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ABSTRACT 

The Laminariaceae is one of eight families in the order Laminariales ( the kelps) 

and most members occur in the northern hemisphere. A recent molecular study in 

Atlantic Canada confirmed the presence of Laminaria digitata, Saccharina latissima 

and a third genetic species, which was later attributed to S. groenlandica. This third 

genetic species was likely overlooked in this region due to its morphological similarity 

to L. digitata and S. latissima. The main objective of this thesis was to investigate the 

taxonomy, distribution and seasonality of the Laminariaceae in Atlantic Canada and 

verify the taxonomic identity of the North American genetic species attributed to S. 

groenlandica. First, I clarified the taxonomic confusion surrounding the North 

American genetic species attributed to S. groenlandica. I determined that the North 

American genetic species currently attributed to S. groenlandica is correctly attributed 

to L. nigripes; therefore, Saccharina nigripes (J. Agardh) C. Longtin et G.W. Saunders 

comb. nov. was established and includes North American collections previously 

attributed to S. groenlandica. Second, I utilized molecular tools to determine the 

relative abundances of L. digitata, S. nigripes and S. latissima in differing habitats in the 

Bay of Fundy intertidal zone. I determined that the digitate morphology of S. nigripes 

can be the major contributor to Laminariaceae community structure at moderate and 

wave-exposed sites in the Bay of Fundy; however, its abundance fluctuates depending 

on the year. Third, I attempted to clarify the seasonality and phenology of the 

Laminariaceae in the Maritime Provinces. Due to the morphological similarity of S. 

nigripes to L. digitata and S. latissima previous literature on the seasonality and 

phenology of S. latissima and L. digitata may have inadvertently included S. nigripes. 
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Saccharina nigripes was rare at the study site in the year this study was performed and I 

was unable to determine its seasonality and phenology. However, I did determine that 

the seasonality and phenology of L. digitata and S. latissima in this region are consistent 

with previous reports in Atlantic Canada, and the presence of S. nigripes is unlikely to 

impact previous literature on the seasonality and phenology of L. digitata and S. 

latissima. 
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Kelp ecology 

The physical structure and algal biomass of kelp forests, and in addition to other 

organisms associated with them, alter local environments and provide beneficial 

ecosystem services (Steneck et al. 2002). Kelp canopies dampen waves, thereby 

affecting water flow, which reduces coastal erosion and influences sedimentation and 

larval recruitment (Duggins et al. 1990). The complex physical structure of kelp forests 

provides habitat, nursery grounds and food for numerous benthic and pelagic organisms 

(Dayton 1985, Bologna and Steneck 1993, Steneck et al. 2002, Graham 2004). 

Unfortunately kelp forests are threatened by climate change and increased sea urchin 

density (Steneck et al. 2002). To conserve kelp forests we must develop a better 

understanding of their biodiversity and ecology. Whereas many studies have focused on 

the diversity {Lane et al. 2006, Fraser et al. 2009, McDevit and Saunders 2010) and 

ecology (Gerard and Mann 1979, Druehl and Kemp 1982, Dayton 1985, Duggins et al. 

2003, Fowler-Walker et al. 2005a,b) of kelp sporophytes (macroscopic life history 

stage), few have considered the cryptic gametophyte stage (microscopic life history 

stage) due to sampling difficulties in the field (Fox and Swanson 2007). As such, 

knowledge of kelp distribution, abundance, longevity and recruitment is all based on 

studies of only one phase of the life history. The lack of a cohesive understanding of 

kelp species in all phases most certainly compromises any attempts to manage and 

conserve these species and the luxuriant biota that they support. 
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Kelp taxonomy and distribution 

Kelp are large brown algae (Phaeophyceae) in the order Laminariales that 

inhabit rocky marine coastlines of the cold-temperate and polar regions of the world. 

Kelp are the largest algae in the world reaching up to 50 m in length (Van den Hoek et 

al. 1995) and producing> 10 kg of dry matter/m2/year, as documented in Postelsia 

palmaeformis on Tatoosh Island, WA (Leigh et al. 1987). There are 33 genera and 130 

species of kelp worldwide (Guiry and Guiry 2014), with the greatest species diversity 

occurring in the northeast Pacific Ocean (Tegner and Dayton 2000, Lane et al. 2006). 

Laminaria species (including Saccharina spp.) dominate the Atlantic coast of North 

America, while the Pacific coast is dominated by Laminaria species (including 

Saccharina spp.) as well as the canopy forming kelps Macrocystis pyrifera and 

Nereocystis luetkeana (Dayton 1985; Steneck et al. 2002). 

Kelp morphology 

Kelp are typically connected to the substrate by a holdfast of branching haptera, 

rhizoids or a single disc. A flexible stipe is borne from the holdfast and terminates with 

a blade (Fig. 1.1 ). Kelps grow from an intercalary meristem that occurs at the transition 

zone between the stipe and the blade, allowing elongation of both the stipe and blade 

(Fig. 1.1 ). The oldest portion of the kelp blade is the distal tip, which is constantly 

being eroded due to seasonality or environmental factors, such as wave action. Kelp 

sporophytes are the only algae with specialized nutrient transport cells, known as 

trumpet hyphae, which are similar to the sieve elements of land plants and serve to move 
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the storage products mannitol and laminaran throughout the plant (Parker 1965, Parker 

1966). Some kelp also have structures known as mucilage ducts in the blade and/or 

stipe, which store the sulphated polysaccharide fucoidan (Davies et al. 1973, Grenville 

et al. 1982). Mucilage ducts are defined as intercellular channels that run the length of 

the stipe or longitudinally through the blade and can be most easily viewed in cross

section. Although the function of mucilage remains unknown, it has been proposed that 

mucilage plays a role in wound response, zoospore dispersal and resistance to 

desiccation (Walker and Bisalputra 1977). Mucilage ducts have often been used as a 

taxonomic character to separate species within the genera Laminaria and Saccharina 

(Agardh 1868, Kjellman 1883, Guignard 1892, Rosenvinge 1893, Kain 1979); however, 

the utility of mucilage ducts as a valid taxonomic character has been a source of debate 

for many years (Lund 1959, Burrows 1964, Wilce 1965, Chapman 1975). 

Kelp life history 

The kelp life history follows a heteromorphic alternation of generations 

consisting of a microscopic gametophyte (n) and macroscopic sporophyte (2n) (Fig. 

1.2). Zoospores settle and develop into microscopic male and female gametophytes. 

Male gametophytes are highly branched filaments, while female gametophytes are only 

occasionally branched (McKay 1933, Clare and Herbst 1938). Male gametophytes 

produce clusters of antheridial cells, each of which give rise to a biflagellate sperm. 

Female gametophytes release their contents from cell walls and these wall-less cells 

remain attached to the former cell wall and function as eggs. Fertilization and 
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subsequent zygote development occur in association with the female gametophyte 

(Graham and Wilcox 2000). Successful fertilization of an egg is dependent on the 

density of gametophytes because male gametes are poor dispersers (Dayton 1985). 

Following fertilization macroscopic sporophytes develop. Spores develop on the 

surface of sporophytes in patches of unilocular sporangia, which form either as a sorus 

on the blade or on specialized structures known as sporophylls (Graham and Wilcox 

2000). In most kelps, spores are released near the substratum, resulting in minimal 

dispersal distances, increasing gametophyte density and the probability of successful 

fertilization (Dayton 1985). 

Kelp recruitment and colonization 

Recruitment of juvenile kelp is generally restricted to within a few meters of the 

adults (Dayton 1973, Paine 1979). For example, recruitment of the giant kelp 

Macrocystis pyrifera zoospores is densest near the initial source ( ca. 4 

gametophytes/mm2 at O m from the source) and rapidly declines with distance from the 

source (ca. <0.5 gametophytes/mm2 at 3 m and 10 m from the source) (Reed et al. 

1988); however, kelp zoospores have been demonstrated to disperse up to 40 - 60 m 

within a kelp forest (Camey et al. 2013) and models predict that in high velocity current 

scenarios zoospores can disperse> 1km from the source (Alberto et al. 2010). Reed et 

al. (1992) state that the ability of kelp to disperse is critical because many species occur 

in highly disturbed habitats, which undergo frequent recolonization events; however, 

sporophytes may develop from existing gametophyte populations and not be fully 
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dependent on spore dispersal for recruitment. It has been hypothesized that 

gametophytes may act similarly to terrestrial seedbanks by enhancing sporophyte 

recruitment, persistence and recovery following disturbance (Edwards 2000, Fox and 

Swanson 2007, Camey et al. 2013). Therefore, sporophyte recruitment can occur by 

spore dispersal, gametophyte banks persisting from previous dispersal events, or a 

combination of both. Gametophytes may extend across a greater geographic range and 

occupy a different ecological niche than sporophytes by persisting in a vegetative state 

until environmental conditions become favorable or competition is lessened (Edwards 

2000). The immediate recovery of sporophyte populations following 11 powerful 

southern California storms, which resulted in mass sporophyte mortality during the 

winter of 1982-83 (Dayton and Tegner 1984, Ebeling et al. 1985) provides support for 

the idea that kelp can regenerate from pre-existing gametophyte populations. In a recent 

field study in southern California, Camey et al. (2013) demonstrated that when 

microscopic stages of kelps (Macrocystis pyrifera, Laminaria farlowii and 

Pterygophora californica) were removed, recruitment and subsequent recovery of the 

kelp community was delayed by more than two months when compared with plots 

where microscopic stages remained intact, providing support for the notion that kelp 

populations can recover from disturbances due to a persisting gametophyte bank. 
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Morphological variation in kelp 

Morphological variation in response to differing environmental conditions is 

common in kelp (Gerard and Mann 1979, Druehl and Kemp 1982, Dayton 1985, 

Duggins et al. 2003, Fowler-Walker et al. 2005a,b). Some studies have transplanted 

morphotypes to different habitats to study morphological variation (Gerard and Mann 

1979, Druehl and Kemp 1982, Fowler-Walker et al. 2005b), while other studies have 

compared the morphology of particular species between populations occurring in 

different habitats (Gerard and Mann 1979, Duggins et al. 2003, Fowler-Walker et al. 

2005a). Recent studies have focused on genetic analysis of morphological variants from 

differing environmental conditions (Miller at el. 2000, Coyer et al. 2001, Roberson and 

Coyer 2004, Demes et al. 2009, Fraser et al. 2009). For example, phenotypic plasticity 

in holdfast and blade morphology of Macrocystis pyrifera resulted in the past 

recognition of four species; however, genetic analysis by Coyer et al. (2001) and 

subsequently Demes et al. (2009) led to the collapse of the genus into this single species. 

In contrast, Fraser et al. (2009) verified that different morphotypes of Durvillaea 

antarctica observed in differing wave exposures are actually different species. 

Molecular techniques have also been used to revise Laminariales taxonomy {Lane et al. 

2006, Lane et al. 2007) and uncover new species and distribution records (McDevit and 

Saunders 2010). 

As discussed above, morphological identification can be inaccurate due to the 

presence of phenotypic plasticity. The use of molecular techniques allows researchers 

to accurately identify species based on DNA sequences and verify which morphological 

features are genetic-based and which are phenotypically plastic. Molecular techniques 
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also uncover cryptic diversity, which is common in algae due to their simple 

morphologies and convergent evolution (Saunders 2005). Common markers used for 

species differentiation in the Laminariales are the mitochondrial marker, cytochrome c 

oxidase I (COi-SP), and the internal transcribed spacer region (ITS) of the nuclear 

ribosomal cistron (Lane et al. 2006, Lane et al. 2007, McDevit and Saunders 2009, 

McDevit and Saunders 2010, Macaya and Zuccarello 2010). 

Kelp taxonomy and phylogenetic relationships 

The Laminariaceae is one of eight families in the order Laminariales ( Guiry and 

Guiry 2014) and most of its members occur in the northern hemisphere (Liining and tom 

Dieck 1990). Traditionally this family was defined as having simple (undivided) blades 

or blades that were longitudinally split above the transition zone; however, molecular 

studies have shown that the morphological features that define this family do not reflect 

evolutionary relationships (Yoon et al. 2001, Lane et al. 2006). For example, the genus 

Macrocystis was traditionally placed in the Lessoniaceae, due to the splitting observed 

at the transition zone (between the stipe and the blades), but was recently transferred to 

the Laminariaceae based on molecular data (Lane et al. 2006). There are 14 genera 

recognized in the Laminariaceae, six of which are found on the Pacific coast 

(Cymathaere, Laminaria, Macrocystis, Nereocystis, Postelsia and Saccharina) and only 

two are recognized in the Arctic and on the Atlantic coast (Laminaria and Saccharina) 

of Canada (McDevit and Saunders 2010, Guiry and Guiry 2014). Until recently, three 

species of Laminariaceae were recognized in the Maritime Provinces of Canada: 
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Laminaria digitata, Saccharina latissima and S. longicruris. However, a recent 

molecular study by McDevit and Saunders (2010) sunk S. longicruris into S. latissima 

and uncovered the previously overlooked species S. groenlandica ( = S. nigripes ). 

Saccharina groenlandica (S. nigripes) was likely overlooked in this region due to its 

morphological similarity to both L. digitata and S. latissima (Fig. 1.3). 

Thesis objectives 

The use of mucilage ducts as a taxonomic character has been a source of 

confusion for years in the genera Laminaria and Saccharina and conflicting 

observations have been recorded on the same material ( e.g. Le Jolis 1856, Guignard 

1892). In fact, there is so much confusion that two of Rosenvinge's type collections of 

S. groenlandica were subsequently considered to be S. latissima (Wilce 1960) despite 

these species reportedly differing by their mucilage duct configurations. Some suggest 

that mucilage ducts are variable within a species (Rosenvinge 1893, Lund 1959. 

Burrows 1964) and are only useful for defining ecotypes (Wilce 1965). Chapter 2 

determines whether mucilage ducts are a valid taxonomic character for species 

differentiation in the genera Laminaria and Saccharina and clarifies the taxonomic 

confusion surrounding S. groenlandica. Microscopic examination of genetically 

verified L. digitata, L. hyperborea, the North American genetic species attributed to S. 

groenlandica (NAGenSp ), and S. latissima determined that the presence of mucilage 

ducts in the blade is variable within species and therefore not a useful taxonomic 

character, but the presence/absence and location of mucilage ducts in the stipe is useful 
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for species differentiation. Microscopic examination of stipe cross-sections also led to 

the discovery of pseudo-mucilage ducts, which may explain previous incongruent 

reports by observers studying the same collections. After microscopic examination of S. 

groen/andica type material, it was determined that this species is synonymous with S. 

latissima and the appearance of mucilage ducts was the result of a putative fungal 

infection. Microscopic examination of the type material of L. nigripes revealed a 

combination of mislabeled L. digitata and a specimen that matched the type description 

of L. nigripes and the North American genetic species attributed to S. groenlandica 

(NAGenSp); therefore, Saccharina nigripes (J. Agardh) C. Longtin et G.W. Saunders 

comb. nov. was established and includes North American collections previously 

attributed to S. groenlandica (McDevit and Saunders 2010). The recent discovery of 

Saccharina nigripes in Atlantic Canada prompted an investigation on its geographic 

range. Saccharina nigripes is distributed in the northeast Pacific Ocean, the Canadian 

Arctic, the northwest Atlantic Ocean from Newfoundland to northern Maine ( with the 

possible exception of the Atlantic coast of Nova Scotia), Greenland, Iceland and 

Scandinavia. 

