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Abstract

Kelp farming has the potential to economically diversify coastal communities of Alaska 

while offering other ecosystem services, including carbon sequestration and mitigation of 

eutrophication. Two bottlenecks to the expansion of the industry are understanding the natural 

kelp life cycle and manipulating the life cycle to produce seed. We address these questions with 

specific research aimed to increase knowledge of the expected natural variability of the kelp life 

cycle and test methods to effectively manipulate storage of kelp seed string to add flexibility to 

the kelp farming industry. First, in Chapter 1, we documented the patterns of sporophyte fertility 

for two commercially important kelp species, Saccharina latissima and Alaria marginata, in the 

wild. We found S. latissima exhibited both annual and perennial life history varying by location 

and year, with an increasing proportion of fertile sporophytes present in the fall and winter 

season. In contrast, A. marginata displayed a predictable annual life history, recruiting in spring 

with the proportion of fertile sporophytes increasing into the fall. Results from Chapter 1 suggest 

A. marginata has a more reliable brood stock availability and, therefore, has the potential to be a 

suitable commercial crop. Ecologically, Chapter 1 results suggest A. marginata may contribute 

consistently to habitat across Alaska in spring and summer months. In Chapter 2, we tested how 

different culture conditions, including light, temperature, and culture media, affected 

gametophyte growth with the goal of developing storage methods for kelp seed string. We found 

that low temperature is effective in slowing gametophyte growth and reducing gametogenesis 

and is the best condition for seed storage. Further experiments tested how storage in cold 

temperatures affects seed quality, leading to the development of a method called “cold banking,” 

which enables extended seed storage or staggering of seed string for at least an additional thirty- 

six days in a storage setting without adverse effects to sporophyte density and length at the time 

of outplanting and up to three weeks after outplanting. Ecologically, Chapter 2 results 
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demonstrate the diversification of microscopic stages used as an overwintering strategy by S. 

latissima. As the kelp mariculture industry is expected to grow in Alaska and around the world, 

we hope this information will be a jumping-off point for research promoting productive and 

sustainable commercial kelp production.
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General Introduction

Providing and preserving resources and ecosystem services for current and future 

generations is the goal of many resource management agencies and industries. As the human 

population continues to grow, it will be reliant on limited global resources. Aquaculture is 

defined as the rearing, enhancement or cultivation of organisms and is one solution to enhance 

the resources available (Duarte et al., 2009; Klinger and Naylor, 2012; Marra, 2005). 

Mariculture, a branch of aquaculture, is simply aquaculture taking place in marine waters. In the 

State of Alaska, the term mariculture is defined strictly as the cultivation of macroalgae and 

shellfish (Decker et al., 2018). Kelp, algae from the class Phaeophyceae, are a critical component 

to nearshore marine environments and of commercial interest as mariculture crops due to the 

benefits to both the environment and industry (Grebe et al., 2019; Hasselstrom et al., 2018). Here 

we examine kelp mariculture and address two research questions related to the kelp life cycle 

which fill knowledge gaps to facilitate kelp production in Alaska, USA.

In the year 2019 the human population was estimated at 7.7 billion and by 2050 the 

human population is expected to reach 9.7 billion (United Nations, 2019), further stretching 

resources to produce food, including space and fresh water. Limitation of these resources has 

already impacted many individuals. For example, the number of people affected by freshwater 

scarcity increased from 1905 to 2005 from 21% of the world population to 34% (Porkka et al., 

2016). Resource limitation is compounded by the existence and growth of the human population 

which has created environmental stressors including climate change and nonpoint source 

pollution increasing eutrophication (Hoegh-Guldberg et al., 2014).

Many individuals, states and countries see mariculture as a part of the solution to issues 

associated with population growth because of the capacity to supplement food and resource 
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needs (Duarte et al., 2009; Klinger and Naylor, 2012; Marra, 2005). As climate change 

progresses and the human population grows, the use of mariculture may be increasingly 

beneficial because of ample suitable ocean space and little freshwater input needed for 

production (Duarte et al., 2009). Although there are concerns about negative impacts of 

mariculture on ocean ecosystems, such as enhancing opportunity to spread disease, destruction of 

critical habitat, and high nutrient input, cultivation and propagation of some species have 

documented positive impacts on the environment (Klinger and Naylor, 2012). For example, 

many shellfish species filter phytoplankton from seawater and therefore help mitigate nearshore 

eutrophication, and kelps sequester carbon dioxide and extract nutrients (Alleway et al., 2019). 

Understanding both the positive and negative impacts that different mariculture practices have on 

ecosystems has sprouted interests and theory behind integrated multi-trophic aquaculture 

(IMTA) (Chopin 2006; Klinger and Naylor, 2012). The concept behind IMTA systems is that 

multiple species of various trophic levels are grouped together and propagated in proximity, 

reducing the effects of nutrient loading from higher trophic level species (Klinger and Naylor, 

2012). Macroalgae mariculture, including kelps, are a critical component to IMTA systems 

because of their ability to photosynthesize and extract inorganic nutrients and carbon dioxide 

from the water (Klinger and Naylor, 2012). Although negative impacts associated with 

mariculture exist (Utter and Epifanio, 2002), IMTA is one mariculture practice that may help to 

combat the global food crisis in a lower impact manner (Chopin 2006).

In addition to acting as a critical part of coastal nitrogen cycling (Teagle et al., 2017), 

macroalgae (including kelps) are responsible for the majority of primary production in coastal 

zones. Recent calculations suggest kelp sequester more carbon then seagrass meadows (Krause- 

Jensen and Duarte, 2016). Kelp provide habitat and spawning surfaces for many ecologically and 
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commercially important fish and invertebrates (Johnson et al., 2012; Teagle et al., 2017). Many 

organisms eat kelp including commercially, culturally and ecologically important species such as 

sea urchins and abalone (Teagle et al., 2017). Due to the wide variety of critical ecosystem 

functions of kelp globally, there may be additional benefits of kelp mariculture beyond food 

production alone.

Expanding commercial kelp mariculture has gained attention because of the economic 

opportunity and positive ecosystem services associated with wild kelps. Although farming of 

kelp is thought to have less impact then other forms of mariculture (Visch et al., 2020), it is 

worth noting the potential negative impacts of commercial-scale kelp mariculture. Considering 

what has been examined, the biggest threat of kelp mariculture may be promoting opportunity 

for the spread of disease and the alteration of population genetics of wild kelp (Campbell et al., 

2019; Decker et al., 2018). Some of the positive aspects of kelp mariculture include supporting 

and regulating services, including temporary habitat creation and regulation of eutrophication 

(Hasselstrom et al., 2018; Visch et al., 2020). Because kelps are photosynthetic organisms with 

high growth rates, public interest is building around harnessing kelp to mitigate ocean 

acidification on local scales and to extract nutrients and bioremediate eutrophic systems 

(Alleway et al., 2019). From a commercial standpoint opportunity includes higher production of 

products already on the market including bio-plastics, food products, fertilizer enhancement 

products, value-added food products and abalone and urchin feed (Gutierrez et al., 2006;

Hasselstrom et al., 2018). Currently research and development work is centered around products 

such as biofuels and continued testing of new value-added food products and bio-plastics.

In Alaska, USA, there is enthusiasm around mariculture to diversify the economy, which 

traditionally has been largely reliant on the petroleum sector (Decker et al., 2018; Goldsmith, 
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2010). This enthusiasm is bolstered by numerous and unique kelp species located along the vast 

and complex coastline (Lindeberg and Lindstrom, 2015) in close proximity to existing seafood 

infrastructure. Although momentum for kelp mariculture is building globally, in Alaska 

bottlenecks to the industry operation exist, partly due to knowledge gaps in kelp phenology 

(Decker et al., 2018). Here we address two research questions related to the kelp life cycle, the 

understanding of which will make mariculture more feasible in the state of Alaska. In Chapter 1, 

we document the variability of sporophyte fertility for two commercially important kelp species, 

Saccharina latissima and Alaria marginata. In Chapter 2, we test various culture conditions and 

techniques to develop a new hatchery method where the same parent brood stock can be utilized 

to stagger or delay farm outplantings. We hope this research provides new knowledge and tools 

to industry members and managers and gives insight to the ecological understanding of kelp in 

Alaska.
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Chapter 1: Sporophyte reproduction in the kelps Saccharina latissima and Alaria marginata 

in Alaska: implications for mariculture and ecology1

1 Co Authors: Annie Raymond, Tamsen Peeples, Michael Stekoll, Target journal: Applied Phycology

Abstract

Kelp farming has the potential to economically diversify coastal communities of Alaska, 

while offering other ecosystem services to the surrounding environment. Knowledge gaps 

regarding basic kelp ecology and phenology currently impede the development of mariculture 

industry. In this field study we documented the expected variability in sporophyte fertility for 

two commercially important kelp species, Saccharina latissima and Alaria marginata. 

Saccharina latissima acted as an annual at two out of three Juneau sites for one year and a 

perennial life history at another site before switching to an annual after the 1st year. Alaria 

marginata was present from May through September at all four sites. Proportion of fertile 

sporophytes increased from the spring to fall for both S. latissima and A. marginata. Both S. 

latissima and A. marginata at the Kodiak site persisted as fertile thalli for up to two months 

longer then at the comparative site in Juneau. Alaria marginata sorus presence did not differ 

across sites; however, we did find that both measures (presence/ absence and density) of spore 

release differed by site but appeared consistent through time. Differences in zoospore release by 

site suggest an environmental cue or genetically based phenotypic structure driving fertility by 

site. We observed spore release of both species in fall and into winter months when sporophytes 

were scarce and decaying, suggesting a possible disconnect between sorus biomass and highest 

zoospore releases.
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1.1 Introduction

By 2030, global seafood production is projected to increase by 20.7%, entirely due to 

increased aquaculture production (Kobayashi et al., 2015). Dedicating 0.015% of global ocean 

space to aquaculture could equal all landings of wild-caught fisheries (Gentry et al., 2017). In 

Alaska, growing interest in developing mariculture (ocean-based aquaculture) has been spurred 

by an increase in global seafood demand. The Alaska Mariculture Task Force has identified a 

goal of growing the mariculture sector. Cultivating kelp is recognized as a key component of this 

strategy, because of potential markets and the opportunity for other beneficial ecosystem services 

through cultivation (Decker et al., 2018). Potential ecosystem services in the areas where kelp 

mariculture occurs include nitrogen removal, de-acidification of sea water, and creation of 

habitat for numerous marine organisms (Buschmann et al., 2017; Gentry et al., 2019;

Hasselstrom et al., 2018; Kim et al., 2015; Stevant et al., 2017). However, before ecosystem 

services and commercial food production are fully utilized through mariculture, basic life history 

of commercially viable local kelp species needs to be better understood (Decker et al., 2018).

In mariculture, ‘seed' is the term used to express the rearing life stage where a juvenile 

organism raised in a laboratory or hatchery is outplanted in an ocean farm. Raising seed in a 

hatchery ensures higher survival because the organism is raised in environmental conditions 

conducive for growth, life cycle progression, and survival, protecting the organisms from high 

rates of mortality which occur in the wild during these stages. Kelp experience a life cycle of 

alternation of heteromorphic generations (Graham et al., 2016). Macroscopic kelp sporophytes 

form a sorus in which meiosis occurs, producing microscopic haploid zoospores, which then 

develop into female and male microscopic filamentous gametophytes. Under the proper 

conditions, male and female gametophytes fuse gametes to produce microscopic sporophytes.
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These small juvenile sporophytes are the kelp seed. It takes one to three months to produce kelp 

seed in a hatchery (Redmond et al., 2014). In a mariculture setting, kelp spores can be seeded 

onto string wrapped around a PVC pipe (Redmond et al., 2014). When the sporophytes are one 

to two mm long, the seed string is outplanted to an ocean farm. The physical and biological 

factors which influence the growth and survival of these life stages as well as the progression of 

kelp life history are critical to successful hatchery operation and for the industry at large. Given 

the importance of understanding the sporophyte life stage for kelp mariculture seeding, we seek 

to understand when and where two commercially important kelps, Saccharina latissima and 

Alaria marginata, are present and to determine seasonality and variability of sporophyte fertility.

Saccharina latissima is distributed across the Northern hemisphere. In the Pacific, its 

range includes Korea, Japan and Russia, the Arctic, and on the eastern side from the Bering Sea 

south to Santa Catalina Island (Lindeberg and Lindstrom, 2015). In the Atlantic, its range 

extends between latitudes 40°-80°N, including the east coast of the US, Germany, Norway and 

Denmark (Moy and Christie, 2012). In Alaska S. latissima is characterized by a finely branched 

holdfast and a thin stipe which is connected to a blade growing up to 3.5 m, with two rows of 

bullations (Lindeberg and Lindstrom, 2015). Saccharina latissima has variable life history traits, 

including timing of sorus formation and population persistence. Some populations grow and 

reproduce as annuals but can transition to perennials. In British Columbia, individuals in the low 

intertidal zone act as annuals as opposed to a perennial life history observed in the subtidal 

(Hsiao and Druehl, 1973). In the neighboring waters of Puget Sound, WA, S. latissima has been 

observed to appear in March and persist through October reaching highest annual density in 

April, behaving strictly as an annual, unlike observations in British Columbia (Maxell and 

Miller, 1996). In the northwestern Atlantic, a semi-perennial life cycle was documented, 
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indicating that some thalli act as annuals and other act as perennials living up to two years (Lee 

and Brinkhuis, 1988). In addition to seasonal presence of sporophyte thalli, there appears to be a 

wide range of time in which the sorus is present, ranging from all year to two months of the year 

depending on geographic location (Bartsch et al., 2008; Calvin and Ellis, 1978; Forbord et al., 

2012; Lee and Brinkhuis, 1986, 1988; Lüning, 1979; Sogn Andersen et al., 2011). These 

observations indicate variation in S. latissima life histories at large (within a region greater than 

100 km) and relatively small spatial scales (on the same beach but in different tidal zones within 

100 m).

In the Pacific A. marginata ranges between the Aleutian Islands, AK and Point 

Conception, CA (Lindeberg and Lindstrom, 2015). Alaria marginata sporophyte morphology is 

characterized by a midrib running from the stipe at the base of the blade to end of the blade (up 

to 3 m long). Sorus formation occurs on sporophylls that branch off the base of the stipe. In Big 

Sur, CA A. marginata sori formed from March-through April, with highest sorus surface area 

measurements between August and October and highest spore release peaking in October 

(McConnico and Foster, 2005). Although this species is a common kelp in the Pacific, only one 

documented study on A. marginata phenology is available.

In addition to the importance in mariculture, kelp species provide a diversity of habitat to 

hundreds of vertebrate and invertebrate species including multiple species of crabs and fishes, 

many of which are commercially harvested (Efird and Konar, 2014; Johnson et al., 2012; Teagle 

et al., 2017). Many species of kelp are sources of food for marine species including abalone, 

other herbivorous mollusks, isopods, crabs, urchins and suspension feeders. Many of these 

species are harvested in commercial, recreational, and subsistence fisheries, and indirectly 

valuable due to trophic links to other commercial species (Britton-Simmons et al., 2009;
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Chenelot and Konar, 2007). Increased knowledge of kelp phenology has critical importance to 

aspects of ecology including how habitat and food availability vary across an annual cycle and 

across space.

Saccharina latissima and A. marginata are two of at least eighteen kelp species in Alaska 

that have potential as a kelp farming crop (Lindeberg and Lindstrom, 2015). In the State of 

Alaska, current regulations dictate that kelp seed string must be produced from at least 50 parent 

thalli collected from kelp brood stock selected from a 50 km radius of the farm location to reduce 

potential cultivation effects to wild gene flow (Pring-Ham 2019). Consequently, understanding 

the variation of seasonal availability of fertile material for commercially valuable kelp species is 

critical for initiating the seeding process in the State of Alaska. In this study we documented the 

habitat type and patterns of fertility by quantifying sorus presence and spore release for S. 

latissima and A. marginata sporophytes. This knowledge is a necessary step towards production 

and management of these species.

1.2 Methods

1.2.1 Site selection and observations of substrates and habitat association of sporophytes

We selected three sites on the Juneau road system (Auke Recreation Area (hereafter 

“JNU1”, 58.374, -134.727), Shaman Island (hereafter “JNU2”, 58.299, -134.681) and Sunshine 

Cove (hereafter “JNU3”, 58.609, -134.930)) and one site on Kodiak Island, NE Near Island 

(hereafter “KOD”, 57.787, -152.388) where surveys were conducted and tissues collected of S. 

latissima and A. marginata (Figure 1.1). In addition to kelp surveys, we made qualitative 

observations on the site substrate and holdfast attachment (sand, bedrock, shell).
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1.2.2 Proportion of fertile thalli

We quantified sporophyte fertility by measuring the percentage of fertile thalli present of 

each species at each site. Due to the variable and unpredictable distribution of S. latissima, 

opportunistic surveys of sporophytes were carried out to evaluate fertility. The survey was 

conducted by snorkel or walking the beach, depending on tidal height. Snorkel samples are 

included in further data visualization but removed for analysis to maintain consistent sampling 

methodology. Sampling logistics allowed statistical comparison of four dates (May, June, July 

and August of 2018) across all four sites (Table 1.1). Snorkel data is graphically represented in 

other months when available. To quantify the percentage of fertile thalli, the site was walked or 

snorkeled in an ‘S' shape to avoid double counting thalli. At one-meter intervals we haphazardly 

sampled thalli by selecting the largest thalli within 0.5 m. After five observations, the surveyor 

moved at least three meters away or until a new thallus was observed to start a new set of 

observations. This procedure was completed ten times each sampling month, but number of 

observations for each sampling event varied depending on the number of each kelp species 

present on the beach. For example, only one or two thalli may have been present on each beach, 

leading to low sample sizes for those sampling dates. The percentage of fertile thalli was 

calculated by dividing the number of fertile thalli by the total number of thalli (sum of fertile and 

non-fertile thalli) for each observation where we examined up to five thalli. The same procedure 

was followed to quantify the percentage of fertile thalli of A. marginata.

To evaluate the effect of site on proportion of fertile sporophytes, we conducted a two

way mixed effects ANOVA (Zuur et al.,2009) with the fixed effect of site and the random effect 

of sampling month in R 3.5.1 (R Core Team, 2018). The assumptions of normality and constant 

variance were tested through the Shapiro-Wilkes test and the Levene's test. Proportion data were 
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arcsine-square root transformed. Tukey's HSD procedure was used for post-hoc comparisons in 

R 3.5.1 package agricolae (Mendiburu, 2017; R Core Team, 2018). Results are reported as 

lettered groupings indicating homologous subsets at α = 0.05.

