture and reduced salinity in deep kelp forests (Davis et al. 2021a, 2022) are potential sources of 
replenishment. Field studies suggest that the majority of sporophytes that recruit in natural popu-
lations are thought to have originated from recently settled spores (Reed et al. 1997). Certainly, 
there is little empirical evidence that gametophytes persist vegetatively for more than ~7 months 
(Figure 5). Whether and for how long gametophytes can persist as a dormant bank of microscopic 
forms through warming or other impacts remains a critical knowledge gap that needs to be filled 
to determine the future of kelp forests, by developing creative solutions to link field research with 
understanding from laboratory studies.

The development of germplasm or culture banks may help secure the future of kelps and their 
adaptive capacity (Wade et al. 2020). Germplasm banks hold the potential to preserve threatened or 
lost genetic and adaptive diversity and facilitate reseeding and restorative initiatives (Coleman et al. 
2020b, Wade et al. 2020). Indeed, algal culture libraries that were established decades ago are still 
used for current experiments (e.g. Martins et al. 2019) and are commercially available (e.g. https://
ku-macc.nbrp.jp/strain/list). Building on these historical culture collections, M. pyrifera gameto-
phytes have been successfully preserved in germplasm banks for up to 5 years, representing geneti-
cally distinct gametophyte cultures to preserve naturally occurring genetic diversity (Barrento et al. 
2016). Indeed, loss of kelp populations is already being addressed through restoration (Bekkby 
et al. 2020, Coleman et al. 2020b, Eger et al. 2020a,b, Layton et al. 2020b, Vergés et al. 2020) and 
the existence of algal culture collections can play a role in this process (Filbee-Dexter et al. 2022). 
Recently, gametophytes have been harnessed to develop a novel kelp restoration tool, “green gravel”, 
whereby gravel is seeded with gametophytes in the laboratory before being out-planted into the 
field as juvenile sporophytes and gametophytes (Fredriksen et al. 2020). This method is now being 
applied globally (www.greengravel.org). Successful restoration of kelp forests has been achieved 
in the past by out-planting juvenile sporophytes (Wilson & North 1983, Hernández-Carmona et al. 
2000, Eger et al. 2020a), but green gravel overcomes the challenges of such techniques by eliminat-
ing the need to employ divers or use engineered structures and allows control over what genotypes 
are seeded (Fredriksen et al. 2020). This technique provides an ideal platform to ‘future-proof’ 
kelp forests via utilising culture banks to seed gravel and restore reefs with either enhanced genetic 
diversity or specific adaptive traits (Coleman et al. 2020b, Coleman & Wernberg 2021) or primed 
individuals with increased thermal tolerance (Jueterbock et al. 2021).

Ecological interactions are also set to change in future oceans and their role in the gametophyte 
stage remains a critical knowledge gap. Specifically, competition of kelp gametophytes with spe-
cies that perform better under higher sedimentation rates, nutrients and acidification such as turfing 
algae warrants more research, as this form of competition will likely become increasingly appar-
ent under future climates (Tatsumi & Wright 2016, Filbee-Dexter & Wernberg 2018, O’Brien & 
Scheibling 2018). Similarly, elucidating the role of positive interactions among kelp and other algal 
species, such as the role of microbiomes, may present novel pathways for enhancing resilience in a 
restoration context (Eger et al. 2020a).

The application of novel genomic techniques has great potential to advance the understanding 
of the persistence of gametophytes in changing oceans. Specifically, genomics should be used to 

https://ku-macc.nbrp.jp
https://ku-macc.nbrp.jp
http://www.greengravel.org
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identify the presence of gametophytes in the field (e.g. Robuchon et al. 2014, Bringloe et al. 2018, 
Akita et al. 2019, Shum et al. 2019, Nagasato et al. 2020, Schoenrock et al. 2020) and link presence 
to changing environmental conditions, including persistence through extreme events. The differ-
ences in the response of gametophytes versus sporophytes to environmental change can be under-
stood through examining patterns of selection through genomic data (Vranken et al. 2021) as well 
as transcriptomics (Liu et al. 2019). Further linking loci to annotated kelp genomes may provide 
insights into the functions that mediate such patterns (Vranken et al. 2021) and more investment 
into sequencing kelp genomes is needed. Identification of genes and variants that perform better 
under future climatic conditions could even pave the way for the development of climate-resilient 
transgenic gametophytes through genetic engineering or synthetic biology (Coleman & Goold 2019, 
Coleman et al. 2020b) transforming the way we conserve and manage kelp in future oceans.

Clearly, gametophytes are an essential part of kelp forest persistence and research investigating 
their responses to climate and anthropogenic impacts is beginning to reveal their role in predicted 
future ocean ecosystems. The ability of gametophytes to persist in a dormant state through harsh 
environmental conditions may be facilitated by their broader tolerance to environmental stress rela-
tive to sporophytes, but where, when and for how long this may occur remain overarching knowledge 
gaps. With present kelp loss in many parts of the world, it is apparent that proactive interventions are 
required to reverse and prevent ongoing degradation of kelp forests (Coleman et al. 2020b). Through 
their relative tolerance to a wide range of conditions, experimental and genetic tractability, and 
capability to be cultured and stored, gametophytes may hold the key to designing and implementing 
proactive management and conservation strategies to secure the future of kelp forests.

References
Akita, S., Takano, Y., Nagai, S., Kuwahara, H., Kajihara, R., Tanabe, A.S. & Fujita, D. 2019. Rapid detec-

tion of macroalgal seed bank on cobbles: Application of DNA metabarcoding using next-generation 
sequencing. Journal of Applied Phycology 31, 2743–2753.

Alestra, T., Tait, L.W. & Schiel, D.R. 2014. Effects of algal turfs and sediment accumulation on replenishment 
and primary productivity of fucoid assemblages. Marine Ecology Progress Series 511, 59–70.

Alsuwaiyan, N.A., Vranken, S., Filbee-Dexter, K., Cambridge, M., Coleman, M.A. & Wernberg, T. 2021. 
Genotypic variation in response to extreme events may facilitate kelp adaptation under future climates. 
Marine Ecology Progress Series 672, 111–121.

Altamirano, M., Murakami, A. & Kawai, H. 2003. Photosynthetic performance and pigment content of differ-
ent developmental stages of Ecklonia cava (Laminariales, Phaeophyceae). Botanica Marina 46, 9–16.

Altamirano, M., Murakami, A. & Kawai, H. 2004. High light stress in the kelp Ecklonia cava. Aquatic Botany 
79, 125–135.

Amsler, C.D., Reed, D.C. & Neushul, M. 1992. The microclimate inhabited by macroalgal propagules. British 
Phycological Journal 27, 253–270.

Anderson, B.S., Hunt, J.W., Turpen, S.L., Coulon, A.R. & Martin, M. 1990. Copper toxicity to microscopic 
stages of giant kelp Macrocystis pyrifera: Interpopulation comparisons and temporal variability. Marine 
Ecology Progress Series 68, 147–156.

Arafeh-Dalmau, N., Montaño-Moctezuma, G., Martínez, J.A., Beas-Luna, R., Schoeman, D.S. & Torres-
Moye, G. 2019. Extreme marine heatwaves alter kelp forest community near its equatorward distribution 
limit. Frontiers in Marine Science 6, 499.

Assis, J., Berecibar, E., Claro, B., Alberto, F., Reed, D., Raimondi, P. & Serrão, E.A. 2017. Major shifts at the 
range edge of marine forests: The combined effects of climate changes and limited dispersal. Scientific 
Reports 7, 44348.

Augyte, S., Wikfors, G.H., Pitchford, S., Marty-Rivera, M., Umanzor, S., Lindell, S., Bailey, D. & Yarish, C. 
2020. The application of flow cytometry for kelp meiospore isolation. Algal Research 46, 101810.

Augyte, S., Yarish, C. & Neefus, C.D. 2019. Thermal and light impacts on the early growth stages of the kelp 
Saccharina angustissima (Laminariales, Phaeophyceae). Algae 34, 153–162.



357

KELP GAMETOPHYTES IN CHANGING OCEANS

Barnes, P.W., Williamson, C.E., Lucas, R.M., Robinson, S.A., Madronich, S., Paul, N.D., Bornman, J.F., 
Bais, A.F., Sulzberger, B., Wilson, S.R., Andrady, A.L., McKenzie, R.L., Neale, P.J., Austin, A.T., 
Bernhard, G.H., Solomon, K.R., Neale, R.E., Young, P.J., Norval, M., Rhodes, L.E., Hylander, S., Rose, 
K.C., Longstreth, J., Aucamp, P.J., Ballaré, C.L., Cory, R.M., Flint, S.D., de Gruijl, F.R., Häder, D.-P., 
Heikkilä, A.M., Jansen, M.A.K., Pandey, K.K., Robson, T.M., Sinclair, C.A., Wängberg, S.-Å., Worrest, 
R.C., Yazar, S., Young, A.R. & Zepp, R.G. 2019. Ozone depletion, ultraviolet radiation, climate change 
and prospects for a sustainable future. Nature Sustainability 2, 569–579.

Barradas, A., Alberto, F., Engelen, A.H. & Serrao, E.A. 2011. Fast sporophyte replacement after removal 
suggests banks of latent microscopic stages of Laminaria ochroleuca (Phaeophyceae) in tide pools in 
northern Portugal. Cahiers De Biologie Marine 52, 435–439.

Barrento, S., Camus, C., Sousa-Pinto, I. & Buschmann, A.H. 2016. Germplasm banking of the giant kelp: Our 
biological insurance in a changing environment. Algal Research 13, 134–140.

Bartsch, I., Vogt, J., Pehlke, C. & Hanelt, D. 2013. Prevailing sea surface temperatures inhibit summer repro-
duction of the kelp Laminaria Digitata at Helgoland (North Sea). Journal of Phycology 49, 1061–1073.

Bartsch, I., Wiencke, C., Bischof, K., Buchholz, C.M., Buck, B.H., Eggert, A., Feuerpfeil, P., Hanelt, D., 
Jacobsen, S., Karez, R., Karsten, U., Molis, M., Roleda, M.Y., Schubert, H., Schumann, R., Valentin, K., 
Weinberger, F. & Wiese, J. 2008. The genus Laminaria sensu lato: Recent insights and developments. 
European Journal of Phycology 43, 1–86.

Bartsch, I., Wiencke, C. & Laepple, T. 2012. Global seaweed biogeography under a changing climate: 
The prospected effects of temperature. In Seaweed Biology, C. Wiencke & K. Bischof (eds). Berlin, 
Heidelberg: Springer, 383–406.

Behrenfeld, M.J., O’Malley, R.T., Siegel, D.A., McClain, C.R., Sarmiento, J.L., Feldman, G.C., Milligan, 
A.J., Falkowski, P.G., Letelier, R.M. & Boss, E.S. 2006. Climate-driven trends in contemporary ocean 
productivity. Nature 444, 752–755.

Bekkby, T., Papadopoulou, N., Fiorentino, D., McOwen, C.J., Rinde, E., Boström, C., Carreiro-Silva, M., 
Linares, C., Andersen, G.S., Bengil, E.G.T., Bilan, M., Cebrian, E., Cerrano, C., Danovaro, R., Fagerli, 
C.W., Fraschetti, S., Gagnon, K., Gambi, C., Gundersen, H., Kipson, S., Kotta, J., Morato, T., Ojaveer, 
H., Ramirez-Llodra, E. & Smith, C.J. 2020. Habitat features and their influence on the restoration poten-
tial of marine habitats in Europe. Frontiers in Marine Science 7, 184.