The morphological resemblance of S. nigripes to the two previously recognized 

species in the Maritime Provinces of Canada creates uncertainty for previous 

publications regarding the biogeography and ecology of L. digitata and S. latissima in 

this region, because reports may have included S. nigripes as well. The third chapter of 

this thesis utilizes molecular tools to determine the relative abundances of L. digitata, S. 

nigripes, and S. latissima in differing habitats in the Bay of Fundy. Based on previous 

literature, the simple-bladed species S. latissima is abundant at wave-sheltered sites and 
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the digitate species L. digitata is abundant at moderately exposed to wave-exposed sites 

(Ballantine 1961, Jones and Demetropoulos 1968, Druehl and Elliot 1996). I set out to 

determine how abundant S. nigripes is in the Bay of Fundy intertidal zone relative to L. 

digitata and S. latissima, where S. nigripes is distributed along the wave exposure 

gradient, which phenotype of S. nigripes is most abundant (simple or digitate) and 

whether the presence of S. nigripes would affect previous reports on L. digitata and S. 

latissima in this region? Using molecular tools, it was determined that S. nigripes can 

be the major contributor to Laminariaceae community structure at moderate and wave

exposed sites in the Bay of Fundy intertidal zone; however, its abundance fluctuates 

depending on the year. Saccharina nigripes was rare in the simple-bladed morphology, 

as well as at sheltered sites in the Bay of Fundy, and likely has minimal impact on 

previous literature for S. latissima. Saccharina nigripes was the dominant digitate kelp 

at moderate and wave-exposed sites in 2010 and 2011; however, it was rare in 2012 and 

2013. Previous studies on the ecology and distribution of L. digitata in this region have 

likely included S. nigripes in their observations and since abundance for the latter 

fluctuates depending on the year, previous literature cannot be adjusted to account for 

the presence of S. nigripes. 

Chapter 4 aims to clarify the seasonality and phenology of the Laminariaceae in 

the Maritime Provinces in light of the recent report of S. nigripes (as S. groenlandica) in 

this region (McDevit and Saunders 2010). Due to the morphological similarity of S. 

nigripes to L. digitata and S. latissima, previous literature on the seasonality and 

phenology of S. latissima and L. digitata may have inadvertently included S. nigripes. 

Laminariaceae individuals at Point Lepreau, New Brunswick were tagged with 
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numbered loop tags and genetically identified so that growth, reproduction and mortality 

could be recorded in each species (L. digitata, S. nigripes, and S. latissima). 

Unfortunately, this study was conducted in a year when S. nigripes was rare at the study 

site and I was unable to determine its seasonality and phenology in the region. 

However, information on the seasonality and phenology of L. digitata and S. latissima 

in this region is consistent with previous reports in Atlantic Canada, therefore, I 

hypothesize that the presence of S. nigripes is unlikely to impact previous literature on 

the seasonality and phenology of L. digitata and S. latissima in this region. 

A final contribution (see Appendix A) explores the use ofhemi-nested PCR to 

detect the presence of microscopic gametophytes from rock scrapings. This study was 

based on a previous study by Fox and Swanson (2007), in which nested PCR was used 

to detect putative Nereocystis luetkeana gametophytes from 0-3.5 m above Lowest Low 

Water (LL W). These results were surprising as N. luetkeana sporophytes are restricted 

to subtidal habitats. Unfortunately, Fox and Swanson (2007) did not include appropriate 

field controls or DNA extraction controls. A modified protocol was developed to 

compare the distributions of sporophytes and gametophytes of the rare, ephemeral kelp 

Laminaria ephemera. Scrub pads were used to collect samples from rocks and 

additional controls were added in the field and the laboratory. In the field a rock 

scraping was collected from above the high tide line and an open tube with a scrub pad 

was placed in the drying oven while samples were desiccating. Six extraction blanks 

were included during the extraction process to control for laboratory contamination. 

Unfortunately, a successful PCR trial ofhemi-nested PCR was not achieved without 

contamination of a negative species control (non-target DNA), a field control, a PCR 
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blank or an extraction blank. This study demonstrates the necessity of appropriate 

controls when performing nested and hemi-nested PCR methods. Studies performed 

without proper field and laboratory controls are insufficient to make accurate 

conclusions about the presence of target DNA. 

Statement of contributions to research and writing 

I designed the research questions and methodologies included in the main 

chapters of this thesis (Chapters 2 - 4) and Appendix A, with guidance and assistance 

from Dr. Gary W. Saunders. 

I participated in the majority of the fieldwork necessary to conduct this research, 

with the exception of samples collected subtidally by Dr. Gary W. Saunders and 

Amanda Savoie for Chapter 4. I personally sampled herbarium presses from the 

Copenhagen University Herbarium, the Lund University Herbarium and the Connell 

Memorial Herbarium and acknowledged the herbaria accordingly in Chapter 4. 

I conducted all the molecular and morphological lab work for this thesis, 

including the main chapters (Chapters 2 - 4) and Appendix A. However, some genetic 

data generated by McDevit and Saunders (2010) was utilized in Chapter 4 and is 

referenced in the text. 

I conducted all of the data analyses and manuscript preparation for the main 

chapters of this thesis ( Chapters 2 - 4) and Appendix A, with guidance and assistance 

from Dr. Gary W. Saunders. 
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Figure 1.1. Photograph of Saccharina groenlandica (= S. nigripes) showing the typical kelp 

morphology (diameter of vial cap= 2.5 cm). The holdfast anchors the plant to the substrate and the 

flexible stipe supports the terminal blade. 
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Figure 1.2. Generalized life history of the Laminariaceae, depicting the heteromorphic alternation 

of generations. Meiosis occurs on the surface of the mature sporophyte in a structure called a sorus, 

where unilocular sporangia produce biflagellate, haploid spores that are released into the water 

column. The zoospores settle and develop into male or female gametophytes. Male gametes are 

released into the water column and fertilize the egg, which remains in an oogonium attached to the 

female gametophyte. Syngamy occurs and the diploid sporophyte develops from the zygote, which 

remains attached to the female gametophyte. 
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Figure 1.3. Gross morphology of genetically verified Saccharina groenlandica (= S. nigripes), 

digitate and simple morphologies, respectively (a and b), Laminaria digitata (c) and S. latissima (d). 

Scale bars represent 5 cm. 
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Chapter 2. On the utility of mucilage ducts as a taxonomic character in 

Laminaria and Saccharina - the conundrum of S. groenlandica 
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Abstract 

The utility of mucilage ducts as a taxonomic character in the genera Laminaria 

and Saccharina has been a source of confusion for years with conflicting observations 

reported for the same material. The objectives of this study were to: 1) determine 

whether mucilage ducts are a useful taxonomic character for species differentiation in 

the genera Laminaria and Saccharina for the North Atlantic; 2) verify the taxonomic 

status of S. groenlandica and the genetic species currently attributed to S. groenlandica 

in North America (NAGenSp); and 3) determine the geographic range of this genetic 

species. Microscopic examination of genetically verified L. digitata, L. hyperborea, S. 

latissima and the NAGenSp determined that the presence/absence of mucilage ducts in 

the blade was difficult to assess in S. latissima due to the presence of pseudo-mucilage 

ducts, and that ducts became more cryptic in northern individuals of L. digitata and the 

NAGenSp. Therefore, the presence/absence of mucilage ducts in the blade is not a 

useful taxonomic character. However, the presence/absence and location of mucilage 

ducts in the stipe were useful for species differentiation. Laminaria digitata and S. 

latissima lacked mucilage ducts in the stipe, while the NAGenSp had mucilage ducts in 

the cortex and L. hyperborea had mucilage ducts in the medulla. After microscopic 

examination, it was determined that S. groenlandica is synonymous with S. latissima 

and that the reportedly diagnostic appearance of mucilage ducts in the stipe and blade of 

type material were the result of pseudo-mucilage ducts associated with putative 

infections. Microscopic examination of the type material of L. nigripes revealed a 

combination of mislabeled L. digitata and a single specimen that matched the type 
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description, as well as northern individuals of the NAGenSp necessitating the 

combination Saccharina nigripes (J. Agardh) C. Longtin et G.W. Saunders comb. nov. 

Saccharina nigripes is distributed throughout the Northeast Pacific, Canadian Arctic, 

Northwest Atlantic, and Northern Europe (Greenland, Iceland, and Scandinavia). 

Introduction 

The Laminariaceae is one of eight families in the order Laminariales ( Guiry and 

Guiry 2014) and its members occur mainly throughout the Northern Hemisphere 

(Liining and tom Dieck 1990). Two of the 14 genera (Guiry and Guiry 2014) in this 

family, Laminaria and Saccharina, are distributed throughout the North Atlantic Ocean 

and are subject to taxonomic confusion. The species L. digitata (Hudson) J.V. 

Lamoroux, L. hyperborea (Gunnerus) Foslie, L. nigripes J. Agardh, L. solidungula J. 

Agardh (distinguished by its discoid holdfast and not considered further in this study), S. 

latissima (Linnaeus) C.E. Lane, C. Mayes, Druehl, L.D. & G.W. Saunders [including S. 

longicruris (Bachelot de la Pylaie) Kuntze] and S. groenlandica (Rosenvinge) C.E. 

Lane, C. Mayes, L.D. Druehl & G.W. Saunders are all reported from the cold temperate 

to polar regions of the North Atlantic and/or Arctic Ocean (Bartsch et al. 2008) and the 

presence and location of mucilage ducts are taxonomic characters that have been widely 

used to differentiate these species ( e.g. Agardh 1868, Kjellman 1883, Guignard 1892, 

Rosenvinge 1893, Kain 1979). However, the utility of mucilage ducts as a valid 

taxonomic character in these genera has been a source of confusion for decades (Lund 

1959, Burrows 1964, Wilce 1965, Chapman 1975). For example, Wilce (1965) reported 
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that for the same plants Guignard (1892) observed mucilage ducts in the blade and stipe 

whereas Le Jolis (1856) observed them in only the blade. Rosenvinge (1893) also noted 

that S. groenlandica might be easily confused with S. latissima (as L. longicruris), 

especially in the upper subtidal of protected habitats. In fact, S. groenlandica is so 

similar in gross morphology to S. latissima that two of four plants from Rosenvinge' s 

type material of the former were subsequently considered to be the latter (Wilce 1960). 

In addition to the difficulty outlined above, Rosenvinge (1893), Lund (1959) and 

Burrows ( 1964) suggested that the presence or absence of mucilage ducts could vary 

within a species, questioning the taxonomic reliability of this character. Adding to the 

confusion, Wilce (1965) stated that S. latissima has mucilage ducts in the blade, but not 

in the stipe, while S. longicruris can have mucilage ducts in the blade and/or stipe, or 

lack them completely, but these entities are now considered conspecific (McDevit and 

Saunders 2010). From his personal collections and borrowed herbarium presses, Wilce 

( 1965) observed mucilage ducts in the blade and stipe of specimens attributed to S. 

latissima and S. longicruris distributed from Newfoundland to Greenland. Based on 

those observations Wilce ( 1965) concluded that mucilage ducts were only useful for 

defining ecotypes and subsumed L. agardhii Kjellman and S. groenlandica into S. 

latissima. Bhattacharya et al. ( 1991) later confirmed that L. agardhii and S. latissima 

were the same genetic species using restriction fragment length polymorphisms 

(RFLPs). 

In 2010, McDevit and Saunders revisited this conundrum and confirmed three 

genetic species in the Maritime Provinces of Canada. They confirmed the presence of L. 

digitata and determined that S. latissima and S. longicruris were the same genetic 

27 



species, and uncovered a third genetic species assignable to the northeast Pacific S. 

subsimplex (Setchell & N.L. Gardner) Widdowson, S.C. Lindstrom & P.W. Gabrielson. 

McDevit and Saunders (2010) were unable to examine type material, but assigned this 

genetic species and the Pacific samples attributed to S. subsimplex to S. groenlandica 

(North American genetic species attributed to S. groenlandica = NAGenSp) on the basis 

of the type description, which reported mucilage ducts in the stipe and the blade 

(Rosenvinge 1893). It is also important to note that in gross morphology L. nigripes J. 

Agardh (Fig. 2.1.e) is similar to the NAGenSp (Fig. 2.1.c). However, the type 

description for L. nigripes clearly states that mucilage ducts are present in the stipe, but 

absent from the blade (Agardh 1868), which was inconsistent with anatomical 

observations for all genetically verified species at that time (McDevit and Saunders 

2010). 

The objectives of this study were to: 1) determine whether mucilage ducts are a 

useful taxonomic character for species differentiation in Laminaria and Saccharina, 

emphasizing the North Atlantic flora; 2) verify the taxonomic status of S. groenlandica 

and the appropriateness of its application to the NAGenSp by examining type and 

genetically verified specimens; and 3) determine the full geographic range of the 

NAGenSp using recent collections from North America (field sampling and herbarium 

accessions) and Europe (herbarium accessions). 
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Methods 

To determine the utility of mucilage ducts as a taxonomic character ( objective 

one) I used genetically verified material (individuals that have had their DNA sequenced 

and match the type description of a certain species) to make microscopic observations 

(see Appendix A). The material included a combination of samples previously 

published (n = 41) in McDevit and Saunders (2010), specimens located in the Connell 

Memorial Herbarium (UNB) with sequences previously generated by D. McDevit (n = 

4) and one new field collection (see Appendix A). To verify the taxonomic status of S. 

groenlandica and the appropriateness of its application to the NAGenSp ( objective two), 

microscopic observations were performed on type material (n = 15) from the 

Copenhagen University Herbarium (C). In addition, type material for L. nigripes (n = 5) 

from the Lund Herbarium (LD) (See Appendix A) was observed. The information 

obtained from the samples assessed in objectives one and two (n = 65), plus data from 

additional field collections (below) (n = 13) and herbarium accessions from the Connell 

Memorial Herbarium (n = 23) and the Copenhagen Herbarium (C) (n = 75) (See 

Appendix A) allowed me to investigate the geographic range of the NAGenSp. 

Field sampling 

In 2012, fresh material was collected in North America from the low intertidal 

zone and subtidal zone at various sites from Nova Scotia, Canada to Rhode Island, USA 

(See Appendix A). Laminariaceae (n = 13) were collected haphazardly from either the 

intertidal or subtidal of sheltered, moderate or exposed sites. A small, clean section of 
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each specimen (1 cm diameter) was removed and preserved in silica for DNA 

extraction. 