1.2.3 Zoospore release

Fertility was quantified by measuring zoospore release from fertile material. To quantify 

zoospore release, ten sorus samples were collected from ten unique sporophytes at each site 

(Table 1.1). Sorus samples were cut from thalli that appeared most fertile, defined as those with 

the largest and darkest sori compared to other nearby thalli. Sorus samples were processed with a 

standardized cleaning and drying protocol in the laboratory. First, a standard amount of sorus 

material was removed using a 1.5 cm diameter hole punch and this section left to dry 20-24 

hours in a dark incubator at 4°C. After 20-24 hours each sample was placed in 20 mL of sterile 

seawater at 12°C and in light ranging from 30-50 μmol m-2 s-1 to induce spore release. Spore 

density was measured one hour after the sorus was added to seawater by hemocytometer.

As with the proportion of fertile thalli data above, sampling logistics allowed us to 

statistically compare four sampling months (May, June, July and August of 2018) in analysis 

which were all sampled by foot. However, we graphically present further snorkel data in other 

months when available. The initial exploration of spore release data indicated many instances of 

zero spore release. Given this feature of the data, we evaluated the effect of site on spore release 

in two ways. One, we tested the effect of site on the presence vs. absence of spore release. Two, 

we tested the effect of site in instances of non-zero spore release. Presence-absence of spore 

release was analyzed using logistic regression with a generalized linear mixed-effect model with 

a binomial distribution with the fixed effect of site and random effect of sampling month, using 

the glmer function in the lme4 package in R 3.5.1 (Bates et al., 2015; R Core Team, 2018). To 
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evaluate the effect of site on non-zero values of spore release density we used a two-way mixed 

effect analysis of deviance for unequal sample sizes (Quinn and Keough, 2002) with the fixed 

effect of site and random effect of sampling month. For this analysis we log-transformed spore 

release density to meet normality and constant variance assumptions which were tested through 

the Shapiro-Wilkes test and the Levene's test. Tukey's HSD procedure was used for post-hoc 

comparisons with package agricolae in R 3.5.1 (Mendiburu, 2017; R Core Team, 2018). Results 

are reported as lettered groupings indicating homologous subsets at α = 0.05.

1.2.4 Categorizing fertility of sporophytes

In addition to quantitative data, we assigned a qualitative score reflecting the presence of 

sporophytes and fertile thalli at each site and month with the following criteria: 1) sporophytes 

not present at site, 2) sporophytes present at site, no sorus present 3) < 8 sporophytes fertile 

observed at site 4) ≥ 8 fertile sporophytes present at site.

1.3 Results

1.3.1 S. latissima

1.3.1.1 Observations of substrates and habitat association of S. latissima sporophytes

We found S. latissima associated with sand, mud, small rocks, and sand mixed with 

biogenic material on the inside of bays in low energy environments at all four sites. Saccharina 

latissima holdfasts were attached to a variety of substrates including small rocks, clam shells, 

live clams, small pebbles, patches of seagrass, other seaweeds, clumps of mussels, or not 

attached to anything in the low intertidal and subtidal (Figure 1.2 and Figure 1.3, Table S1.1). 

Unattached thalli did not appear to be wrack as they were found below the high tide line, at a 

similar tidal elevation as attached thalli.
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1.3.1.2 Proportion of fertile thalli of S. latissima

We found strong evidence for an effect of site on the proportion of fertile S. latissima 

(F1,3 = 7.815, P < 0.001, Table S1.2). When averaged across sampling months, KOD (0.253 ± 

0.161 SD) and JNU1 (0.230 ± 0.131SD) had the highest proportion of fertile sporophytes, 

compared to JNU2 (0.018 ± 0.011SD) and JNU3 (0.000 ± 0.000SD). Pairwise comparisons 

within sampling months found KOD in May and JNU1 in August to have higher proportions of 

fertile sporophytes then the other sites in those months (p < 0.05, Table S1.3). When averaged 

across sites during the sampling months, proportion of fertile sporophytes began at 0.208 (± 

0.177 SD) in May, dropped to 0.015 (± 0.015 SD) in June and increased in July to 0.080 (± 0.050 

SD) and August to 0.198 (± 0.137 SD). Proportion of fertile thalli at JNU1 and KOD increased 

from June through September (Figure 1.4A). The variability of proportion of fertile thalli among 

sampling dates (SD = 0.182) was lower than the variability within paired sampling dates (SD = 

0.398) (Table S1.2).

1.3.1.3 Zoospore release of S. latissima

Our analysis of the presence-absence of spore release from sorus samples found 

significant variation among sites (χ1, 3 = 9.757, P = 0.021, Table S1.4, Table S1.5). When 

averaged across paired sample months, KOD (0.393 ± 0.064 SD), and JNU1 (0.400 ± 0.196 SD), 

had the highest proportion of sorus samples that released zoospores, differing from JNU2 

(0.050± 0.050 SD) and JNU3 (0.000 ± 0.000 SD). When averaged across sites, sorus samples 

from May released 0.225 (± 0.132 SD), then decreased in June to 0.075 (± 0.075 SD) and 

increased in July to 0.125 (± 0.075 SD) and August to 0.418 (± 0.200 SD) (Figure 1.4B). The 
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variability in the presence-absence of spore release of S. latissima among paired sampling dates 

(SD = 1.078) was similar to variability within paired sampling dates (SD = 1.038) (Table S1.4).

Our comparison of samples that released spores found no difference in zoospore density 

among sites (χ1, 2 = 3.853, P = 0.146, Table S1.6), although further pairwise comparisons among 

sampling months found KOD spore release to be significantly greater than JNU1 in the months 

of July and August (P < 0.05, Table S1.7). Across paired sampling months, JNU3 had no 

samples that released spores, followed by JNU2 with 10,000 (± 0 SD) spores/mL, JNU1 with 

15,937 (± 3,600 SD) spores/mL and with KOD 236,785 (± 107,348 SD) spores/mL. Spore release 

at KOD in May through September 2018 persisted two months longer than the spore release at 

JNU1, where sporophytes appeared to have died off for the winter (Figure 1.4C). When averaged 

across sites, spore release densities from May were 243,333 (± 172,050 SD) spores/mL, then 

decreased in June to 103,333 (± 38,765 SD) spores/mL and stayed relatively consistent in July at 

94,000.00 (± 48,872 SD) spores/mL and decreased in August to 41,333 (± 17,838 SD). The 

variability of spore release among paired sampling dates (SD = 0.343) was lower than the 

variability within paired sampling months (SD = 1.430) (Table S1.6).

1.3.1.4 Categorizing fertility of S. latissima sporophytes

The duration of S. latissima sporophyte presence and fertility differed among sites and 

between years of observation (Table 1.2). In the fall and winter seasons in 2017-2018, fertile S. 

latissima sporophytes at JNU1 persisted with fertile material into March 2018. In the fall and 

winter seasons in 2018-2019 no thalli persisted past October 2018 (Table 1.2, Figure 1.4D). In 

addition to variability in presence of sporophytes between years, differences in fertility between 

years were documented at JNU1. In Spring 2017 and 2018, JNU1 S. latissima was fertile as early 
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as May, while in 2019 only one fertile thalli was present and then no other fertile thalli were 

observed in June or July.

We observed variation in presence and fertility among sites. In the 2017-2018 season, S. 

latissima at JNU1 was present for twelve months, six months longer than at JNU3. From May 

2017 through April 2018 S. latissima at JNU1 was fertile at ten sampling periods, while JNU2 

was fertile at four and JNU3 was fertile at three. From May 2018 through November 2018, JNU1 

was fertile for four months, JNU 2 was fertile for three months, JNU3 three was never found to 

be fertile, and KOD was documented fertile for all seven months.

1.3.2 A. marginata

1.3.2.1 Observations of substrates and habitat association of A. marginata sporophytes

A. marginata was found on intertidal bedrock and on small rocks at soft sediment 

beaches at all sites (Figure 1.2 and Figure 1.3). Although A. marginata was found on soft 

substrates overlapping the same tidal area of S. latissima, observed densities in these areas were 

fragmented compared to the continuous A. marginata distribution, commonly found on intertidal 

bedrock.

1.3.2.2 Proportion of fertile thalli of A. marginata

The proportion of fertile A. marginata sporophytes generally increased from May through 

October and was not influenced by site (F1,3 = 2.012, P = 0.115, Table S1.8), although further 

pairwise comparison of unique sites and sampling dates found multiple significant differences 

(P<0.05, Table S1.9). In the month of July, the proportion of fertile A. marginata at KOD was 

significantly lower than JNU1 and JNU3 (p < 0.05, Table S1.9). Averaged across paired sample 

dates, little difference was found in the highest proportion of fertile sporophytes at each site:

15



JNU1 0.600 (± 0.091 SD), JNU2 0.545 (± 0.133 SD), JNU3 0.660 (± 0.128 SD) and KOD 0.505 

± 0.128 SD) (Figure 1.5A). When averaged across sites, proportion of fertile thalli was similar in 

May 0.455 (± 0.042 SD) and June 0.425 (± 0.050 SD) and increased in July to 0.595 (± 0.154 

SD) and August to 0.835 (± 0.022 SD). The variability of proportion of fertile A. marginata thalli 

among paired sampling dates (SD = 0.245) was lower than the variability within paired sampling 

dates (SD = 0.412) (Table S1.8).

1.3.2.3 Zoospore release of A. marginata

A significant effect of site on the presence/absence of zoospore release of A. marginata 

(χ1, 3 =13.872, P = 0.003) was documented (Table S1.10, Table S1.11, Figure 1.5B). When 

averaged across sample months JNU2 had the highest proportion of sorus samples releasing 

zoospores at 0.600 (± 0.129 SD), more than twice the other sites (JNU1 at 0.300 (± 0.071 SD), 

JNU3 at 0.253 (± 0.131 SD) and KOD at 0.258 (± 0.067 SD). When averaged across sites, sorus 

samples from May had a release proportion of 0.533 (± 0.078 SD), then decreased in June to 

0.275 (±± 0.085 SD) and increased in July to 0.203 (± 0.039 SD) and August to 0.400 (± 0.187 

SD). The variability of proportion of fertile A. marginata thalli among sampling dates (SD = 

0.271) was lower than the variability within sampling dates (SD = 0.520) (Table S1.10).

The magnitude of zoospore release of A. marginata was influenced by site (χ1, 1= 36.992, 

P < 0.001) (Table S1.12). Further pairwise comparisons among sampling months found no 

significant differences among sites in any single sampling month (P < 0.05). The greatest spore 

release was found at JNU3 of 21,800 (± 8,032 SD) spores/mL followed by JNU2 at 15,770. 

(±5,465 SD) spores/mL, KOD 11,400 (± 3,921 SD) and JNU1 4,458 (± 1,300 SD) spores/mL 

(Figure 1.5C). When averaged across sites sorus samples from May released 16,642 (±5,389 SD) 
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spores/mL, then decreased in June to 4,272 (±2,465 SD) spores/mL and increased in July to 

6,937 (± 2854 SD) spores/mL and August to 19,500 (± 8,032 SD) spores/mL. The variability of 

proportion of fertile A. marginata thalli among paired sampling dates (SD = 0.407) was lower 

than the variability within paired sampling dates (SD = 1.284) (Table S1.12).

1.3.2.4 Categorizing fertility of A. marginata sporophytes

We found continuity in the presence and fertility of A. marginata among Juneau sites but 

greater longevity of thalli presence and fertility in KOD. Alaria marginata was present and 

fertile at all sites from May through August 2018 (Table 1.3). At JNU1 A. marginata remained 

present and fertile through September 2018. While sporophytes persisted into October and 

November, no fertile material was observed. In contrast A. marginata at KOD remained present 

and fertile through November (Table 1.3, Figure 1.5D). Fertile sporophytes at JNU2 were 

observed in November.

1.4 Discussion

Our observations describe the unique habitat characteristics and the variability in 

sporophyte fertility for the kelps S. latissima and A. marginata in Alaska. Saccharina latissima 

was found exclusively on shells, pebbles and small rocks in soft sediment habitats and A. 

marginata was found predominantly on bedrock. The proportion of fertile S. latissima and the 

presence of sorus samples with zoospore release varied among sites but the quantity of zoospores 

released was approximately equal between JNU1 and KOD. In contrast A. marginata showed no 

difference in the proportion of fertile plants among sites but did show significant difference in 

both the presence and absence of spore release and zoospore density among sites. Together these 

results suggest both species and location are important in sporophyte fertility, raising questions 
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on how site level environmental conditions may affect phenology and highlighting a need for 

future studies to identify those variables.

One defining feature of kelps is that holdfast attachment occurs on hard substrate such as 

bedrock (Dayton, 1988). However, S. latissima is often found on soft substrate environments 

(Bracken, 2018; Petrowski et al., 2016; Schaffelke et al., 1996; Spurkland and Iken, 2011a). This 

is consistent with the present observations of S. latissima in Kodiak and Juneau where S. 

latissima was found growing on shell litter, pebbles, and small rocks on top of soft sediment. 

This observation, in addition to initial site scouting which examined many subtidal and intertidal 

locations, confirms the observation of S. latissima being absent from rocky substrates along the 

Juneau and Kodiak road systems. This expands the type of substrate to which S. latissima is 

attached in Alaska as previously documented (Lindeberg and Lindstrom, 2015).

Variation in S. latissima phenology has been documented throughout its range including 

large variation in population persistence as an annual or perennial and in the timing of fertile 

sporophytes, consistent with present results. The present data indicate S. latissima acted as an 

annual (Maxell and Miller, 1996) at JNU2 and JNU3 in 2017- 2018, similar to Puget Sound, 

WA, but acted as a perennial at JNU1, similar to both British Columbia (Hsiao and Druehl, 

1973) and the eastern Atlantic (Lee and Brinkhuis, 1986). Although S. latissima shows large 

variability in presence and fertility in the present study and in other studies in North America, it 

may be more adapted to survive in glaciated systems than other kelps. Even though glaciated 

systems often have lower kelp diversity than unglaciated systems, some evidence exists 

suggesting that S. latissima zoospore settlement, zoospore release, sorus surface areas, and 

sporophyte density, are not affected by glaciated seawater, differing from other kelp species 

(Spurkland and Iken, 2011b; Traiger and Konar, 2018). However, in glaciated systems adult S. 
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latissima sporophytes have displayed reduced growth rates and gametophyte survival compared 

to unglaciated systems (Spurkland and Iken, 2012; Traiger and Konar, 2018). These past studies 

along with the present observations in Alaska suggest that S. latissima life history and 

persistence may vary across relatively large (ocean basins) and small (tens of kilometers) spatial 

scales and have unknown mechanisms to survive suboptimal conditions and environmental 

disturbances such as high rates of sedimentation.

In addition to variation in sporophyte presence, variation in S. latissima fertility was seen 

in both the present and past studies (Table 1.4). In both the western (Long Island, USA) and 

eastern (United Kingdom) Atlantic and the eastern Pacific (British Columbia, Canada), S. 

latissima has been documented to be present and fertile year round, while in other locations 

including the northern Atlantic (Norway) (Sogn Andersen et al., 2011) and northeastern Pacific 

(Homer, AK), sporophytes have fertile thalli present for two to six months of the year (Table 

1.4). These past observations confirm that the variability in phenology documented in Juneau 

and Kodiak is not unusual and will be important to consider in mariculture applications. 

Dependability of fertile material for brood stock is required by commercial mariculture operators 

and may be hard to obtain for S. latissima. From a management perspective, using brood stock 

from a species with small and infrequent populations may have negative consequences for 

conserving genetic integrity and conservation of wild sorus biomass (Utter and Epifanio, 2002).

Some kelp species display synchronous reproductive patterns across space (McConnico 

and Foster, 2005; Mohring et al., 2013). In contrast to S. latissima, A. marginata appears to show 

less variation in presence and sorus formation among sites, suggesting reproductive synchrony, 

in terms of sorus formation, at relatively small spatial scales in the case of Juneau sites. This 

suggests that environmental factors which promote sorus formation are similar across the Juneau 
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study area. Fertile thalli at KOD persisted for two months longer then at the Juneau site, perhaps 

highlighting larger scale environmental factors which may affect sorus formation and persistence 

of sporophytes into the fall. On the central coast of CA, USA A. marginata displayed 

reproductive synchrony with a steady increase of spore release from March through the fall at 

multiple sites spanning 40 km (McConnico and Foster, 2005). This is inconsistent with spore 

release data of the present study which showed no increase in spore release during the fertile 

season. Furthermore, in the present study A. marginata showed significant differences among 

sites in presence/absence of zoospore release and quantity of zoospores released, suggesting the 

environmental factors promoting zoospore release may be different across sites, or a genetically- 

based phenotypic trait may be responsible for these differences. One hypothesis for differences 

in spore release is that glaciated systems similar to Juneau, which have lower kelp diversity and 

density (Pirtle et al., 2012; Spurkland and Iken, 2011a), may not provide optimum conditions for 

kelps to produce zoospores in a synchronistic fashion due to small-scale oceanographic 

variability. This dichotomy of results may suggest that the presence of sorus alone is not enough 

to describe the reproduction of local A. marginata. Although the magnitude of zoospore release 

is an important reproductive measure, sorus presence and zoospore release persisted through the 

same period of time across sites, indicating some reproductive synchrony. The widespread 

availability of wild, well-established A. marginata meadows in Alaska and the reliability of 

presence and sorus formation across sites suggest A. marginata is a suitable species for 

mariculture in AK.

Due to the lack of information on consistent S. latissima bed locations with abundant 

thalli and to logistical constraints, limitations to this study include small sample sizes at each site 

and sampling frequency. Saccharina latissima and A. marginata presence could be affected by
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other factors not tested here, including sedimentation and herbivory from grazers, such as sea 

urchins, which were often observed at sites. Although we designed a sampling technique 

compatible for intertidal access by foot and snorkel access, inconsistency between sampling may 

have affected the proportion of fertile thalli results. This was the primary reason for restricting 

the statistical analyses to months where data were collected by intertidal access. For both species, 

the present study observed that seemingly healthy fertile thalli in the spring and summer 

sometimes did not release any zoospores, and degraded, relatively small thalli in late fall/winter 

produced high densities of zoospores. This pattern may have implication for the mariculture 

industry as it suggests a disconnect between the highest density of zoospore release and fertile 

biomass availability, complicating the brood stock acquisition process. Spore release techniques 

should be further assessed in the laboratory to understand which protocols produce optimal spore 

release by species.

Before investing effort and money into the mariculture permitting process and site 

establishment, it is critical for future farmers in Alaska to know whether the desired brood stock 

is accessible near their potential ocean farm site. Observations from Juneau and Kodiak suggest 

S. latissima is a less common kelp species with a variable life history, which can range from 

acting as an annual to perennial at the same location from year to year, and the main indicators of 

fertility appear to vary from location to location. Alternatively, A. marginata is commonly found 

along the coastline of Juneau and Kodiak with consistent presence and sorus formation among 

sites, although spore release may vary among sites. As the kelp mariculture industry continues to 

grow in Alaska and throughout the world, attention to the life history of the cultivated species 

will be necessary. We hope this research describing the general sporophyte life history for S.
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latissima and A. marginata offers useful information to farmers, hatchery operators and

managers of the kelp mariculture industry on the location and timing of brood stock.
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1.7 Figures

Figure 1.1 Field sites in Kodiak (A) and Juneau (B).
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Figure 1.2 Photos of substrate for holdfast attachment of S. latissima. Top left to bottom right: 
clam shell, clam shell, Ulva lactuca (another macrophyte), cluster of Mytilus spp., Zostera 
marina, soft sediment environment where S. latissima was commonly found.
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Figure 1. 3 Schematic key of S. latissima and A. marginata distribution by substrate types.
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Figure 1.4 Measures of S. latissima sporophyte fertility over time. A) Proportion of fertile 
sporophytes. B) Proportion of sorus samples which released zoospores. C) Spore release 
concentration over time. D) Conceptual timeline of S. latissima available on each sample date for 
JNU1 and KOD. Dark brown sections represent relative fertile material present at each site. 
NTP= No thalli present. Empty boxes indicate months where no observations were taken. All 
error bars represent ± 1 standard error.