Bennett, S., Wernberg, T., Connell, S.D., Hobday, A.J., Johnson, C.R. & Poloczanska, E.S. 2016. The ‘Great 
Southern Reef’: Social, ecological and economic value of Australia’s neglected kelp forests. Marine and 
Freshwater Research 67, 47–56.

Berry, H.D., Mumford, T.F., Christiaen, B., Dowty, P., Calloway, M., Ferrier, L., Grossman, E.E. & 
VanArendonk, N.R. 2021. Long-term changes in kelp forests in an inner basin of the Salish Sea. PLoS 
One 16, e0229703.

Bertocci, I., Araújo, R., Oliveira, P. & Sousa-Pinto, I. 2015. REVIEW: Potential effects of kelp species on local 
fisheries. Journal of Applied Ecology 52, 1216–1226.

Bidwell, J.R., Wheeler, K.W. & Burridge, T.R. 1998. Toxicant effects on the zoospore stage of the marine mac-
roalga Ecklonia radiata (Phaeophyta : Laminariales). Marine Ecology Progress Series 163, 259–265.

Boland, W. 1995. The chemistry of gamete attraction: Chemical structures, biosynthesis, and (a)biotic degra-
dation of algal pheromones. Proceedings of the National Academy of Sciences 92, 37–43.

Bolton, J.J. & Anderson, R.J. 1987. Temperature tolerances of two southern African Ecklonia species 
(Alariaceae: Laminariales) and of hybrids between them. Marine Biology 96, 293.

Bolton, J.J. & Levitt, G.J. 1985. Light and temperature requirements for growth and reproduction in gameto-
phytes of Ecklonia maxima (Alariaceae, Laminariales). Marine Biology 87, 131–135.

Bolton, J.J. & Lüning, K. 1982. Optimal growth and maximal survival temperatures of Atlantic Laminaria 
species (Phaeophyta) in culture. Marine Biology 66, 89–94.

Borlongan, I.A., Matsumoto, K., Nakazaki, Y., Shimada, N., Kozono, J., Nishihara, G.N., Shimada, S., 
Watanabe, Y. & Terada, R. 2018. Photosynthetic activity of two life history stages of Costaria costata 
(Laminariales, Phaeophyceae) in response to PAR and temperature gradient. Phycologia 57, 159–168.

Borlongan, I.A., Nishihara, G.N., Shimada, S. & Terada, R. 2019. Assessment of photosynthetic performance 
in the two life history stages of Alaria crassifolia (Laminariales, Phaeophyceae). Phycological Research 
67, 28–38.



358

REINA J. VEENHOF ET AL.

Brierley, A.S. & Kingsford, M.J. 2009. Impacts of climate change on marine organisms and ecosystems. 
Current Biology 19, R602–R614.

Bringloe, T.T., Bartlett, C.A.B., Bergeron, E.S., Cripps, K.S.A., Daigle, N.J., Gallagher, P.O., Gallant, A.D., 
Giberson, R.O.J., Greenough, S.J., Lamb, J.M., Leonard, T.W., MacKay, J.A., McKenzie, A.D., Persaud, 
S.M., Sheng, T.Q., Mills, A., Moore, T.E. & Saunders, G.W. 2018. Detecting Alaria esculenta and 
Laminaria digitata (Laminariales, Phaeophyceae) gametophytes in red algae, with consideration of 
distribution patterns in the intertidal zone. Phycologia 57, 1–8.

Brzezinski, M.A., Reed, D.C. & Amsler, C.D. 1993. Neutral lipids as major storage products in zoospores of 
the giant kelp Macrocystis pyrifera (Phaeophyceae). Journal of Phycology 29, 16–23.

Buschmann, A.H., Camus, C., Infante, J., Neori, A., Israel, Á., Hernández-González, M.C., Pereda, S.V., 
Gomez-Pinchetti, J.L., Golberg, A., Tadmor-Shalev, N. & Critchley, A.T. 2017. Seaweed production: 
Overview of the global state of exploitation, farming and emerging research activity. European Journal 
of Phycology 52, 391–406.

Camus, C., Solas, M., Martínez, C., Vargas, J., Garcés, C., Gil-Kodaka, P., Ladah, L.B., Serrão, E.A. & 
Faugeron, S. 2021. Mates matter: Gametophyte kinship recognition and inbreeding in the giant kelp, 
Macrocystis pyrifera (Laminariales, Phaeophyceae). Journal of Phycology 57, 711–725.

Capdevila, P., Hereu, B., Salguero‐Gómez, R., Rovira, G.l., Medrano, A., Cebrian, E., Garrabou, J., Kersting, 
D.K. & Linares, C. 2019. Warming impacts on early life stages increase the vulnerability and delay the 
population recovery of a long‐lived habitat‐forming macroalga. Journal of Ecology 107, 1129–1140.

Carney, L.T., Bohonak, A.J., Edwards, M.S. & Alberto, F. 2013. Genetic and experimental evidence for a mixed-
age, mixed-origin bank of kelp microscopic stages in southern California. Ecology 94, 1955–1965.

Carney, L.T. & Edwards, M.S. 2010. Role of nutrient fluctuations and delayed development in gametophyte 
reproduction by Macrocystis pyrifera (Phaeophyceae) in Southern California. Journal of Phycology 46, 
987–996.

Carter, P. 1935. Effect of orange juice on the growth of Laminaria gametophytes. Nature 135, 958–959.
Cetina-Heredia, P., Roughan, M., van Sebille, E. & Coleman, M.A. 2014. Long-term trends in the East 

Australian Current separation latitude and eddy driven transport. Journal of Geophysical Research: 
Oceans 119, 4351–4366.

Chapman, A.R.O. 1981. Stability of sea urchin dominated barren grounds following destructive grazing of 
kelp in St. Margaret’s Bay, Eastern Canada. Marine Biology 62, 307–311.

Choi, H.G., Jeon, D.V., Park, S.K. & Gao, X. 2019. Physiological differences in the growth and maturation of 
Eisenia bicyclis and Ecklonia cava gametophytes in Korea. Journal of Oceanology and Limnology 37, 
657–664.

Choi, H.G., Kim, Y.S., Lee, S.J., Park, E.J. & Nam, K.W. 2005. Effects of daylength, irradiance and settle-
ment density on the growth and reproduction of Undaria pinnatifida gametophytes. Journal of Applied 
Phycology 17, 423–430.

Cie, D.K. & Edwards, M.S. 2008. The effects of high irradiance on the settlement competency and viability 
of kelp zoospores. Journal of Phycology 44, 495–500.

Clayton, M.N. 1992. Propagules of marine macroalgae: Structure and development. British Phycological 
Journal 27, 219–232.

Coleman, M. & Wernberg, T. 2018. Genetic and morphological diversity in sympatric kelps with contrasting 
reproductive strategies. Aquatic Biology 27, 65–73.

Coleman, M.A. & Brawley, S.H. 2005. Variability in temperature and historical patterns in reproduction in 
the Fucus distichus complex (Heterokontophyta; Phaeophyceae): Implications for speciation and the 
collection of herbarium specimens. Journal of Phycology 41, 1110–1119.

Coleman, M.A., Cetina-Heredia, P., Roughan, M., Feng, M., van Sebille, E. & Kelaher, B.P. 2017. Anticipating 
changes to future connectivity within a network of marine protected areas. Global Change Biology 23, 
3533–3542.

Coleman, M.A. & Goold, H.D. 2019. Harnessing synthetic biology for kelp forest conservation. Journal of 
Phycology 55, 745–751.

Coleman, M.A., Kelaher, B.P., Steinberg, P.D. & Millar, A.J.K. 2008. Absence of a large brown macroalga 
on urbanized rocky reefs around Sydney, Australia, and evidence for historical decline. Journal of 
Phycology 44, 897–901.



359

KELP GAMETOPHYTES IN CHANGING OCEANS

Coleman, M.A. & Kennelly, S.J. 2019. Microscopic assemblages in kelp forests and urchin barrens. Aquatic 
Botany 154, 66–71.

Coleman, M.A., Minne, A.J.P., Vranken, S. & Wernberg, T. 2020a. Genetic tropicalisation following a marine 
heatwave. Scientific Reports 10, 12726.

Coleman M.A., Reddy M., Nimbs M.J., Marshell A., Al-Ghassani S.A., Bolton J.J., Jupp B.P., De Clerck O., 
Leliaert F., Madeira P., Serrao E., Pearson G., Champion C., & Wernberg T. 2022. Loss of a globally 
unique kelp forest and genetic diversity from Oman. Scientific Reports 12, 5020. 

Coleman, M.A., Roughan, M., Macdonald, H.S., Connell, S.D., Gillanders, B.M., Kelaher, B.P. & Steinberg, 
P.D. 2011. Variation in the strength of continental boundary currents determines continent-wide con-
nectivity in kelp. Journal of Ecology 99, 1026–1032.

Coleman, M.A. & Veenhof, R.J. 2021. Reproductive versatility of kelps in changing oceans. Journal of 
Phycology 57, 708–710.

Coleman, M.A. & Wernberg, T. 2020. The silver lining of extreme events. Trends in Ecology & Evolution 
35(12), 1065–1067.

Coleman, M.A. & Wernberg, T. 2021. A glass half full: Solutions-oriented management under climate change. 
Trends in Ecology & Evolution 36, 385–386.

Coleman, M.A., Wood, G., Filbee-Dexter, K., Minne, A.J.P., Goold, H.D., Vergés, A., Marzinelli, E.M., 
Steinberg, P.D. & Wernberg, T. 2020b. Restore or redefine: Future trajectories for restoration. Frontiers 
in Marine Science 7, 237.

Collins, M., Sutherland, M., Bouwer, L., Cheong, S.-M., Frölicher, T., Jacot Des Combes, H., Koll Roxy, M., 
Losada, I., McInnes, K., Ratter, B., Rivera-Arriaga, E., Susanto, R.D., Swingedouw, D. & Tibig, L. 2019. 
Extremes, abrupt changes and managing risk. In IPCC Special Report on the Ocean and Cryosphere in 
a Changing Climate, H.O. Pörtner et al. (eds). Cambridge: Cambridge University Press.

Connell, S.D., Doubleday, Z.A., Foster, N.R., Hamlyn, S.B., Harley, C.D.G., Helmuth, B., Kelaher, B.P., 
Nagelkerken, I., Rodgers, K.L., Sarà, G. & Russell, B.D. 2018. The duality of ocean acidification as a 
resource and a stressor. Ecology 99, 1005–1010.

Connell, S.D., Kroeker, K.J., Fabricius, K.E., Kline, D.I. & Russell, B.D. 2013. The other ocean acidification 
problem: CO2 as a resource among competitors for ecosystem dominance. Philosophical Transactions 
of the Royal Society B 368, 20120442.

Connell, S.D. & Russell, B.D. 2010. The direct effects of increasing CO2 and temperature on non-calcifying 
organisms: Increasing the potential for phase shifts in kelp forests. Proceedings of the Royal Society B 
277, 1409–1415.

Connell, S.D., Russell, B.D., Turner, D.J., Shepherd, S.A., Kildea, T., Miller, D., Airoldi, L. & Cheshire, 
A. 2008. Recovering a lost baseline: Missing kelp forests from a metropolitan coast. Marine Ecology 
Progress Series 360, 63–72.