Anatomy 

Anatomical observations were performed using a razor blade and forceps to 

remove small fragments of material from the blade (-25 mm2
) and stipe (-16 - 25 mm2

) 

of individuals (See Appendix A) for further microscopic examination. A cryostat 

(CM1850m Leica, Heidelberg, Germany) was used to make 30 µm thick cross-sections 

of blade and stipe tissue from each individual. Longitudinal sections (30 µm thick) were 

also performed on individuals for which the legitimacy of apparent mucilage ducts was 

in question. All sections were stained with 1 % aniline blue in 7% acetic acid and 

mounted in a mixture of 50% Karo™ com syrup and 50% formalin (4%). Observations 

were made on a Leica DM5000B light microscope and recorded using a Leica DFC480 

digital camera. 

Molecular 

For the new collections acquired for this study (see Appendix A) DNA was 

extracted as outlined in Saunders and McDevit (2012). The internal transcribed spacer 

region {ITS) of the nuclear ribosomal cistron was amplified using the previously 

published PCR primers P 1 and KG4 {Lane et al. 2006). The PCR thermal profile and 

subsequent DNA sequencing followed Saunders and McDevit (2012); however, 0.27 

µM/amplification of each primer was used for PCR and only the reverse primer (KG4) 
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was used for sequencing (See Appendix A). Sequences were compared to data in 

GenBank to determine the species identity for each individual. 

Statistical analysis 

Pearson's chi-squared tests were performed to determine whether the frequency 

of mucilage ducts in blades of L. digitata and the NAGenSp are associated with latitude 

(sub-Arctic or cold temperate). Logistic regression was performed to determine whether 

latitude (sub-Arctic or cold temperate) is a good predictor of the presence of pseudo

mucilage ducts in the stipes of S. latissima individuals. All statistical tests were run in 

SPSS v. 22.0.0.0 (SPSS Inc, Chicago, IL, USA). 

Results 

Laminaria digitata 

Genetically verified L. digitata (n = 15, see Appendix A) typically had a digitate 

blade (n = 14, Fig. 2.1.a), although one individual from a population in Rhode Island 

had a simple blade (GWS006073). All L. digitata lacked mucilage ducts in the stipe (n 

= 15, Fig. 2.2.a, Table 2.1). Mucilage duct frequency in the blades of L. digitata varied 

with latitude (x2 
= 15, df = 1, p < 0.001). Laminaria digitata from the Atlantic coast of 

Canada and the USA had mucilage ducts in the blade (n = 13; Fig. 2.2.b; Table 2.1), 

while specimens from the Canadian sub-Arctic lacked ducts in the blade (n = 2, Fig. 

2.2.c, Table 2.1 ). 
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Laminaria hyperborea 

I only had a single genetically verified L. hyperborea individual with a 

characteristically thick stipe and a digitate blade (Fig. 2.1.b, Table 2.1, See Appendix 

A). The one individual had abundant, conspicuous mucilage ducts located in the 

medulla of the stipe (Fig. 2.3.a, Table 2.1), and conspicuous mucilage ducts in the blade 

as well (Fig. 2.3.b, Table 2.1). 

NAGenSp 

The NAGenSp (n = 15, See Appendix A) specimens typically had a digitate 

blade in the North Atlantic (Fig. 2.1.c). Mucilage ducts were always present in the stipe 

and extended from the cortex into the medulla (Fig. 2.4.a) and formed obvious "ducts" 

down the stipe when viewed in long-section (Fig. 2.4.b ). Stained inclusions were 

occasionally observed in mucilage ducts of some NAGenSp (n = 2, Fig. 2.4.c, d), which 

were possibly the result of putative infections within mucilage ducts. Mucilage ducts in 

the blade of the NAGenSp were significantly different between sub-Arctic and cold 

temperate latitudes (i = 5.6, df= 1, p = 0.018). Most NAGenSp individuals from 

British Columbia, Atlantic Canada and the USA had mucilage ducts in the blade (9/12 

individuals, Fig. 2.4.e, Table 2.1 ), while all specimens from the Canadian sub-Arctic 

lacked ducts in the blade (n = 3, Fig. 2.4.f, Table 2.1 ). However, there were also three 

NAGenSp individuals from the cold temperate regions of Canada that lacked mucilage 

ducts in the blade, two from British Columbia (Prince Rupert and southern Vancouver 

Island) and one from New Brunswick (Table 2.1). 
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Saccharina latissima 

Based on my observations of genetically verified material (Table 2.1, See 

Appendix A), all S. latissima individuals had a simple blade (Fig. 2.1.d) and consistently 

lacked mucilage ducts in the stipe (Fig. 2.5.a, Table 2.1); however, confusion did result 

from the presence of apparent infections, which I term "pseudo-mucilage ducts" (n = 2; 

Fig. 2.5.b, c; Table 2.1 ). These structures commonly contained stained inclusions (Fig. 

2.5.b), unlike true mucilage ducts, which are typically devoid of material. When viewed 

in longitudinal section pseudo-mucilage ducts were typically spherical (Fig. 2.5.c) rather 

than duct-like, as in the NAGenSp (Fig. 2.4.b). Latitude (sub-Arctic or cold temperate) 

explained approximately 3 7% of the variation observed in mucilage duct frequency in S. 

latissima stipes (Nagelkerke R2 = 0.373); however, the logistic regression model was 

only borderline significant (Y: = 3.4, df = 1, p = 0.065) and latitude did not contribute 

significantly to the model prediction (p' = 0.999). Pseudo-mucilage duct occurrence in 

the stipes of sub-Arctic individuals (n = 2) Mucilage ducts were lacking from the blades 

of all S. latissima specimens (n = 15, Fig. 2.5.d, Table 2.1); however, six individuals had 

pseudo-mucilage ducts (Fig. 2.5.e), which were verified through longitudinal sections 

(Fig. 2.5.f). 

Laminaria nigripes type material 

There were five specimens, all with digitate blades (Fig. 2.1.e), in J. Agardh's 

type collection for L. nigripes (See Appendix A). Agardh (1868) described L. nigripes 

as having mucilage ducts in stipe, but not in the blade. Three collections lacked 

mucilage ducts in the stipe and blade (Nos. 2010, 2012, and 2014), which was similar to 
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what I observed in genetically verified L. digitata from northern waters (Table 2.1, Fig. 

2.2.c ); therefore, these collections were considered to be misidentified L. digitata (See 

Appendix A). One specimen (No. 2013; selected here as the lectotype) was similar to 

the type description in that mucilage ducts were present in the stipe (Fig. 2.6.a) and 

lacking in the blade (Fig. 2.6.b ). The type locality of L. nigripes is Spitsbergen, Norway 

and this specimen was anatomically consistent with NAGenSp from the Canadian sub

Arctic (Table 2.1; Fig. 2.4.f). I conclude that the NAGenSp, which is included in the 

Saccharina clade in McDevit and Saunders (2010), is correctly attributed to L. nigripes 

necessitating the combination Saccharina nigripes C. Longtin et G.W. Saunders, comb. 

nov. (See Appendix A). From this point forward I will refer to the NAGenSp as S. 

nigripes. 

Saccharina nigripes (J. Agardh) C. Longtin et G.W. Saunders, comb. nov. 

Basionym: Laminaria nigripes J. Agardh 1868, Bidrag till kannedomen om 

Spetsbergens alger. Tillag till foregaende afhandling 7(8): 29-30. 

Lectotype: 2013 LD; replacing 2010 as selected by Wilce in 1959, which is an 

individual of L. digitata 

Saccharina groenlandica 

The type collection of S. groenlandica (as L. groenlandica) had 15 syntypes (See 

Appendix A), all with simple blades (Fig. 2.1.f). Rosenvinge (1893) described S. 

groenlandica as having mucilage ducts in both the blade and stipe. Five collections 

completely lacked mucilage ducts in the stipe, while 10 collections had pseudo-mucilage 
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ducts in the stipe (Fig. 2.6.c, d). Longitudinal sections were made from stipes with 

pseudo-mucilage ducts and in some cases it was difficult to discern whether an apparent 

infection was boring longitudinally through the stipe or if mucilage ducts were present, 

but infected. Detailed observation led me to the conclusion that bona fide mucilage 

ducts were absent in all collections, while pseudo-mucilage ducts were abundant. The 

blades of eight collections were poorly preserved and did not rehydrate sufficiently to 

view in cross-section, while six collections clearly lacked mucilage ducts in the blade 

(Fig. 2.6.e) and one collection had pseudo-mucilage ducts. All of the type collections 

had simple blades, lacked legitimate mucilage ducts in the blade and stipe, or had a 

putative infection in the blade and/or stipe, consistent with genetically verified S. 

latissima specimens from the Canadian sub-Arctic (Table 2.1, Fig. 2.5), and are 

therefore assigned to S. latissima (See Appendix A); S. groenlandica is thus a synonym 

of S. latissima. 

Biogeography 

On the basis of genetically (n = 51) and anatomically (n = 5) verified collections 

of S. nigripes (See Appendix A), I can provide new insights into the biogeography of 

this species. Saccharina nigripes was confirmed from southern Vancouver Island to 

Prince Rupert and Haida Gwaii in the Northeast Pacific Ocean (BC, n = 19), the 

Canadian sub-Arctic (MB, n = 11), northwest Atlantic Ocean (QC: n = 1, NL, n = 2; NS, 

n = 4, all in Bay of Fundy; NB, n = 4, all in Bay of Fundy; northern ME, n = 10), to 

Greenland (n = 3, C86036, C86055 and C86061), Iceland (n = 1, C414) and Spitsbergen 

Norway (n = 1, J. Agardh 2013) (See Appendix A). Despite previous sampling efforts 
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[Connell Memorial Herbarium (UNB)] and those completed for this study, there were 

no records of S. nigripes from the Atlantic coast of Nova Scotia [0/18 Laminariaceae 

sampled from a total of five sites over four years (2004, 2006, 2012, and 2013)], from 

the Northumberland Strait of New Brunswick (0/8 Laminariaceae), Southern Maine 

(0/17 Laminariaceae ), Massachusetts (0/4 Laminariaceae) or Rhode Island (0/29 

Laminariaceae ). As such, the Bay of Fundy and northern Maine populations appear as 

disjunct from the more typically northern distribution for S. nigripes in the North 

Atlantic Ocean, whereas verified collections extend to the southerly-most waters of 

British Columbia in the Pacific Ocean. 

Discussion 

Microscopic observation of genetically verified L. digitata, L. hyperborea, S. 

latissima and S. nigripes (NAGenSp) individuals has established that the 

presence/absence of mucilage ducts in the blade is not a valid taxonomic character 

because this feature varies within a species. Mucilage ducts in the blades of L. digitata 

and S. nigripes became more cryptic or absent in northern individuals. Although 

mucilage ducts were lacking from blades of S. latissima, putative infections can result in 

the appearance of pseudo-mucilage ducts, which can typically be distinguished by 

viewing longitudinal sections. In contrast to mucilage ducts in the blade, pseudo

mucilage ducts may become more prevalent from southern to northern populations, 

although more samples are needed to verify this trend. These two patterns in 

combination likely account for much of the confusion in the literature regarding the 
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presence/absence of mucilage ducts in the blades of various species ( e.g. Le Jolis 1856, 

Guignard 1892, Burrows 1964, Wilce 1965). 

More useful taxonomic characters included the presence/absence and location of 

mucilage ducts in the stipe. Laminaria digitata and S. latissima lacked mucilage ducts 

in the stipe, while L. hyperborea had obvious mucilage ducts in the medulla and S. 

nigripes in the cortex of the stipe. However, I again observed the phenomenon that I 

have termed "pseudo-mucilage ducts", which generate the false appearance of mucilage 

ducts and are associated with the appearance of putative infection predominantly in S. 

latissima stipes. Pseudo-mucilage ducts can be identified either by the presence of 

stained inclusions or more thoroughly by viewing longitudinal sections of the stipe -

tending to be spherical and not longitudinal down the stipe. Although both S. latissima 

and L. digitata lack true mucilage ducts in their stipes, pseudo-mucilage ducts were 

abundant in S. latissima individuals, but not observed in L. digitata. It is important to 

note that I have also observed the apparent infection within legitimate mucilage ducts in 

genetically verified S. nigripes, which can further complicate microscopic examination 

and reinforces the need to view both cross- and longitudinal sections of the stipe. I 

observed a higher prevalence of pseudo-mucilage ducts in the stipes of genetically 

verified sub-Arctic S. latissima (n = 2) and in the S. groenlandica type collections (n = 

10) than in S. latissima specimens from cold temperate waters, suggesting that infection 

is more common in colder waters. Pseudo-mucilage ducts in the stipe were again likely 

documented as mucilage ducts in past observations of Laminariaceae, and may have 

resulted in conflicting reports by different observers of the same plants (e.g. Le Jolis 

1856, Guignard 1892, Wilce 1965). I hypothesize that pseudo-mucilage ducts may be 
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the result of infections, such as the fungus Phycomelaina laminariae (Kohlmeyer 1979, 

Schatz 1984), which is known to infect the stipe of S. latissima by penetrating the 

meristoderm and outer margins of the cortex (Schatz 1983, figure l.b). 

Microscopic observations on the type material of Saccharina groenlandica 

revealed that stipes either lacked mucilage ducts or had pseudo-mucilage ducts. Pseudo

mucilage ducts were identified as stained inclusions in cross-sections of the stipes from 

10 of the S. groenlandica type collections. Longitudinal sections revealed either 

spherical pockets or longitudinal infections that were difficult to distinguish from 

mucilage ducts. Based on the gross morphology of the blade (simple), lack of mucilage 

ducts in the stipe and blade, and the prevalence of putative infections in both genetically 

verified sub-Arctic S. latissima and type collections of S. groenlandica, I have 

determined that S. groenlandica is a synonym of S. latissima. Laminaria agardhii, 

which also has a simple blade, is also formally synonymized with S. latissima supported 

by RFLP data in Bhattacharya et al. (1991). Therefore, all simple bladed kelps from the 

North Atlantic lacking mucilage ducts in the stipe are S. latissima. This observation 

clears up past confusion and confirms earlier conclusions to this effect in the literature 

(e.g. Wilce 1965). Wilce (1960) states that even Rosenvinge himself was unsure 

whether S. groenlandica and S. latissima ( as L. longicruris) were distinct species. 

Microscopic observations of stipe cross-sections for the type material of 

Laminaria nigripes revealed a combination of misidentified L. digitata and one 

specimen that matched the type description. As shown here, the North American 

genetic species previously attributed to S. groenlandica also conforms to this description 

for its northern populations. I thus attribute this North American genetic group to the 
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European Saccharina nigripes. The conspecificity of the NAGenSp with S. nigripes is 

further supported by recent C0I-5P and ITS sequences for digitate individuals from the 

type locality (Choi pers. comm.). 