29



Figure 1.5 Measures of A. marginata sporophyte fertility over time. A) Proportion of fertile 
sporophytes. B) Proportion of sorus samples which released zoospores. C) spore release 
concentration over time. D) Conceptual timeline of A. marginata available on each sample date 
for JNU1 and KOD. F= indicated fertile thalli present. NTP= No thalli present. Empty boxes 
indicate months where no observations were taken. All error bars represent ± 1 standard error.
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1.8 Tables

Table 1.1 Sampling months and data collected for S. latissima and A. marginata. Yellow 
signifies samples that were compared statistically.

S. latissima A. marginata

Sampling 
month

categorical 
observations

% fertile zoospore categorical % fertile zoospore 
release observations release

Feb-17
Mar-17
Apr-17
May-17
Jun-17
Jul-17

Aug-17
Sep-17
Oct-17
Nov-17

JNU1

JNU 1,2,3
JNU 1,2,3
JNU 1,2,3
JNU 1,2,3
JNU 1,2,3

JNU1 JNU1
Dec-17 JNU 1,2,3 JNU 1,2,3
Jan-18 JNU 1,2,3 JNU 1,2,3
Feb-18 JNU 1,2,3 JNU 1,2,3
Mar-18 JNU1 JNU1 JNU1
Apr-18 JNU1 JNU1 JNU1 JNU1 JNU1 JNU1

JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3,
May-18 KOD KOD KOD KOD KOD KOD

JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3,
Jun-18 KOD KOD KOD KOD KOD KOD

JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3,
Jul-18 KOD KOD KOD KOD KOD KOD

JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3, JNU1,2,3,
Aug-18 KOD KOD KOD KOD KOD KOD

JNU1 & JNU1 & JNU1 & JNU1 & JNU1 &
Sep-18 KOD KOD KOD JNU1 &KOD KOD KOD

JNU1 & JNU1 & JNU1 & JNU1 & JNU1 &
Oct-18 KOD KOD KOD JNU1 &KOD KOD KOD

JNU1,2 & JNU1,2 & JNU1,2 & JNU1,2 & JNU1,2 & JNU1,2
Nov-18 KOD KOD KOD KOD KOD & KOD
Dec-18 JNU1 JNU1 JNU1 JNU1 JNU1 JNU1
Jan-19 JNU1 JNU1 JNU1 JNU1 JNU1 JNU1
Feb-19 JNU1 JNU1 JNU1 JNU1 JNU1 JNU1
Mar-19
Apr-19 JNU1 JNU1 JNU1 JNU1 JNU1 JNU1
May-19 JNU1 JNU1 JNU1 JNU1 JNU1 JNU1
Jun-19 JNU1 JNU1
Jul-19 JNU1 JNU1
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Table 1.2 Fertility categories of S. latissima sporophytes among sites. Small black dots = no 
identifiable S. latissima sporophyte present at site, diagonal lines= sporophyte present, no sorus 
present at site, horizontal lines= <8 fertile sporophytes observed at site, solid black fill=8 or more 
fertile sporophytes observed at site, solid white fill=no survey at site.
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Table 1.3 Fertility categories of A. marginata sporophytes among sites. Small black dots= no 
identifiable A. marginata sporophyte present at site, diagonal lines= sporophyte present, no sorus 
present at site, horizontal lines= <8 fertile sporophytes observed at site, solid black fill=8 or more 
fertile sporophytes observed at site, solid white fill=no survey at site.
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Table 1.4 Summary of seasonal presence of fertile S. latissima sporophytes based on global literature. Light brown represents fertile 
sporophytes present. Dark brown represents most fertile sporophytes.

Article Region Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Hsiao and
Druehl 1973

British 
Columbia, 
Canada

Calvin and
Ellis 1978 Kodiak, AK

Lee and
Brinkhuis
1986

Long Island

Lee and 
Brinkhuis 
1988

Long Island

Ltoing 1988 Norway

Andersen et al.
2011 Norway

Forbord et al.
2012

Norway,
Denmark and
Germany

Andersen 2013 Norway

Traiger and
Konar 2017 Homer, AK

Parke 1948 England

Current study
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1.9 Supporting information

1.9.1 Supplemental Tables

Table S1.1 Observations of S. latissima and A. marginata substrate type. Tidal elevations relative to mean lower low water.

Site 
name Location

Observations of S.
latissima substrate

Highest 
tidal 

estimation 
of S. 

latissima at 
site

Lowest 
tidal 

estimation 
of S. 

latissima at 
site

Observations of A. marginata 
substrate

Highest 
tidal 

estimation 
of A. 

marginata 
at site

Lowest 
tidal 

estimatio 
n of A.

marginat 
a at site

S. latissima attached to -0.31 m -1.28 m / - A. marginata most dense on -0.73 m / - -1.28 m /

58.375, -
134.727

pebbles, cobbles, / -1.0 ft 4.2 ft intertidal bedrock on exposed 2.4 ft -4.2 ft
JNU1 seagrass, live bi-valves, coastline. Also attached to small

shell bits and also rock and cobbles in area of soft
unattached. substrate.
S. latissima attached to -0.24 m / -1.37 m / - A. marginata most dense on 0.05 m / -0.88 m /

58.301, -
134.681

pebbles, cobbles, -0.8 ft 4.5 ft intertidal bedrock on exposed 0.15 ft -2.9 ft
JNU2 seagrass, live bi-valves, coastline. Also attached to small

shell bits and also rock and cobbles in area of soft
unattached. substrate.

JNU3 58.609, -
134.932

S. latissima common 
attached to pebbles, 
cobbles, seagrass, 
tubeworms casing.

0.18 m /
0.6 ft

-1.31 m / -
4.3 ft

A. marginata most dense on 
intertidal bedrock on exposed 
coastline. Also attached to small 
rock and cobbles in area of soft 
substrate.

0.62 m /
2.03 ft

-1.16 m /
-3.8 ft

KOD 57.786, -
152.392

S. latissima attached to 
pebbles, cobbles, live bi
valves, shell bits and also 
unattached.

-0.40 m / -
1.3 ft

-1.34m / -
4.4ft

A. marginata most dense on 
intertidal bedrock on exposed 
coastline. Also attached to small 
rock and cobbles in area of soft

0.46 m / 1.5
ft

-0.46 m /
-1.5 ft

substrate.



Table S1.2 ANOVA results examining the effect of time (random) and site (fixed) on percent 
fertile S. latissima sporophytes.

Random effect of time SD
Intercept 0.182
Residual 0.398

Fixed effect numDF denDF F-value p-value
Intercept 1 115 7.123 0.009
Site 3 115 7.815 <0.001

Table S1.3 Results from Tukey HSD post hoc test showing grouping of homologous subsets 
comparing percent fertile S. latissima sporophytes by site and sampling month. Letters indicate 
statistically similar groups between pairwise comparisons at α = 0.05.

Site Time
Sample

Size

Tukey
HSD post
hoc test

JNU1 May-18 10 b
JNU1 June-18 10 b
JNU1 July-18 10 b
JNU1 Aug-18 10 a
JNU2 May-18 1 b
JNU2 June-18 10 b
JNU2 July-18 10 b
JNU2 Aug-18 8 b
JNU3 May-18 10 b
JNU3 June-18 1 b
JNU3 July-18 2 b
JNU3 Aug-18 1 b
KOD May-18 9 a
KOD June-18 10 b
KOD July-18 10 b
KOD Aug-18 10 b
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Table S1.4 Binominal logistic regression analysis of deviance testing the effect of time (random) 
and site (fixed) on the presence/absence S. latissima zoospores.

Random effect of time SD
Intercept 1.078
Residual 1.038

Fixed effect Df Chisq Pr(>Chisq)
Intercept 1 0.558 0.445
Site 3 9.757 0.021

Table S1.5 Sample size for logistic regression analysis of deviance results of binomial 
presence/absence S. latissima spore release data.

Site Month
Sample Size (Number of sporophytes 

examined for spore release)

JNU1 May-18 10
JNU1 June-18 10
JNU1 July-18 10
JNU1 Aug-18 10
JNU2 May-18 1
JNU2 June-18 10
JNU2 July-18 10
JNU2 Aug-18 10
JNU3 May-18 10
JNU3 June-18 1
JNU3 July-18 1
JNU3 Aug-18 1
KOD May-18 10
KOD June-18 10
KOD July-18 10
KOD Aug-18 7
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Table S1.6 Results of analysis of deviance test examining the effects of site (fixed) and time 
(random) on non-zero S. latissima spore release data.

Random effect of sampling SD
time
Intercept 0.343
Residual 1.430

Fixed effect Df Chisq Pr(>Chisq)
Intercept 1 292.372 <0.001
Site 2 3.853 0.146

Table S1.7 Results from Tukey HSD post hoc test showing grouping of homologous subsets 
comparing non-zero spore release density data S. latissima sporophytes by site and sampling 
month. Letters indicate statistically similar groups between pairwise comparisons at α = 0.05.

Site

Paired 
sampling

month

Sample Size 
(Number of spore 
release samples 
greater then 0)

Tukey
HSD post 
hoc test

JNU1 May-18 2 bc
JNU1 July-18 9 c
JNU1 Aug-18 2 c
KOD May-18 3 abc
KOD July-18 4 ab
KOD Aug-18 9 a
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Table S1.8 ANOVA results examining the effect of time (random) and site (fixed) on percent 
fertile A. marginata sporophytes.

Random effect of sampling
time SD
Intercept 0.245
Residual 0.412

Fixed effect numDF denDF F-value p-value
Intercept 1 148 51.025 <0.001
Site 3 148 2.012 0.115

Table S1.9 Results from Tukey HSD post hoc test showing grouping of homologous subsets 
comparing percent fertile A. marginata sporophytes by site and sampling month. Letters indicate 
statistically similar groups between pairwise comparisons at α = 0.05.

Site

Paired 
sampling

month
Sample

Size

Tukey
HSD post
hoc test

JNU1 May-18 10 bcd
JNU1 June-18 5 bcd
JNU1 July-18 10 abc
JNU1 Aug-18 10 ab
JNU2 May-18 10 cd
JNU2 June-18 10 cd
JNU2 July-18 10 abcd
JNU2 Aug-18 10 a
JNU3 May-18 10 abc
JNU3 June-18 10 cd
JNU3 July-18 10 a
JNU3 Aug-18 10 ab
KOD May-18 10 abcd
KOD June-18 10 abcd
KOD July-18 10 d
KOD Aug-18 10 ab
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Table S1.10 Binominal Logistic regression analysis of deviance testing the effect of time 
(random) and site (fixed) on the presence/absence A. marginata zoospores.

Random effect of
sampling time SD
Intercept 0.271
Residual 0.520

Fixed effect Df Chisq Pr(>Chisq)
Intercept 1 4.158 0.041
Site 3 13.872 0.003

Table S1.11 Sample size for logistic regression analysis of deviance results of binomial 
presence/absence A. marginata spore release data.

Site Sampling
month

Sample size 
(Number of 
sporophytes 

examined for 
spore release)

Number of 
samples with 
spore release 
greater than 0

JNU1 May-18 10 5
JNU1 June-18 10 2
JNU1 July-18 10 2
JNU1 Aug-18 10 3
JNU2 May-18 10 4
JNU2 June-18 10 7
JNU2 July-18 10 7
JNU2 Aug-18 10 5
JNU3 May-18 10 3
JNU3 June-18 10 9
JNU3 July-18 9 2
JNU3 Aug-18 10 6

KOD May-18 9 0

KOD June-18 10 3

KOD July-18 10 1

KOD Aug-18 10 2
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Table S1.12 Results of analysis of deviance test examining the effects of site (fixed) and time 
(random) on non-zero A. marginata spore release data.

Random effect of sampling 
time SD
Intercept 0.407
Residual 1.284

Fixed effect Df Chisq Pr(>Chisq)
Intercept 1 416.912 <0.001
Site 1 36.992 <0.001

Table S1.13 Results from Tukey HSD post hoc test showing grouping of homologous subsets 
comparing non-zero spore release density data A. marginata sporophytes by site and sampling 
month. Letters indicate statistically similar groups between pairwise comparisons at α = 0.05.

Site

Paired 
sampling 

month

Sample size (Number of 
sorus samples with spore 

release greater then 0)

Tukey 
HSD post 
hoc test

JNU1 May-18 5 ab
JNU1 June-18 2 ab
JNU1 July-18 2 ab
JNU1 Aug-18 3 ab
JNU2 May-18 7 ab
JNU2 June-18 5 ab
JNU2 July-18 3 ab
JNU2 Aug-18 9 a
KOD May-18 3 ab
KOD June-18 1 a
KOD July-18 2 ab
KOD Aug-18 4 ab
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Chapter 2: A method for staggering and delaying kelp outplantings by modifying seed 

string growing conditions of Saccharina latissima and Alaria marginata2

2 Co Authors: Annie Raymond, Michael Stekoll, Target journal: Aquaculture

Abstract

One bottleneck to the expansion of the kelp farming industry is the lack of flexibility in 

the timing of seed production. Here, through a series of experiments with the kelps Saccharina 

latissima and Alaria marginata, we developed a method for seed string production allowing the 

flexibility to store seed for an extended time. First, methods to slow gametophyte growth and 

reproduction of early life stages of kelps by manipulating irradiance and temperature were tested, 

and whether the month of brood stock collection affects commercial seeding was examined. 

Reducing temperature from 12°C to 4°C significantly reduced gametophyte size, sporophyte 

size, egg production and sporophyte production of S. latissima and consequently was the best 

candidate condition for seed storage experiments. The month of spore release influenced 

gametophyte size, sporophyte size, egg production and sporophyte production of S. latissima, 

with zoospores released in July producing bigger gametophytes, more eggs and smaller 

sporophytes then zoospores released in August. Further analysis showed no differences between 

months among similar treatments of temperature and irradiance, suggesting little commercial 

impact of season on juvenile sporophyte production, a critical metric for commercial kelp 

mariculture. Finally, we examined how storage of A. marginata and S. latissima kelp seed string 

at 4°C under a range of nutrient and iron concentrations affected the viability of seed after being 

moved into optimal growth conditions. Storage of seed string at 4°C with no alteration to 

culturing media showed no negative effect in seed density and sporophyte length compared to 
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the positive control for either species. Altering storage conditions by reducing nutrient and iron 

concentration at 4°C had a negative effect on A. marginata density three weeks after outplanting. 

Through these experiments we suggest an innovation in seed storage, “cold banking”, which 

allows extension of seed storage for at least 36 days over current methodologies. By extending 

kelp seed storage time, optimal outplanting timing and staggering can be accomplished, 

providing potential for a staggered harvest.

2.1 Introduction

A major step in the commercial kelp mariculture process is the production of seed. This 

usually begins by obtaining fertile material from wild sporophytes which are then induced to 

release zoospores in the lab, where the production of commercial seed can be controlled. Two 

general methods for production of seed string include clone cultures and utilizing wild brood 

stock. Clone cultures involve isolating and culturing male and female gametophytes, growing 

those isolated gametophytes into clones through fragmentation, homogenizing male and female 

individuals, mixing them together and seeding the solution onto seed string (Redmond et al., 

2014). Isolated gametophyte clone cultures can be stored for decades and revived to form 

sporophytes by combining small fragments of the male and female cultures (Redmond et al., 

2014). This method can produce many offspring while taking very little brood stock from wild 

populations and provide a continuous supply of seed. However, clone cultures require complex 

and often costly laboratory resources and meticulous effort to initiate and maintain cultures 

(Goecke et al., 2020). An alternative seeding method, which we in this paper term the 

“traditional” method, uses wild sporophyte brood stock, directly seeding the string with wild 

zoospores. The zoospores settle and grow as male and female gametophytes, produce zygotes 

and form sporophyte recruits all while growing on the seed string. The traditional method is less 
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labor intensive to initiate, does not require a state-of-the-art facility and promotes gene 

conservation of wild populations when compared to clone culture (Allendorf et al., 2012; Utter 

and Epifanio, 2002). Here we examine the traditional seed string production, the method 

currently in practice in kelp hatcheries in Alaska, to develop methods to optimize gametophyte 

growth and storage with the aim of increasing flexibility of commercial kelp mariculture.

Although benefits to traditional seed production exist, this approach is directly tied to the 

natural timing of wild kelp reproductive cycles, which may limit its viability as a seed production 

method for large scale mariculture operations. When the sporophytes reach 2-3 mm in traditional 

seed string production, they are outplanted because the spatial and environmental needs of the 

growing juvenile sporophytes cannot be met in the hatchery (Redmond et al., 2014). It takes 

approximately 4 weeks for sporophytes to reach this size, and the seeding is solely dependent on 

wild sorus availability. If the length of time from seeding to the desired outplanting date is too 

long, the quality of the seeded string will decrease or become unusable before outplanting. This 

is evident when juvenile sporophytes start withering and falling off seed string. It is important to 

stall gametophyte growth, in addition to stopping egg production, under traditional seeding 

methodologies because as gametophytes continue to grow, they detach from the seed string, 

causing nascent sporophytes to fall off as well. Therefore, it is necessary to identify factors that 

slow both gametophyte growth and delay reproduction. Under current methodologies, hatcheries 

may only have a limited window of time to collect and prepare all their seed string for multiple 

farms if they want to avoid extended storage periods, which is sub-optimal for sporophyte 

success. Such a discrepancy between sorus availability and optimal outplanting times may affect 

yield, farming logistics, and the overall economic output. This limitation has led us to explore 

methods to store traditional seed string (hereafter ‘seed') for extended periods of time for the 
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kelps Saccharina latissima and Alaria marginata. A method which extends seed string storage 

time might facilitate staggering of seed outplantings, providing flexibility in harvest times and 

relieving a workload bottleneck both in the hatchery and ocean farm.

To innovate methods to store seed, we examined current mariculture protocols and kelp 

ecology to form possible approaches. Gametophytes of brown algae have been described as 

banks of the microscopic form that survive as overwintering annuals (Edwards, 2000) or during 

undesirable environmental conditions such as El Nino events (Carney and Edwards, 2006). 