Contreras, L., Medina, M.H., Andrade, S., Oppliger, V. & Correa, J.A. 2007. Effects of copper on early devel-
opmental stages of Lessonia nigrescens Bory (Phaeophyceae). Environmental Pollution 145, 75–83.

Copertino, M., Connell, S.D. & Cheshire, A. 2005. The prevalence and production of turf-forming algae on a 
temperate subtidal coast. Phycologia 44, 241–248.

Cornwall, C.E., Hepburn, C.D., McGraw, C.M., Currie, K.I., Pilditch, C.A., Hunter, K.A., Boyd, P.W. & Hurd, 
C.L. 2013. Diurnal fluctuations in seawater pH influence the response of a calcifying macroalga to ocean 
acidification. Proceedings of the Royal Society B: Biological Sciences 280, 20132201.

Coumou, D. & Rahmstorf, S. 2012. A decade of weather extremes. Nature Climate Change 2, 491–496.
Crepineau, F., Roscoe, T., Kaas, R., Kloareg, B. & Boyen, C. 2000. Characterisation of complementary DNAs 

from the expressed sequence tag analysis of life cycle stages of Laminaria digitata (Phaeophyceae). 
Plant Molecular Biology 43, 503–513.

Davis, T.R., Champion, C. & Coleman, M.A. 2021a. Climate refugia for kelp within an ocean warming hotspot 
revealed by stacked species distribution modelling. Marine Environmental Research 166, 105267.

Davis T.R., Champion C., & Coleman M.A. 2021b. Ecological interactions mediate projected loss of kelp 
biomass under climate change. Diversity and Distributions 28, 306–317. 

Davis T.R., Larkin M.F., Forbes A., Veenhof R.J., Scott A., & Coleman M.A. 2022. Extreme flooding and 
reduced salinity causes mass mortality of nearshore kelp forests. Estuarine, Coastal and Shelf Science 
275, 107960.



360

REINA J. VEENHOF ET AL.

Dayton, P.K. 1985. Ecology of kelp communities. Annual Review of Ecology and Systematics 16, 215–245.
Dayton, P.K., Currie, V., Gerrodette, T., Keller, B.D., Rosenthal, R. & Tresca, D.V. 1984. Patch dynamics and 

stability of some California kelp communities. Ecological Monographs 54, 253–289.
Dayton, P.K., Tegner, M.J., Edwards, P.B. & Riser, K.L. 1999. Temporal and spatial scales of kelp demogra-

phy: The role of oceanographic climate. Ecological Monographs 69, 219–250.
Dayton, P.K., Tegner, M.J., Parnell, P.E. & Edwards, P.B. 1992. Temporal and spatial patterns of disturbance 

and recovery in a kelp forest community. Ecological Monographs 62, 421–445.
de Bettignies, T., Wernberg, T. & Gurgel, C.F.D. 2018. Exploring the influence of temperature on aspects of 

the reproductive phenology of temperate seaweeds. Frontiers in Marine Science 5, 218.
Delebecq, G., Davoult, D., Janquin, M.A., Oppliger, L.V., Menu, D., Dauvin, J.C. & Gevaert, F. 2016. 

Photosynthetic response to light and temperature in Laminaria digitata gametophytes from two French 
populations. European Journal of Phycology 51, 71–82.

Delille, B., Borges, A.V. & Delille, D. 2009. Influence of giant kelp beds (Macrocystis pyrifera) on diel cycles 
of pCO2 and DIC in the Sub-Antarctic coastal area. Estuarine, Coastal and Shelf Science 81, 114–122.

Destombe, C. & Oppliger, L.V. 2011. Male gametophyte fragmentation in Laminaria digitata: A life history 
strategy to enhance reproductive success. Cahiers De Biologie Marine 52, 385–394.

Deysher, L.E. & Dean, T.A. 1984. Critical irradiance levels and the interactive effects of quantum irradiance 
and dose on gametogenesis in the giant kelp, Macrocystis pyrifera. Journal of Phycology 20, 520–524.

Deysher, L.E. & Dean, T.A. 1986a. In situ recruitment of sporophytes of the giant kelp, Macrocystis pyrifera 
(L.) C.A. Agardh: Effects of physical factors. Journal of Experimental Marine Biology and Ecology 
103, 41–63.

Deysher, L.E. & Dean, T.A. 1986b. Interactive effects of light and temperature on sporophyte production in 
the giant kelp Macrocystis pyrifera. Marine Biology 93, 17–20.

Duarte, C.M. 2017. Reviews and syntheses: Hidden forests, the role of vegetated coastal habitats in the ocean 
carbon budget. Biogeosciences 14, 301–310.

Durrant, H.M.S., Burridge, C.P., Kelaher, B.P., Barrett, N.S., Edgar, G.J. & Coleman, M.A. 2014. Implications 
of macroalgal isolation by distance for networks of marine protected areas. Conservation Biology 28, 
438–445.

Ebbing, A., Pierik, R., Bouma, T., Kromkamp, J.C. & Timmermans, K. 2020. How light and biomass density 
influence the reproduction of delayed Saccharina latissima gametophytes (Phaeophyceae). Journal of 
Phycology 56, 709–718.

Ebbing, A.P.J., Pierik, R., Fivash, G.S., van de Loosdrecht, N.C.J., Bouma, T.J., Kromkamp, J.C. & 
Timmermans, K. 2021. The role of seasonality in reproduction of multiannual delayed gametophytes of 
Saccharina latissima. Journal of Phycology 57, 1580–1589.

Egan, S., Harder, T., Burke, C., Steinberg, P., Kjelleberg, S. & Thomas, T. 2015. The seaweed holobiont: 
Understanding seaweed-bacteria interactions. FEMS Microbiology Reviews 37, 462–476.

Eger, A., Marzinelli, E., Baes, R., Blain, C., Blamey, L., Carnell, P., Choi, C.G., Hessing-Lewis, M., Kim, K.Y. 
& Lorda, J. 2021. The economic value of fisheries, blue carbon, and nutrient cycling in global marine 
forests. EcoEvoRxiv.

Eger, A.M., Marzinelli, E., Gribben, P., Johnson, C.R., Layton, C., Steinberg, P.D., Wood, G., Silliman, B.R. & 
Vergés, A. 2020a. Playing to the positives: Using synergies to enhance kelp forest restoration. Frontiers 
in Marine Science 7, 544.

Eger, A.M., Vergés, A., Choi, C.G., Christie, H., Coleman, M.A., Fagerli, C.W., Fujita, D., Hasegawa, M., Kim, 
J.H., Mayer-Pinto, M., Reed, D.C., Steinberg, P.D. & Marzinelli, E.M. 2020b. Financial and institutional 
support are important for large-scale kelp forest restoration. Frontiers in Marine Science 7, 811.

Espinoza-González, C., Meynard, A., Núñez, A., Castañeda, F., Oyarzo-Miranda, C., Latorre-Padilla, N., 
Rivas, J. & Contreras-Porcia, L. 2021. Assessment of the independent and combined effects of cop-
per and polycyclic aromatic hydrocarbons on gametogenesis and sporophyte development of the kelp 
Lessonia spicata (Phaeophyceae, Ochrophyta). Journal of Applied Phycology 33, 4023–4034.

Fain, S.R. & Murray, S.N. 1982. Effects of light and temperature on net photosynthesis and dark respiration 
of gametophytes and embryonic sporophytes of Macrocystis pyrifera. Journal of Phycology 18, 92–98.

Fejtek, S.M., Edwards, M.S. & Kim, K.Y. 2011. Elk Kelp, Pelagophycus porra, distribution limited due to 
susceptibility of microscopic stages to high light. Journal of Experimental Marine Biology and Ecology 
396, 194–201.



361

KELP GAMETOPHYTES IN CHANGING OCEANS

Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, Y.O. Estrada, 
R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken & L.L.White (eds.). 2014. Climate 
change 2014: Impacts, adaptation, and vulnerability. Part A: Global and sectoral aspects. In Contribution 
of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 
Cambridge: Cambridge University Press, 1132.

Filbee-Dexter, K., Feehan, C.J. & Scheibling, R.E. 2016. Large-scale degradation of a kelp ecosystem in an 
ocean warming hotspot. Marine Ecology Progress Series 543, 141–152.

Filbee-Dexter, K. & Scheibling, R.E. 2012. Hurricane-mediated defoliation of kelp beds and pulsed delivery 
of kelp detritus to offshore sedimentary habitats. Marine Ecology Progress Series 455, 51–64.

Filbee-Dexter, K. & Scheibling, R.E. 2014. Sea urchin barrens as alternative stable states of collapsed kelp 
ecosystems. Marine Ecology Progress Series 495, 1–25.

Filbee-Dexter, K. & Wernberg, T. 2018. Rise of turfs: A new battlefront for globally declining kelp forests. 
Bioscience 68, 64–76.

Filbee-Dexter, K. & Wernberg, T. 2020. Substantial blue carbon in overlooked Australian kelp forests. 
Scientific Reports 10, 12341.

Filbee-Dexter K., Wernberg T., Barreiro R., Coleman M.A., de Bettignies T., Franco J., Hasler B., Louro I., 
Norderhaug K.M., Staehr P., Tuya F., & Verbeek J. 2022. Leveraging the blue economy to transform 
marine forest restoration. Journal of Phycology 58, 198–207.

Fletcher, R.L. & Callow, M.E. 1992. The settlement, attachment and establishment of marine algal spores. 
British Phycological Journal 27, 303–329.

Foster, M.S. & Schiel, D.R. 2010. Loss of predators and the collapse of southern California kelp forests (?): 
Alternatives, explanations and generalizations. Journal of Experimental Marine Biology and Ecology 
393, 59–70.

Fox, C.H. & Swanson, A.K. 2007. Nested PCR detection of microscopic life-stages of laminarian macroalgae 
and comparison with adult forms along intertidal height gradients. Marine Ecology Progress Series 
332, 1–10.

Franco, J.N., Wernberg, T., Bertocci, I., Jacinto, D., Maranhão, P., Pereira, T., Martinez, B., Arenas, F., Sousa-
Pinto, I. & Tuya, F. 2017. Modulation of different kelp life stages by herbivory: Compensatory growth 
versus population decimation. Marine Biology 164, 164.

Fredersdorf, J., Muller, R., Becker, S., Wiencke, C. & Bischof, K. 2009. Interactive effects of radiation, tem-
perature and salinity on different life history stages of the Arctic kelp Alaria esculenta (Phaeophyceae). 
Oecologia 160, 483–492.

Fredriksen, S., Filbee-Dexter, K., Norderhaug, K.M., Steen, H., Bodvin, T., Coleman, M.A., Moy, F. & 
Wernberg, T. 2020. Green gravel: A novel restoration tool to combat kelp forest decline. Scientific 
Reports 10, 3983.

Frölicher, T.L., Fischer, E.M. & Gruber, N. 2018. Marine heatwaves under global warming. Nature 560, 
360–364.

Gaitán-Espitia, J.D., Hancock, J.R., Padilla-Gamiño, J.L., Rivest, E.B., Blanchette, C.A., Reed, D.C. & 
Hofmann, G.E. 2014. Interactive effects of elevated temperature and pCO2 on early-life-history stages 
of  the giant kelp Macrocystis pyrifera. Journal of Experimental Marine Biology and Ecology 457, 
51–58.