As a result of the taxonomic changes here and new insights as to the utility of 

mucilage ducts in the stipe of Laminaria and Saccharina species as a taxonomic 

character, all Laminariaceae specimens (with the exception of those molecularly 

identified) previously collected should be either microscopically re-examined or 

genetically sequenced to determine their taxonomic identity. In another study (Chapter 

3) I determined that S. nigripes is most often confused with L. digitata in the Maritime 

Provinces of Canada and the simple-bladed morphology of S. nigripes ( common in the 

Northeast Pacific) is rare in this region(< 3% ofLaminariaceae sampled). Therefore, I 

have established that the major source of confusion in published literature and in 

herbarium collections, at least in this region, is not between S. latissima and S. nigripes, 

but between L. digitata and S. nigripes. The following key should assist researchers 

with this task. 
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Key to the species of Laminaria and Saccharina in the North Atlantic Ocean 

1. Holdfast discoid .......................................... L. solidungula 

1. Holdfast of distinct, branched haptera . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

2. Simple blade, mucilage ducts absent in the stipe and blade; infections may be 

prevalent in the stipe, especially for northerly collections . . . . . . . . . . . S. latissima 

2. Digitate blade with or without mucilage ducts in the stipe, or rarely a simple blade 

with mucilage ducts clearly present in stipe ............................... 3 

3. Mucilage ducts absent from stipe ............................... L. digitata 

3. Mucilage ducts present in the stipe ..................................... 4 

4. Mucilage ducts positioned in cortex of stipe ....................... S. nigripes 

4. Mucilage ducts positioned in medulla of stipe . . . . . . . . . . . . . . . . . . L. hyperborea 

In considering all collections for which I have completed anatomical and genetic 

analyses (See Appendix A), as well as published literature I can provide new insights on 

the biogeography of S. nigripes. Saccharina nigripes is reportedly distributed in the 

northeast Pacific Ocean from Alaska to California (Alaska: Druehl 1968, Calvin and 

Ellis 1981, Lindstrom 2009; British Columbia: Druehl 1968, Lane et al. 2006, 

confirmed in the present study; Washington: Druehl 1968; Oregon: Druehl 1968, 

Hansen 1997; California: Druehl 1979), the Canadian Arctic (Lee 1980, confirmed in 
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the present study), the northwest Atlantic Ocean from Quebec to Maine [Sears 2002, 

McDevit and Saunders 2010, confirmed in the present study), and Northern Europe, 

including Greenland (Pedersen 1976, confirmed in the present study), Iceland (Caram 

and Jonsson 1972, Munda 1972, confirmed in the present study), and Scandinavia 

(Athanasiadis 1996), naturally including the type locality Spitsbergen, Norway 

(Vinogradova 1995; Choi pers. comm., confirmed in the present study). Despite 

sampling efforts, I have not recorded S. nigripes from the Atlantic Coast of Nova Scotia 

or any further south than northern Maine in the USA (See Appendix A), suggesting that 

the Bay of Fundy and northern Maine populations are disjunct from the more typically 

northern distribution of S. nigripes in the North Atlantic Ocean, whereas S. nigripes 

reportedly extends as far south as California in the Pacific Ocean. 

I have demonstrated that mucilage ducts in the stipe of Laminaria and 

Saccharina can be taxonomically informative; however, it is important to be mindful of 

the possibility for infections that manifest as pseudo-mucilage ducts. Simple bladed 

Laminariaceae from the North Atlantic are likely S. latissima, and rarely L. digitata 

(southern extremes: See Appendix A) or S. nigripes. However, if there is any confusion 

cross-sections of the stipe can be used to determine species identity, at least for S. 

nigripes. Undivided L. digitata found at southern extremes are atypical and can be 

distinguished from S. latissima as having a blade with a broad base, which is the shape 

of a typical L. digitata blade, minus the longitudinal divisions. Due to the confusion 

between L. digitata and S. nigripes in Atlantic Canada (McDevit and Saunders 2010, 

Chapter 3), herbarium specimens for digitate Laminariaceae from the North Atlantic 

Ocean attributed to L. digitata, L. nigripes, and S. groenlandica should have their stipes 
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microscopically re-examined to verify identities. I hope that future Laminariaceae 

collections from Arctic and cold temperate waters will add to the biogeographical and 

anatomical data presented here and the proposed biogeographic range of S. nigripes. 
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Figure 2.1. Gross morphology of Laminaria digitata (CML0482) (a), L. hyperborea (GWS009234) 

(b), NAGenSp (CML0391) (c), Saccharina /atissima (CML0523) (d), type collection of L. nigripes 

(LD 2013) (e) and type collection of S. groenlandica (C 85963) (f). Scale bars represent 5 cm. 
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Figure 2.2. Cross-section of Laminaria digitata (GWS032225) stipe without mucilage ducts (a), blade 

(GWS032225) with mucilage ducts from the Canadian Maritimes (b) and blade (GWS005325) 

without mucilage ducts from the Canadian sub-Arctic (c). Scale bars represent 75 µm. Arrows 

indicate the position of mucilage ducts. 
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Figure 2.3. Cross-section of Laminaria hyperborea (GWS009234) stipe (a) and blade (b). Scale bars 

represent 75 µm. Arrows indicate the position of mucilage ducts. 
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Figure 2.4. Anatomy of NAGenSp (Saccharina nigripes). Cross-section of GWS007873 stipe with 

mucilage ducts (a). Longitudinal section of GWS003773 stipe with mucilage duct (b). Cross-section 

(c) and longitudinal section (d) of GWS008660 stipe with infected mucilage ducts. Cross-section of 

GWS007873 blade with mucilage ducts (e) and GWS006992 blade without mucilage ducts (f). Scale 

bars represent 75 µm. Arrows indicate the position of mucilage ducts. 
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Figure 2.5. Anatomy of Saccharina latissima. Cross-section of GWS006005 stipe without mucilage 

ducts (a) and GWS005426 stipe with pseudo-mucilage ducts (b). Longitudinal section of 

GWS005426 stipe with pseudo-mucilage ducts (c). Cross-section of GWS006005 blade without 

mucilage ducts (d) and GWS005509 blade with pseudo-mucilage ducts (e). Longitudinal section of 

GWS005509 blade with pseudo-mucilage ducts (f). Scale bars represent 75 µm. Arrows indicate the 

position of pseudo-mucilage ducts. 
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Figure 2.6. Anatomy of Laminaria nigripes and Saccharina groenlandica (as L. groenlandica) type 

material. Cross-section of 2013 (L. nigripes) stipe (a) and blade (b ). Cross-section of 85958 (S. 

groenlandica) stipe with pseudo-mucilage ducts (c). Longitudinal section of 85956 (S. groenlandica) 

stipe with pseudo-mucilage ducts (d). Cross-section of 85950 (S. groenlandica) blade without 

mucilage ducts (e). Scale bars represent 75 µm. Arrows indicate the position of pseudo-mucilage 

ducts. 
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Table 2.1. Assessment of mucilage ducts in genetically verified material for Laminaria digitata, the 

North American genetic species currently attributed to Saccharinagroenlandica (NAGenSp) and S. 

latissima. Numbers in the table indicate the number of individuals with mucilage ducts in the stipe 

or blade out of the total number of individuals examined. Data are listed from northern to southern 

collection locations for each species. 

Species Geographic location8 Mucilage ducts present 

stipe blade 

Laminaria digitata MB 0/2 0/2 
NL 0/4 4/4 
NB 0/5 5/5 
ME 0/3 3/3 
RI 0/1 1/1 

Laminaria hyperborea IL 1/1 1/1 

NAGenSp MB 3/3 0/3 
NL 2/2 2/2 
QC 1/1 1/1 
NB 2/2 1/2 
NS 2/2 2/2 
BC 5/5 3/5 

Saccharina latissima MB 0/7 0/7 

NL 0/2 0/2 
NB 0/1 0/1 
ME 0/1 0/1 
RI 0/1 0/1 
BC 0/3 0/3 

a. Geographic location abbreviations: BC, British Columbia; IL, Ireland; MB, Manitoba; ME, 

Maine; NB, New Brunswick; NL, Newfoundland; QC, Quebec; RI, Rhode Island. 
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Chapter 3. An investigation on the impact of the overlooked species 

Saccharina nigripes on knowledge of the reported kelp Laminaria 

digitata and Saccharina latissima (Laminariales, Phaeophyceae) in the 

Bay of Fundy 
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Abstract 

Kelp forests provide beneficial ecosystem services, such as providing habitat, 

nursery grounds and food for numerous benthic and pelagic organisms. Kelp 

communities are affected by many factors including light intensity, type of substratum, 

sedimentation, nutrient availability, water velocity, salinity and temperature. On a 

global scale, temperature is one of the major factors affecting kelp species distributions, 

and on a local scale, wave exposure (fetch) is one of the strongest factors affecting 

species distributions. Previous literature on the Laminariaceae in the Maritime 

Provinces of Canada was completed under the assumption that only two species, 

Saccharina latissima (including S. longicruris; simple blade) and L. digitata ( digitate 

blade), were present in the flora. However, the overlooked species S. nigripes, which 

can look morphologically similar to both S. latissima and L. digitata, was recently 

recorded. I wanted to observe how Laminariaceae community composition varies 

across fetch distances and years, and determine the relative abundance of S. nigripes in 

the Bay of Fundy intertidal zone. Over two years, I studied Laminariaceae across a 

fetch gradient (sheltered to wave-exposed) in three regions (Lepreau, Campobello and 

Grand Manan) in the Bay of Fundy. I also studied the relative abundance of S. nigripes 

at the same three wave exposures in the Lepreau region for four years (2010 - 2013). 

Laminariaceae community structure differs across wave exposures. Sheltered sites were 

most similar to each other and were on average composed of99% S. latissima. 

Saccharina nigripes was rare in the simple-bladed morphology, as well as at sheltered 

sites in the Bay of Fundy, and likely does not affect previous literature on S. latissima. 
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Conversely, digitate S. nigripes can be a major contributor to Laminariaceae community 

structure at moderate and exposed sites in the Bay of Fundy; however, its abundance 

fluctuates depending on the year. Saccharina nigripes was the dominant digitate kelp in 

2010 and 2011 at moderate and wave-exposed sites (e.g., Saccharina nigripes was 8X 

more abundant than L. digitata at the wave-exposed site at Lepreau in 2010 and 2011); 

however, it was rare in 2012 and 2013. Previous studies on the ecology and distribution 

of L. digitata in this region have likely included S. nigripes in their observations; since 

abundance of the latter fluctuates depending on the year, previous literature cannot be 

adjusted to account for the presence of S. nigripes. New baseline studies on the ecology 

of the Laminariaceae in Atlantic Canada must be performed to include S. nigripes 

separately from L. digitata, as S. nigripes is the dominant digitate kelp in certain years. 

Our understanding of Laminariaceae in Atlantic Canada has changed with the discovery 

of S. nigripes and future studies must include S. nigripes to determine its ecological 

impact on intertidal communities in this region. 

Introduction 

The physical structure, algal biomass and organisms associated with kelp forests 

alter local environments and provide beneficial ecosystem services (Steneck et al. 2002). 

The complex physical structure of kelp forests provides habitat, nursery grounds and 

food for numerous benthic and pelagic organisms (Dayton 1985, Bologna and Steneck 

1993, Steneck et al. 2002, Graham 2004). Kelp communities are affected by many 

environmental factors including light intensity, type of substratum, sedimentation, 
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nutrient availability, water velocity, salinity and temperature (Dayton 1985). 

Temperature tolerance is a major factor in determining the geographic boundaries of 

kelp species (Steneck et al. 2002); species have different tolerances to high (summer 

maxima) and low ( winter minima) temperatures, which is reflected in their 

biogeographic range (van den Hoek 1982, Bolton and Liining 1982, tom Dieck 1993, 

Merzouk and Johnson 2011, Opplinger et al. 2012, Bartsch et al. 2013). On a more 

local scale, wave exposure is one of the major factors affecting species distributions 

(Lubchenco and Menge 1978, Dayton et al. 1984). Wave exposure is an important 

factor in kelp community structure, as species are distributed based on their ability to 

tolerate wave exposure (Dayton et al. 1984, Graham 1997, Pedersen et al. 2012) and in 

some instances phenotypic plasticity can result in a species occupying a wider range of 

wave exposure by altering its morphology to suit different flow regimes (Gerard and 

Mann 1979, Koehl and Alberte 1988, Friedland and Denny 1995). 

Ecological studies rely on the proper field identification of individuals; however, 

field identification can be complicated by phenotypic plasticity and the presence of 

overlooked species. During ( often rapid) identification in the field it can be difficult to 

determine species identities. Seaweeds are notoriously difficult to identify in the field 

due to their phenotypic variability and cryptic diversity, and kelps are no exception 

(Miller et al. 2000, Roberson and Coyer 2004, Fowler-Walker et al. 2006, Fraser et al. 

2009). Phenotypic plasticity creates confusion in two ways: 1) by improper species 

status being given to environmental variants; and 2) the incorrect assumption that 

morphological differences are merely environmental variants rather than distinct 

species. For example, phenotypic plasticity in holdfast and blade morphology of 
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Macrocystis pyrifera (Linnaeus) C. Agardh resulted in the past recognition of four 

species; however, genetic analysis by Coyer et al. (2001) and subsequently Demes et al. 

(2009) led to the collapse of the genus into this single species. Conversely, genetic 

analysis of the Antarctic bull kelp Durvillaea antarctica (Chamisso) Harlot in New 

Zealand revealed that what were previously observed as wave exposure driven 

environmental phenotypes were indeed two distinct and reproductively isolated species 

(Fraser et al. 2009). 

Previous research in the temperate waters of Atlantic Canada has focused on 

three species of Laminariaceae: Saccharina latissima (Linnaeus) C.E. Lane, C. Mayes, 

Druehl & G.W. Saunders, S. longicruris (Bachelot de la Pylaie) Kuntze and Laminaria 

digitata (Hudson) J.V. Lamouroux (Edelstein and McLachlan 1966, Edelstein et al. 

1970, Chapman 1984, Smith 1985, Johnson and Mann 1988). Saccharina latissima has 

a simple blade with wavy margins and is globally distributed in northern temperate and 

polar waters. Saccharina latissima reportedly inhabits the intertidal of sheltered habitats 

and the subtidal at more exposed habitats (Ballantine 1961, Jones and Demetropoulos 

1968, Druehl and Elliott 1996). Saccharina longicruris also has a simple blade with 

wavy margins, but its stipe is long and hollow. Saccharina longicruris (as L. 

longicruris) reportedly inhabits sheltered and exposed sites (Gerard and Mann 1979) 

from Rhode Island to the Canadian Arctic (McDevit and Saunders 2010). Laminaria 

digitata has a digitate blade and is distributed from the temperate Atlantic Ocean to the 

Arctic Ocean. Laminaria digitata is typically found in moderately exposed to wave 

exposed habitats (Ballantine 1961, Jones and Demetropoulos 1968, Druehl and Elliott 

1996). However, McDevit and Saunders (2010) have recently reduced S. longicruris 

58 



into synonymy with S. latissima. They also discovered an additional species of 

Laminariaceae in Atlantic Canada - the overlooked species Saccharina nigripes (J. 