Reproduction and vegetative growth are antagonistic processes because different environmental 

conditions promote one or the other (Carney and Edwards, 2006; Lewis et al., 2013). Light is a 

key factor regulating gametogenesis in S. latissima gametophytes (Hsiao and Druehl, 1973; Lee 

and Brinkhuis, 1988; Lüning and Neushul, 1978). The saturation threshold for gametophyte 

growth of many species is 20 μmol m-2 s-1 (Lüning and Neushul, 1978). This light threshold was 

confirmed for S. latissima, where a light range of 5-20 μmol m-2 s-1 produced optimal 

gametophyte growth (Lee and Brinkhuis, 1988). Other studies have shown that light regimes in 

the range of 5-120 μmol m-2 s-1 had little influence on sporophyte germination for S. latissima 

(Lee and Brinkhuis, 1988). Among abiotic factors influencing the kelp life cycle, temperature 

likely has the largest effect on gametophyte vegetative growth (Lee and Brinkhuis, 1988). Given 

this evidence for the importance of light and temperature, we hypothesized that manipulating 

these variables might be promising for use as a seed string storage method.

Using iron deficient culture media is a well-described method which halts gametogenesis 

in female gametophytes of many species; however, this method does not stop gametophyte 

growth (Suzuki et al. 1994; Lewis et al. 2013). Although the use of iron deficient medium is 

potentially useful for commercial production of seed, how storage time in iron deficient media 
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affects future phenology of kelp seed when moved into optimal growing conditions is not well 

understood.

In addition to abiotic factors affecting microscopic phenology, season and geographic 

area of zoospore release contributes to variability (Lee and Brinkhuis, 1988; Mohring et al., 

2013; Nielsen et al., 2016). For example, the kelp Eklonia radiata had greater rates of 

gametophyte growth and survival from fertile material collected earlier in the growing season 

(Mohring et al., 2013). Along similar lines, the optimal temperature and light conditions for S. 

latissima gametophyte growth appear to depend on the season when zoospores are released (Lee 

and Brinkhuis, 1988). The effect of temperature on microscopic phenology may differ by season. 

As the ocean temperature increased from April to July, gametophytes grew larger at higher 

temperatures, but in the winter little temperature effect was documented (Lee and Brinkhuis, 

1988). In another study, spores of S. latissima originating from sorus in February late in the 

fertile season grew slower than those originating in April at the start of the fertile season (Nielsen 

et al., 2016). Given these patterns, understanding how season affects microscopic phenology is 

an important element in understanding the ecological strategies employed and therefore the 

natural seeding variability to be expected by the mariculture industry.

Here we identify environmental conditions and methods to hold the commercially- 

produced kelps S. latissima and A. marginata seed string in a hatchery setting for an extended 

culturing period by manipulating irradiance, nutrient concentrations, presence and absence of 

iron, and temperature. First, experiments on S. latissima (2.2.1 and 2.2.2) were conducted to 

examine which of these variables affect gametophyte growth and reproduction, and what kind of 

variation in phenology in gametophyte response could be expected due to the month of 

sporophyte brood stock collection. These experiments were conducted only on S. latissima 
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because of resource restraints. Results from 2.2.1 and 2.2.2 were applied to a seed storage 

strategy (2.2.3) examining how storage in conditions that retard gametophyte growth and 

reproduction affect the viability of the seed string when outplanted. Experiment 2.2.3 was 

conducted on both S. latissima and A. marginata to see if the factors selected from 2.2.1 and

2.2.2 could be applied to another common commercial kelp in Alaska. Results inform strategies 

for pausing the microscopic kelp stages to coincide with optimal outplant timing or to stagger 

outplants from the same parent sporophyte brood stock and thus increase efficiency to benefit 

kelp mariculture operations.

2.2 Methods

Experiments were designed to mirror the commercial mariculture kelp seeding process.

First, sori collected from the wild were cleaned of epiphytes, treated with a 2 mL L-1 Betadine 

solution, washed with ultraviolet light (UV)-treated, 0.22 μm filtered seawater (SW), then dried 

and stored overnight in a dark incubator at 4°C on paper towels lightly moistened with UV- 

treated SW. After 16 hours (day 0 of each experiment), dried sori were placed in individual 

sterile beakers in SW at 12°C under light irradiance of 30-60 μmol m-2 s-1. After quantifying 

motile zoospore density, the zoospore solution was distributed into experimental units in the 

form of petri dishes or seed string pipe replicates. Experimental replicates were placed randomly 

in an incubator at 12°C and left overnight (16 hours) while spores settled. The next day 

experimental replicates were moved to the different environmental treatments depending on the 

experiment.

We made weekly measurements of irradiance as photosynthetically active radiation

(PAR) during all experiments using a LI-COR QUANTUM photometer, measuring upwards 

from the culturing location to confirm that light conditions were within experimental ranges.
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Provasoli's enriched seawater (PES) stock solution was added in concentrations depending on 

the experiment, detailed below (Provasoli, 1968). The Provasoli enrichment solution was 

modified by the addition of 1.4 mg L-1 iodide to stock solution and by excluding any vitamins 

and any buffer. Iron was omitted in the iron-deficient media. During weekly media changes in all 

experiments, 2 ml of 0.25g L-1 germanium dioxide were added to each liter of culture medium to 

prevent diatom contamination.

For experiments 2.2.1 and 2.2.2, gametophytes and sporophytes were quantified in each 

petri dish. Therefore, petri dishes acted as experimental units. One day before the start of each 

experiment, fertile S. latissima was collected from Auke Bay Recreation Area (58.375N, - 

134.730). Sori from a mixture of three to six thalli were used for spore release. Experiments 

2.2.1 and 2.2.2 were initiated by diluting the spore solution to 1000 spores mL-1, and 10 mL were 

pipetted into each petri dish replicate. Gametophyte and sporophyte lengths were haphazardly 

sampled by taking measurements of 30 individuals from each petri dish. The longest 

gametophyte diameter was taken by photo cataloguing each observed gametophyte and 

measuring in ImageJ (v1.51s). Sporophytes were measured under a microscope using a 

micrometer. Statistical analysis was conducted on the average gametophyte and sporophyte 

measurement per petri dish.

2.2.1 Effects of irradiance on gametophyte and sporophyte growth

The effect of irradiance on microscopic growth of S. latissima was investigated under 

three different light ranges (<20, 40-60 and 100-150 μmol m-2 s-1) over 55 days, in an incubator 

set at 12°C with a 12:12 (L:D) photoperiod. Gametophytes were sampled on day 37 and 55 using 

an image capture system integrated to an inverted Olympus CK2 microscope with an attached 

Canon Rebel camera. Four petri dish replicates were used for each irradiance treatment and 
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sample day, with weekly media changes (10mL PES L SW-1). We fit a linear model to test the 

effect of irradiance treatment and time (as sample day) on gametophyte length using a two-way 

ANOVA with the aov function in R (v3.5.1) (R Core Team, 2018). Time was a fixed factor 

because independent petri dishes were used for each sample day. A one-way ANOVA was used 

to evaluate the effect of irradiance on sporophyte length on day 40 (R Core Team, 2018). 

Tukey's HSD procedure was used for post hoc comparisons in R (v3.5.1) package agricolae 

(Mendiburu, 2017; R Core Team, 2018).

2.2.2 Effect of temperature, irradiance and seed date on gametophyte growth and reproduction

The effect of temperature, irradiance, and zoospore release month on microscopic growth 

and reproduction of S. latissima was investigated under three different temperatures, 4°C, 8°C, 

and 12°C, two irradiance ranges, < 10 and 30-50 μmol m-2 s-1, and two different start dates, 

7/4/2018 and 8/12/2018, with a 12:12 L:D period. Four incubators and a cold room were used to 

test the effects of the three temperatures. We selected 4°C, 8°C, and 12°C as treatments because 

4°C has been shown to slow growth and reduce reproductive success of gametophytes of S. 

latissima (Lee and Brinkhuis, 1988), and 12°C has been suggested as a temperature for optimal 

growth and reproduction (Redmond et al., 2014), with 8°C serving as an intermediate. The two 

irradiance ranges were used based off results of experiment 2.2.1.

Due to availability of incubators, temperature could not be randomly assigned to all petri 

dish replicates and therefore is confounded with the incubator identity. Therefore, an incubator 

effect was tested for with a control experiment outlined in supporting information (2.9.1.1). No 

difference in gametophyte length among incubators (F4,80, P = 0.274) was found after 14 days 

(Figure S2.1, Table S2.1). After testing for an incubator effect, the experiment was run with two 

different spore release batches, one from July (7/4/2018) and one from August (8/12/2018), to 
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test for an effect of seeding time on gametophyte growth and microscopic kelp phenology. Nine 

replicate petri dishes were used for each treatment combination of irradiance, temperature, 

incubator and zoospore release date. On day one, petri dishes were randomly assigned into two 

irradiance and three temperature treatments in five incubators and cultured for four weeks. 

Across the four incubators and one cold room three temperature treatments were used, resulting 

in temperature treatments 4°C and 12°C to be duplicated for the July spore release date and 8°C 

and 12°C to be duplicated in the August spore release date.

All incubator and cold room lights were programed to 12 hours of daylight from 0800 - 

2000. Cool white florescent lights with a color rendering index range of 89-90 and a temperature 

rating of 4100 K were used across all incubators and the cold room. Each day, petri dishes were 

rotated in location and orientation in incubators. A temperature logger (Onset HOBO pendant) 

was placed in each incubator to monitor temperature (Figure S2.2). Experiments from both 

seeding dates ran 32 days, with sampling starting at day 28, and each petri dish was sampled 

blindly. Gametophyte and sporophyte measurements were taken with a LEICA DMC 2900 

camera attached to a LEICA DMi8 microscope. To measure gametophyte phenology, during the 

image capture of female gametophytes the presence/absence of eggs and sporophytes was 

recorded. The fraction of female gametophytes with eggs (FFGE) and sporophytes (FFGS) were 

determined for each dish as measures of gametophyte phenology.

Three-way ANOVAs were used to evaluate the effect of irradiance, temperature, spore 

release month and incubator nested within temperature on gametophyte length, sporophyte 

length, FFGE and FFGS. Prior to analysis, we examined response variables and transformed 

them if necessary to best satisfy the homogeneity of variance and normality assumptions using 

Levene's test and the Shapiro-Wilkes test. Gametophyte and sporophyte length were square root 
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transformed and FFGE was arcsine-square root transformed. Model selection was carried out 

using backwards selection, selecting the best-fit model with the lowest value by 2 AIC points 

(Burnham et al., 2011; Burnham and Anderson, 2004) using the stepAIC function in R (v3.5.1) 

package MASS (Venables et al., 2002). Post hoc comparisons among treatments were conducted 

with the Tukey HSD procedure with function HSD.test in R (v3.5.1) package agricolae 

(Mendiburu, 2017; R Core Team, 2018).

2.2.3 Effects of hatchery storage methods on seed quality

Experiment 2.2.2 identified temperatures of 4°C as the key storage variable across 

multiple response variables. Following this result, we examined how seed storage at 4°C could 

affect the quality and viability of seed after it is returned to optimal growing conditions at 12°C 

for both A. marginata and S. latissima. In addition to low temperature, we addressed how storage 

in different concentrations of nutrients and presence/absence of iron media (Table 2.1) affected 

the quality and viability after storage. We did not address nutrient levels or presence/absence of 

iron in previous experiments, because it is well documented that iron deficiency is effective at 

stopping gametophyte egg production (Lewis et al., 2013; Motomura and Sakai, 1981; Suzuki et 

al., 1994).

This experiment had four stages progressing from the “seeding stage” to “storage stage” 

to “growth stage” and finally to the “ocean tank stage” (Table 2.2). All treatments contained four 

seed string pipe replicates consisting of a 5 cm long, 4 cm diameter PVC pipe wrapped with 

cremona twine cultured in a 250 mL beaker. Positive control (PControl) replicates went through 

all the stages except the storage stage (Table 2.2). The treatments consisted of varying PES 

concentrations and presence/absence of iron addition (Table 2.1). The experiment was conducted 

once for each species. The A. marginata trial consisted of spore release from three sporophytes 
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from Auke Bay Recreation Area and the S. latissima trial consisted of spore release from five 

sporophytes from Tee Harbor (58.431, -134.764). During the seeding, storage, and growth 

stages, light conditions ranged between 33 and 44 μmol m-2 s-1. All treatments were distributed 

randomly in space during each stage and were rotated daily. Seawater for nutrient samples was 

taken through the duration of the experiment. Nitrate ranged between 10.74 and 26.53 μM and 

phosphate concentrations ranged between 1.48 and 2.91 μM in the natural seawater. All 

treatments experienced 12:12 hr (L:D) period after zoospore settlement.

After two days in seeding conditions (at 12°C), replicates were moved into their storage 

stage at 4°C and four different nutrient treatments (Table 2.2). The positive controls were left in 

12°C with ½ strength PES and moved directly to the growth stage. The storage stage lasted 35 

days for A. marginata and 37 days for S. latissima. The growth stage was designed to promote 

sporophyte growth and was a culturing environment at 12 °C with ½ strength PES (Tables 2.1 & 

2.2). The purpose of this stage was to provide conditions for sporophytes to grow to an 

outplanting length of approximately 1~2 mm. Because the nutrient treatments in the storage 

stage promoted different growth and phenological characteristics, the length of time each 

treatment stayed in the growth stage differed and was determined qualitatively based on 

appearance of juvenile sporophytes. This time was called the sporophyte grow out time (SGOT) 

and defined as the number of days it takes to grow sporophytes to an approximate length of 1~2 

mm while in the growth stage and was determined visually. On the last day of the growth stage, 

the quality of the seed was determined by quantifying sporophyte length and sporophyte density 

using a LEICA DMi8 microscope with a haphazard protocol. Sporophyte length and density 

consisted of an average of nine measurements for each pipe replicate.
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On the same day (at the end of the growth stage), seed replicates were outplanted in the 

ocean tank, consisting of a rectangular 260 L surge tank (61 × 214 × 20 cm deep) with 

recirculating chillers programed to stay between 9° C and 11° C. Five micron filtered seawater 

continuously flowed into the tank at a rate of 4.7 L min-1, with a residence time of approximately 

fifty-five minutes. During the ocean tank stage, irradiance ranged between 54 and 80 μmol m-2 s- 

1 with an 8:16 L:D photoperiod. From each pipe replicate, the seeded string was cut into three 7.6 

cm segments and attached with zip-ties to weighted polypropylene line. The ocean tank and 

outplanted pipe replicates were cleaned three times a week to reduce diatom growth. Three 

weeks after outplanting into the ocean tank, sporophyte length and sporophyte density for each 

pipe replicate was measured. Sporophyte length was quantified by measuring the nine largest 

sporophytes for each pipe replicate. Three measurements of sporophyte density for each pipe 

replicate were measured under a magnifying glass by counting the number of sporophytes on a 2 

cm section of seed string.

The effect of storage treatment on sporophyte density and sporophyte length at the end of 

the growth stage and at the end of the ocean tank stage were evaluated with one-way ANOVA 

with function aov in R (v3.5.1) (R Core Team, 2018) for each species with storage method as the 

factor of interest. Prior to analysis we examined response variables and transformed them if 

necessary to best satisfy the homogeneity of variance and normality assumptions using Levene's 

test and the Shapiro-Wilkes test. Sporophyte density of A. marginata at the end of the ocean tank 

stage was square root transformed to satisfy normality assumptions. Sporophyte density of S. 

latissima on outplant day was square root transformed. Post-hoc comparisons among treatments 

were conducted with the Tukey HSD test of multiple comparisons in R (v3.5.1) package 

agricolae (Mendiburu, 2017; R Core Team, 2018). We did not evaluate gametophyte length and 
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phenology at the end of the storage stage because the effects of temperature had already been 

determined in previous experiments.

2.3. Results

2.3.1 The effects of irradiance on gametophyte and sporophyte growth

We found evidence for an effect of irradiance (F2,12 = 4.596, P = 0.033) and experiment 

day (F1,12 = 49.595, P < 0.001) on S. latissima gametophyte length, although post hoc 

comparisons showed no significant differences among irradiance treatments within each 

experiment day (Figure 2.1, Table 2.3). Irradiance significantly affected sporophyte length (F2,6 = 

62.801, P < 0.001) and all treatments were significantly different (Figure 2.2, Table 2.4). Both 

gametophytes and sporophytes were the largest at moderate levels of irradiance (40-60 μmol m-2 

s-1) (Figure 2.1 and Figure 2.2).

2.3.2 Effect of temperature, irradiance and seed date on gametophyte growth and reproduction

Our best fit model of gametophyte length included multiple interaction effects including 

irradiance × zoospore release month (F1,165 = 1.195, P = 0.276), irradiance × temperature (F2,165 = 

1.230, P = 0.295) and zoospore release month × temperature (F2,165 = 0.527, P = 0.591); however, 

none showed evidence of a significant effect (Table 2.5, Figure 2.3). The best fit model for S. 

latissima gametophyte length included an effect of temperature (F2,165 = 68.297, P < 0.001) and 

zoospore release month (F1,165 = 48.088, P < 0.001) and no effect of irradiance (F1,165 = 0.242, P 

= 0.242) or incubator nested in temperature (F4,165 = 0.156, P = 0.156). Across irradiance 

treatments and incubators, gametophyte length at 4°C was 33.5% of the average length at 12°C 

for the July zoospore release and as low as 26.6% of the length at 12°C for the August zoospore 

release (Figure 2.3). Within the 12°C temperature treatment, average gametophyte length from 
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the August spore release was 52.8 % of the length in July (Figure 2.3). Within the 8°C 

temperature treatment, gametophytes from the August date were 44.2 % the length of July 

gametophytes (Figure 2.3).

Our best fit model for S. latissima sporophyte length included multiple significant 

interaction terms: zoospore release month × temperature (F2,118 = 6.269, P = 0.003) and 

irradiance × temperature (F2,118 = 9.638, P < 0.001) (Table 2.5). The best fit model for S. 

latissima sporophyte length found strong evidence for an effect of temperature (F2,118 = 49.258, P 

< 0.001), spore release month (F1,118 = 34.944, P < 0.001) and irradiance (F1,118 = 12.812, P = 

0.001). Evidence of an effect of incubator nested in temperature on sporophyte length (F4,118 = 

3.720, P = 0.007) was accounted for by a significant difference in the 8°C incubators in the 

August zoospore release month (F1,29 = 8.528, P = 0.007), although this was not confirmed by 

post hoc tests (P > 0.05, Table S2.2, Figure S2.3, Supporting information 2.9.1.2). Across 

irradiance treatments, the length of sporophytes at 4°C was 33.5% of the length at 12°C for July 

and as low as 26.6% of the length at 12°C for August (Figure 2.3). Within the 12°C temperature 

treatment the July zoospore release sporophyte length was 47.2% of the average sporophyte 

length in August (Figure 2.3).