Gao, X., Kim, J.H., Park, S.K., Yu, O.H., Kim, Y.S. & Choi, H.G. 2019. Diverse responses of sporophytic pho-
tochemical efficiency and gametophytic growth for two edible kelps, Saccharina japonica and Undaria 
pinnatifida, to ocean acidification and warming. Marine Pollution Bulletin 142, 315–320.

Garbary, D.J., Kim, K.Y., Klinger, T. & Duggins, D. 1999. Red algae as hosts for endophytic kelp gameto-
phytes. Marine Biology 135, 35–40.

Garman, G.D., Pillai, M.C. & Cherr, G.N. 1994a. Inhibition of cellular events during early algal gametophyte 
development - effects of select metals and an aqueous petroleum waste. Aquatic Toxicology 28, 127–144.

Garman, G.D., Pillai, M.C., Goff, L.J. & Cherr, G.N. 1994b. Nuclear events during early development in 
gametophytes of Macrocystis pyrifera, and the temporal effects of a marine contaminant. Marine 
Biology 121, 355–362.

Gaylord, B., Reed, D.C., Raimondi, P.T. & Washburn, L. 2006. Macroalgal spore dispersal in coastal envi-
ronments: Mechanistic insights revealed by theory and experiment. Ecological Monographs 76, 
481–502.



362

REINA J. VEENHOF ET AL.

Gaylord, B., Reed, D.C., Raimondi, P.T., Washburn, L. & McLean, S.R. 2002. A physically based model of 
macroalgal spore dispersal in the wave and current‐dominated nearshore. Ecology 83, 1239–1251.

Gerard, V.A. 1990. Ecotypic differentiation in the kelp Laminaria-saccharina - phase-specific adaptation in 
a complex life-cycle. Marine Biology 107, 519–528.

Gonzalez, C.P., Edding, M., Torres, R. & Manriquez, P.H. 2018. Increased temperature but not pCO2 levels 
affect early developmental and reproductive traits of the economically important habitat-forming kelp 
Lessonia trabeculata. Marine Pollution Bulletin 135, 694–703.

Gordon, R. & Brawley, S.H. 2004. Effects of water motion on propagule release from algae with complex life 
histories. Marine Biology 145, 21–29.

Graham, M.H. 2003. Coupling propagule output to supply at the edge and interior of a giant kelp forest. 
Ecology 84, 1250–1264.

Graham, M.H., Vasquez, J.A. & Buschmann, A.H. 2007. Global ecology of the giant kelp Macrocystis: From 
ecotypes to ecosystems. Oceanography and Marine Biology: An Annual Review 45, 39–88.

Gurgel, C.F.D., Camacho, O., Minne, A.J., Wernberg, T. & Coleman, M.A. 2020. Marine heatwave drives 
cryptic loss of genetic diversity in underwater forests. Current Biology 30, 1199–1206.

Harley, C.D.G., Anderson, K.M., Demes, K.W., Jorve, J.P., Kordas, R.L., Coyle, T.A. & Graham, M.H. 2012. 
Effects of climate change on global seaweed communities. Journal of Phycology 48, 1064–1078.

Harries, R. 1932. An investigation by cultural methods of some of the factors influencing the development of 
the gametophytes and the early stages of the sporophytes of Laminaria digitata, L. saccharina, and L. 
Cloustoni. Annals of Botany 46, 893–928.

Henkel, S.K., Hofmann, G.E. 2008. Thermal ecophysiology of gametophytes cultured from invasive Undaria 
pinnatifida (Harvey) Suringar in coastal California harbors. Journal of Experimental Marine Biology 
and Ecology 367, 164–173.

Henriquez, L.A., Buschmann, A.H., Maldonado, M.A., Graham, M.H., Hernandez-Gonzalez, M.C., Pereda, 
S.V. & Bobadilla, M.I. 2011. Grazing on giant kelp microscopic phases and the recruitment success of 
annual populations of Macrocystis Pyrifera (Laminariales, Phaeophyta) in Southern Chile. Journal of 
Phycology 47, 252–258.

Henson, S.A., Beaulieu, C., Ilyina, T., John, J.G., Long, M., Séférian, R., Tjiputra, J. & Sarmiento, J.L. 
2017. Rapid emergence of climate change in environmental drivers of marine ecosystems. Nature 
Communications 8, 14682.

Hepburn, C., Pritchard, D., Cornwall, C., McLeod, R., Beardall, J., Raven, J. & Hurd, C. 2011. Diversity of 
carbon use strategies in a kelp forest community: Implications for a high CO2 ocean. Global Change 
Biology 17, 2488–2497.

Hernández-Carmona, G., García, O., Robledo, D. & Foster, M. 2000. Restoration techniques for Macrocystis 
pyrifera (Phaeophyceae) populations at the southern limit of their distribution in México. Botanica 
Marina 43, 273–284.

Hewitt, C.L., Campbell, M.L., McEnnulty, F., Moore, K.M., Murfet, N.B., Robertson, B. & Schaffelke, B. 
2005. Efficacy of physical removal of a marine pest: The introduced kelp Undaria pinnatifida in a 
Tasmanian Marine Reserve. Biological Invasions 7, 251–263.

Hobday, A.J., Alexander, L.V., Perkins, S.E., Smale, D.A., Straub, S.C., Oliver, E.C.J., Benthuysen, J.A., 
Burrows, M.T., Donat, M.G., Peng, M., Holbrook, N.J., Moore, P.J., Scannell, H.A., Sen Gupta, A. & 
Wernberg, T. 2016. A hierarchical approach to defining marine heatwaves. Progress in Oceanography 
141, 227–238.

Hoffmann, A.J., Avila, M. & Antelices, B. 1984. Interactions of nitrate and phosphate on the development 
of microscopic stages of Lessonia nigrescens Bory (Phaeophyta). Journal of Experimental Marine 
Biology and Ecology 78, 177–186.

Hoffmann, A.J. & Santelices, B. 1982. Effects of light intensity and nutrients on gametophytes and game-
togenesis of Lessonia nigrescens Bory (Phaeophyta). Journal of Experimental Marine Biology and 
Ecology 60, 77–89.

Hoffmann, A.J. & Santelices, B. 1991. Banks of algal microscopic forms - Hypotheses on their functioning 
and comparisons with seed banks. Marine Ecology Progress Series 79, 185–194.

Hofmann, G.E., Barry, J.P., Edmunds, P.J., Gates, R.D., Hutchins, D.A., Klinger, T. & Sewell, M.A. 2010. The 
effect of ccean acidification on calcifying organisms in marine ecosystems: An organism-to-ecosystem 
perspective. Annual Review of Ecology, Evolution, and Systematics 41, 127–147.



363

KELP GAMETOPHYTES IN CHANGING OCEANS

Hofmann, G.E., Smith, J.E., Johnson, K.S., Send, U., Levin, L.A., Micheli, F., Paytan, A., Price, N.N., Peterson, 
B., Takeshita, Y., Matson, P.G., Crook, E.D., Kroeker, K.J., Gambi, M.C., Rivest, E.B., Frieder, C.A., 
Yu, P.C. & Martz, T.R. 2011. High-frequency dynamics of ocean pH: A multi-ecosystem comparison. 
PLoS One 6, e28983.

Hollarsmith, J.A., Buschmann, A.H., Camus, C. & Grosholz, E.D. 2020. Varying reproductive success under 
ocean warming and acidification across giant kelp (Macrocystis pyrifera) populations. Journal of 
Experimental Marine Biology and Ecology 522, 151247.

Hubbard, C.B., Garbary, D.J., Kim, K.Y. & Chiasson, D.M. 2004. Host specificity and growth of kelp game-
tophytes symbiotic with filamentous red algae (Ceramiales, Rhodophyta). Helgoland Marine Research 
58, 18–25.

Huovinen, P.S., Oikari, A.O.J., Soimasuo, M.R. & Cherr, G.N. 2000. Impact of UV radiation on the early 
development of the giant kelp (Macrocystis pyrifera) gametophytes. Photochemistry and Photobiology 
72, 308–313.

Hurd, C.L., Beardall, J., Comeau, S., Cornwall, C.E., Havenhand, J.N., Munday, P.L., Parker, L.M., Raven, 
J.A. & McGraw, C.M. 2019. Ocean acidification as a multiple driver: How interactions between chang-
ing seawater carbonate parameters affect marine life. Marine and Freshwater Research 71, 263–274.

Izquierdo, J.L., Perez-Ruzafa, I.M. & Gallardo, T. 2002. Effect of temperature and photon fluence rate on 
gametophytes and young sporophytes of Laminaria ochroleuca Pylaie. Helgoland Marine Research 
55, 285–292.

James, D.E., Stull, J.K. & North, W.J. 1990. Toxicity of sewage-contaminated cediment cores to Macrocystis-
Pyrifera (Laminariales, Phaeophyta) gametophytes determined by digital image-analysis. Hydrobiologia 
204, 483–489.

Jara-Yáñez, R., Meynard, A., Acosta, G., Latorre-Padilla, N., Oyarzo-Miranda, C., Castañeda, F., Piña, F., 
Rivas, J., Bulboa, C. & Contreras-Porcia, L. 2021. Negative consequences on the growth, morphometry, 
and community structure of the kelp Macrocystis pyrifera (Phaeophyceae, Ochrophyta) by a short pol-
lution pulse of heavy metals and PAHs. Toxics 9, 190.

Johnson, C.R., Banks, S.C., Barrett, N.S., Cazassus, F., Dunstan, P.K., Edgar, G.J., Frusher, S.D., 
Gardner, C., Haddon, M., Helidoniotis, F., Hill, K.L., Holbrook, N.J., Hosie, G.W., Last, P.R., 
Ling, S.D., Melbourne-Thomas, J., Miller, K., Pecl, G.T., Richardson, A.J., Ridgway, K.R., 
Rintoul, S.R., Ritz, D.A., Ross, D.J., Sanderson, J.C., Shepherd, S.A., Slotwinski, A., Swadling, 
K.M. & Taw, N. 2011. Climate change cascades: Shifts in oceanography, species’ ranges and sub-
tidal marine community dynamics in eastern Tasmania. Journal of Experimental Marine Biology 
and Ecology 400, 17–32.

Johnson, C.R. & Mann, K.H. 1988. Diversity, patterns of adaptation, and stability of Nova Scotian kelp beds. 
Ecological Monographs 58, 129–154.

Jones, N.S. & Kain, J.M. 1967. Subtidal algal colonization following the removal of Echinus. Helgoländer 
wissenschaftliche Meeresuntersuchungen 15, 460–466.

Jueterbock, A., Minne, A.J.P., Cock, J.M., Coleman, M.A., Wernberg, T., Scheschonk, L., Rautenberger, R., 
Zhang, J. & Hu, Z.-M. 2021. Priming of marine macrophytes for enhanced restoration success and food 
security in future oceans. Frontiers in Marine Science 8, 658485.

Kain, J. 1979. A view of the genus Laminaria. Oceanography and Marine Biology: An Annual Review 17, 
101–161.

Kain, J.M. & Jones, M.N.S. 1969. The biology of Laminaria hyperborea. V. Comparison with early stages of 
competitors. Journal of the Marine Biological Association of the United Kingdom 49, 455–473.

Kain, J.M. & Jones, N.S. 1964. Aspects of the biology of Laminaria hyperborea III. Survival and growth of 
gametophytes. Journal of the Marine Biological Association of the United Kingdom 44, 415–433.