Agardh) C. Longtin et G.W. Saunders (Chapter 2). Saccharina nigripes (basionym: L. 

nigripes) was first described from Spitsbergen, Norway by J. Agardh (1868) and was 

subsequently recorded ( as S. groenlandica) throughout the Arctic (McDevit and 

Saunders 2010) and Pacific Oceans (Druehl 1968, McDevit and Saunders 2010), but its 

presence in the western Atlantic Ocean had gone unnoticed (McDevit and Saunders 

2010). Genetically verified collections of S. nigripes have either a simple "saccharina

type" blade or a digitate blade (Fig. 3 .1 ), morphologically similar to S. latissima and L. 

digitata, respectively, resulting in the overlooked status of this species in the northwest 

Atlantic (McDevit and Saunders 2010). As part of reporting S. nigripes (as S. 

groenlandica) in the northwest Atlantic, McDevit and Saunders (2010) noted that 

microscopic observation of mucilage ducts can be used to differentiate between species. 

In this region, Saccharina nigripes is the only species with mucilage ducts in the stipe 

and blade, while L. digitata has mucilage ducts in the blade and S. latissima lacks 

mucilage ducts (McDevit and Saunders 2010, Chapter 2). 

In light of the phenotypic plasticity observed in S. nigripes and its likeness to the 

two previously reported Laminariaceae species in the region, L. digitata and S. 

latissima, I wanted to use molecular tools to determine the Laminariaceae community 

structure in the Bay of Fundy intertidal zone and to determine whether the community 

changes across wave exposures and time. The resemblance of S. nigripes to the two 

previously recognized species in this flora also creates uncertainty for previous 

publications from the Maritime Provinces regarding the biogeography and ecology of L. 
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digitata and S. latissima because the data may have incorporated S. nigripes as well. 

The objectives of my study were to determine: 1) the abundance of S. nigripes in the 

Bay of Fundy intertidal zone; 2) the most abundant phenotype (simple or digitate) of S. 

nigripes and whether or not morphology is correlated with habitat; 3) Laminariaceae 

community structure across differing wave exposures and whether S. nigripes was more 

prevalent at certain wave exposures; and 4) whether Laminariaceae community structure 

changes through time. This information will provide insight into Laminariaceae 

community structure in the Bay of Fundy and facilitate an understanding of how likely it 

is that previous literature on L. digitata and S. latissima has inadvertently included S. 

nigripes. 

Methods 

Study sites 

I sampled sites in the low intertidal zone (kelp zone) of three harbours in the 

southwestern Bay of Fundy (Lepreau, Campobello, and Grand Manan) across a 

horizontal gradient of increasing fetch distances (i.e., increasing wave exposure) in the 

summers of 2010 and 2011 (Table 3.1, Fig. 3.2). In 2012 and 2013 only the sheltered 

(low fetch), moderate (moderate fetch) and wave-exposed (high fetch) sites near 

Lepreau {Table 3 .1) were sampled to make comparisons of community structure across 

years as well as wave exposures. 
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I quantified wave exposure at each site using the modified effective fetch 

technique developed by Howes et al. (1994). Modified effective fetch was calculated as 

follows: 

Fm= [cos(45°) x F4sL + cos{0°) x Fo90 + cos(45°) x F4sR] / [cos45° + cos 90° + cos 

45°] 

= [(0.707 x F4sL + (1.0) x Fo90 + (0.707) x F4sR] / [2.414] 

Where: 

Fm= the modified effective fetch in kilometres 

F 4SL = the fetch distance in kilometres along 45° left of the shore normal 

F 090 = the fetch distance in kilometres along the direction of the shore normal 

F 4SR = the fetch distance in kilometres along 45° right of the shore normal 

The modified effective fetch was calculated from charts using three distance 

measurements at 45° to the left, 90° and 45° to the right from the study site to the 

opposite shores. The modified effective fetch index gives an estimate of the average 

distance in which a wave can collect energy before reaching the shore. I chose this 

indirect method, rather than a direct method because each site was visited for only a 

short duration, which would make any wave energy values ( e.g., dynamometer readings) 

specific to that timeframe (approximately three days/year). The method of calculating 

modified effective fetch gives a more general estimate of wave exposure for each site. 
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Field methods 

I ran a 100-m transect line parallel to the shore across each wave exposure in 

each harbour. Along each transect I randomly selected 30 individuals (macroscopic 

sporophytes) with either a digitate, simple or indeterminate Guvenile or too eroded to 

determine morphology) morphology. When I could not find 30 individuals along the 

transect line I selected individuals closest to random points along the line. I 

photographed each individual in the field and collected a small sample (1 cm diameter) 

using a corer for DNA sequencing. Samples for DNA sequencing were preserved in 

separate vials of silica prior to extraction. 

DNA extraction and sequencing 

DNA extractions were performed on approximately one quarter of each sample 

using a QIAxtractor (Qiagen, Toronto, ON, Canada), following the brown algal 

extraction protocol developed by Saunders and McDevit (2012). Samples were 

amplified using the previously published PCR primers P 1 and KG4 (Lane et al. 2006) 

for the internal transcribed spacer region (ITS) of the nuclear ribosomal cistron. The 

PCR thermal profile and DNA sequencing followed Saunders and McDevit (2012) 

(samples collected in 2012 and 2013 were sequenced by Genome Quebec); however, 

0.27 µM/amplification of each primer was used for the PCR and only the reverse primer 

(KG4) was used for sequencing. Sequences were compared to data published in 

GenBank to determine the species identity for each individual using a Basic Local 

Alignment Search Tool (BLAST) in Geneious (Biomatters Ltd., Auckland, NZ). 
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Statistical analysis 

I compared the proportion of simple S. nigripes, digitate S. nigripes, S. latissima 

and L. digitata across fetch distances using various methods in PRIMER (PRIMER-E + 

PERMANOV A add-on, Plymouth, UK). All tests were performed on proportion data 

instead of counts because not all 30 samples for each treatment amplified successfully 

during PCR. 

I performed a one-way permutational multivariate analysis of co-variance 

(PERMANCOVA) to determine the effect of Fetch as a covariate and Harbour (3 levels) 

as the independent variable on the Laminariaceae community composition. "Site" was 

the lowest sampling unit in this analysis. Species proportion data for each site within a 

harbour were averaged over two years, because data were collected at the same sites 

with the same fetch distances in each year and data from each year were similar. In 

other words there was no consistent difference in community structure between years; 

therefore, the sums of squares for the effect of Year would be negative if Year were 

considered as a factor in this design and I would be unable to perform the 

PERMANCOV A. PERMANCOV A was performed on the averaged data using a Bray

Curtis resemblance matrix and Type I sums of squares (sequential) calculations to 

remove the effect of Harbour first to then test the effect of Fetch. The PERMANCOVA 

had 9823 and 9688 unique permutations, for Harbour and Fetch, respectively. Data 

were represented graphically in a two-dimensional nonmetric multidimensional scaling 

(nMDS) of community structure with bubbles; the bubble size represents the modified 

effective fetch distance. The overlaid vectors represent the correlations (Pearson 

correlation coefficient) between species and nMDS axes. The nMDS plot had a stress < 
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0.01, and was, therefore, considered an adequate 2-dimensional representation of the 

higher dimensional situation (Clarke 1993). 

To determine the effects of wave exposure on community composition at 

Lepreau, I performed a one-way analysis of similarity (ANOSIM) on a Bray Curtis 

similarity matrix using the Spearman rank correlation method with Exposure (sheltered, 

moderate and exposed) as the independent variable and year as the unit of replication. A 

two-way similarity percentages analysis (SIMPER) without replication was also 

performed on the Lepreau data to determine which species or morphologies (for S. 

nigripes) contributed most to the wave exposure effect, as well as to determine if there 

were any differences in Laminariaceae community composition between pairs of years. 

Differences in community structure at Lepreau across wave exposures and years were 

visualized in a nMDS plot. The overlaid vectors and stress are as explained above. 

Results 

Overall, averaging across all fetch distances, harbours and years (2010-2013) in 

the Bay of Fundy, S. nigripes was 30% more abundant than L. digitata, but only about 

one third as abundant as S. latissima. The data collected at Lepreau over four years 

indicated that S. nigripes was most abundant in its digitate form and very rare in the 

simple form, with a maximum of only three sampled individuals at one site {Lepreau 

exposed 2010), while the majority of sites had zero or one individual {Table 3.2). 

Fetch distance was a good indicator of Laminariaceae (L. digitata, simple and 

digitate S. nigripes, and S. latissima) community structure at the three study harbours in 
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the Bay of Fundy in 2010 and 2011 (Fig. 3.3); kelp community composition varied with 

fetch distance (PERMANCOVA, Pseudo-F1,s = 10.65, p = 0.015). Therefore, 

Laminariaceae communities vary with fetch distance. However, the effect of Harbour 

(PERMANCOV A, Pseudo-F2,s = 3.96, p = 0.082) was non-significant. The overlaid 

vectors on Fig. 3 .3 indicate that sites of greater fetch are similar based on their 

abundances of L. digitata and S. nigripes ( digitate and simple), while sheltered sites are 

similar based on their abundances of S. latissima. 

Kelp community composition at Lepreau, sampled over four years, was 

significantly affected by wave exposure (ANOSIM, R = 0.65, p = 0.005). The sheltered 

communities were distinctly clustered (Fig. 3.4). The moderate and exposed 

communities clustered with respect to their exposure in 2010 and 2011, but 2012 and 

2013 did not cluster as tightly (Fig. 3.4). Sheltered and exposed sites (ANOSIM, R = 

0.92, p = 0.029) and sheltered and moderate sites (ANOSIM, R = 0.83, p = 0.029) were 

significantly different from each other, while moderate and exposed sites (ANOSIM, R 

= -0.06, p = 0.600) were similar to each other. Sheltered and exposed sites were the 

most dissimilar followed by sheltered and moderate, and moderate and exposed 

(SIMPER, Table 3.3). Saccharina latissima was an excellent discriminating species 

between sheltered and exposed sites (large Diss/SD), and contributed most (50%) to the 

difference between exposures (Table 3.3). Both S. latissima and L. digitata were good 

discriminating species between sheltered and moderate sites and contributed most (30-

50%) to the community difference (Table 3.3). 

Laminariaceae community composition at Lepreau was similar in 2010 and 

2011, and in 2012 and 2013 (SIMPER, Table 3.4). The highest dissimilarity was 
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between 2010 and 2012, followed by 2011 and 2012, 2010 and 2013, and 2011 and 

2013 (Table 3.4). The dissimilarity between years was due mainly to S. nigripes (% 

contribution, Table 3.4), which was high in abundance in 2010 and 2011, but low in 

abundance in 2012 and 2013. The Laminariaceae community composition at the 

sheltered site was similar in all four years, and community composition at moderate and 

exposed sites was similar in 2010 and 2011, and 2012 and 2013, respectively (Fig. 3.4). 

At the Lepreau sites in 2010 and 2011 digitate S. nigripes was more abundant than L. 

digitata at the moderate and exposed site (Fig. 3.5). However, in 2012 and 2013, L. 

digitata was more abundant than S. nigripes at the exposed site (Fig. 3.5). Saccharina 

nigripes was absent from the moderate site in 2012 and was present in low abundance in 

2013 (Fig. 3.5). 

Discussion 

Saccharina nigripes is a major contributor to intertidal kelp community 

composition in the southwestern Bay of Fundy and comprised 25% of all individuals 

sampled, being more abundant than L. digitata (17% of total individuals sampled). 

Furthermore, in 2010 and 2011 S. nigripes was actually -8X more abundant than L. 

digitata at the wave-exposed site at Lepreau. My results suggest that previous literature 

on the ecology and distribution of L. digitata may in fact include or at times be 

dominated by data for S. nigripes. Saccharina nigripes was the dominant digitate kelp 

at the Lepreau wave-exposed site in 2010 and 2011. However, in 2012 and 2013 it 

became rare and L. digitata was the dominant kelp. As such, the relative abundance of 
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S. nigripes and L. digitata appear to fluctuate dramatically between years; therefore, 

abundance of these species in any given year is variable. Unfortunately, since S. 

nigripes abundance fluctuates between years we cannot adapt the previous literature on 

L. digitata to account for S. nigripes. Previous studies at sheltered sites or on S. 

latissima are likely unaffected by S. nigripes, because S. nigripes was extremely rare at 

sheltered sites ( one individual was observed at one site in 2011) and simple S. nigripes 

was rare at all wave exposures and in all years (average proportion range= 0 - 0.03). 

The addition of S. nigripes to the flora of the Maritime Provinces of Canada requires 

future studies to determine the ecology and distribution of both S. nigripes and L. 

digitata. 

Laminariaceae community composition varied with fetch distance. Sites with 

greater fetch distances were composed of mainly digitate individuals, specifically S. 

nigripes in 2010 and 2011, and mainly L. digitata in 2012 and 2013. Sites with lower 

fetch distances were on average 99% S. latissima, or simple-bladed individuals. 

Saccharina nigripes was most abundant in the digitate form at sites of greater fetch 

distances, and as indicated above, did not contribute significantly to the simple-bladed 

flora. 

The abundance of S. nigripes decreased dramatically from 2011 to 2012 and 

remained low in 2013, resulting in a relative increase in L. digitata and S. latissima 

abundance during my sampling period The fact that L. digitata and S. latissima 

populations did not similarly decline (relative to S. nigripes), suggests that heavy storms 

were likely not the cause of the reduction in S. nigripes. Salinity is also an unlikely 

contributing factor because it remained relatively constant at 30 - 33 PSU from 2010 to 
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2013 in the Bay of Fundy (DFO Canada Atlantic Zone Monitoring Program: 

www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/hydro/index-eng.html). The 

one factor that changed considerably from 2011 to 2012 was winter water temperature. 

Winter sea surface temperature (February-April) in the Bay of Fundy was 

approximately 4 °C warmer in 2012 and 2013 (8°C) compared with 2010 (2 - 5°C) and 

2011 (3 - 5°C) (Institute of Marine and Coastal Sciences Coastal Ocean Observation 

Laboratory Rutgers University: 

marine.rutgers.edu/mrs/sat data/?nothumbs=O&product=sst). Temperature may have 

played a role in the decreased abundance of S. nigripes, as it is an important factor in the 

distribution of both the sporophyte and gametophyte generations of kelp (e.g., van den 

Hoek 1982, Bolton and Liining 1982, tom Dieck 1993, Opplinger et al. 2012, Bartsch et 

al. 2013). For example, the distribution of L. digitata is bounded by a southern 

reproductive boundary at 10°C (warmest temperature that permits fertility in the female 

gametophytes) and the southern lethal boundary at l 9°C ( warmest temperature L. 

digitata can be exposed to during the summer) (van den Hoek 1982). Bartsch et al. 