Our best fit model for S. latissima reproductive success in terms of fraction of female 

gametophytes with eggs (FFGE) included the significant interaction of zoospore release month × 

temperature (F2,161 = 12.552, P < 0 .001) (Table 2.5). The best fit model found evidence for an 

effect of temperature (F2,161 = 110.860, P < 0.001), zoospore release month (F1,161 = 5.588, P = 

0.019), and irradiance (F1,161 = 6.358, P = 0.013) on FFGE (Figure 2.4, Table 2.5). The possible 

indication of an incubator effect (F4,161 = 2.391, P = 0.053) on FFGE was further examined in 

Supporting information 2.9.1.2 (Table S2.3, Figure S2.4). FFGE at 4°C was as low as 2.4 % of 
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the FFGE at 12°C for the July spore release and as low as 7.1% for the August spore release 

(Figure 2.4). Within the 12°C temperature treatment the FFGE for the August date was 39.6 % of 

the average FFGE of July (Figure 2.4).

Our best fit model of the fraction of female gametophytes with sporophytes (FFGS) 

included the non-significant interaction terms of irradiance × zoospore release month (F1,169 = 

0.123, P = 0.726) and zoospore release month × temperature (F2,169 = 2.248, P = 0.109) (Table 

2.5). The best fit model found evidence of a temperature (F2,169=41.811, P < 0.001), zoospore 

release month (F1,169=5.506, P = 0.020) and irradiance (F1,169=9.438, P = 0.002) on FFGS. 

Although an overall effect of zoospore release month and light treatment on FFGS was found, 

these results are not confirmed by post hoc comparisons of light and zoospore release months 

within temperature treatments (Figure 2.4). No evidence of incubator effect on FFGS (F4,161 = 

0.636, P = 0.638) was found, and this term was not included in the best fit model (Table 2.5). 

The FFGS at 4°C was as low as 15.7 % of what the FFGS value was at 12°C for July across 

irradiance treatments (Figure 2.4). The FFGS in August at 4°C was 40.2% of what the FFGS 

value was at 12°C across irradiance treatments (Figure 2.4).

2.2.3 The effects of hatchery storage methods on seed quality

Sporophyte grow-out time (SGOT) of A. marginata varied among storage treatments, 

with the storage treatment NNut/NFe being the shortest at 18 days (Table 2.6). Replicates from 

treatments LNut/LFe, NNut/0Fe, and LNut/0Fe had heavy gametophyte growth and patchy 

sporophyte growth at the end of the growth stage (Figure S2.5 and Figure S2.6). At the end of 

the growth stage, storage treatment significantly affected A. marginata sporophyte density (F4,15 

= 4.244, P = 0.017), where NNut/NFe had greater sporophyte densities then all other treatments 

except for LNut/0Fe (P < 0.05) (Table 2.7, Figure 2.5). Storage treatment had a significant effect 
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on A. marginata sporophyte length at the end of the growth stage (F4,15 = 3.502, P = 0.033), 

although the only significant difference among treatments was between NNut/NFe and PControl 

(P < 0.05) (Figure 2.5). Strong evidence of an effect of storage treatment on A. marginata 

sporophyte density was found at the end of the ocean tank stage (F4,15 = 28.883, P < 0.001), with 

NNut/NFe having higher densities then all other treatments (Figure S2.7). Storage treatment 

affected A. marginata sporophyte length (F4,15 = 7.787, P = 0.001); the PControl was 

significantly shorter than the treatment of NNut/NFe (Figure 2.6).

SGOT of S. latissima varied among storage treatments and was similar to A. marginata.

The shortest was 14 days in the NNut/NFe treatment (Table 2.6). Similar to A. marginata, 

replicates from treatments LNut/LFe, NNut/0Fe, and LNut/0Fe had heavy gametophyte growth 

and patchy sporophyte growth. At end of the growth stage S. latissima sporophyte density (F4,15 

= 0.722, P = 0.590) and length (F4,15 = 1.478, P=0.258) were not affected by storage treatment 

(Table 2.7, Figure 2.5). Similar results were confirmed at the end of the ocean tank stage, where 

sporophyte density (F4,15 = 1.562, P = 0.236) and length (F4,15 = 2.570, P = 0.081) showed no 

effect of storage treatment (Table 2.7, Figure 2.6).

2.4. Discussion

We found temperature to be a critical variable for successful storage of kelp seed. 

Reducing temperature from 12°C to 4°C significantly reduced S. latissima gametophyte and 

sporophyte length, egg production and sporophyte production. Consequently, cold temperature 

was the best candidate condition for seed storage experiments. Manipulating light affected 

sporophyte length and egg production as well as sporophyte production, although post hoc tests 

only confirmed an effect on sporophyte length. Seasonal timing of zoospore release affected all 

measures of microscopic growth and reproduction. While testing the effects of hatchery storage 
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methods on seed quality of S. latissima and A. marginata, storage treatments of 4°C and normal 

nutrient media showed no negative effect on seed quality in terms of sporophyte density and 

length at time of outplant or three weeks after outplanting. Through these experiments we 

present a kelp seed storage method called “cold banking” (Figure S2.8). This method for 

culturing seed is identical to Redmond et al. (2014) except after 48 hours during the initial 

seeding at 12°C pipes should move to 4°C for at least 36 additional days of storage. To utilize 

this culturing method, a hatchery would need culturing chambers that can be adjusted to 4°C and 

12°C and ideally have two chambers where different temperature regimes can be maintained in 

unison, so seed can be moved in batches from 4°C to 12°C to stagger outplantings. We suggest 

moving the cold banking seed back into a 12°C environment 14-20 days prior to the desired 

outplanting date to allow sporophytes to grow to optimal outplanting size. While cold banking 

may be a useful method for hatchery operators, the present study dealt with much smaller 

amounts of seed material than are common in commercial hatcheries. Therefore, we suggest that 

hatcheries start with banking only small or experimental fractions of the seed batch when using 

this method for the first time.

Although the primary goal of this research was for commercial applications, the results of 

the present study extend to kelp ecology. It is largely unknown what life stages of kelps 

contribute to recruitment in the spring after the overwintering periods or periods of disturbance 

(Edwards, 2000). The most critical question is whether gametophytes produced from zoospores 

in the fall spend the winter waiting for the right conditions for egg production or if gametophytes 

produce fall juvenile sporophytes which then overwinter microscopically for spring, ready to 

grow when sufficient light returns (Edwards, 2000; Maxell and Miller, 1996). Results from 

testing the effect of temperature, irradiance and seed month on gametophyte growth and 
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reproduction suggest it may be a combination of these two strategies. While not directly 

measured for this study, seawater in Juneau at 2 m from December 1, 2016 to November 30, 

2017 had a mean temperature of 4.54°C (± 0.56 SD) in winter, 5.90°C (± 2.40 SD) in spring, 

12.17°C (± 1.54 SD) in summer and 8.98°C (± 1.47 SD) in fall (unpublished data). Therefore, the 

three temperatures used in the experiment examining the effects of temperature, irradiance and 

seed date on gametophyte growth and reproduction represent approximate probable average 

temperature for summer (12°C), fall (8°C) and winter (4°C). As temperature decreased from 

12°C, egg production decreased, suggesting that as temperatures are lower in winter months 

gametophytes may reduce their energy investment towards producing eggs, waiting for optimal 

conditions to return. However, levels of sporophyte production at 8°C and 12°C were similar, 

suggesting that during fall months, juvenile sporophytes are still produced at levels similar to 

summer months. Overall, this suggests that the overwintering strategy for microscopic S. 

latissima is to diversify the life stages (gametophyte and juvenile sporophytes) contributing to 

recruitment in the spring which is consistent with field studies that found egg production and 

juvenile sporophyte production of S. latissima happened year round (Hsiao and Druehl, 1973). 

This strategy might be beneficial if juvenile sporophytes did not survive past recruitment, 

because gametophytes would have a chance to survive and reproduce. This is inconsistent with 

other species of brown algae that have been documented to overwinter strictly in the 

gametophyte phase and may highlight varying competitive strategies for recruitment (Dayton, 

1973). Knowing how microscopic kelp phases overwinter is important to understanding how 

kelp populations will react to climate change in terms of shifts in ocean temperature and marine 

heat waves, as each phase for each species has unique environmental tolerance (Ladah and 

Zertuche-González, 2007). This highlights important questions for how annual kelps may 
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overwinter in response to a warming ocean as a result of global climate change and how different 

species may respond to changes in environmental conditions. For example, increased ocean 

temperatures may accelerate winter gametophytes phenology and could lead to changes in kelp 

population dynamics. These changes would further alter critical habitat to ecologically and 

commercially important organisms and change access to commercial brood stock.

In the present experiment evaluating the effects of temperature, irradiance, and zoospore 

release month on gametophyte growth on S. latissima zoospore release, month affected all 

response measures. The significant differences in gametophyte length, sporophyte length and egg 

production between zoospore release months at 12° C suggest the effect of season on 

microscopic phenology may be biggest during summertime temperatures. This is further 

highlighted by the significant interaction of zoospore release month with temperature on 

sporophyte length and FFGE. Gametophytes from spores released in July grew significantly 

larger and had more eggs than August gametophytes, but produced significantly smaller 

sporophytes than those from August. This result suggests different survival and reproduction 

strategies for zoospores released in these months in allocation of resources. Understanding the 

natural variation in growth and reproduction rates on a seasonal level is critical for hatchery 

operation. Two likely explanations exist for the effects of zoospore release month: (1) seasonal 

variation in phenology, and (2) individual sporophyte parent/ brood stock (Lewis et al., 2013; 

Mohring et al., 2013; Munoz et al., 2004). Although results show difference in variation in all 

four response variables by season, there was no evidence that season may negatively affect seed 

quality. Although a significant effect of zoospore release month on FFGS was found, no 

differences were confirmed in post hoc tests within treatments, suggesting no issues with the 

bottom line of seed quality.
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Our experiment evaluating the effects of hatchery storage methods on seed quality 

illustrated the degree to which kelp gametophytes may recover from varying environments 

representing undesirable conditions for sporophyte production and growth. Results from the 

present study show that the NNut/NFe treatment had the highest densities and sporophyte lengths 

at the beginning and end of the ocean tank stage for both species and had the shortest SGOT. In 

the LNut/LFe treatment, A. marginata sporophyte density was negatively affected and both 

species had longer SGOT and experienced gametophyte overgrowth compared to NNut/NFe 

after being moved back to ideal conditions for growth. This suggest that A. marginata 

gametophytes may be adapted to recover from low temperatures as opposed to nutrient 

limitation. This contrasts studies on the perennial kelp Macrocystis pyrifera, where storage in 

low nutrients had a positive effect on sporophyte growth during recovery in conditions 

promoting growth when paired with low light (Kinlan et al., 2003; Ladah and Zertuche- 

González, 2007). In the treatment NNut∕0Fe, A. marginata sporophyte density was negatively 

affected, and both species had longer SGOTs and experienced gametophyte overgrowth (Figure 

S2.5 and Figure S2.6) compared to NNut∕NFe after being moved back to ideal conditions for 

growth. Macrocystis pyrifera has been described as having similar patterns, where egg 

production from zoospores was hampered by extended storage time in iron-deficient media 

(Lewis et al., 2013). Although iron limitation has clear application in gametophyte clone storage 

(Motomura and Sakai, 1981; Suzuki et al., 1994), using iron limitation for seed storage when 

combined with low temperature has negative effects on seed quality in terms of sporophyte 

density and gametophyte overgrowth.

Storing seed string and staggering out plantings can be a critical bottleneck for large- 

scale kelp mariculture operations. Depending on hatchery conditions, equipment and resources, 
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the longer the seed spends in hatchery culture, the more opportunity exists for contamination, 

risking loss of seed supply (Goecke et al., 2020). Besides the reliable methods to reduce diatoms, 

few methods exist to reduce contamination (Redmond et al., 2014). However, it was observed 

anecdotally in the present study that in the experiment testing the effects of hatchery storage 

methods on seed quality, positive controls at 12°C appeared more contaminated than the 

treatments initially grown at 4°C. Using low temperature initially to reduce contamination may 

be an area of future research to pursue. Even if low temperature can be used for a long-term 

storage mechanism (greater than 36 days) for kelp seed string, it will be essential for hatcheries 

to develop methods to eliminate contamination.

Here we develop a protocol for kelp seed storage and staggering using traditional seeding 

by developing a cold banking methodology. Through this method kelp farmers now have the 

tools to delay or stagger outplanting simply by changing the culture temperature of kelp seed. 

The benefits of a delayed or staggered outplantings include the ability to experiment with 

optimal outplanting times and a staggered harvest from the same parent brood stock, allowing for 

flexibility to preserve food quality of harvested crops and an overall benefit to the kelp 

mariculture industry.
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2.7 Figures

Figure 2.1 Average gametophyte length of Saccharina latissima under different irradiance 
treatments on day 37 and day 55 of experiment. Letters denote statistically similar groups 
determined by Tukey HSD tests. Error bars represent ± 1 standard error.
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Figure 2.2 Average Saccharina latissima sporophyte length under different levels of irradiance 
on day 40 of experiment. Letters denote statistically similar groups determined by Tukey HSD 
tests. Error bars represent ± 1 standard error.

66



Figure 2.3 Saccharina latissima gametophyte length (top) and sporophyte length (bottom) under 
different irradiance and temperature treatments on two spore release months. Letters denote 
statistically similar groups determined by Tukey HSD tests. Error bars represent ± 1 standard 
error.

67



Figure 2.4 Saccharina latissima gametophyte reproductive success under different irradiance 
and temperature treatments on two spore release months. Top: FFGE (fraction of female 
gametophytes with eggs). Bottom: FFGS (fraction of female gametophytes with sporophytes). 
Letters denote statistically similar groups determined by Tukey HSD tests. Error bars represent ± 

1 standard error.
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Figure 2.5 Sporophyte density (top) and length (bottom) of Saccharina latissima and Alaria 
marginata in seed storage experiment at the end of the growth stage. Letters denote statistically 
similar groups determined by Tukey HSD tests. Error bars represent ± 1 standard error.
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Figure 2.6 Sporophyte density (top) and length (bottom) of Saccharina latissima and Alaria 
marginata in seed storage experiment at the end of the ocean tank stage. Letters denote 
statistically similar groups determined by Tukey HSD tests. Error bars represent ± 1 standard 
error.
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2.8 Tables

Table 2.1 Treatment conditions in the storage stage and growth stage for experiment 2.2.3. Experiment was conducted once with A. 
marginata and once with S. latissima. ½ PES was used as the base concentration. NA: not applicable, NNut: normal nutrients, LNut: 
low nutrients, NFe: normal iron levels, LFe: low iron levels, 0Fe: no added iron. Banking Stage started 2 days after spore release and 
lasted 35 days for A. marginata and 37 days for S. latissima.

Storage Treatment Storage stage Growth stage

Temp (°C)

Fraction of 
added nutrient

(PES)

Fraction of 
added Iron

(PES)
Added Iron

conc. Temp (°C)

Fraction of 
added 

nutrient (PES)

Fraction 
of added
Iron (PES)

PControl NA NA NA NA 12 1/2 PES 1
NNut/NFe 4 1/2 PES 1 2.27mg/L 12 1/2 PES 1
LNut/LFe 4 1/20 PES 1/10 0.27mg/L 12 1/2 PES 1
NNut/0Fe 4 1/2 PES 0 0 12 1/2 PES 1
LNut/0Fe 4 1/20 PES 0 0 12 1/2 PES 1
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Table 2.2 Experimental timeline testing the effects of hatchery storage methods on seed quality. Experimental timeline progresses 
from seeding (green), to storage (blue), to growth (orange), to ocean tank (purple). Sporophyte density and length was quantified at the 
end of the growth stage (dark orange) and end of ocean tank stage (dark purple).
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Day 1 10 20 30 40 50 60 70 80 90 100
Treatment length for S. latissima
Pcontrol 38 days 21 days ∣

Nnut/NFe 14 days 21 days
Nnut∕0Fe 22 days 21 days
Lnut/LFe 22 days
Lnut∕0Fe 29 days 21 days
Treatment length for A. marginata
Pcontrol 36 days 21 days
Nnut/NFe 18 days 21 days
Nnut∕0Fe 32 days 21 days
Lnut/LFe 32 days 21 days
Lnut/0Fe 42 days 21 days



Table 2.3 Two-way ANOVA result testing the effect of three irradiance levels on gametophyte 
length, on experiment day 37 and 55.

df SS MS F value p
Irradiance 2 262.555 131.277 4.596 0.033
Experiment day 1 1416.548 1416.548 49.595 <0.001
Irradiance: Experiment day 2 13.057 6.529 0.229 0.799
Residuals 12 342.748 28.562

Table 2.4 One-way ANOVA result testing the effect of three irradiance levels on sporophyte 
length, on experiment day 40.

df SS MS F value p
Irradiance 2 51490.641 25745.321 62.801 <0.001
Residuals 6 2459.688 409.948
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Table 2.5 Model selection results of three-way ANOVAs on the effect of temperature, light 
treatment and zoospore release month on gametophyte length, sporophyte length, fraction of 
female gametophytes with eggs (FFGE) and fraction of female gametophytes with sporophytes 
(FFGS).

df SS MS F value P

Gametophyte length (model 1, AIC =-884.99)
Irradiance 1 0.009 0.009 1.372 0.243
Zoospore release month 1 0.313 0.313 47.769 <0.001
Temperature 2 0.888 0.444 67.845 <0.001
Irradiance: zoospore release month 1 0.008 0.008 1.187 0.277
Irradiance: temperature 2 0.016 0.008 1.222 0.297
Zoospore release month: temperature 2 0.007 0.003 0.524 0.593
Incubator nested in temperature 4 0.044 0.011 1.673 0.159
Irradiance: zoospore release month: temperature 2 0.006 0.003 0.453 0.636
Residuals 163 1.067 0.007

Gametophyte length (model 2, AIC =-888)
Irradiance 1 0.009 0.009 1.381 0.242
Zoospore release month 1 0.313 0.313 48.088 <0.001
Temperature 2 0.888 0.444 68.297 <0.001
Irradiance: zoospore release month 1 0.008 0.008 1.195 0.276
Irradiance: temperature 2 0.016 0.008 1.230 0.295
Zoospore release month: temperature 2 0.007 0.003 0.527 0.591
Incubator nested in temperature 4 0.044 0.011 1.685 0.156
Residuals 165 1.073 0.007

Sporophyte length (model 1, AIC =352.3)
Zoospore release month 1 446.510 446.510 34.665 <0.001
Temperature 2 1,258.799 629.400 48.863 <0.001
Irradiance 1 163.707 163.707 12.709 0.001
Zoospore release month: temperature 2 160.210 80.105 6.219 0.003
Irradiance: zoospore release month 1 7.051 7.051 0.547 0.461
Irradiance: temperature 2 246.295 123.148 9.561 <0.001
Incubator nested in temperature 4 190.132 47.533 3.690 0.007
Irradiance: zoospore release month: temperature 2 13.594 6.797 0.528 0.591
Residuals 116 1,494.176 12.881

Sporophyte length (model 2, AIC =349.5)
Zoospore release month 1 446.510 446.510 34.944 <0.001
Temperature 2 1,258.799 629.400 49.258 <0.001
Irradiance 1 163.707 163.707 12.812 0.001
Zoospore release month: temperature 2 160.210 80.105 6.269 0.003
Irradiance: zoospore release month 1 7.051 7.051 0.552 0.459
Irradiance: temperature 2 246.295 123.148 9.638 <0.001
Incubator nested in temperature 4 190.132 47.533 3.720 0.007
Residuals 118 1,507.770 12.778
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FFGE (model1, AIC =-494.77)
Table 2.5 continued.