Keats, D.W., South, G.R. & Steele, D.H. 1990. Effects of an experimental reduction in grazing by green sea 
urchins on a benthic macroalgal community in eastern Newfoundland. Marine Ecology Progress Series 
68, 181–193.

Keeling, R.F., Kortzinger, A. & Gruber, N. 2010. Ocean deoxygenation in a warming world. Annual Review 
of Marine Science 2, 199–229.

Kinlan, B.P., Graham, M.H., Sala, E. & Dayton, P.K. 2003. Arrested development of giant kelp (Macrocystis 
pyrifera, Phaeophyceae) embryonic sporophytes: A mechanism for delayed recruitment in perennial 
kelps? Journal of Phycology 39, 47–57.



364

REINA J. VEENHOF ET AL.

Komazawa, I., Sakanishi, Y. & Tanaka, J. 2015. Temperature requirements for growth and maturation of the 
warm temperate kelp Eckloniopsis radicosa (Laminariales, Phaeophyta). Phycological Research 63, 
64–71.

Krause-Jensen, D., Archambault, P., Assis, J., Bartsch, I., Bischof, K., Filbee-Dexter, K., Dunton, K.H., 
Maximova, O., Ragnarsdóttir, S.B., Sejr, M.K., Simakova, U., Spiridonov, V., Wegeberg, S., Winding, 
M.H.S. & Duarte, C.M. 2020. Imprint of climate change on pan-Arctic marine vegetation. Frontiers in 
Marine Science 7, 617324.

Krause-Jensen, D. & Duarte, C.M. 2016. Substantial role of macroalgae in marine carbon sequestration. 
Nature Geoscience 9, 737–742.

Krumhansl, K.A., Okamoto, D.K., Rassweiler, A., Novak, M., Bolton, J.J., Cavanaugh, K.C., Connell, S.D., 
Johnson, C.R., Konar, B. & Ling, S.D. 2016. Global patterns of kelp forest change over the past half-
century. Proceedings of the National Academy of Sciences 113, 13785–13790.

Ladah, L.B. & Zertuche-Gonzalez, J.A. 2007. Survival of microscopic stages of a perennial kelp (Macrocystis 
pyrifera) from the center and the southern extreme of its range in the Northern Hemisphere after expo-
sure to simulated El Niño stress. Marine Biology 152, 677–686.

Ladah, L.B., Zertuche-Gonzalez, J.A. & Hernandez-Carmona, G. 1999. Giant kelp (Macrocystis pyrifera, 
Phaeophyceae) recruitment near its southern limit in Baja California after mass disappearance during 
ENSO 1997–1998. Journal of Phycology 35, 1106–1112.

Lane, C.E. & Saunders, G.W. 2005. Molecular investigation reveals epi/endophytic extrageneric kelp 
(Laminariales, Phaeophyceae) gametophytes colonizing Lessoniopsis littoralis thalli. Botanica Marina 
48, 426–436.

Layton, C., Cameron, M.J., Shelamoff, V., Fernandez, P.A., Britton, D., Hurd, C.L., Wright, J.T. & Johnson, 
C.R. 2019a. Chemical microenvironments within macroalgal assemblages: Implications for the inhibi-
tion of kelp recruitment by turf algae. Limnology and Oceanography 64, 1600–1613.

Layton, C., Cameron, M.J., Tatsumi, M., Shelamoff, V., Wright, J.T. & Johnson, C.R. 2020a. Habitat fragmen-
tation causes collapse of kelp recruitment. Marine Ecology Progress Series 648, 111–123.

Layton, C., Coleman, M.A., Marzinelli, E.M., Steinberg, P.D., Swearer, S.E., Vergés, A., Wernberg, T. & 
Johnson, C.R. 2020b. Kelp forest restoration in Australia. Frontiers in Marine Science 7, 74.

Layton, C. & Johnson, C. 2021. Assessing the feasibility of restoring giant kelp forests in Tasmania In Report 
to the National Environmental Science Program, Marine Biodiversity Hub, Hobart: Institute for Marine 
and Antarctic Studies, University of Tasmania.

Layton, C., Shelamoff, V., Cameron, M.J., Tatsumi, M., Wright, J.T. & Johnson, C.R. 2019b. Resilience and 
stability of kelp forests: The importance of patch dynamics and environment-engineer feedbacks. PLoS 
One 14, e0210220.

Leal, P.P., Hurd, C.L., Fernández, P.A. & Roleda, M.Y. 2016. Meiospore development of the kelps Macrocystis 
pyrifera and Undaria pinnatifida under ocean acidification and ocean warming: Independent effects are 
more important than their interaction. Marine Biology 164, 7.

Leal, P.P., Hurd, C.L., Fernández, P.A. & Roleda, M.Y. 2017. Ocean acidification and kelp development: 
Reduced pH has no negative effects on meiospore germination and gametophyte development of 
Macrocystis pyrifera and Undaria pinnatifida. Journal of Phycology 53, 557–566.

Leal, P.P., Hurd, C.L., Sander, S.G., Armstrong, E., Fernández, P.A., Suhrhoff, T.J. & Roleda, M.Y. 2018. 
Copper pollution exacerbates the effects of ocean acidification and warming on kelp microscopic early 
life stages. Scientific Reports 8, 1–13.

Lee, J.A. & Brinkhuis, B.H. 1988. Seasonal light and temperature interaction effects on development of 
Laminaria saccharina (Phaeophyta) gametophytes and juvenile sporophytes. Journal of Phycology 24, 
181–191.

Leonard, G.H. 1994. Effect of the bat star Asterina miniata (Brandt) on recruitment of the giant kelp 
Macrocystis pyrifera C. Agardh. Journal of Experimental Marine Biology and Ecology 179, 81–98.

Lewis, R.J., Green, M.K. & Afzal, M.E. 2013. Effects of chelated iron on oogenesis and vegetative growth of 
kelp gametophytes (Phaeophyceae). Phycological Research 61, 46–51.

Li, J., Pang, S.J. & Shan, T.F. 2017. Existence of an intact male life cycle offers a novel way in pure-line cross-
breeding in the brown alga Undaria pinnatifida. Journal of Applied Phycology 29, 993–999.

Liesner, D., Shama, L.N., Diehl, N., Valentin, K. & Bartsch, I. 2020. Thermal plasticity of the kelp Laminaria 
digitata (Phaeophyceae) across life cycle stages reveals the importance of cold seasons for marine for-
ests. Frontiers in Marine Science 7, 456.



365

KELP GAMETOPHYTES IN CHANGING OCEANS

Lind, A.C. & Konar, B. 2017. Effects of abiotic stressors on kelp early life-history stages. Algae 32, 223–233.
Ling, S., Scheibling, R., Rassweiler, A., Johnson, C., Shears, N., Connell, S., Salomon, A., Norderhaug, K., 

Pérez-Matus, A. & Hernández, J. 2015. Global regime shift dynamics of catastrophic sea urchin over-
grazing. Philosophical Transactions of the Royal Society B 370, 20130269.

Lipinska, A.P., Ahmed, S., Peters, A.F., Faugeron, S., Cock, J.M. & Coelho, S.M. 2015. Development of PCR-
based markers to determine the sex of kelps. PLoS One, 10, e0140535.

Liu, F.L., Zhang, P.Y., Liang, Z.R., Wang, W.J., Sun, X.T. & Wang, F.J. 2019. Dynamic profile of proteome 
revealed multiple levels of regulation under heat stress in Saccharina japonica. Journal of Applied 
Phycology 31, 3077–3089.

Liu, X., Bogaert, K., Engelen, A.H., Leliaert, F., Roleda, M.Y. & Clerck, O.D. 2017. Seaweed reproductive 
biology: Environmental and genetic controls. Botanica Marina 60, 89.

Liu, Y.S., Li, L.H., Wu, W.K. & Zhou, Z.G. 2009. A scar molecular marker specifically related to the female 
gametophytes of Saccharina japonica (Laminaria, Phaeophyta). Journal of Phycology 45, 894–897.

Lüning, K. 1980. Critical levels of light and temperature regulating the gametogenesis of three Laminaria 
species (Phaeophyceae). Journal of Phycology 16, 1–15.

Lüning, K. 1991. Circannual growth rhythm in a brown alga, Pterygophora californica. Botanica Acta 104, 
157–162.

Lüning, K. 1994. When do algae grow? The third Founders’ lecture. European Journal of Phycology 29, 
61–67.

Lüning, K. & Dring, M.J. 1975. Reproduction, growth and photosynthesis of gametophytes of Laminaria sac-
charina grown in blue and red light. Marine Biology 29, 195–200.

Lüning, K. & Neushul, M. 1978. Light and temperature demands for growth and reproduction of Laminarian 
gametophytes in southern and central California. Marine Biology 45, 297–309.

Lüning, K. & tom Dieck, I. 1989. Environmental triggers in algal seasonality. Botanica Marina 32, 389–398.
Mabin, C.J., Gribben, P.E., Fischer, A. & Wright, J.T. 2013. Variation in the morphology, reproduction and 

development of the habitat-forming kelp Ecklonia radiata with changing temperature and nutrients. 
Marine Ecology Progress Series 483, 117–131.

Mabin, C.J.T., Johnson, C.R. & Wright, J.T. 2019. Family-level variation in early life-cycle traits of kelp. 
Journal of Phycology 55, 380–392.

Maier, I., Hertweck, C. & Boland, W. 2001. Stereochemical specificity of lamoxirene, the sperm-releasing 
pheromone in kelp (Laminariales, Phaeophyceae). The Biological Bulletin 201, 121–125.

Maier, I. & Müller, D.G. 1986. Sexual pheromones in algae. The Biological Bulletin 170, 145–175.
Mann, K.H. 1973. Seaweeds: Their productivity and strategy for growth. Science 182, 975–981.
Marner, F.J., Muller, B. & Jaenicke, L. 1984. Lamoxirene - structural proof of the spermatozoid releasing and 

attracting pheromone of Laminariales. Zeitschrift Fur Naturforschung C-a Journal of Biosciences 39, 
689–691.

Martínez, B., Radford, B., Thomsen, M.S., Connell, S.D., Carreño, F., Bradshaw, C.J., Fordham, D.A., Russell, 
B.D., Gurgel, C.F.D. & Wernberg, T. 2018. Distribution models predict large contractions of habitat‐
forming seaweeds in response to ocean warming. Diversity and Distributions 24, 1350–1366.

Martinez, E.A. & Santelices, B. 1998. Selective mortality on haploid and diploid microscopic stages of 
Lessonia nigrescens Bory (Phaeophyta, Laminariales). Journal of Experimental Marine Biology and 
Ecology 229, 219–239.

Martins, N., Pearson, G.A., Bernard, J., Serrão, E.A. & Bartsch, I. 2020. Thermal traits for reproduction and 
recruitment differ between Arctic and Atlantic kelp Laminaria digitata. PLoS One 15, e0235388.

Martins, N., Pearson, G.A., Gouveia, L., Tavares, A.I., Serrao, E.A. & Bartsch, I. 2019. Hybrid vigour 
for thermal tolerance in hybrids between the allopatric kelps Laminaria digitata and L. pallida 
(Laminariales, Phaeophyceae) with contrasting thermal affinities. European Journal of Phycology 
54, 548–561.

Martins, N., Tanttu, H., Pearson, G.A., Serrão, E.A. & Bartsch, I. 2017. Interactions of daylength, temperature 
and nutrients affect thresholds for life stage transitions in the kelp Laminaria digitata (Phaeophyceae). 
Botanica Marina 60, 109–121.