(2013) recently demonstrated that the narrowest temperature window in Laminaria 

digitata occurs for sporogenesis, where fertility was 100% in temperatures of 1 - 10°C 

and only 20% at 18 - l 9°C. The warmer winter water temperatures observed during my 

study could have negatively impacted sporogenesis, the gametophyte stage or growth of 

juvenile S. nigripes, thereby reducing population size. The upper thermal tolerance for 

vegetative gametophytes of Pacific populations of S. nigripes (as L. bongardiana) was 

between 19 - 22°C, which is slightly lower than upper thermal tolerances observed in S. 

latissima (21 °C) and L. digitata (22°C), but similar to the temperature tolerance of the 
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Arctic species L. solidungula (19 - 20°C) (tom Dieck 1993). Although we know the 

maximum temperature tolerances of S. latissima, L. digitata and S. groenlandica 

gametophytes it is unknown whether a specific temperature range is required to trigger 

the release of gametes and subsequent sporophyte development. Saccharina 

groenlandica in the Pacific Ocean develop sori in the winter (Druehl 1968) and new 

recruits become macroscopically visible in March (Druehl et al. 1987). The fact that 

spores are released in the winter suggests that cool water temperatures may be required 

for gametophyte or juvenile sporophyte development as documented in other kelp 

species (Deysher and Dean 1986, Thomber et al. 2004). 

I suggest that the warmer winter sea surface temperatures have affected the 

abundance of S. nigripes as the initial decline in S. nigripes occurred in 2012 when the 

winter sea surface temperature did not go below 8°C. Saccharina nigripes abundance 

remained low in 2013, when winter water temperatures were comparable to 2012, 

supporting the notion that S. nigripes recruitment may be linked to ocean temperature. 

If there is a correlation between the abundance of S. nigripes and sea surface 

temperature, and water temperature continues to rise then one would expect to see a 

restriction in the range of S. nigripes with a pole-ward shift toward cooler waters. 
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Table 3.1. Modified effective fetch index, GPS coordinates and sampling dates for all sampling 

locations. Wave exposures (exposed, moderate, or sheltered) are given for the sites at Lepreau. 

Modified Sampling date 
Location effective GPS 

fetch (km) 2010 2011 2012 2013 

Lepreau 

Tim's Point 
140.675 N45.10047° 

Jul. 15 Aug. 3 Aug. 20 Jul. 25 
(exposed) W066.4 7890° 

Welch Cove 
51.558 N45.07204° 

Jul. 16 Aug.4 Aug. 20 Jul. 24 
(moderate) W066.47002° 

Maces Bay 
2.428 N45.1093° 

Sept. 7 Aug.5 Aug. 19 Jul. 25 
( sheltered) W066.4817° 

Campobello 

Lighthouse 34.540 
N44.95800° 

Aug. 11 Jul. 31 n/a n/a 
W066.90086° 

Point on left 5.419 
N44.95800° 

Aug. 10 Aug. I n/a n/a 
W066.90086° 

Sheltered Cove 0.812 
N44.95708° 

Aug. 10 Jul. 31 n/a n/a 
W066.90134° 

GrandManan 

Swallow Tail Light 94.156 
N44.7518° 

Aug. 12 Aug. I n/a n/a 
W066.7315° 

Pettes Cove Point 70.361 
N44.76113° 

Aug. 13 Aug.2 n/a n/a 
W066.74003° 

Pettes Cove 0.203 
N44.76349° 

Aug. 12 Aug.2 n/a n/a 
W066.74042° 
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Table 3.2. Relative abundance (averaged over 2010 - 2013 ± SE) of Saccharina nigripes (digitate, 

simple and indeterminate), S. latissima and L. digitata at sheltered, moderate and wave-exposed sites 

at Lepreau. Relative abundance (proportion) calculated out of a range of 24 - 30 individuals per 

wave exposure type and year. 

Avera e abundance 
Wave Digitate Simple Indeterminate S. latissima L. digitata exposure S. ni i es S. ni ri es S. ni ri es 

Sheltered 0.01 ± 0.01 0±0 0±0 0.99 ± 0.01 0±0 
Moderate 0.30± 0.13 0±0 0±0 0.27 ± 0.12 0.44±0.04 
Ex osed 0.42 ± 0.20 0.03 ± 0.02 0.03 ± 0.03 0.12 ± 0.01 0.39 ± 0.16 
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Table 3.3. Results for the factor Exposure in a two-way SIMPER analysis of Exposure (sheltered, 

moderate and exposed) and Year (2010, 2011, 2012 and 2013) at Lepreau. Simple S. nigripes and 

indeterminate S. nigripes are not included in this table (though they were included in the analysis) 

due to their low abundances at all sites. Diss/SD is the average dissimilarity for a given species ( or 

morphology for S. nigripes) divided by its standard deviation, and is a measure of how well that 

species ( or morphology for S. nigripes) discriminates between the two communities being evaluated. 

The % contribution is a measure of how much each species ( or morphology for S. nigripes) 

contributes to the differences observed. 

Species Average Diss/SD Contribution 
dissimilarity (%) 

Sheltered vs. exposed 87.00 
S. latissima 5.61 50.07 
Digitate S. nigripes 1.09 23.98 
L. digitata 1.24 22.56 

Sheltered vs. moderate 72.75 
S. latissima 3.25 50.00 
L. digitata 4.56 30.07 
Digitate S. nigripes 1.13 19.93 

Moderate vs. exposed 28.55 
L. digitata 2.50 35.09 
Digitate S. nigripes 1.82 29.62 
S. latissima 1.60 24.98 
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Table 3.4. Results for the factor Year in a two-way SIMPER analysis of Exposure (sheltered, 

moderate and exposed) and Year (2010, 2011, 2012 and 2013) at Lepreau. Simple S. nigripes and 

indeterminate S. nigripes are not included in this table (though they were included in the analysis) 

due to their low abundances at all sites. Diss/SD is the average dissimilarity for a given species (or 

morphology for S. nigripes) divided by its standard deviation, and is a measure of how well that 

species ( or morphology for S. nigripes) discriminates between the two communities being evaluated. 

The o/o contribution is a measure of how much each species (or morphology for S. nigripes) 

contributes to the differences observed. 

Species Average Diss/SD Contribution (%) 
dissimilarity 

2010 vs. 2011 6.69 
L. digitata 0.58 32.56 
Digitate S. nigripes 2.81 32.47 
S. latissima 1.39 18.70 

2010 vs. 2012 42.96 
Digitate S. nigripes 1.12 45.91 
S. latissima 1.11 31.10 
L. digitata 0.63 19.10 

2011 vs. 2012 40.83 
Digitate S. nigripes 1.24 48.57 
S. latissima 1.19 35.31 
L. digitata 0.66 14.69 

2010 vs. 2013 39.47 
Digitate S. nigripes 0.99 45.54 
L. digitata 0.83 38.15 
S. latissima 0.79 7.82 

2011 vs. 2013 37.33 
Digitate S. nigripes 1.14 48.44 
L. digitata 0.89 34.38 
S. latissima 0.90 11.16 

2012 vs. 2013 22.00 
S. latissima 1.15 46.59 
L. digitata 1.11 31.06 
Digitate S. ni&,rie.es 0.84 14.77 
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Figure 3.1. Gross morphology of genetically verified Saccharina nigripes, digitate and simple 

morphologies, respectively (a and b), Laminaria digitata (c) and S. latissima (d). Scale bars represent 

5cm. 
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Figure 3.2. Map showing the location of the study sites at Campobello (C), Grand Manan (G) and 

Lepreau (L). 
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Figure 3.3. nMDS bubble plot showing similarities and differences in Laminariaceae (Laminaria 

digitata, Saccharina nigripes and S. latissima) community structure according to fetch distances at 

sites at Lepreau (L), Campobello (C) and Grand Manan (G) from averages of data collected in 2010 

and 2011, with species vectors overlaid (simple and digitate refer to morphologies of S. nigripes). 

The vectors overlaid reflect the correlations between a species (or morphology for S. nigripes) and 

the nMDS axes. The vector for each species ( or morphology for S. nigripes) shows the direction of 

increased species ( or morphology for S. nigripes) abundance across the nMDS graph; therefore, 

sites in that direction on the nMDS graph have a greater abundance of that species ( or morphology 

for S. nigripes) than any other sites. The large circle indicates the maximum vector length and r = 1 

(where r = the Pearson correlation coefficient) if the vector is parallel to one of the nMDS axes. 
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Figure 3.4. nMDS plot of Laminariaceae (Laminaria digitata, Saccharina nigripes and S. latissima) 

community structure at sheltered, moderate and exposed sites at Lepreau (see Table 3.1) from 2010 

- 2013. Numbers denote years: 1 = 2010, 2 = 2011, 3 = 2012 and 4 = 2013. The 2010 and 2012 

sheltered site data points overlap each other in the graph. The vectors overlaid reflect the 

correlations between a species (or morphology for S. nigripes) and the nMDS axes. The vector for 

each species ( or morphology for S. nigripes) shows the direction of increased species ( or morphology 

for S. nigripes) abundance across the nMDS graph; therefore, years in that direction on the nMDS 

graph have a greater abundance of that species ( or morphology for S. nigripes) than any other 

years. The large circle indicates the maximum vector length and r = 1 (where r = the Pearson 

correlation coefficient) if the vector is parallel to one of the nMDS axes. 
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Figure 3.5. The average abundance (proportion) of Saccharina latissima, different morphologies of 

S. nigripes (indeterminate, simple, and digitate) and Laminaria digitata at sheltered, moderate and 

exposed sites at Lepreau in a) 2010 b) 2011 c) 2012 and d) 2013. Proportions were calculated out of 

a maximum of 30 and a minimum of 24 individuals per site and year, because not all samples 

amplified successfully during PCR. 
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Chapter 4. Seasonality and phenology of Laminariaceae (Laminaria 

digitata, Saccharina nigripes, and S. latissima) in the Bay of Fundy 
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Abstract 

Previous studies on the seasonality and phenology of the Laminariaceae in 

Atlantic Canada considered Laminaria digitata and Saccharina latissima, but were 

unaware of the presence of S. nigripes, which was only recently reported in this region 

with the use of molecular tools. The objectives of the present study were to use 

molecular tools to determine whether the presence of S. nigripes has impacted our 

knowledge of L. digitata and S. latissima in Atlantic Canada and to determine the 

seasonality and phenology of S. nigripes in the Bay of Fundy relative to reports 

elsewhere (British Columbia). I performed a monthly monitoring study in the intertidal 

zone at Point Lepreau, New Brunswick, in the Bay of Fundy where I tagged and 

genetically identified individuals (macroscopic sporophytes) to determine when L. 

digitata, S. nigripes, and S. latissima were growing/eroding, producing spores and 

recruiting, along with documenting whether species were annual or perennial. I 

determined that L. digitata and S. latissima reached maximum blade length in the 

summer, July and August, respectively. Blades then began eroding faster than their 

growth rates through the fall and winter. Laminaria digitata appears to be an annual 

species in the intertidal zone in my study region, whereas S. latissima has the potential 

to be a perennial. Peak reproduction occurred in August and September for L. digitata 

and in October for S. latissima. Unfortunately, my study was conducted in a year when 

S. nigripes was rare at the study site and I was unable to determine its seasonality and 

phenology in the region. However, I hypothesize that previous literature on vegetative 

growth, reproduction and recruitment of L. digitata and S. latissima is unlikely to be 
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affected by the presence of S. nigripes in this region, as my results are consistent with 

previous literature on L. digitata and S. latissima. 

Introduction 

The reproductive phenology of the Laminariaceae [Laminaria digitata (Hudson) 

J.V. Lamouroux and Saccharina latissima (Linnaeus) C.E. Lane, C. Mayes, Druehl & 

G.W. Saunders (as Laminaria saccharina (Linnaeus) J.V. Lamouroux and including L. 

longicruris Bachelot de la Pylaie)] in Atlantic Canada has been studied extensively 

(Edelstein and McLachlan 1966, Edelstein et al. 1970, Chapman 1984, Johnson and 

Mann 1988). Laminaria digitata and S. latissima are reportedly perennial species in the 

Atlantic Canada subtidal zone (Smith 1985, Johnson and Mann 1988). It is important to 

note that the designation of an annual or perennial kelp species is based only on 

observations on the macroscopic sporophyte. Both L. digitata and S. latissima 

sporophytes were observed to erode during late summer and autumn (Edelstein et al. 

1970). 

In a subtidal study off the coast of Nova Scotia, mortality rates were observed to 

be lower in L. digitata than S. latissima (Chapman 1984). During the first year -60% of 

L. digitata plants were lost, compared with 76% of S. latissima. After 25 months there 

were no S. latissima survivors remaining, but after 40 months 5% of the L. digitata 

plants persisted. These results are consistent with the results of Smith (1985), where no 

S. latissima individuals were observed to survive past two years; however tagged L. 

digitata plants survived nearly three years. In another study the chances of surviving 
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one year as a sporophyte were 1 in 4 for S. latissima and 1 in 2 for L. digitata (Chapman 

1984). 

Spore production has been observed year round in L. digitata, with maximum 

sporangial production occurring in October (Edelstein et al. 1970, Chapman 1984). 

Recruitment of L. digitata was observed to be highest in the winter (Chapman 1984) and 

recruits were observed to germinate in January on the Atlantic coast of Nova Scotia 

(Edelstein and McLachlan 1966). Saccharina latissima was observed to be reproductive 

all year (Edelstein et al. 1970) with maximum spore production occurring in October 

(Chapman 1984). Saccharina latissima (as Laminaria agardhii Kjellman) reportedly 

germinates in January on the Atlantic coast of Nova Scotia (Edelstein and McLachlan 

1966), which corresponds with the observation of peak recruitment in the winter 

(Chapman 1984). In a subtidal Nova Scotian population, recruitment of microscopic 

stages of S. latissima was observed to be approximately 10 times greater (8.89 x 106/m2
) 

than recruitment of microscopic stages of L. digitata (0.98 x 106 /m2), even though L. 

digitata produced twice as many spores (20.02 x 109/m2
) as S. latissima (8.9 x 109/m2

) 

(Chapman 1984). 

The previously mentioned studies were completed lacking knowledge of the 

presence of the recently reported Saccharina nigripes (J. Agardh) C. Longtin & G.W. 

Saunders in this region (McDevit and Saunders 2010). Saccharina nigripes can look 

morphologically similar to L. digitata or S. latissima. They are so similar that juveniles 

of these species are impossible to distinguish in the field and are most reliably identified 

using microscopy or DNA sequencing. In a previous study, with the use of molecular 

tools, I demonstrated that S. nigripes is easily confused with L. digitata in Atlantic 

89 



Canada and can actually be the dominant digitate kelp in the wave-exposed intertidal 

zone in certain years at some sites in the Bay of Fundy (Chapter 3). Saccharina nigripes 

can also be confused with S. latissima in this region, although this has been 

demonstrated to occur less frequently (Chapter 3). Therefore, any studies on the 

seasonality and phenology of L. digitata and, to a lesser extent S. latissima, may have 

erroneously included S. nigripes. Since S. nigripes was confirmed only recently in 

Atlantic Canada, we lack information on its seasonality and phenology in this region and 

must infer trends from studies performed on the Pacific coast of North America where 

this species is a common component of the kelp flora (Druehl 1968; as S. groenlandica). 

There is also no indication as to how or if the presence of S. nigripes in this region 

impacts our knowledge of L. digitata and S. latissima. 