Irradiance 1 0.356 0.356 6.358 0.013
Zoospore release month 1 0.313 0.313 5.588 0.019
Temperature 2 12.429 6.215 110.860 <0.001
Irradiance: zoospore release month 1 0.032 0.032 0.571 0.451
Irradiance: temperature 2 0.239 0.120 2.135 0.122
Zoospore release month: temperature 2 1.407 0.704 12.552 <0.001
Incubator nested in temperature 4 0.536 0.134 2.391 0.053
Irradiance: zoospore release month: temperature 2 0.113 0.056 1.005 0.368
Residuals 161 9.025 0.056

FFGS (model 1, AIC =-540.91)
Irradiance 1 0.402 0.402 9.300 0.003
Zoospore release month 1 0.234 0.234 5.426 0.021
Temperature 2 3.559 1.780 41.200 <0.001
Irradiance: zoospore release month 1 0.005 0.005 0.122 0.728
Irradiance: temperature 2 0.080 0.040 0.924 0.399
Zoospore release month: temperature 2 0.188 0.094 2.177 0.117
Incubator nested in temperature 4 0.110 0.027 0.636 0.638
Irradiance: zoospore release month: temperature 2 0.052 0.026 0.607 0.546
Residuals 161 6.954 0.043

FFGS (model 2, AIC =-546.16)
Irradiance 1 0.402 0.402 9.384 0.003
Zoospore release month 1 0.234 0.234 5.474 0.020
Temperature 2 3.559 1.780 41.571 <0.001
Irradiance: zoospore release month 1 0.005 0.005 0.123 0.727
Irradiance: temperature 2 0.080 0.040 0.932 0.396
Zoospore release month: temperature 2 0.188 0.094 2.197 0.114
Irradiance: zoospore release month: temperature 2 0.053 0.027 0.620 0.539
Residuals 165 7.063 0.043

FFGS (model 3, AIC =-548.83)
Irradiance 1 0.402 0.402 9.426 0.002
Zoospore release month 1 0.234 0.234 5.499 0.020
Temperature 2 3.559 1.780 41.761 <0.001
Irradiance: zoospore release month 1 0.005 0.005 0.123 0.726
Irradiance: temperature 2 0.080 0.040 0.937 0.394
Zoospore release month: temperature 2 0.188 0.094 2.207 0.113
Residuals 167 7.116 0.043

FFGS (model 4, AIC =-550.94)
Irradiance 1 0.402 0.402 9.438 0.002
Zoospore release month 1 0.234 0.234 5.506 0.020
Temperature 2 3.559 1.780 41.811 <0.001
Irradiance: zoospore release month 1 0.005 0.005 0.123 0.726
Zoospore release month: temperature 2 0.191 0.096 2.248 0.109
Residuals 169 7.193 0.043
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Table 2.6 Sporophyte grow out time (SGOT) for each treatment of each species. SGOT 
represent the number of days spent in the growth stage or the time from the end of the banking 
stage to when sporophytes reached an approximate length of ~1-2 mm.

Sporophyte grow out time (Days)
Species

Treatment A. marginata S. latissima
P 36 38
NNut/NFe 18 14
LNut/LFe 32 22
NNut/0Fe 32 22
LNut/0Fe 42 29
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Table 2.7 Results examining the effects of hatchery storage methods on seed quality. A one-way ANOVA is displayed for each 
response variable for each species.

A. marginata S. latissima
df SS MS F p df SS MS F p

Sporophyte density at end 
of optimal growth stage

Storage treatment 4 365.040 91.260 4.244 0.017 4 0.411 0.103 0.722 0.590
Residuals 15 322.550 21.503 15 2.132 0.142

Sporophyte length at end 
of optimal growth stage

Storage treatment 4 2102480.000 525620.000 3.502 0.033 4 2146638.000 536659.000 1.478 0.258
Residuals 15 2251117.000 150074.000 15 5447792.000 363186.000

Sporophyte density at end 
of the ocean tank stage

Storage treatment 4 57.154 14.289 28.883 < 0.001 4 1.436 0.359 1.562 0.236
Residuals 15 7.421 0.495 15 3.450 0.230

Sporophyte length at end 
of the ocean tank stage

Storage treatment 4 52.825 13.206 7.787 0.001 4 15.174 3.794 2.570 0.081
Residuals 15 25.438 1.696 15 22.146 1.476



2.9 Supporting information

2.9.1 Preliminary incubator trial

Methods

To address the confounding variables of temperature and incubator in 2.2.2 the effect of 

incubator on microscopic kelp growth during was first measured in a 14-day trial. All incubators 

and cold room lights were programed for 8:00AM - 4:00PM AK time at 12°C. Gametophyte 

length was measured under the same protocol outlined in experiment 2.2.2. A two-way ANOVA 

was used to evaluate the effect of irradiance and incubator on gametophyte length with the 

function aov in R (v3.5.1) (R Core Team, 2018).

Results

Irradiance (F1,80, P = 0.093) and incubator (F4,80, P = 0.274) did not affect gametophyte 

length (Figure S2.1, Table S2.1).

2.9.2 Incubator effect

Methods

Results from 2.2.2 show a significant incubator effect for the variables of sporophyte 

length and FFGE. To investigate the effect of incubator on these variables we conducted further 

analysis on paired incubators of the same temperature and zoospore release month to understand 

more about the source of this effect. Incubators pairs for each spore release month set at the same 

temperature were examined with a two-way ANOVA to evaluate the effect of irradiance and 

incubator on sporophyte length and FFGE with the function aov in R (v3.5.1) (R Core Team, 

2018).
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Results

The effect of incubator on sporophyte length was detectable in the August spore release month at 

8°C between incubators b and e (F1,29, P=0.007), although no significant differences were 

confirmed by post hoc tests (P>0.05, Figure S2.3, Table S2.2). A detectable incubator effect on 

FFGE at 4°C in July (F1,31, P=0.021) and at 8°C in August was documented (F1,31, P=0.005) yet 

the effects of incubator were not confirmed through post hoc comparisons (P>0.05, Figure S2.4, 

Table S2.3). These differences may be due to incubators set at the same temperature, acting 

differently ranges among replicate incubators set at the same temperature (Figure S2.2).
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2.9.3 Supplemental Figures

Figure S2.1 Control experiment to evaluate incubator effect on microscopic kelp growth. 
Gametophytes grown in each incubator (a-e) at 12°C for 14 days under two different irradiance 
levels (<10 μmol m-2 s-1 and 30-50 μmol m-2 s-1). Error bars represent ± 1 standard error.
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Figure S2.2 Box plot of HOBO logger temperature data in incubators during July (top) and 
August (bottom) spore release months. Temperature listed above each box plot are the set points 
for each incubator. Points represent outliers. Box represents the data between the 25th and 75th 
percentile with middle line as medium.
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Figure S2.3 Average sporophyte length n each incubator (a-e) and two different irradiance levels 
(<10 μmol m-2 s-1 and 30-50 μmol m-2 s-1), in July and August spore release months. Letters 
denote statistically similar groups determined by Tukey HSD tests. Error bars represent ± 1 
standard error.
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Figure S2.4 FFGE (fraction of female gametophytes with eggs) in each incubator (a-e) and two 
different irradiance levels (<10 μmol m-2 s-1 and 30-50 μmol m-2 s-1), in July and August spore 
release months. Letters denote statistically similar groups determined by Tukey HSD tests. Error 
bars represent ± 1 standard error.
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Figure S2.5 Comparative photos of A. marginata pipe replicates from different treatments at end 
of growth stage for treatments highlighted in orange. Top: Treatments on outplant day of positive 
control (PControl). Middle: Outplanting day of NNut/NFe treatment after 17 days in the growth 
stage. Dense sporophytes present on treatment NNut/NFe, very few sporophytes present on 
treatments on other banking treatments. Bottom: Outplanting day of treatments LNut/LFe and 
NNut/0Fe after 32 days in the growth stage. Some sporophytes and heavy gametophyte growth 
present on LNut/LFe and NNut/0Fe treatments, very few sporophytes present in treatment 
LNut/0Fe.
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Figure S2.6 Alaria marginata seed string at end of the growth stage. NNut/NFe (left), LNut/LFe 
(center), and LNut/0Fe (right) on respective outplanting days to the ocean tank stage under 10x 
magnification. Treatment NNut/NFe sporophytes are growing directly on seed string (left). 
Treatments LNut/LFe, NNut/0Fe and LNut/0Fe grew gametophyte clumps off the string (center 
and right), so many juvenile sporophytes were attached to seed indirectly.
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Figure S2.7 Outplanted Alaria marginata seed string from different treatments near the end of 
the ocean tank phase. PControl, 20 days after outplanting (taken 8∕1∕19). NNut∕NFe, 22 days 
after outplanting (taken 8∕20∕19). Treatment LNut∕0Fe, 22 days after outplanting (taken 9∕13∕19).
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Figure S2.8 Photo demonstrating the ability to stagger outplantings from the same parent brood 
stock with use of the “cold banking” method. A replicate of the NNut/NFe treatment (left) 3 days 
after outplanting and a PControl replicate (right) 20 days after outplanting in the ocean tank stage 
(photo taken 8/1/19). Photo illustrates healthy and dense sporophytes in both the control 
treatment (right) and the treatment that underwent the cold banking method in cold temperatures 
(left).
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2.9.4 Supplemental Tables

Table S2.1 ANOVA evaluating the effect of irradiance and incubator on gametophyte length 
during control experiment.

df SS MS F value p
Irradiance 1 0.347 0.347 2.885 0.093
Incubator 4 0.630 0.157 1.310 0.274
Irradiance: incubator 4 0.466 0.116 0.969 0.429
Residuals 80 9.620 0.120
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Table S2.2 Comparisons of paired incubators of the same temperatures for the response of 
sporophyte length.

df SS MS F value P
July zoospore release month

12°C (incubators c and d)
Irradiance 1 7.432 7.432 17.427 < 0.001
Incubator 1 1.131 1.131 2.653 0.115
Irradiance : Incubator 1 0.074 0.074 0.173 0.681
Residuals 28 11.941 0.426

4°C (incubators b and e)
Irradiance 1 0.002 0.002 0.012 0.916
Incubator 1 0.049 0.049 0.350 0.570
Irradiance: Incubator 1 0.459 0.459 3.285 0.107
Residuals 8 1.118 0.140
August zoospore release month

12°C (Incubators c and d)
Irradiance 1 6.856 6.856 10.253 0.003
Incubator 1 1.164 1.164 1.741 0.198
Irradiance: Incubator 1 0.101 0.101 0.151 0.701
Residuals 28 18.724 0.669

8°C (Incubators b and e)
Irradiance 1 0.862 0.862 1.624 0.213
Incubator 1 4.526 4.526 8.528 0.007
Irradiance : Incubator 1 2.360 2.360 4.447 0.044
Residuals 29 15.390 0.531
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Table S2.3 Comparisons of paired incubators of the same temperatures for the response of 
Fraction of female gametophytes with eggs (FFGE).

df SS MS F value p
July zoospore release month

12°C (incubators c and d)
Factors of interest df SS MS F p
Irradiance 1 0.481 0.481 4.813 0.036
Incubator 1 0.002 0.002 0.016 0.899
Irradiance: Incubator 1 0.567 0.567 5.676 0.024
Residuals 31 3.097 0.100

4°C (incubators b and e)
Irradiance 1 0.001 0.001 0.049 0.825
Incubator 1 0.087 0.087 5.888 0.021
Irradiance: Incubator 1 0.008 0.008 0.544 0.466
Residuals 31 0.458 0.015
August zoospore release
month

12°C (Incubators c and d)
Irradiance 1 0.007 0.007 0.158 0.694
Incubator 1 0.069 0.069 1.515 0.227
Irradiance: Incubator 1 0.004 0.004 0.080 0.779
Residuals 32 1.453 0.045

8°C (Incubators b and e)
Irradiance 1 0.154 0.154 3.809 0.060
Incubator 1 0.380 0.380 9.377 0.005
Irradiance: Incubator 1 0.053 0.053 1.317 0.260
Residuals 31 1.257 0.041
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General Conclusion

The state of Alaska has a goal of growing the mariculture sector to a 15.7-million-dollar 

industry by 2046 (Decker et al., 2018). To support this goal, we studied wild sporophyte 

phenology in the field and the microscopic phenology in a laboratory setting of S. latissima and 

A. marginata. Results give knowledge and flexibility to the kelp mariculture industry by 

describing the variability of wild sporophytes and learning how to effectively and dependably 

manipulate the microscopic phases in a hatchery setting. In Chapter 1, we found differences in 

life history between species, with A. marginata showing more continuity in sorus formation 

across sites. These data suggest A. marginata may be a more dependable commercial crop due to 

brood stock availability and these data suggest A. marginata may contribute ecologically to more 

reoccurring and consistent habitat. In Chapter 2 we identified temperature as the key variable to 

use for manipulation of seed storage and were able to store seed for an additional 36 days simply 

by lowering the temperature to 4°C, with no negative effects to sporophyte density or length at 

time of outplanting and three weeks after outplanting. Ecologically, this suggests gametophytes 

of both species are well adapted to wintertime temperatures and could use this strategy. The 

results presented here along with similar research around the world contributes to the growth of 

the mariculture industry in the state.

In Chapter 1, the variability in phenology of the sporophyte phase of the kelps S. 

latissima and A. marginata was evaluated in four sites in Alaska by surveying for proportion of 

fertile sporophytes and quantifying zoospore release. We found A. marginata to be more 

consistent in sorus formation across sites compared to S. latissima, and both species showed high 

levels of variability in zoospore release. From an industry standpoint, results from chapter 1 on 

sporophyte phenology offers critical information to hatchery operators and farmers, as it 
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illustrates a picture of when brood stock is available. Although A. marginata showed more 

synchrony in sorus formation, the present study describes a general life cycle for both species 

with a large degree of variability in terms of presence, sorus formation and zoospore release. 

Further studies on sporophyte phenology may give more insight to the kelp mariculture industry; 

however, variability is to be expected across the diverse and complex coastline of Alaska. For 

this reason, we encourage potential farmers prior to crop selection and site selection to visit the 

local intertidal and upper subtidal as much as possible. Keeping notes on what species are 

present, when each species is present and when the sorus is present for specific brood stock 

collection sites will be invaluable.

From an ecological standpoint results from Chapter 1 suggest that A. marginata may 

contribute more consistently to habitats in the regions studied then S. latissima. Alaria marginata 

behaved as a predictable annual, recruiting in fertile sporophytes from May through September at 

all four sites, suggesting this species to be a consistent annual contributor to habitat in spring and 

summer months in Alaska. Canopy-forming kelp forests (Macrocystis pyrifera and Nereocystis 

luetkeana) and seagrass meadows have been well documented as critical habitat; however, 

research is now finding that connections between habitats or seascape connectivity of these 

habitats may be equally important (Olson et al., 2019). Although ample research on kelp exists 

globally, in North America this research primarily focuses on large and fast-growing canopy 

forming species (M. pyrifera and N. luetkeana) and less on understory kelps that offer critical 

habitat. In Alaska A. marginata covers roughly 18,647 km of coastline, more than the extent of 

M. pyrifera and N. luetkeana combined (17,536 km) (NOAA, 2014). Understory kelps are a 

critical component to habitat quality of kelp forests (Efird and Konar, 2014); however, little work 

has been conducted to understand how they are used when an upper canopy is absent even 
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though there is evidence that some species of fish may prefer sub-canopy kelp to a three 

dimensional canopy forming habitat (Siddon et al., 2008). Perhaps understory species such as A. 

marginata act as critical nearshore habitat corridors to connect larger canopy forming kelp 

forests and sea grass nurseries. Understanding the distribution, usage by marine organisms, and 

variation in presence of understory kelps like A. marginata may be important to understanding 

overall habitat function of larger geographic areas. Understanding baseline variability for kelp 

phenology is critical to understanding how kelps and these connecting habitats will respond to 

heatwaves and react to climate change.

In Chapter 2, we carried out a series of experiments with S. latissima and A. marginata to 

innovate a method for seed string production allowing the flexibility to store seed for an 

extended time. Reducing temperature from 12°C to 4°C significantly reduced all measures of S. 

latissima microscopic phenology and was the best candidate condition for seed storage. Storage 

of seed string at 4°C with standard nutrient media showed no negative effect compared to the 

control in seed density and sporophyte length for both species. Through these series of 

experiments, we innovated a new seed storage method called “cold banking” which provides the 

ability to extend seed storage for an additional 36 days by decreasing temperature. This method 

allows delayed or staggered outplanting without adverse effects to sporophyte density and length 

at the time of outplanting and up to three weeks after outplanting. By extending kelp seed storage 

time, industry can test staggering in the outplanting process. A staggered outplanting from the 

same sporophyte brood stock allows a tool for further experimentation of questions pertaining to 

optimizing harvest such as “when is the optimal outplanting time for kelp seed”? or “what are the 

outcomes of staggering kelp outplantings during harvest?”. The cold banking method developed 
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in the present study is the first step to optimizing outplanting kelp mariculture in Alaska which 

currently requires utilization of wild sporophyte brood stock.

Although experiments from Chapter 2 were not designed to address ecological questions, 

they do provide insight to how these kelps are potentially overwintering in the microscopic 

phase, a key question in kelp ecology (Mohring et al., 2013). Present results showing reduced 

sporophyte and egg production at lower temperature suggest that the overwintering strategy for 

microscopic S. latissima is to diversify the life stages (gametophyte and juvenile sporophytes) 

contributing to recruitment in the spring. These results suggest both species are equipped to 

recover from low temperatures, which raises questions about how the microscopic phases will 

react to warmer winters as climate change progresses. Clearly low temperature is a strong signal 

to both kelp species to reduce sporophyte production. Conceivably, if warm winters are more 

frequent, overwintering microscopic kelp may come out of the gametophyte phase earlier in the 

spring, potentially causing a mismatch between kelps and the organisms that utilize them, similar 

to trends in terrestrial plants (Renner and Zohner, 2018). Although the microscopic section of the 

kelp life cycle is difficult to study because of research limitations that often exist for field and lab 

work, understanding the baseline phenology of the microscopic phases is critical to 

understanding how kelps will respond to climate change.