Marzinelli, E.M., Campbell, A.H., Zozoya Valdes, E., Vergés, A., Nielsen, S., Wernberg, T., de Bettignies, T., 
Bennett, S., Caporaso, J.G., Thomas, T. & Steinberg, P.D. 2015. Continental-scale variation in seaweed 
host-associated bacterial communities is a function of host condition, not geography. Environmental 
Microbiology 17, 4078–4088.



366

REINA J. VEENHOF ET AL.

McConnico, L.A. & Foster, M.S. 2005. Population biology of the intertidal kelp, Alaria marginata Postels and 
Ruprecht: A non-fugitive annual. Journal of Experimental Marine Biology and Ecology 324, 61–75.

Miller, R.J., Reed, D.C. & Brzezinski, M.A. 2009. Community structure and productivity of subtidal turf and 
foliose algal assemblages. Marine Ecology Progress Series 388, 1–11.

Miranda, R.J., Coleman, M.A., Tagliafico, A., Rangel, M.S., Mamo, L.T., Barros, F. & Kelaher, B.P. 2019. 
Invasion-mediated effects on marine trophic interactions in a changing climate: Positive feedbacks 
favour kelp persistence. Proceedings of the Royal Society B: Biological Sciences 286, 20182866.

Mohring, M.B., Kendrick, G.A., Wernberg, T., Rule, M.J. & Vanderklift, M.A. 2013a. Environmental influ-
ences on kelp performance across the reproductive period: An ecological trade-off between gameto-
phyte survival and growth? PLoS One, 8, e65310.

Mohring, M.B., Wernberg, T., Kendrick, G.A. & Rule, M.J. 2013b. Reproductive synchrony in a habitat-
forming kelp and its relationship with environmental conditions. Marine Biology 160, 119–126.

Mohring, M.B., Wernberg, T., Wright, J.T., Connell, S.D. & Russell, B.D. 2014. Biogeographic variation in 
temperature drives performance of kelp gametophytes during warming. Marine Ecology Progress 
Series 513, 85–96.

Monteiro, C., Heinrich, S., Bartsch, I., Valentin, K., Corre, E., Collen, J., Harms, L., Glockner, G. & Bischof, 
K. 2019. Temperature modulates sex-biased gene expression in the gametophytes of the kelp Saccharina 
latissima. Frontiers in Marine Science 6, 769.

Morelissen, B., Dudley, B.D., Geange, S.W. & Phillips, N.E. 2013. Gametophyte reproduction and develop-
ment of Undaria pinnatifida under varied nutrient and irradiance conditions. Journal of Experimental 
Marine Biology and Ecology 448, 197–206.

Morris, M.M., Haggerty, J.M., Papudeshi, B.N., Vega, A.A., Edwards, M.S. & Dinsdale, E.A. 2016. Nearshore 
pelagic microbial community abundance affects recruitment success of giant kelp, Macrocystis pyrif-
era. Frontiers in Microbiology 7, 1800.

Moy, F.E. & Christie, H. 2012. Large-scale shift from sugar kelp (Saccharina latissima) to ephemeral algae 
along the south and west coast of Norway. Marine Biology Research 8, 309–321.

Müller, D.G., Maier, I. & Gassmann, G. 1985. Survey on sexual pheromone specificity in Laminariales 
(Phaeophyceae). Phycologia 24, 475–477.

Müller, D.G., Murua, P. & Westermeier, R. 2019. Reproductive strategies of Lessonia berteroana (Laminariales, 
Phaeophyceae) gametophytes from Chile: Apogamy, parthenogenesis and cross-fertility with L. spicata. 
Journal of Applied Phycology 31, 1475–1481.

Müller, R., Desel, C., Steinhoff, F.S., Wiencke, C. & Bischof, K. 2012. UV-radiation and elevated tempera-
tures induce formation of reactive oxygen species in gametophytes of cold-temperate/Arctic kelps 
(Laminariales, Phaeophyceae). Phycological Research 60, 27–36.

Müller, R., Wiencke, C., Bischof, K. 2008. Interactive effects of UV radiation and temperature on microstages 
of Laminariales (Phaeophyceae) from the Arctic and North Sea. Climate Research 37, 203–213.

Munné-Bosch, S. 2015. Sex ratios in dioecious plants in the framework of global change. Environmental and 
Experimental Botany 109, 99–102.

Muñoz, V., Hernandez-Gonzalez, M.C., Buschmann, A.H., Graham, M.H. & Vasquez, J.A. 2004. Variability 
in per capita oogonia and sporophyte production from giant kelp gametophytes (Macrocystis pyrifera, 
Phaeophyceae). Revista Chilena De Historia Natural 77, 639–647.

Murua, P., Westermeier, R., Patino, D.J., Muller, D.G. 2013. Culture studies on early development of Lessonia 
trabeculata (Phaeophyceae, Laminariales): Seasonality and acclimation to light and temperature. 
Phycological Research 61, 145–153.

Muth, A.F., Graham, M.H., Lane, C.E. & Harley, C.D.G. 2019. Recruitment tolerance to increased tempera-
ture present across multiple kelp clades. Ecology 100, e02594.

Nagasato, C., Kawamoto, H., Tomioka, T., Tsuyuzaki, S., Kosugi, C., Kato, T. & Motomura, T. 2020. 
Quantification of laminarialean zoospores in seawater by real-time PCR. Phycological Research 68, 
57–62.

Nelson, W.A. 2005. Life history and growth in culture of the endemic New Zealand kelp Lessonia variegata 
J. Agardh in response to differing regimes of temperature, photoperiod and light. Journal of Applied 
Phycology 17, 23–28.

Nielsen, M.M., Kumar, J.P., Soler-Vila, A., Johnson, M.P. & Bruhn, A. 2016. Early stage growth responses 
of Saccharina latissima spores and gametophytes. Part 1: Inclusion of different phosphorus regimes. 
Journal of Applied Phycology 28, 387–393.



367

KELP GAMETOPHYTES IN CHANGING OCEANS

Novaczek, I. 1984a. Response of Ecklonia radiata (Laminariales) to light at 15°C with reference to the field 
light budget at Goat Island Bay, New Zealand. Marine Biology 80, 263–272.

Novaczek, I. 1984b. Response of gametophytes of Ecklonia radiata (Laminariales) to temperature in saturat-
ing light. Marine Biology 82, 241–245.

O’Brien, J.M. & Scheibling, R.E. 2018. Turf wars: Competition between foundation and turf-forming species 
on temperate and tropical reefs and its role in regime shifts. Marine Ecology Progress Series 590, 1–17.

Oliver, E.C.J., Donat, M.G., Burrows, M.T., Moore, P.J., Smale, D.A., Alexander, L.V., Benthuysen, J.A., Feng, 
M., Sen Gupta, A., Hobday, A.J., Holbrook, N.J., Perkins-Kirkpatrick, S.E., Scannell, H.A., Straub, 
S.C. & Wernberg, T. 2018. Longer and more frequent marine heatwaves over the past century. Nature 
Communications 9, 1324.

Oppliger, L.V., Correa, J.A., Engelen, A.H., Tellier, F., Vieira, V., Faugeron, S., Valero, M., Gomez, G. & 
Destombe, C. 2012. Temperature effects on gametophyte life-history traits and geographic distribution 
of two cryptic kelp species. PLoS One 7, e110939.

Oppliger, L.V., Correa, J.A., Faugeron, S., Beltran, J., Tellier, F., Valero, M. & Destombe, C. 2011. Sex ratio 
variation in the Lessonia Nigrescens complex (Laminariales, Phaeophyceae): Effect of latitude, tem-
perature, and marginality. Journal of Phycology 47, 5–12.

Oppliger, L.V., Correa, J.A. & Peters, A.F. 2007. Parthenogenesis in the brown alga Lessonia nigrescens 
(Laminariales, Phaeophyceae) from central Chile. Journal of Phycology 43, 1295–1301.

Oppliger, L.V., von Dassow, P., Bouchemousse, S., Robuchon, M., Valero, M., Correa, J.A., Mauger, S. & 
Destombe, C. 2014. Alteration of sexual reproduction and genetic diversity in the kelp species Laminaria 
digitata at the southern limit of its range. PLoS One 9, e102518.

Ouyang, L.L., Lu, G.Q., Yu, Z. & Zhou, Z.G. 2009. Bioinformatic analysis of a suppression subtractive cDNA 
library from Laminaria japonica male gametophytes. Journal of Fisheries Sciences of China 16, 
221–229.

Pang, S.J., Shan, T.F. & Zhang, Z.H. 2008. Responses of vegetative gametophytes of Undaria pinnatifida to 
high irradiance in the process of gametogenesis. Phycological Research 56, 280–287.

Park, J., Kim, J.K., Kong, J.A., Depuydt, S., Brown, M.T. & Han, T. 2017. Implications of rising temperatures 
for gametophyte performance of two kelp species from Arctic waters. Botanica Marina 60, 39–48.

Pearson, G.A., Martins, N., Madeira, P., Serrão, E.A. & Bartsch, I. 2019. Sex-dependent and-independent 
transcriptional changes during haploid phase gametogenesis in the sugar kelp Saccharina latissima. 
PLoS One 14, e0219723.

Pereira, T.R., Engeleni, A.H., Pearson, G.A., Serrao, E.A., Destombe, C. & Valero, M. 2011. Temperature 
effects on the microscopic haploid stage development of Laminaria ochroleuca and Sacchoriza polys-
chides, kelps with contrasting life histories. Cahiers De Biologie Marine 52, 395–403.

Peteiro, C. & Sanchez, N. 2012. Comparing salinity tolerance in early stages of the sporophytes of a non-
indigenous kelp (Undaria pinnatifida) and a native kelp (Saccharina latissima). Russian Journal of 
Marine Biology 38, 197–200.

Peters, A.F. & Breeman, A.M. 1992. Temperature responses of disjunct temperate brown algae indicate long-
distance dispersal of microthalli across the tropics. Journal of Phycology 28, 428–438.

Petry, W.K., Soule, J.D., Iler, A.M., Chicas-Mosier, A., Inouye, D.W., Miller, T.E.X. & Mooney, K.A. 2016. 
Sex-specific responses to climate change in plants alter population sex ratio and performance. Science 
353, 69.

Pfister, C.A., Altabet, M.A. & Weigel, B.L. 2019. Kelp beds and their local effects on seawater chemistry, 
productivity, and microbial communities. Ecology 100, e02798.

Piao, S., Liu, Q., Chen, A., Janssens, I.A., Fu, Y., Dai, J., Liu, L., Lian, X., Shen, M. & Zhu, X. 2019. Plant 
phenology and global climate change: Current progresses and challenges. Global Change Biology 25, 
1922–1940.

Provost, E.J., Kelaher, B.P., Dworjanyn, S.A., Russell, B.D., Connell, S.D., Ghedini, G., Gillanders, B.M., 
Figueira, W. & Coleman, M.A. 2017. Climate-driven disparities among ecological interactions threaten 
kelp forest persistence. Global Change Biology 23, 353–361.

Qiu, Z., Coleman, M.A., Provost, E., Campbell, A.H., Kelaher, B.P., Dalton, S.J., Thomas, T., Steinberg, P.D. 
& Marzinelli, E.M. 2019. Future climate change is predicted to affect the microbiome and condition of 
habitat-forming kelp. Proceedings of the Royal Society B 286, 20181887.