Saccharina nigripes (as S. groenlandica) is a perennial species in British 

Columbia (Druehl 1968). All age classes of S. nigripes in the Pacific Ocean develop 

sori in the winter and plants older than one year often produce sori in early summer 

(Druehl 1968). Sporophytes are produced during the winter and early spring in the 

intertidal zone and new recruits become macroscopically visible in March (Druehl et al. 

1987). The highest growth rate for S. nigripes was observed in late winter and spring, 

with reduced growth rates in summer and fall. However, growth rate in first year plants 

continued to exceed the erosion rates until August, while the growth rate in older year 

classes exceeded the erosion rate only until May. Peak maturity occurred in year two 

when plants had the greatest blade length and surface area of all year classes. Few 

plants survived to year four and most of the third year plants perished by September 

(Druehl et al. 1987). 
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Due to the recent confirmation of S. nigripes in the Maritime Provinces of 

Canada (McDevit and Saunders 2010; as S. groenlandica) and its likeness to L. digitata 

and S. latissima in this region (Chapter 3), previous records on the seasonality and 

phenology of L. digitata and S. latissima may have erroneously included S. nigripes. 

The objectives of the present study were to use molecular tools to perform an in situ 

study to determine whether the presence of S. nigripes has impacted our knowledge of 

L. digitata and S. latissima in Atlantic Canada and to determine the seasonality and 

phenology of S. nigripes in the Bay of Fundy relative to reports elsewhere (British 

Columbia). This study utilizes a new technique of tagging and genetically identifying 

individuals to provide an in situ study on the seasonality and phenology of 

Laminariaceae (L. digitata, S. latissima and S. nigripes) in the Bay of Fundy intertidal 

zone. Individuals must be identified genetically as it is impossible to distinguish 

juvenile Laminariaceae species in the field and microscopy techniques for species 

identification require cross-sections of the stipe, which can weaken individuals and 

ultimately result in premature mortality. 

Methods 

Study site 

When juvenile Laminariaceae sporophytes were visible in May 2012 I started a 

monitoring study in the low intertidal zone at Point Lepreau, New Brunswick (45.0722, 

-66.4690). I chose Point Lepreau because it was easily accessible throughout the year 
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and L. digitata, S. nigripes, and S. latissima were previously recorded at this wave

exposed site (Chapter 3). 

Field methods 

Tagged plants. I ran a 60 m transect line perpendicular to the shore through the 

higher section of the kelp zone (- 0.5 m above chart datum). I chose to run the transect 

line slightly above chart datum to increase accessibility during slightly higher low tides 

and inclement weather and all three species had been previously recorded in this zone 

(Chapter 3). I haphazardly selected 40 juvenile Laminariaceae (ranging from 9 - 32 

cm). I affixed a uniquely numbered loop tag (Floytag, Seattle, WA, USA) to the base of 

each kelp stipe for ease of relocation. Then I took a photograph of each individual 

against a white background with a marked scale (1 cm increments). A small 1 cm in 

diameter core of non-reproductive blade tissue was removed from each individual and 

placed in a vial of silica for subsequent molecular identification. Each month I revisited 

the tagged plants to take photographs and document growth, survivorship and 

reproduction. Only one tagged individual of the 40 was genetically identified as S. 

nigripes, resulting in the implementation of a haphazard sampling plan as well. 

Haphazard sampling. Due to the paucity of S. nigripes in my tagging survey I 

haphazardly sampled ten different digitate individuals (except February where I could 

locate only six digitate individuals) per month from October 2012 to March 2013 

(except November and January due to poor weather) to determine whether S. nigripes 

was present and if it was present whether or not it was reproductive. I chose to sample 
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digitate individuals because S. nigripes at the study site displays mainly the digitate 

morphology (97% of S. nigripes studied were digitate; Chapter 3). Each month I 

photographed and documented reproduction for each individual. I collected a 1 cm core 

of non-reproductive blade tissue from each individual for DNA extraction and 

subsequent molecular identification. 

Laboratory methods 

DNA extractions were performed on approximately one quarter of each sample 

using the QIAxtractor (Qiagen, Toronto, ON, Canada) following the protocol developed 

by Saunders and McDevit (2012). Samples were amplified using previously published 

PCR primers P 1 and KG4 (Lane et al. 2006) for the internal transcribed spacer region 

(ITS) of the nuclear ribosomal cistron. The PCR thermal profile and DNA sequencing 

followed Saunders and McDevit (2012); however, primers were used at a concentration 

of 0.27 µM for the PCR and only the reverse primer (KG4) was used for sequencing. 

Analysis 

Sequences from all tagged and haphazardly sampled individuals were edited in 

Geneious 6.1 (Biomatters Ltd., Auckland, NZ) and genetic identities were assigned 

using the Basic Local Alignment Search Tool (BLAST). Average blade growth, 

survivorship and number of reproductive individuals of each species (L. digitata, S. 

nigripes, and S. latissima) were reported for each month over the 12-month sampling 

period of tagged plants. Due to the paucity of S. nigripes in my tagging survey I also 
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made observations on whether or not haphazardly sampled individuals were 

reproductive from October 2012 to March 2013. 

Results 

Growth 

The greatest increase in blade length for Laminaria digitata occurred between 

May and June 2012 (Fig. 4.1), when the average relative blade length increased by 

approximately 50%. Growth rates continued to exceed erosion rates until July (Fig. 

4.2). Erosion rates exceeded growth rates from August to October 2012 (Fig. 4.2). The 

relative average blade length was observed to increase in December because one quarter 

(1 of 4) of the individuals increased blade length by 37%; however, the remaining three 

individuals all decreased in blade length from October to December 2012. 

The greatest increase in blade length for Saccharina latissima occurred between 

May and June 2012, when the average length of the blade doubled (May average: 22.2 ± 

2.1 cm; June average: 42.6 ± 5.1 cm) (Fig. 4.1). Growth rates continued to exceed 

erosion rates until August, when maximum blade length was reached in 77% of the 

remaining S. latissima individuals (7 /9 individuals). Erosion rates exceeded growth 

rates from September to December (Fig. 4.2). From February to March 2013 the growth 

rates of individuals increased and were greater than erosion rates (Fig. 4.2). The 

remaining S. latissima individuals suffered mortality sometime between March and May 

2013. 
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The single tagged, genetically identified S. nigripes individual eroded at a faster 

rate than its growth from May until September and suffered mortality sometime between 

September and October. 

Survivorship 

In the study area, Laminaria digitata appears to be an annual species in the 

intertidal zone, with all individuals suffering mortality by February. Of the 20 tagged L. 

digitata individuals less than 50% remained in October (Fig. 4.3). The greatest 

mortality of L. digitata occurred when survivorship dropped by -50% (from 17 to 9 

individuals) between September and October (Fig. 4.3). All remaining L. digitata 

individuals perished between December and February. 

Saccharina latissima suffered the greatest mortality between December and 

February, when survivorship was reduced to half (from 55% to 27%) (Fig. 4.3). Two 

Saccharina latissima individuals were observed to continue eroding until December, 

and then started growing again from February to March, suggesting that S. latissima is a 

perennial species (Fig. 4.2). The two individuals that survived until March perished 

sometime between March and May. 

The one S. nigripes juvenile (1/32 Laminariaceae) tagged and genetically 

identified in the random tagging initiative perished between September and October 

2012. 
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Reproduction 

Small soral patches were present on L. digitata in August (7 /17 individuals, 

41 %) and September (7/17 individuals, 41 %). Five of the seven (71 %) reproductive 

individuals remained reproductive from August to September, while the other 29% were 

reproductive for only approximately one month, either August or September (Table 4.1 ). 

I encountered two reproductive L. digitata individuals (2/10) in December and one 

reproductive individual (1/10) in March during the haphazard survey (Table 4.1). 

Saccharina latissima first became reproductive in September ( 4/8 individuals, 50%) and 

reproduction peaked in October ( 6/7 individuals, 86%) (Table 4.1 ). I observed five sori 

that persisted for approximately one month and two sori that persisted for approximately 

two months (Table 4.1). The tagged S. nigripes individual (1/32 Laminariaceae) did not 

reach reproduction before it suffered mortality sometime between September and 

October 2012. During the entire haphazard sampling period I only encountered one S. 

nigripes indiv_idual (1/36) in October 2012 and this individual was not reproductive at 

the time of sampling. 

Discussion 

Despite randomly tagging 40 Laminariaceae individuals, only one individual was 

genetically confirmed as S. nigripes. I also haphazardly sampled Laminariaceae 

individuals over seven months (n = 36) and only one individual was confirmed as S. 

nigripes. Although I could not determine the seasonality and phenology of S. nigripes 

in the study region, I hypothesize that previous literature on the seasonality and 
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phenology of L. digitata and S. latissima is likely unaffected by the presence of S. 

nigripes. My observations onL. digitata and S. latissima (discussed below) are 

consistent with previous literature on vegetative growth, reproduction and recruitment 

for these species in Atlantic Canada (Edelstein et al. 1970, Chapman 1984). However, 

survivorship of L. digitata and S. latissima differed slightly from previous literature, but 

this may be explained due to the difference in stressors in subtidal and intertidal 

habitats. Most literature on the survivorship of L. digitata and S. latissima in Atlantic 

Canada has focused on subtidal populations (Chapman 1984, Smith 1985, Johnson and 

Mann 1988). The only intertidal study, by Edelstein et al. (1970) mentions that 

Laminaria spp. are perennial, and provides a checklist of species observed each month 

over the course of a year; however, they did not monitor the same experimental plots or 

individuals to verify that these species were indeed perennial. 

Growth 

Both L. digitata and S. latissima reached maximum blade length in the summer. 

Laminaria digitata reached maximum blade length in July, after which erosion rates 

exceeded growth rates, which is consistent with observations at Digby N eek by 

Edelstein et al. (1970). I observed maximum blade length in August for S. latissima. 

The blades of S. latissima eroded in late summer and autumn, which is similar to 

observations by Edelstein et al. (1970) in Nova Scotia, and continued eroding through to 

February. 
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Survivorship 

Laminaria digitata appears to be an annual species, while S. latissima appears to 

have the potential to be perennial in the intertidal zone in the study area, with peak 

recruitment occurring for both species in the winter as observed in Nova Scotian 

populations (Edelstein et al. 1970, Chapman 1984). Two of the 11 (approximately 1 in 

5 chance of survival) tagged S. latissima plants survived until March and all of the 20 

tagged L. digitata plants perished by February. The highest mortality rate of L. digitata 

occurred in October, when survivorship was reduced to half. My results suggest that L. 

digitata has a higher mortality rate than S. latissima, which is contrary to subtidal 

observations by Chapman (1984), where S. latissima (1 in 4 chance of survival) had a 

higher mortality rate than L. digitata ( 1 in 2 chance of survival). 

Saccharina latissima suffered the greatest mortality between December and 

February, where survivorship was reduced to half. Only two of the 11 tagged S. 

latissima individuals survived past March, but these two started growing again in 

February and March suggesting they have the potential to be perennial. Nonetheless, 

these two individuals had perished by May. Intertidal populations of S. latissima in the 

eastern Pacific are annuals, due to greater stress related to atmospheric exposure (Druehl 

and Hsiao 1977), while subtidal plants are perennial. My study suggests that a similar 

pattern exists in Atlantic Canada, as I observed S. latissima to have the potential to be 

perennial, but most individuals perished by March and all individuals suffered mortality 

before May. Perhaps the high mortality rate can be attributed to greater stress due to 

atmospheric exposure. Subtidal studies in Nova Scotia, where atmospheric exposure is 

not an issue, have reported S. latissima as a perennial species (Chapman 1984). 
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Laminaria digitata was an annual species in the intertidal zone in my study and 

all 20 of the tagged L. digitata individuals were deceased by February. Although L. 

digitata is documented as a perennial species in the subtidal of Nova Scotia, Chapman 

(1984) noticed a significant decline in L. digitata density over the winter. Laminaria 

digitata tends to occupy the lowest area of the intertidal zone, while S. latissima can be 

found further up the shore and in tide pools, supporting the notion that L. digitata has a 

lower tolerance for atmospheric exposure than S. latissima. This lower tolerance for 

atmospheric exposure may affect the ability of L. digitata to be a perennial species in the 

intertidal zone of the Bay of Fundy. 

Reproduction 

In the present study, peak reproduction in L. digitata occurred in August and 

September, which is slightly earlier than Nova Scotian populations where peak 

sporangial production occurred in October (Edelstein et al. 1970, Chapman 1984). The 

tagged juvenile S. latissima plants first became reproductive in September and peak 

reproduction was observed in October. In a subtidal Nova Scotian population, Chapman 

(1984) observed reproductive S. latissima throughout the year with peak reproduction 

occurring in October as well. Although I do not have data for reproduction in S. 

nigripes from the monitoring survey, I do know that S. nigripes was also reproductive 

from August to October 2011 at a location near the study site where I performed an 

initial monitoring trial to test methods (Longtin unpubl.). The reproductive periods of 

all three species appear to overlap, suggesting that the presence of S. nigripes in this 
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region has not impacted previous literature on L. digitata and S. latissima ( eg. Edelstein 

et al. 1970, Chapman 1984, Smith 1985). 

Conclusion 

Although the lack of S. nigripes during my study period affected my ability to 

determine its seasonality and phenology, I determined that the presence of S. nigripes is 

unlikely to have affected previous literature on vegetative growth, reproduction, and 

recruitment of L. digitata and S. latissima sporophytes, as results from my study on 

genetically verified individuals are largely congruent to other accounts in the literature 

for these two species ( e.g .. Edelstein et al. 1970, Chapman 1984, Smith 1985). 

Survivorship of L. digitata and S. latissima in the intertidal zone differs slightly from 

previous reports, which were subtidal, as L. digitata was observed to be an annual and S. 

latissima has the potential to be perennial due to new growth observed in February and 

March, but all individuals in my study perished within the first year. I suggest that since 

previous reports on the survivorship of L. digitata were conducted on the Atlantic Coast 

of Nova Scotia they likely did not include S. nigripes, as I have yet to encounter S. 

nigripes in this region despite sampling efforts. A total of 18 Laminariaceae (L. 

digitata, n = 9; S. latissima, n = 9) were sampled from a range of intertidal and subtidal 

habitats at five sites located along the Atlantic Coast between White Point (N46.88226°, 

W060.35077°) and Sandy Cove (N44.4667°, W063.5667°) over four years (2004, 2006, 

2012, and 2013). Due to the fact that S. nigripes abundance fluctuates with year 

(Chapter 3), I was unable to sample enough S. nigripes individuals to determine whether 

it is an annual or perennial species in this region and when vegetative growth and peak 
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reproduction occurs. Therefore, it is important to conduct a future seasonality and 

phenology study on S. nigripes in a year when it is more abundant (Chapter 3). 
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Figure 4.1. Average blade length(± SE) from May 2012 to March 2013 for a) Laminaria digitata and 

b) Saccharina latissima at Point Lepreau, N.B. The numbers listed above each column represent the 

number of individuals sampled (n). There are no values given for L. digitata in February and March 

because there were no individuals remaining. 
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Figure 4.2. The observed average(± SE) monthly change in blade length in (a) Laminaria digitata 

from May 2012 to December 2012 and (b) Saccharina latissima from May 2012 to March 2013 at 

Point Lepreau, N.B. The numbers listed above each column represent the number of individuals 

sampled (n). One L. digitata individual was observed in December that I could not locate during the 

October sampling period, explaining why n increased from six to seven individuals from October to 

December. 
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Figure 4.3. Percent survivorship of tagged Laminariaceae (Laminaria digitata, Saccharina nigripes, 

and S. latissima; initial numbers 20, 1, and 11, respectively) from May 2012 to May 2013 at Point 

Lepreau, N.B. 