Clarifying wild microscopic kelp phenology is a critical black box to understanding 

ecology of kelp populations for species around the globe. Although many research questions 

stem off results from Chapter 1 and 2, there may be higher priority questions to address to 

support mariculture from both an industry and sustainable management standpoint (Campbell et 

al., 2019; Decker et al., 2018). Regardless of the organism of interest for cultivation or 

propagation (fish, kelp, sea cucumbers, oysters, abalone), mariculture practice modifies the 
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rearing and cultivation of organisms, inducing different pressures that would otherwise exist in 

the wild, inevitably effecting wild population genetics (if not in a closed system), although the 

degree of this effect depends on wild genetics structure and management practices (Allendorf et 

al., 2012; Campbell et al., 2019; Decker et al., 2018; Utter and Epifanio, 2002). One applied 

solution is breeding sterile individuals (Goecke et al., 2020), which has been used successfully in 

oyster cultivation. From a sustainable management perspective collecting baseline genetic 

samples from various species across Alaska is the critical first step before kelp farming expands 

to large scale to provide baseline population genetics prior to development. Second it is critical 

to understand baseline presence of diseases and pests affecting kelps in wild populations to 

understand the impact that farms may have on spread of disease and pest species (Campbell et 

al., 2019). Although many potential benefits to kelp mariculture exist, the sustainability of the 

industry is dependent on the cooperation from management and industry to learn from mistakes 

and pitfalls of mariculture and agriculture from the past and work together to mitigate and 

prevent threats such as polluting wild population genetics and spread of farming-induced disease 

to wild populations. We hope this work provides a jumping off point for future applied and 

ecological kelp research in the region.
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Appendices

Appendix A: Alaska Department of Fish and Game research permit for 2017.

STATE OF ALASKA 
DEPARTMENT OF FISH AND GAME

P.O. Box 115526
JUNEAU, ALASKA 99811-5526

FlSH RESOURCE PERMIT
(For Propagative/Research Purposes)

Permit No. P-17-002

Expire*: 12/31/2017

This permit authorizes: Michael Stekoll
(whose signature is required on page 3 for permit validation)

of
University of Alaska Southeast

11120 Glacier Hwy.. Juneau, AK 99801
(907)796-6279 msstekoll@alaska.edu

to conduct the following activities from January 1, 2017 to December 31, 2017 in accordance with AS 16.05.930. AS 
16.05.340(b) and 5 AAC 41.500.

Purpose: This project is to continue collection and holding of algae to study propagative techniques. Algae will be held at 
the UAS lab and spawned. Spores, gametes, and blades will be used for study by students and staff members. Progeny 
may also be used for out-planting research projects in Juneau.

Location: Juneau

Species: See Species List on page 3 for species that will continue to be held from 2016 and potential collections for 2017.

Method of Collection: Hand collection, settling plates, snorkel and scuba diving. See Stipulations section.

Disposition: Algae will be spawned, dried and pressed, or disposed of as directed. Progeny may be used for out-planting 
studies in Juneau. Any adults or progeny remaining alive at the end of the permit effective period will be held under a 
subsequent permit, if issued, or destroyed as directed. See Stipulations section.
A COLLECTION REPORT IS DUE December 1, 2017 and a COMPLETION REPORT IS DUE June 30, 2018. See 
Stipulations section for more information. Data from such reports are considered public information Reports must be 
submitted to the Alaska Department of Fish and Game, Division of Commercial Fisheries. PO Box 115526, Juneau, AK 
99811-5526, attention Michelle Morris (907-465-4724; dfq.fmpd.permitCoordinator@alaska.qov). A report is required 
whether or not collecting activities were undertaken.
GENERAL CONDITIONS, EXCEPTIONS AND RESTRICTIONS
1. This permit must be carried by person(s) specified during approved activities who shall show it on request to persons authorized to 

enforce Alaska's fish and game laws. This permit is nontransferable and will be revoked or renewal denied by the Commissioner of 
Fish and Game if the permittee violates any of its conditions, exceptions or restrictions. No redelegation of authority may be allowed 
Under this permit unless specifically noted.

2. This permit is for propagative research that requires maintaining live specimens for some amount of time after capture.
3. No specimens taken under authority hereof may be sold, bartered, or consumed. All specimens must be deposited in a public 

museum or a public scientific or educational institution unless otherwise stated herein. Subpermittees shall not retain possession of 
live animals or other specimens.

4. The permittee shall keep records of all activities conducted under authority of this permit available for inspection at all reasonable 
hours upon request of any authorized state enforcement officer.

5. Permits will not be renewed until detailed reports, as specified in the Stipulation section, have been received by the department
6. UNLESS SPECIFICALLY STATED HEREIN, THIS PERM IT DOES NOT AUTHORIZE the exportation of specimens or the taking of 

specimens in areas otherwise closed to hunting and fishing; without appropriate licenses required by state regulations: during closed 
seasons; or in any manner, by any means, at any time not permitted by those regulations.

Thomas Brookover 1/9/17
Director
Division of Sport Fish

Forrest Bowers 1/18/17 
Deputy or Assistant Director 
Division Of Commercial Fisheries
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P-17-002 COfrtiwued (page 2 of 3)

Authorized Personnel: The following personnel may participate in collecting activities under terms of thi s permit.:

Michael Stekoll, Annie Thomson, Tamsen Feeples, and Eric Fagerstrom
Employees and volunteers under the direct supervision of, and in the presence of, one of the authorized personnel listed above may 
participate in collecting activities under terms of this permit.

Stipulations:
Flip Pryor (Division of Commercial Fisheries, Douglas, (907-465-4222) must be notified prior to you engaging in 
collecting activities. Division of Commercial Fisheries management biologists have the authority to specify methods for 
collecting, as well as limiting the collections of any species, and the number of specimens collected by time and area.

2. Permits will indicate the number of specimens that may be taken by species and life stage. Sampling or collecting 
activities must stop when the maximum allowable number Of specimens is obtained. All live fish, shellfish, and aquatic 
plants collected in excess of the number specified on the permit must be released immediately and Unharmed at 1he 
capture location, unless otherwise specified in the permit. All unintended mortalities must be recorded and returned to 
capture site waters.

3. Specimens collected under the authority of this permit are ONLY to be used for the purposes outlined in this permit.

4. Algae collected from different regions must be kept isolated in the lab. Progeny from each stock can only be used far 
grow-out in its respective region. Any brood stock algae collected with the intention of being propagated for out-planting 
research projects must have the specific location of collection recorded and available.

5. Effluent from tanks holding algae outside of the local area must be treated before discharge.

6. Efforts should be made to collect sori and not removal of whole plants if possible. If algae grows in clumps, harvest 
should occur an a portion of each dump, rather than harvesting entire clumps in a single area.

7. Palmaria (Dulse) and Porphra (black seaweed) are species that are popular for subsistence harvest. Harvest is limited 
by the number of plants on the permit, but consideration should be given to not impacting subsistence harvest 
opportunity when harvesting for propagation. Issuance of this permit does not guarantee additional permits will be 
issued for these species in the future.

8. The permit number must be displayed on the holding tanks. All aquarium systems (open and closed) may be inspected 
by an ADFKG Fish Health Services Pathologist

9 All unattended collecting and grow-out gear must be labeled with the permittee's name, telephone number, and permit 
number.

10. This permit will fulfill the requirements of SAAC 4 1 .005 —41.060 pertaining to fish transport permhs (FTPs).

11. Any specimens remaining alive al the end of the permit effective period will continue to be reared under subsequent 
FRPs, if issued, or destroyed as directed. Algae may be transferred to other permitted facilities or projects.

12. Destroyed specimens must be dried and pressed or double-bagged and placed in a sanitary landfill.

13. A copy of this permit, including any amendments, must be made available at all field collection sites and project sites for 
inspection upon request by a representative of the department or a law enforcement officer.

14. Issuance of this permit does not absolve the permittee from compliance in full with any and all other applicable federal, 
state, dγ local laws regulations, or ordinances.

15. A report of collecting and holding activities, referencing this fish resource permit, must Ibe submitted 30 days 
before the expiration of this permit. This report must summarize the number of all specimens, including bycatch, 
captured by date, location, depth of capture, species, size (weight and length where appropriate), age (where 
appropriate), sex, numbers, and the fate of those specimens. A report is required whether or not collecting activities 
were undertaken.
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P-17-002 continued (page 3 of 3)
15. A report of research activities, referencing this fish resource permit, must be submitted within S months after 

the expiration of this permit. This report should present the research conducted in a format Similar to a scientific paper 
including the fallowing: introduction (abjective of the study plan and hypothesis), methods, and results. The report is ad- 
hoc and intended to show that the specimens were used in a scientific method and allows for the evaluation of potential 
cumulative effects from multiple projects in the same area, but is not intended to be a full peer-reviewed scientific 
paper. A report is required whether or not research activities were undertaken.

17. PERMIT VALIDATION requires permittee's signature agreeing to abide by permit conditions before beginning collecting 
activities: 

Michael S. Stekoll
Signature Of Permittee

ecc: Flip Pryor, Judy Lum, Dan Teske
Ted Meyers, William Grant
CF Division Files
Alaska Wildlife Troopers- Juneau

Species List: species to continue to be held in lab culture from 2016.

Common 
Name Scientific Name Current Location Number

Previous 
permit 

number
Parent 

plant origin
Alaria marginata In culture, UAS lab

29 meters 
seeded string P-15-D1β Juneau

Palmaria mollis Bubble culture, UAS lab 25 P-16-009 Juneau
Pyropia abbottiae conchocelis on shells, UAS 

lab 1 p-15-019 Sitka
Sea lettuce Ulva sp. In bubble culture, UAS lab 25 p-16-009 Juneau

Bull Kelp Nereocystis luetkeana Seeded string, UAS lab 32 meters 
seeded string F-16-009 Juneau

Sugar kelp Saccharina sp. Seeded string, UAS lab 13D meters 
seeded string P-15-007 Juneau

Bull Kelp Nereocystis sp. Coghlan Island outplant site 8 meters seeded 
string P-16-007 Juneau

Ξuqar kelp Saccharina sp. Coghlan Island outplant site 48 meters 
seeded string P-18-007 Juneau

Sugar kelp Saccharina spp. Sea water table, UAS lab
45 plants seeded 

string p-16-009 Juneau

Species List for species to be collected in 2017.
Common Name Scientific Name Life State Number
Suqar kelp Saccharina sp. sporophyte 100
Various algal species (targeting 
Saccharina spp.) will be collected 
by plexiglass settling plates Algal species

Gametophyte/ 
sporophyte

200 setting plates-
4 square inches 

each
Sugar kelp Saccharina sp. sporophyte 500 hole punches
Red algae Rhodophyta species sporophyte 50
Brown algae Ochrophyta species sporophyte 50
Green algae Chlorophyta species Sporophyte/gametophyte 2□
Ribbon Kelp Alaria sp. Mature 100
Five-Ribbed Kelp Costaria sρ. Mature 100
Three-Ribbed Kelp Cymathaere sp. Mature 100
Dragon Kelp Eualaria fistulosa Mature 100
Bull Kelp Nereocystis luetkeana Mature 100
Dulse Falmaria sp. Mature 1000
Nori Pyropia sp. Gametophytes 100
Sea Lettuce Ulva sp. Mature 100
Sea Lettuce Ulvaria sp. Mature 100
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Appendix B: Alaska Department of Fish and Game research permit for 2018.

STATE OF ALASKA 
DEPARTMENT OF FISH AND GAME

P.O. Box 115526
JUNEAU, ALASKA 99811 -5526

FISH RESOURCE PERMIT
(For Propagative/Research Purposes}

Permit No. P-18-001

Expires: 12/31/2018

This permit authorizes; Michael Stekoll
(whose signature is required on page 3 for permit validation)

of
University Of Alaska Southeast

11120 Glacier Hwy., Juneau, AK 99801
(907)796-6279 msstekoll@alaska.edu

to conduct the following activities front January 2. 2018 to December 31, 2018 in accordance with AS 16.05.930, AS
16.05.340(b) and 5AAC 41.500.

Purpose: This project is to continue collection and holding of algae to study propagative techniques. Algae will be held at 
(he UAS lab and spawned. Spores, gametes, and blades will be used for study by students and staff members. Progeny 
may also be used for out-planting research projects in Juneau.

Location; Juneau, Kodiak, Ketchikan, Prince of Wales

Species: See Species Listen page 3 for species that will Continue to be held from 2017 and potential collections for 2018.

Method of Collection: Hand collection, settling plates, snorkel and scuba diving. See Stipulations section.

Disposition: Algae will be spawned, dried and pressed, or disposed of as directed. See Species List table on page 3-4 for 
specifics. Progeny from Juneau stocks may be used for out-planting studies in Juneau. Any adults or progeny remaining 
alive at the end of the permit effective period will be held under a subsequent permit, if issued, or destroyed as di rected. See 
Stipulations section. * 2 3 4 5

A COLLECTION REPORT IS DUE December 1, 2018 and a COMPLETION REPORT IS DUE June 30, 2019 See 
Stipulations section for more information. Data from such reports are considered public information. Reports must be 
submitted to the Alaska Department of Fish and Game, Division of Commercial Fisheries. PO Box 115526, Juneau. AK 
99811-5526, attention Michelle Morris (907-465-4724: dfc.fmpd.permitcoordinator@alaska.gov). A report is required 
whether or not collecting activities were undertaken.

GENERAL CONDITIONS, EXCEPTIONS AND RESTRICTIONS
^. This permit must be earned by person(s) specified during approved activities who shall show it on request to persons authorized to 

enforce Alaska's fish and game laws. This permit is nontransferable and will be revoked or renewal denied by the Commissioner of 
Fish and Game if the permittee violates any of its conditions, exceptions or restrictions. No redelegation of authority may be allowed 
Under this permit unless Specifically noted.

2. This permit is far propagative research 1hat requires maintaining he specimens for some amount of time after capture.
3. No specimens taken under authority hereof may be sold, bartered, or consumed. All specimens must be deposited in a public 

museum or a public scientific or educational institution unless otherwise stated herein. Subpermittees shall not retain possession of 
live animals or other specimens.

4. The permittee shall keep records of all activities conducted under authority of 1his permit, available for inspection at all reasonable 
hours upon request of any authorized state enforcement officer.

5. Permits will not be renewed until detailed reports, as specified in the Stipulation section, have been received by the department
a. UNLESS SPECIFICALLY STATED HEREIN, THIS PERMIT DOES NOT AUTHORIZE the exportation of specimens or the taking of 

specimens in areas Otherawise closed to hunting and fishing: without appropriate licenses requited by state regulations; during closed 
seasons: or in any manner, by any means, at anytime not permitted by those regulations.

Tom Taube 1/2/18_______________________ Forrest Bowers 1/2/18______
Deputy or Assistant Director Deputy or Assistant Director
Division of Sport Fish Division of Commercial Fisheries
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P-18-001 continued (page 2 of 4)

Authorized Personnel: The following personnel may participate in collecting activities under terms of this permit
Michael Stekoll, Annie Thomson, Tamsen Peeples, and Wendel Raynwnd.
Employees and volunteers under foe direct supervision of, and in the presence of, one of the authorized personnel listed above may 
participate in collecting activities under terms of this permit

Stipulations:
1. Prior to Commencement of any collection activity, the Division of Commercial Fisheries biologist of the appropriate area 

must be notified as to the location of operations, gear to be used, and number of specimens to be collected. Area 
management biologists have the authority to specify methods for collecting, as well as limiting the collections of any 
species, and the number of specimens collected by time and area. Please call the Permit Coordinator (465-4724) if 
there is a question about who to contact

Juneau, Southeast - Flip Pryor - (907)465-4222, Garold.pryor@alaska.gov
Kodiak, Aleutians - Kevin Schaberg - (907) 466-1873, kevin.schaberg@alaska.edu

2. Permits will indicate the number of specimens that may be taken by species and life stage. Sampling or collecting 
activities must stop when the maximum allowable number of specimens is obtained. Al live fish, shellfish, and aquatic 
plants Collected in excess of the number specified on the permit must be released immediately and unharmed at the 
capture location, unless otherwise specified in the pemnit. All unintended mortalities must be recorded and returned to 
capture site waters.

3. Specimens collected under the authority of this permit are ONLY to be used for the purposes outlined in this permit.
4. Algae collected from different regions must be kept isolated in the lab. Progeny from each stock can only be used for

grow-out in its respective region. Any broodstock algae collected with the intention of being propagated for out-planting 
research projects must have the specific location of collection recorded and available.

5. Effluent from tanks holding algae outside of the local area must be treated before discharge
6. Efforts should be made to collect sori and not removal of whole plants if possible. If algae grows in clumps, harvest 

should occur on a portion of each clump, rather than harvesting entire Clumps in a single area.
7. Palmaria (Dulse) and Porphra (black seaweed) are species that are popular for subsistence harvest. Harvest is limited 

by the number of plants on the permit, but consideration should be given to not impacting subsistence harvest 
opportunity when harvesting for propagation. Issuance of this permit does not guarantee additional permits will be 
issued for these species in the future.

8. The permit number must be displayed on the holding tanks. All aquarium systems (open and closed) may be inspected 
by an ADF&G Fish Health Services Pathologist.

9. All unattended collecting and grow-out gear must be labeled with the permittees name, telephone number, and permit 
number.

10. The establishment of structures beyond 14 days on state owned lands, including uplands, tidelands and submerged 
lands, requires an authorization from the Department of Natural Resources. Division of Mining, Land and Water 
(DMLW). Prior to the establishment of any rearing or testing structures please contact DMLW at (907) 269-8503 to 
discuss the authorization types and requirements.

11. This permit Will fulfill the requirements of 5AAC 41.005-41. 060 pertaining to fish transport permits (FTPs).
12. Any specimens remaining alive at the end of the permit effective period will continue to be reared under subsequent 

FRPs, if issued, or destroyed as directed. Algae may be transferred to other permitted facilities or projects.
13. Destroyed specimens must be dried and pressed or double-bagged and placed in a sanitary landfill.
14. A copy of this permit, including any amendments, must be made available at all field collection sites and project sites for 

inspection upon request by a representative of the department or a law enforcement officer.
15. Issuance of this permit does not absolve the permittee from compliance in full with any and all other applicable federal, 

state, or local laws regulations, or ordinances.
16. A report of collecting and holding activities, referencing this fish resource permit, must be submitted 30 days 

before the expiration of this permit. This report must summarize the number of all specimens, including bycatch. 
captured by date, location, depth of capture, species, size (weight and length where appropriate)., age (where 
appropriate), sex, numbers, and the fate of those specimens. A report is required whether or not collecting activities 
were undertaken.