Raimondi, P.T., Reed, D.C., Gaylord, B., Washburn, L. 2004. Effects of self-fertilization in the giant kelp, 
Macrocystis pyrifera. Ecology 85, 3267–3276.



368

REINA J. VEENHOF ET AL.

Raven, J., Caldeira, K., Elderfield, H., Hoegh-Guldberg, O., Liss, P., Riebesell, U., Shepherd, J., Turley, C. & 
Watson, A. 2005. Ocean Acidification Due to Increasing Atmospheric Carbon Dioxide. London: The 
Royal Society, 59 pp.

Reed, D.C. 1990. The effects of variable settlement and early competition on patterns of kelp recruitment. 
Ecology 71, 776–787.

Reed, D.C., Amsler, C.D. & Ebeling, A.W. 1992. Dispersal in kelps: Factors affecting spore swimming and 
competency. Ecology 73, 1577–1585.

Reed, D.C., Anderson, T.W., Ebeling, A.W. & Anghera, M. 1997. The role of reproductive synchrony in the 
colonization potential of kelp. Ecology 78, 2443–2457.

Reed, D.C., Ebeling, A.W., Anderson, T.W. & Anghera, M. 1996. Differential reproductive responses to fluctu-
ating resources in two seaweeds with different reproductive strategies. Ecology 77, 300–316.

Reed, D.C. & Foster, M.S. 1984. The effects of canopy shadings on algal recruitment and growth in a giant 
kelp forest. Ecology 65, 937–948.

Reed, D.C., Laur, D.R. & Ebeling, A.W. 1988. Variation in algal dispersal and recruitment: The importance of 
episodic events. Ecological Monographs 58, 321–335.

Reed, D.C., Lewis, R.J. & Anghera, M. 1994. Effects of an open coast oil production outfall on patterns of 
giant kelp (Macrocystis pyrifera) recruitment. Marine Biology 120, 25–31.

Reynes, L., Thibaut, T., Mauger, S., Blanfuné, A., Holon, F., Cruaud, C., Couloux, A., Valero, M. & Aurelle, D. 
2021. Genomic signatures of clonality in the deep water kelp Laminaria rodriguezii. Molecular Ecology 
30, 1806–1822.

Rich, W.A., Schubert, N., Schläpfer, N., Carvalho, V.F., Horta, A.C.L. & Horta, P.A. 2018. Physiological and 
biochemical responses of a coralline alga and a sea urchin to climate change: Implications for herbivory. 
Marine Environmental Research 142, 100–107.

Robuchon, M., Couceiro, L., Peters, A.F., Destombe, C. & Valero, M. 2014. Examining the bank of micro-
scopic stages in kelps using culturing and barcoding. European Journal of Phycology 49, 128–133.

Rodriguez, J.P., Terrados, J., Rosenfeld, S., Mendez, F., Ojeda, J. & Mansilla, A. 2019. Effects of temperature 
and salinity on the reproductive phases of Macrocystis pyrifera (L.) C. Agardh (Phaeophyceae) in the 
Magellan region. Journal of Applied Phycology 31, 915–928.

Roleda, M.Y. 2016. Stress physiology and reproductive phenology of Arctic endemic kelp Laminaria solidun-
gula J. Agardh. Polar Biology 39, 1967–1977.

Roleda, M.Y. & Hurd, C.L. 2012. Seaweed responses to ocean acidification In Seaweed Biology, C. Wiencke 
& K. Bischof (eds). Berlin, Heidelberg: Springer, 407–431.

Roleda, M.Y., Morris, J.N., McGraw, C.M. & Hurd, C.L. 2012. Ocean acidification and seaweed reproduction: 
Increased CO2 ameliorates the negative effect of lowered pH on meiospore germination in the giant kelp 
Macrocystis pyrifera (Laminariales, Phaeophyceae). Global Change Biology 18, 854–864.

Roleda, M.Y., Wiencke, C., Hanelt, D. & Bischof, K. 2007. Sensitivity of the early life stages of macroalgae 
from the Northern Hemisphere to ultraviolet radiation. Photochemistry and Photobiology 83, 851–862.

Roleda, M.Y., Wiencke, C., Hanelt, D., Van de poll, W.H. & Gruber, A. 2005. Sensitivity of Laminariales zoo-
spores from Helgoland (North Sea) to ultraviolet and photosynthetically active radiation: Implications 
for depth distribution and seasonal reproduction. Plant, Cell & Environment 28, 466–479.

Roncarati, F., Sáez, C.A., Greco, M., Gledhill, M., Bitonti, M.B. & Brown, M.T. 2015. Response differences 
between Ectocarpus siliculosus populations to copper stress involve cellular exclusion and induction of 
the phytochelatin biosynthetic pathway. Aquatic Toxicology 159, 167–175.

Russell, B.D., Harley, C.D.G., Wernberg, T., Mieszkowska, N., Widdicombe, S., Hall-Spencer, J.M. &  
Connell, S.D. 2012. Predicting ecosystem shifts requires new approaches that integrate the effects of 
climate change across entire systems. Biology Letters, 8, 164–166.

Russell, B.D., Thompson, J.-A.I., Falkenberg, L.J. & Connell, S.D. 2009. Synergistic effects of climate change 
and local stressors: CO2 and nutrient-driven change in subtidal rocky habitats. Global Change Biology 
15, 2153–2162.

Sala, E. & Graham, M.H. 2002. Community-wide distribution of predator-prey interaction strength in kelp for-
ests. Proceedings of the National Academy of Sciences of the United States of America 99, 3678–3683.

Santelices, B. 1990. Patterns of reproduction, dispersal and recruitiment in seaweed. Oceanography and 
Marine Biology: An Annual Review 28, 177–276.

Santelices, B., Aedo, D. & Hoffmann, A. 2002. Banks of microscopic forms and survival to darkness of 
propagules and microscopic stages of macroalgae. Revista Chilena De Historia Natural 75, 547–555.



369

KELP GAMETOPHYTES IN CHANGING OCEANS

Santelices, B. & Correa, J. 1985. Differential survival of macroalgae to digestion by intertidal herbivore mol-
luscs. Journal of Experimental Marine Biology and Ecology 88, 183–191.

Santelices, B., Correa, J. & Avila, M. 1983. Benthic algal spores surviving digestion by sea urchins. Journal 
of Experimental Marine Biology and Ecology 70, 263–269.

Santelices, B. & Ojeda, F. 1984. Recruitment, growth and survival of Lessonia nigrescens (Phaeophyta) at 
various tidal levels in exposed habitats of central Chile. Marine Ecology Progress Series. Oldendorf 
19, 73–82.

Schiel, D.R. & Foster, M.S. 1986. The structure of subtidal algal stands in temperate waters. Oceanography 
and Marine Biology 24, 265–307.

Schiel, D.R. & Foster, M.S. 2006. The population biology of large brown seaweeds: Ecological consequences 
of multiphase life histories in dynamic coastal environments. Annual Review of Ecology Evolution and 
Systematics 37, 343–372.

Schiel, D.R., Wood, S.A., Dunmore, R.A. & Taylor, D.I. 2006. Sediment on rocky intertidal reefs: Effects on 
early post-settlement stages of habitat-forming seaweeds. Journal of Experimental Marine Biology and 
Ecology 331, 158–172.

Schoenrock, K.M., McHugh, T.A. & Krueger-Hadfield, S.A. 2020. Revisiting the ‘bank of microscopic forms’ 
in macroalgal-dominated ecosystems. Journal of Phycology, 57, 14–29

Scranton, K. & Amarasekare, P. 2017. Predicting phenological shifts in a changing climate. Proceedings of the 
National Academy of Sciences 114, 13212.

Shan, T.F., Li, Q.X., Wang, X.M. & Pang, S.J. 2020. Full-length transcriptome sequencing and compara-
tive transcriptomic analysis of different developmental stages of the sporophyll in Undaria pinnatifida 
(Laminariales: Alariaceae). Journal of Applied Phycology 32, 2081–2092.

Shan, T.F. & Pang, S.J. 2010. Sex-linked microsatellite marker detected in the female gametophytes of Undaria 
pinnatifida (Phaeophyta). Phycological Research 58, 171–176.

Shan, T.F., Pang, S.J., Li, J. & Li, X. 2015. De novo transcriptome analysis of the gametophyte of Undaria 
pinnatifida (Phaeophyceae). Journal of Applied Phycology 27, 1011–1019.

Shukla, P. & Edwards, M.S. 2017. Elevated pCO2 is less detrimental than increased temperature to early devel-
opment of the giant kelp, Macrocystis pyrifera (Phaeophyceae, Laminariales). Phycologia 56, 638–648.

Shum, P., Barney, B.T., O’Leary, J.K. & Palumbi, S.R. 2019. Cobble community DNA as a tool to monitor 
patterns of biodiversity within kelp forest ecosystems. Molecular Ecology Resources 19, 1470–1485.

Smale, D.A. 2020. Impacts of ocean warming on kelp forest ecosystems. New Phytologist 225, 1447–1454.
Smale, D.A., Burrows, M.T., Moore, P., O’Connor, N. & Hawkins, S.J. 2013. Threats and knowledge gaps for 

ecosystem services provided by kelp forests: A northeast Atlantic perspective. Ecology and Evolution 
3, 4016–4038.

Smale, D.A. & Wernberg, T. 2013. Extreme climatic event drives range contraction of a habitat-forming spe-
cies. Proceedings of the Royal Society B 280, 20122829.

Smale, D.A., Wernberg, T., Oliver, E.C.J., Thomsen, M., Harvey, B.P., Straub, S.C., Burrows, M.T., 
Alexander, L.V., Benthuysen, J.A., Donat, M.G., Feng, M., Hobday, A.J., Holbrook, N.J., Perkins-
Kirkpatrick, S.E., Scannell, H.A., Sen Gupta, A., Payne, B.L. & Moore, P.J. 2019. Marine heat-
waves threaten global biodiversity and the provision of ecosystem services. Nature Climate Change 
9, 306–312.

Steneck, R.S., Graham, M.H., Bourque, B.J., Corbett, D., Erlandson, J.M., Estes, J.A. & Tegner, M.J. 2002. 
Kelp forest ecosystems: Biodiversity, stability, resilience and future. Environmental Conservation 29, 
436–459.

Strain, E.M.A., Thomson, R.J., Micheli, F., Mancuso, F.P. & Airoldi, L. 2014. Identifying the interacting roles 
of stressors in driving the global loss of canopy-forming to mat-forming algae in marine ecosystems. 
Global Change Biology 20, 3300–3312.

Swanson, A.K. & Druehl, L.D. 2000. Differential meiospore size and tolerance of ultraviolet light stress 
within and among kelp species along a depth gradient. Marine Biology 136, 657–664.

Tala, F., Edding, M. & Vasquez, J. 2004. Aspects of the reproductive phenology of Lessonia trabeculata 
(Laminariales : Phaeophyceae) from three populations in northern Chile. New Zealand Journal of 
Marine and Freshwater Research 38, 255–266.

Tala, F., Veliz, K., Gomez, I. & Edding, M. 2007. Early life stages of the South Pacific kelps Lessonia nigres-
cens and Lessonia trabeculata (Laminariales, Phaeophyceae) show recovery capacity following expo-
sure to UV radiation. Phycologia 46, 467–470.



370

REINA J. VEENHOF ET AL.

Tatsumi, M. & Wright, J.T. 2016. Understory algae and low light reduce recruitment of the habitat-forming 
kelp Ecklonia radiata. Marine Ecology Progress Series 552, 131–143.

Tegner, M.J. & Dayton, P.K. 2000. Ecosystem effects of fishing in kelp forest communities. ICES Journal of 
Marine Science 57, 579–589.

Tegner, M.J., Dayton, P.K., Edwards, P.B., Riser, K.L., Chadwick, D.B., Dean, T.A. & Deysher, L. 1995. Effects 
of a large sewage spill on a kelp forest community - Catastrophe or disturbance. Marine Environmental 
Research 40, 181–224.

Thornber, C.S., Kinlan, B.P., Graham, M.H. & Stachowicz, J.J. 2004. Population ecology of the invasive 
kelp Undaria pinnatifida in California: Environmental and biological controls on demography. Marine 
Ecology Progress Series 268, 69–80.

tom Dieck, I. 1991. Circannual growth rhythm and photoperiodic sorus induction in the kelp Laminaria setch-
ellii (Phaeophyta). Journal of Phycology 27, 341–350.

tom Dieck, I. 1993. Temperature tolerance and survival in darkness of kelp gametophytes (Laminariales, 
Phaeophyta) - Ecological and biogeographical implications. Marine Ecology Progress Series 100, 
253–264.

Traiger, S.B. & Konar, B. 2017. Supply and survival: Glacial melt imposes limitations at the kelp microscopic 
life stage. Botanica Marina 60, 603–617.

Ueda, S. 1929. On the temperature in relation to the development of the gametophytes of Laminaria religiosa 
Miyabe. J. Fish. Inst., Tokyo 24, 138–139.

Valero, M., Destombe, C., Mauger, S., Ribout, C., Engel, C.R., Daguin-Thiébaut, C. & Tellier, F. 2011. Using 
genetic tools for sustainable management of kelps: A literature review and the example of Laminaria 
digitata. Cahiers De Biologie Marine 52, 467–483.

Valero, M., Guillemin, M.-L., Destombe, C., Jacquemin, B., Gachon, C.M., Badis, Y., Buschmann, A.H., 
Camus, C. & Faugeron, S. 2017. Perspectives on domestication research for sustainable seaweed aqua-
culture. Perspectives in Phycology 4, 33–46.

Veenhof R.J., Dworjanyn S.A., Champion C., & Coleman M.A. 2022. Grazing and recovery of kelp gameto-
phytes under ocean warming. Frontiers in Marine Science 9, 866136.

Veliz, K., Edding, M., Tala, F. & Gomez, I. 2006. Effects of ultraviolet radiation on different life cycle stages 
of the south Pacific kelps, Lessonia nigrescens and Lessonia trabeculata (Laminariales, Phaeophyceae). 
Marine Biology 149, 1015–1024.

Vergés, A., Campbell, A.H., Wood, G., Kajlich, L., Eger, A.M., Cruz, D., Langley, M., Bolton, D., Coleman, 
M.A., Turpin, J., Crawford, M., Coombes, N., Camilleri, A., Steinberg, P.D. & Marzinelli, E.M. 2020. 
Operation Crayweed: Ecological and sociocultural aspects of restoring Sydney’s underwater forests. 
Ecological Management & Restoration 21, 74–85.

Vergés, A., Doropoulos, C., Malcolm, H.A., Skye, M., Garcia-Pizá, M., Marzinelli, E.M., Campbell, A.H., 
Ballesteros, E., Hoey, A.S. & Vila-Concejo, A. 2016. Long-term empirical evidence of ocean warming 
leading to tropicalization of fish communities, increased herbivory, and loss of kelp. Proceedings of the 
National Academy of Sciences 113, 13791–13796.

Vergés, A., McCosker, E., Mayer‐Pinto, M., Coleman, M.A., Wernberg, T., Ainsworth, T. & Steinberg, P.D. 
2019. Tropicalisation of temperate reefs: Implications for ecosystem functions and management actions. 
Functional Ecology 33, 1000–1013.

Vergés, A., Steinberg, P.D., Hay, M.E., Poore, A.G.B., Campbell, A.H., Ballesteros, E., Heck, K.L., Booth, 
D.J., Coleman, M.A., Feary, D.A., Figueira, W., Langlois, T., Marzinelli, E.M., Mizerek, T., Mumby, 
P.J., Nakamura, Y., Roughan, M., van Sebille, E., Gupta, A.S., Smale, D.A., Tomas, F., Wernberg, T. & 
Wilson, S.K. 2014. The tropicalization of temperate marine ecosystems: Climate-mediated changes in 
herbivory and community phase shifts. Proceedings of the Royal Society B 281, 20140846.

Vranken, S., Wernberg, T., Scheben, A., Severn-Ellis, A.A., Batley, J., Bayer, P.E., Edwards, D., Wheeler, 
D. & Coleman, M.A. 2021. Genotype–environment mismatch of kelp forests under climate change. 
Molecular Ecology 30, 3730–3746.

Wade, R., Augyte, S., Harden, M., Nuzhdin, S., Yarish, C. & Alberto, F. 2020. Macroalgal germplasm banking 
for conservation, food security, and industry. PLoS Biology 18, e3000641.

Wang, X.M., Shan, T.F. & Pang, S.J. 2019. Effects of cobalt on spore germination, gametophyte growth and 
gametogenesis of Undaria pinnatifida (Phaeophyceae). Bulletin of Environmental Contamination and 
Toxicology 102, 784–788.



371

KELP GAMETOPHYTES IN CHANGING OCEANS

Wang, X.M., Shan, T.F., Pang, S.J. 2020. Effects of cobalt on spore germination, gametophyte growth and 
development, and juvenile sporophyte growth of Saccharina japonica (Phaeophyceae). Journal of 
Applied Phycology 32, 511–518.

Watanabe, H., Ito, M., Matsumoto, A. & Arakawa, H. 2016. Effects of sediment influx on the settlement and 
survival of canopy-forming macrophytes. Scientific Reports 6, 18677.

Watanabe, Y., Nishihara, G.N., Tokunaga, S. & Terada, R. 2014. The effect of irradiance and temperature 
responses and the phenology of a native alga, Undaria pinnatifida (Laminariales), at the southern limit 
of its natural distribution in Japan. Journal of Applied Phycology 26, 2405–2415.

Wernberg, T., Bennett, S., Babcock, R.C., de Bettignies, T., Cure, K., Depczynski, M., Dufois, F., Fromont, J., 
Fulton, C.J., Hovey, R.K., Harvey, E.S., Holmes, T.H., Kendrick, G.A., Radford, B., Santana-Garcon, 
J., Saunders, B.J., Smale, D.A., Thomsen, M.S., Tuckett, C.A., Tuya, F., Vanderklift, M.A. & Wilson, S. 
2016. Climate-driven regime shift of a temperate marine ecosystem. Science 353, 169–172.

Wernberg, T., Coleman, M.A., Babcock, R.C., Bell, S.Y., Bolton, J.J., Connell, S.D., Hurd, C.L., Johnson, C.R., 
Marzinelli, E.M. & Shears, N. 2019a. Biology and ecology of the globally significant kelp Ecklonia 
radiata. Oceanography and Marine Biology: An Annual Review 57, 265–324.

Wernberg, T., Coleman, M.A., Bennett, S., Thomsen, M.S., Tuya, F. & Kelaher, B.P. 2018. Genetic diversity 
and kelp forest vulnerability to climatic stress. Scientific Reports 8, 1–8.

Wernberg, T. & Filbee-Dexter, K. 2019. Missing the marine forest for the trees. Marine Ecology Progress 
Series 612, 209–215.

Wernberg, T., Krumhansl, K., Filbee-Dexter, K. & Pedersen, M.F. 2019b. Status and trends for the world’s 
kelp forests In World Seas: An Environmental Evaluation, C. Sheppard (ed.). London: Elsevier, 57–78.

Wernberg, T., Smale, D.A., Tuya, F., Thomsen, M.S., Langlois, T.J., de Bettignies, T., Bennett, S. & Rousseaux, 
C.S. 2013. An extreme climatic event alters marine ecosystem structure in a global biodiversity hotspot. 
Nature Climate Change 3, 78–82.

Williamson, C.E., Zepp, R.G., Lucas, R.M., Madronich, S., Austin, A.T., Ballaré, C.L., Norval, M., Sulzberger, 
B., Bais, A.F., McKenzie, R.L., Robinson, S.A., Häder, D.-P., Paul, N.D. & Bornman, J.F. 2014. Solar 
ultraviolet radiation in a changing climate. Nature Climate Change 4, 434–441.

Wilson, K.C. & North, W.J. 1983. A review of kelp bed management in Southern California. Journal of the 
World Mariculture Society 14, 345–359.

Wood, G., Marzinelli, E.M., Campbell, A.H., Steinberg, P.D., Vergés, A. & Coleman, M.A. 2021. Genomic 
vulnerability of a dominant seaweed points to future-proofing pathways for Australia’s underwater for-
ests. Global Change Biology, 27, 2200–2212.

Wood, W.F. 1987. Effect of solar ultra-violet radiation on the kelp Ecklonia radiata. Marine Biology 96, 
143–150.

Xiao, X., Agustí, S., Yu, Y., Huang, Y., Chen, W., Hu, J., Li, C., Li, K., Wei, F., Lu, Y., Xu, C., Chen, Z., Liu, S., 
Zeng, J., Wu, J. & Duarte, C.M. 2021. Seaweed farms provide refugia from ocean acidification. Science 
of the Total Environment 776, 145192.

Xu, D., Wang, D.S., Li, B., Fan, X., Zhang, X.W., Ye, N.H., Wang, Y.T., Mou, S.L. & Zhuang, Z.M. 2015a. 
Effects of CO2 and seawater acidification on the early stages of Saccharina japonica development. 
Environmental Science & Technology 49, 3548–3556.

Xu, D., Ye, N.H., Cao, S.N., Wang, Y.T., Wang, D.S., Fan, X., Zhang, X.W., An, M.L., Mou, S.L. & Mao, Y.Z. 
2015b. Variation in morphology and PSII photosynthetic characteristics of Macrocystis pyrifera during 
development from gametophyte to juvenile sporophyte. Aquaculture Research 46, 1699–1706.

Ye, N., Zhang, X., Miao, M., Fan, X., Zheng, Y., Xu, D., Wang, J., Zhou, L., Wang, D., Gao, Y., Wang, Y., Shi, 
W., Ji, P., Li, D., Guan, Z., Shao, C., Zhuang, Z., Gao, Z., Qi, J. & Zhao, F. 2015. Saccharina genomes 
provide novel insight into kelp biology. Nature Communications 6, 6986.

Zacher, K., Bernard, M., Bartsch, I. & Wiencke, C. 2016. Survival of early life history stages of Arctic kelps 
(Kongsfjorden, Svalbard) under multifactorial global change scenarios. Polar Biology 39, 2009–2020.

Zarco-Perello, S., Bosch, N.E., Bennett, S., Vanderklift, M.A. & Wernberg, T. 2021. Persistence of tropical 
herbivores in temperate reefs constrains kelp resilience to cryptic habitats. Journal of Ecology 109, 
2081–2094.

Zhang, L.A., Li, J.K., Wu, H. & Li, Y.X. 2019. Isolation and expression analysis of a candidate game-
tophyte sex determination gene (sjhmg) of kelp (Saccharina japonica). Journal of Phycology 55, 
343–351.