17. A report of research activities, referencing this fish resoιrce permit, must be submitted within 6 months after 
the expiration of this permit. This report should present the research conducted in a format similar to a scientific paper 
including the following: introduction (objective of the study plan and hypothesis), methods, and results. The report is ad- 
hoc and intended to show that the specimens were used in a scientific method and allows for the evaluation of potential 
cumulative effects from multiple projects in the same area, but is not intended to be a full peer-reviewed Scientific 
paper. A report is required whether or not research activities were undertaken.
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P-18-001 continued (page 3 of 4)
18. PERMIT VALIDATION requires permittee's signature agreeing to abide by permit conditions before beginning collecting

activities
Michael S. Stekoll

Signature of Permittee 
ecc: Flip Pryor. Judy Lum, Dan Teske, Kevin Schaberg, Matt Miller

Ted Meyers. William Grant
CF Division Files
Alaska Wildlife Troopers-Southeast, Kodiak,

Species List: species to continue to be held in lab culture from 2017.
Common 

Name
Scientific Name Current location Number Acquired 

from permit 
number

Parent 
plant origin

Dulse Palmaria mollis Bubble culture. UAS lab 25 P-16-009 Juneau
Pyropia abbottiae conchocelis on shells. UAS 

lab
1 P-15-019 Srtka

Bull Kelp Nereocystis 
luetkeana

Seeded string, UAS lab 80 meters seeded 
string

P-17-002 Juneau

Sugar kelp Saccharina latissima Isolated gametophytes 
bubble culture. UAS lab

50 gametophytes 
bubble cultures

P-17-002 Juneau

Sugar kelp Saccriarina latissima Sea water table. UAS lab 3 P-17-002 Juneau
Sugar kelp Saccharina latissimia Closed circuit sea water 

table UAS lab.
10 P-17-002 Kodiak

Sugar kelp Saccharina latissimia 24well plates, incubator, 
UAS lab

25 24-well plates P-17-002 Juneau

Sugar kelp Saccharina latissimia petri dishes, incubator, UAS 
lab

one experiment 
with 12 petri dishes

P-17-002 Juneau

Species List: for species to be collected in 2018.
Species 
Common 
flame

Species 
Scientific
Name Life State Number Disposition

Collection 
Area

Sugar kelp
Saccharina 
latissima sporophyte 100

1) Use mature Saccriarina latissima plants to 
produce spores for lab Culture for physiological 
ecology experiments.
2) Use mature Saccharina flatissima plants to 
produce spores for out planting and 
experiments at Coghlan Island.
3) Use mature Saccharina latissima plants to 
create gametophyte clones. Clones will be 
used to make specific crosses to determine if 
strain selection is feasible with this species. 
Crosses will be made between plants collected 
from the Juneau and also with plants from 
Kodiak and Ketchikan. To assess the results of 
the crosses, plants will be grown in a "common 
garden” together at the same time up to 2m in 
length. Juneau

Suqar kelp
Saccharina 
latissima sporophyte 30

Use mature Saccharina latissima plants to 
produce Spores for lab Culture for physiological 
ecology experiments.

Prince of 
Wales 
Island

Sugar kelp
Saccharina 
latissima sporophyte 30

Use mature Saccharina latissima plants to 
produce Spores for lab Culture for physiological 
ecology experiments. Kodiak
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P-18-001 continued (page 4 of 4)

Sugar kelp
Saccharina
latissima sporophyte 30

Use mature Saccharina latissima plants to 
produce spores for lab culture for physiological 
ecology experiments. Ketchikan

Sugar kelp
Saccharina 
latissima

sporophyte 
(quarter sized 
hole punches)

500 
hole 
punches

Monitoring Saccharina fertilityinwildusing 
small circle punch (1.5-3.0 cm diameter) of 
sorus will be collected from wild fertile plants. 
Samples will be collected in field and processed 
in lab to measure spore release density, dried 
and stored for future research. Entire plants 
will not be removed from field site for this 
sampling technique. Juneau

Red algae
Rhodophyta 
species sporophyte 50

For educational purposes for identification 
practice. Plants will be held in sea table until 
they are identified, pressed or disposed. 
Additionally red algae may be used for marine 
science outreach opportunities. Juneau

Bnown 
algae

Ochrophyta 
species sporophyte 50

For educational purposes for identification 
practice. Plants will be held in sea table until 
they are identified, pressed or disposed. 
Additionally brown algae may be used for 
marine science outreach opportunities. Juneau

Gneen 
algae

Cthlorophyta 
species

sporophyte/ga 
metophyte 20

For educational purposes for identification 
practice. Plants will be held in sea table until 
they are identified, pressed or disposed. 
Additionally green algae may be used for 
marine science outreach opportunities. Juneau

Ribbon
Kelp Alaria sp. sporophyte 100 Seeded line for out planting. Juneau
Five-Ribbed
Kelp Costaria sp. sporophyte 100 Seeded line for out planting. Juneau
Three-
Ribbed
Kelp

Cymothaere 
sp. sporophyte 100 Seeded line for out planting. Juneau

Dragon
Kelp

Eualaria 
fistulosa sporophyte 20 Seeded line for out planting. Juneau

Bull Kelp
Nereocystis 
Iuetkeana sporophyte 50 Seeded line for out planting. Juneau

Dulse Palmaria sp. Mature l,000

Bubb Ie culture and/or see ded line for out 
planting. Bubble culture plants will be 
maintained indefinitely in the lab. Juneau

Nori Pyropia sp. Gametophytes 100
Bubble culture of conchocelis. Bubble culture 
plants will be maintained indefinitely in the lab. Juneau

Sugar kelp
Saccharina
latissima sporophyte NA

No collection will occur. Plants will be tagged 
with zip ties and flagging tape on the hold fast 
up to 30 thalli at each of three sites on the 
Juneau road system. Juneau
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Appendix C: Alaska Department of Fish and Game research permit for 2019.

STATE OF ALASKA
DEPARTMENT OF FISH AND GAME

P.O. Box 115526 
JUNEAU. ALASKA 99811-5526

AQUATIC RESOURCE PERMIT
(For Propagative/Research Purposes)

Permit No. P-19-004

Expires: 12/31/2019

This permit authorizes: Michael Stekoll
(whose signature is required on page 3 for permit validation)

of
University of Alaska Southeast

11120 Glacier Hwy., Juneau, AK 99801
(907)796-6279 msstekoll@alaska.edu

to conduct the following activities from January 2. 2019 to December 31, 2019 in accordance with AS 16.05.930, AS 
16.05.340(b) and 5 AAC 41.600.

Purpose: This project is to continue collection and holding of algae to study propagative techniques. Algae will be held at 
the UAS lab and spawned. Spores, gametes, and blades will be used for study by students and staff members. Progeny 
may also be used for out-planting research projects in Juneau.

Location: Juneau, Kodiak, Ketchikan, Prince Of Wales

Species: See Species List on page 3 for species that will Continue to be held from 2018 and potential collections for 2019.

Method of Collection: Hand collection, snorkel and scuba diving. See Stipulations section.

Disposition: Algae will be spawned, dried and pressed, or disposed of as directed. See Species List table on page 3-4 for 
specifics. Progeny from Juneau stocks may be used for out-planting studies in Juneau. Any adults or progeny remaining 
alive at the end of the permit effective period will be held under a subsequent permit, if issued, or destroyed as directed. See 
Stipulations section.

A COLLECTION REPORT IS DUE December 1, 2019 and a COMPLETION REPORT IS DUE June 30, 2020. See 
Stipulations section for more information. Data from such reports are considered public information. Reports must be 
submitted to the Alaska Department of Fish and Game, Division of Commercial Fisheries, PO Box 115526, Juneau, AK 
99311-5526, attention Michelle Morris (907-465-4724; dfg.fmpd.permitcoordinator@alaska.gov). A report is required 
Whether or not collecting activities, were undertaken.

GENERAL CONDITIONS, EXCEPTIONS AND RESTRICTIONS
1. This permit must be carried by person(s) specified during approved activities who shall Ehow it on request to persons authorized to 

enforce Alaska's fish and game laws. This permit is nontransferable and will be revoked or renewal denied by Ihe Commissioner of 
Fish and Game if the permittee violates any of its conditions, exceptions or restrictions. No redelegation of authority may be allowed 
under this permit unless specifically noted.

2. This permit is for propagative research that requires maintaining live specimens for some amount of time after capture.
3. No specimens taken under authority hereof may be sold, bartered, or consumed. All Specimens must be deposited in a public 

museum or a public Scientific or educational institution unless otherwise stated herein. Subpermittees shall not retain possession of 
live animals or other specimens.

4. The permittee shall keep records of all activities conducted under authority of this permit, available for inspection at all reasonable 
hours upon request of any authorized state enforcement officer.

5. Permits will not be renewed until detailed reports, as specified in the Stipulation section, have been received by the department.
6. UNLESS SPECIFICALLY STATED HEREIN, THIS PERMIT DOES NOT AUTHORIZE the exportation of specimens or the taking of 

specimens in areas otherwise closed to hunting and fishing: without appropriate licenses required by state regulations; during dosed 
seasons; or in any manner, by any means at any time not permitted by those regulations.

Tom Taube 12/27/18
Deputy or Assistant Director 
Division of Sport Fish

Peter Bangs 1∕2∕19_______
Deputy or Assistant Director 
Division of Commercial Fisheries
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P-19-004 continued (page 2 of 4)

Authorized Personnel: The Mowing personnel may participate in collecting activities under terms of this permit:

Michael Stekoll. Annie Raymond, Tamsen Peeples, Wendel Raymond, Tiff Stevens, Trevor Mclean, and Margaret Sherman.
Employees and Volunteers under the direct supervision of, and in the presence of, one of the authorised personnel listed above may 
participate in collecting activities under terms of this permit.

Stipulations:
1. Prior to commencement of any collection activity, (he Division of Commercial Fisheries biologist of (he appropriate area 

must be notified as to the location of operations, gear to be used, and number of specimens to be collected. Area 
management biologists have the authority to specify methods for collecting, as well as limiting the collections of any 
species, and the number of specimens collected by time and area. Please call the Permit Coordinator (465-4724) if 
there is a question about who to contact

Juneau. Southeast - Flip Pryor - (907)465-4222, Garold.pryor@alaska.gov
Kodiak, Aleutians - Kevin Schaberg - (907) 486-1873, kevin.schaberg@alaska.gov

2. Permits will indicate the number of specimens that may be taken by species and life stage. Sampling or collecting 
activities must stop when (he maximum allowable number of specimens is obtained. All live fish. shellfish, and aquatic 
plants collected in excess of the number specified on (he permit must be released immediately and unharmed at the 
capture location, unless Othenwise specified in the permit. All unintended mortalities must be recorded and returned to 
Capture site waters.

3. Specimens collected under the authority of this permit are ONLY to be used for the purposes outlined in this permit.
4. Algae collected from different regions must be kept isolated in the lab. Progeny from each stock can only be used for

grow-out in its respective region. Any broodstock algae collected with (he intention of being propagated for out-planting 
research projects must have the specific location of collection recorded and available.

5. Effluent from tanks holding algae outside of (he local area must be treated before discharge.
6. Efforts should be made to collect sori and not removal of whole plants if possible. If algae grows in clumps, harvest 

should occur on a portion of each clump, rather than harvesting entire clumps in a single area.
7. Palmaria (Dulse) and Porphra (black seaweed) are species that are popular for subsistence harvest. Harvest is limited 

by the number of plants on (he permit, but consideration should be given to not impacting subsistence harvest 
Opportunity when harvesting for propagation. Issuance of this permit does not guarantee additional permits will be 
issued for these species in the future.

S. The permit number must be displayed on the holding tanks. All aquarium systems {open and closed) may be inspected 
by an ADF&G Fish Health Services Pathologist.

9. All unattended collecting and grow-out gear must be labeled with the permittees name, telephone number, and permit 
number.

10. The establishment of structures beyond 14 days on state owned lands, including uplands, tidelands and submerged 
lands, may require an authorization from the Department of Natural Resources. Division of Mining. Land and Water 
(DMLW). Prior to the establishment of any rearing or testing structures please contact DMLW at (907) 269-8503 to 
discuss the authorization types and requirements.

11. Any specimens remaining alive at (he end of the permit effective period will continue to be reared under subsequent 
ARPs, if issued, or destroyed as directed. Algae may be transferred to other permitted facilities or projects.

12. Destroyed specimens must be dried and pressed or double-bagged and placed in a sanitary landfill.
13. A Copy of this permit including any amendments, must be made available at all field collection sites and project sites for 

inspection upon request by a representative of the department or a law enforcement officer.
14. Issuance of this permit does not absolve the permittee from compliance in full with any and all other applicable federal, 

state, or local laws regulations, or ordinances.
15. A report of collecting and holding activities, referencing this aquatic resource permit, must be submitted 30 

days before the expiration of this permit. This report must summarize the number of all specimens, including 
bycatch, captured by date, location, depth of capture, species, size (weight and length where appropriate), age (where 
appropriate), sex. numbers, and the fate of those specimens. A report is required whether or not collecting activities 
were undertaken.

16. A report of research activities, referencing this aquatic resource permit, must be submitted within 6 months 
after the expiration of this permit. This report should present the research conducted in a format similar to a scientific 
paper including (he following: introduction (objective of the Study plan and hypothesis), methods, and results. The report 
is ad-hoc and intended to show that the specimens were used in a scientific method and allows for the evaluation of 
potential cumulative effects from multiple projects in (he same area, but is not intended to be a full peer-reviewed 
Scientific paper. A report is required whether or not research activities were u undertaken.
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P-19-004 continued (page 3 of 4)
17. PERMIT VALIDATION requires permittee's signature agreeing to abide by permit conditions before beginning collecting 

activities:

Species List: Species to continue to be held in lab culture from 2018.
Common

Name
Scientific Name Current location Number Acquired 

from permit 
number

Parent 
plant origin

Sugar kelp Saccharina latissima Isolated gametophytes 
bubble culture. UAS lab

45 gametophytes 
bubble cultures

P-17-002 Juneau

Bull kelp Nereocystis luetkeana Isolated gametophytes 
bubble culture. UAS lab

10 gametophytes 
bubble cultures

historical Juneau

Winged kelp Agarum sp. Isolated gametophytes 
bubble culture. UAS lab

4 gametophytes 
bubble cultures

historical Juneau

Sugar kelp Saccharina latissimia Isolated culture, UAS lab 4 petri dishes, 6 
mini seeded strings

P-18-001 Juneau

Species List: For species to be collected in 2019
Common 
Name Scientific Name Life State Number Proposed work.

Collection 
Area

Sugar kelp
Saccharina 
latissima sporophyte 100

1) Use mature Saccharina latissima 
plants to produce spores for lab 
culture for physiological ecology 
experiments.
2) Use mature Saccharina latissima 
plants to produce spores for 
Outplanting and experiments in wave 
tanks/ sea table at UAS Anderson 
Building
3)collect genetic samples for 
research collaboration. Juneau

Sugar kelp
Saccharina 
latissima sporophyte 100

Use mature Saccharina latissima 
plants to produce spores for lab 
culture for physiological ecology 
experiments and collect genetic 
samples for research collaboration.

Prince of
Wales 
Island

Sugar kelp
Saccharina
latissima sporophyte 100

Use mature Saccharina latissima 
plants to produce spores for lab 
culture for physiological ecology 
experiments and collect genetic 
samples for research collaboration. Kodiak

Sugar kelp
Saccharina 
latissima sporophyte 100

Use mature Saccharina latissima 
plants to produce spores for lab 
culture for physiological ecology 
experiments. Ketchikan

Red algae
Rhodophyta 
species sporophyte 50

For educational purposes for 
identification practice. Juneau

Brown algae
Ochrophyta 
species sporophyte 200

For educational purposes for 
Identification practice. Use mature 
plants to produce spores for lab 
culture for physiological ecology 
experiments. Juneau
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Green algae
Chlorophyta
species

sporophyte/ 
gametophyte 2D

For educational purposes for 
identification practice. Juneau

Ribbon, 
winged Kelp Alaria sp. sporophyte 100

For educational purposes for 
identification practice. Use mature 
plants to produce spores for lab 
Culture for physiological ecology 
experiments. Juneau

Five-Ribbed 
Kelp Costaria sp. sporophyte 1DD

For educational purposes for 
identification practice. Use mature 
plants to produce spores for lab 
culture for physiological ecology 
experiments. Juneau

Three- 
Ribbed Kelp Cymathaere sp. sporophyte 1DD

For educational purposes for 
identification practice. Use mature 
plants to produce spores for lab 
culture for experiments. Juneau

Dragon Kelp Eualaria fistulosa sporophyte 20

For educational purposes for 
identification practice. Use mature 
plants to produce spores for lab 
culture for experiments. Juneau

Bull Kelp
Nereocystis 
luetkeana sporophyte 50

For educational purposes for 
identification practice. Use mature 
plants to produce spores for lab 
culture for experiments. Juneau

Dulse Palmaria sp. Mature 1,000

Bubble culture plants will be 
maintained indefinitely in the lab for 
experimental purposes. Juneau

Nori f⅛r∏pra sp. Gametophytes 100
Bubble Culture of conchocelis, will 
be maintained Indefinitely in the lab. Juneau

Sugar kelp
Saccharina
latissima sporophyte NA

Tagging with zip ties and flagging 
tape on the holdfast up to 3D thalli at 
each of three sites on the Juneau 
road system. No collection will 
OCCLΓ. Juneau

Sugar kelp
Saccharina
latissima sporophyte

500 hole 
punches

Monitoring fertility in wild using small 
c⅛cle punch (1.5-3.0 cm diameter) of 
sorus will be collected from wild 
fertile plants. Kodiak

Winqed kelp Alaria marginata sporophyte

500 
sporophylls 

(wings)
Monitoring fertility in wild using 1 
sporophylls from wild fertile plants. Kodiak

Winged kelp Alaria marginata sporophyte

500 
sporophylls 

(wings)
Monitoring fertility in wild using 1 
sporophylls from wild fertile plants. Juneau

Sugar kelp
Saccharina 
latissima

sporophyte 
(quarter sized 
hole punches)

500 hole 
punches Monitoring Saccharina fertility in wild Juneau
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Appendix D: Alaska Department of Fish and Game research amendment for permit P-19-004

STATE OF ALASKA 
DEPARTMENT OF FISH AND GAME

P.O, Box 115526
JUNEAU, ALASKA 99811-5526

AQUATiC RESOURCE PERMIT 
Amendment #1
Michael Stekoll

University of Alaska Southeast 
11120 Glacier Hwy. 
Juneau, AK 99615 

msstekoll@alaska.edu

Permit No. P-19-004

Expires: 12/31/2019

Aquatic Resource Permit P-19-004 is amended as follows:

1) Adds the following under Authorized Personnel: Muriell Diuttrich and Aider Alderfer
2) Adds the following under Species: adds 100 A. marginate thalli for a total of 200.

This amendment was requested by Michael Stekoll in an email on May 23, 2019.

All other terms and conditions specified in the Aquatic Resource Permit remain in effect A 
signed copy of this amendment must be attached to a signed copy of the original permit.

Tom Taube 6/3/19
Deputy Director 
Division Of Sport Fish

PEter Bangs 6∕3∕19________
Deputy or Assistant Director 
Division of Commercial Fishenes

PERMIT AMENDMENT VALIDATION requires permittee’s signature agreeing to abide by conditions 
of this permit amendment:

ecc: Dave Harris, Judy Lum, Dan Teske, Ted Meyers, Chris Habicht
CF Division files
Alaska Wildlife Troopers - Juneau
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