106 



Table 4.1. Soros presence observed in tagged individuals of Laminaria digitata and Saccharina 

latissima during their first year from May 2012 to March 2013 at Point Lepreau, N.B. Numbers 

represent the number of individuals of a given species that were reproductive out of the total 

number of individuals of that species on a given sampling date, "H" indicates the results of 

haphazard sampling and "-" indicates that there were no individuals remaining. 

May Jun. Jul. Aug. Sept. Oct. Dec. Feb. Mar. 
Laminaria 0/20 0/20 0/20 7/17 7/17 0/6 0/7 
digitata 2/lOH 1/10 H 
Saccharina 0/11 0/11 0/11 0/9 4/8 6/7 0/6 0/3 0/2 
latissima 
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Chapter 5. Conclusion 
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The physical structure, algal biomass and organisms associated with kelp forests 

alter local environments and provide beneficial ecosystem services (Steneck et al. 2002). 

The complex physical structure of kelp forests provides habitat, nursery grounds and 

food for numerous benthic and pelagic organisms (Dayton 1985, Bologna and Steneck 

1993, Steneck et al. 2002, Graham 2004). Unfortunately kelp forests are threatened by 

climate change and increased sea urchin density (Steneck et al. 2002). To conserve kelp 

forests we must develop a better understanding of their biodiversity and ecology. 

Molecular tools have the ability to advance ecological research by providing a 

relatively inexpensive, non-destructive, accurate means of identifying algal species. 

Molecular identification is beneficial to ecological studies because field identification 

can be complicated by juveniles that are indistinguishable, phenotypic plasticity and the 

presence of cryptic or overlooked species. The field identification of cryptic or 

overlooked species is especially difficult in organisms that have few diagnostic 

morphological characters, such as algae (Saunders and Lehmkuhl 2005, Saunders 2008, 

Hoffman et al. 2010). However, cryptic diversity is not exclusive to algae and has been 

revealed across a range of marine taxa including bryozoans (Hoare et al. 2001 ), 

cnidarians (Dawson 2003), crustaceans (Goetze 2003), echinoderms (Landry et al. 

2003), mollusks (Collin 2000, Kirkendale and Meyer 2004), sponges (Wulff 2006, 

Blanquer and Uriz 2008), fishes (Miya and Nishida 1997, Colborn et al. 2001, Kon et al. 

2007), and even extending to marine mammals (Wada et al. 2003). 

In Chapters 2 through 4 I demonstrate that only a small fragment ( -5 mm2
) of an 

algal individual is required for DNA extraction; therefore, destructive sampling is 

unnecessary and monitoring of the genetically identified individuals can occur over 
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periods of time, at least for larger species like kelp. The overall goal of this thesis was 

to use molecular tools to provide a complete description of the taxonomy, distribution, 

seasonality and phenology of the overlooked species S. nigripes with emphasis on the 

intertidal zone of the Maritime Provinces of Canada. Saccharina nigripes was likely 

overlooked due to its morphological similarity to the two recognized species in this 

region, L. digitata and, to a lesser extent, S. latissima. In Chapter 2 I resolved the 

confusion regarding the taxonomic utility of mucilage ducts in the genera Laminaria and 

Saccharina and determined the taxonomic identity of the North American genetic 

species attributed earlier to S. groenlandica ( = S. nigripes ), along with its geographic 

distribution. In Chapter 3 I used molecular tools to determine the relative abundances of 

L. digitata, S. nigripes, and S. latissima at a local scale of differing wave exposures in 

the Bay of Fundy. In this chapter I determined that incorrect field identification can in 

fact lead to erroneous ecological interpretations in the case of the distribution of the 

overlooked species S. nigripes, which was determined to be the dominant Laminariaceae 

species in certain years. Chapter 4 aimed to clarify the seasonality and phenology of the 

Laminariaceae in the Maritime Provinces, as previous studies recognized L. digitata and 

S. latissima, but were unaware of S. nigripes. In this chapter I determined that the 

presence of S. nigripes in the Maritime Provinces likely does not affect previous 

literature on the seasonality and phenology of L. digitata and S. latissima as my results 

on these species were consistent with previous reports ( e.g. Edelstein et al. 1970, 

Chapman 1984, Smith 1985). Thus, molecular identification can be useful for verifying 

previous studies, but more importantly ensures that observations recorded for a species 

are indeed truly for that species. 
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In light of the recognition of a third distinct genetic species (NAGenSp) in 

addition to L. digitata and S. latissima in North America (McDevit and Saunders 2010), 

I wanted to verify the taxonomic status of S. groenlandica and the North American 

genetic species attributed to it. To investigate the taxonomic status of S. groenlandica I 

first determined the utility of mucilage ducts as a taxonomic character in Laminaria and 

Saccharina. Microscopic examination of genetically verified L. digitata, L. hyperborea, 

S. latissima and the NAGenSp determined that the presence of mucilage ducts in the 

blade is variable within species, and therefore, not a useful taxonomic character, but the 

presence/absence, and location of mucilage ducts in the stipe are useful characters for 

species differentiation. Microscopic examination of S. groenlandica type material 

revealed that S. groenlandica is a synonym of S. latissima and the appearance of 

mucilage ducts in the stipe was most likely the result of infections. I have thus termed 

the appearance of false mucilage ducts owing to presumed infection "pseudo-mucilage 

ducts" based on their spherical shape in longitudinal section. Microscopic examination 

of the type material for L. nigripes revealed a combination of misidentified L. digitata 

and one specimen that matched the type description, as well as the NAGenSp. I thus 

assigned the NAGenSp to Saccharina nigripes (J. Agardh) C. Longtin & G.W. 

Saunders. Based on my observations of genetically verified material, S. nigripes 

appears to be distributed throughout the Northeast Pacific, Canadian Arctic, and 

Northwest Atlantic, while microscopic examination of herbarium presses confirmed its 

presence in N orthem Europe ( Copenhagen Herbarium material: Greenland and Iceland; 

Lund Herbarium type material: Spitsbergen, Norway). 
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Chapter Three demonstrates the power of molecular tools in ecological studies, 

as morphological identification is often inaccurate due to phenotypic plasticity. As 

mentioned above, McDevit and Saunders (2010) hypothesized that S. nigripes ( as S. 

groenlandica) was likely overlooked in the Maritime Provinces due to its morphological 

similarity to L. digitata (digitate blade) and S. latissima (simple blade). I found that S. 

nigripes was the dominant digitate kelp in certain years in the southwestern Bay of 

Fundy. In 2010 and 2011 S. nigripes was -8X more abundant than L. digitata at the 

wave-exposed site. However, in 2012 and 2013 S. nigripes became rare andL. digitata 

was the dominant digitate kelp. I hypothesized that S. nigripes abundance may be 

correlated with sea surface temperature in the Bay of Fundy, as S. nigripes was abundant 

in years where the winter water temperature was between 2-5°C and rare in years where 

the winter water temperature was approximately 8°C. The simple-bladed morph of S. 

nigripes was extremely rare at all wave exposures in my study region (3% of all 

Laminariaceae sampled). The results of this chapter suggest that previous studies on L. 

digitata in this region may have inadvertently included S. nigripes, as S. nigripes is the 

dominant Laminariaceae species in certain years. 

Previous studies on the seasonality and phenology of the Laminariaceae in 

Atlantic Canada considered L. digitata and S. latissima, but were unaware of the 

presence of S. nigripes, which was recently revealed in the molecular investigation by 

McDevit and Saunders (2010; as S. groenlandica). Due to the high abundance of S. 

nigripes in certain years in the Bay of Fundy, I wanted to determine whether the 

presence of S. nigripes has impacted our knowledge of the seasonality and phenology of 

L. digitata and S. latissima in this region. Unfortunately, my study was conducted in a 
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year when S. nigripes was rare at the study site and I was unable to determine its 

seasonality and phenology. However, my observations on the vegetative growth, 

reproduction and recruitment of L. digitata and S. latissima were congruent with 

previous literature on L. digitata and S. latissima, suggesting that previous literature was 

not impacted by the presence of S. nigripes in this region. Survivorship of L. digitata 

and S. latissima differed slightly from previous literature. Laminaria digitata appears to 

be an annual species in the intertidal zone in the study region, whereas S. latissima has 

the potential to be a perennial. Previous reports listed both L. digitata and S. latissima 

as perennial species in Atlantic Canada; however, the differences observed may be 

explained due to the difference in stressors in subtidal and intertidal habitats. Most 

literature on the survivorship of L. digitata and S. latissima in Atlantic Canada has 

focused on subtidal populations (Chapman 1984, Smith 1985, Johnson and Mann 1988) 

and my study was primarily intertidal. 

The work presented in this thesis is an example of the importance of molecular 

tools in ecological research. Without the use of molecular tools S. nigripes ( as S. 

groenlandica) would not have been detected in Atlantic Canada (Mc Devit and Saunders 

2010) and all digitate Laminariaceae in the Bay of Fundy would have erroneously been 

assigned to L. digitata. I now know that S. nigripes can actually be the dominant 

Laminariaceae species in certain years in the Bay of Fundy. This thesis also 

demonstrates the importance of molecular tools in combination with microscopy for 

taxonomic studies. Without genetically verified material I would not have been able to 

determine whether mucilage ducts are a useful taxonomic character in the genera 

Laminaria and Saccharina. This thesis demonstrates the necessity for a combination of 
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molecular and morphological identification of species in future ecological studies, as 

well as the importance of considering individuals from across a species' range. 

Future directions 

I have collected four years of data on the relative abundance of Laminariaceae 

species in the Bay of Fundy, and have initiated a fifth year of data. Future studies 

should continue monitoring the abundance of S. nigripes and the sea surface 

temperatures in the Bay of Fundy to determine whether there is a correlation between 

the two. If there is a negative effect of increasing sea surface temperature on the 

abundance of S. nigripes and sea surface temperatures continue to rise as projected, then 

S. nigripes populations in the Bay of Fundy may be threatened. 

Gametophyte banks have been suggested as a way for kelp populations to 

rebound after disturbance events (Dayton and Tegner 1984, Ebeling et al. 1985, 

Edwards 2000, Camey et al. 2013). Future studies should be conducted to determine 

whether there is a S. nigripes gametophyte bank in the intertidal zone of the Bay of 

Fundy. A gametophyte bank would allow this species to remain in the microscopic 

gametophyte stage until conditions became more favourable (Edwards 2000). 

Gametophyte banks have been documented in California for the giant kelp Macrocystis 

pyrifera, and have been demonstrated to increase the recovery rates of kelp populations 

following disturbances, because recruitment can occur directly from gametophytes 

instead of relying on an influx of kelp spores from neighbouring populations (Camey et 

al. 2013). An existing gametophyte bank in the intertidal zone at Lepreau could produce 
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a new crop of S. nigripes sporophytes when sea surface temperature returns to the 

optimal level. 

In an attempt to locate a kelp gametophyte bank I performed a study on a rare, 

ephemeral kelp species in British Columbia, L. ephemera (DeWreede and Klinger 1988, 

Druehl and Elliott 1996); however, this designation is based only on the abundance of 

its sporophyte form. Laminaria ephemera sporophytes have been observed following 

disturbance (Klinger 1984, Dayton 1985), suggesting that L. ephemera gametophytes 

can survive in a vegetative state. I performed species-specific hemi-nested PCR to 

determine whether L. ephemera gametophytes were more widely distributed than 

sporophytes on a local scale. I was unable to determine if L. ephemera gametophytes 

were present because we were unable to attain a successful trial of hemi-nested PCR 

without contamination of a negative species control (non-target DNA), a field control, a 

PCR blank or an extraction blank (see Appendix B for complete study). This study 

demonstrates the necessity of appropriate field and laboratory controls when performing 

hemi-nested and nested PCR. 

My seasonality and phenology study (Chapter 4) was conducted in a year when 

S. nigripes was rare at the study site. A future seasonality and phenology study should 

be conducted in a year when there is a high abundance of S. nigripes. Chapter 4 

demonstrates that it is unlikely that previous reports on the seasonality and phenology of 

L. digitata are affected by the presence of S. nigripes; however, I am still unaware of the 

seasonality and phenology of S. nigripes. A study should be conducted to determine 

when this species is reproductive, when recruitment occurs and whether it is an annual 

or perennial in the intertidal zone. 
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Through a combination of new field collections and herbarium material I have 

determined a rough geographic range for S. nigripes. Although attempts have been 

made to collect S. nigripes in New England and on the Atlantic Coast of Nova Scotia, 

additional sampling should be performed at pre-determined locations with habitat 

suitable to S. nigripes. These data would verify whether the Bay of Fundy/Gulf of 

Maine populations of S. nigripes are truly disjunct from its northern distribution. 
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N 

Table A.1. Specimens of Laminaria and Saccharina used in Chapter 2, including their herbaria and accession numbers, geographic location of N -
collections, morphological identification before and after this study, GenBank accession numbers for COi-SP and ITS sequences, genetic identities and 

whether or not samples were used to assess the utility of mucilage ducts as a taxonomic character or subsequently to identify archival material. 

Herbarium Accession #a. 6 Geographic Morphological IDa COI-5Pa, e, t ITSa,e,t.s Genetic IDa Mucilage ducts 

locationc (GenBank #) (GenBank #) assessedd, h, i 

Before After 

Connell Memorial Herbarium (UNB) 

GWS009234 IL L. hyperborea L. hyperborea FJ09156e ND L. hyperborea TC 

GWS003799 NB L. digitata L. digitata GU0976851e ND L. digitata TC 

GWS005325 MB L. digitata L. digitata FJ409151e FJ042755r L. digitata TC 

GWS005326 MB L. digitata L. digitata GU097681e ND L. digitata TC 

GWS005604 ME L. digitata L. digitata GU097701e ND L. digitata TC 

GWS005607 ME L. digitata L. digitata GU097702e ND L. digitata TC 

GWS005608 ME L. digitata L. digitata GU097705e ND L. digitata TC 

GWS005684 NB L. digitata L. digitata GU097684e ND L. digitata TC 

GWS005685 NB L. digitata L. digitata GU097688e ND L. digitata TC 

GWS005900 NB L. digitata L. digitata GU097695e ND L. digitata TC 

GWS006073 RI L. digitata L. digitata GU097696e ND L. digitata TC 



~ 

Herbarium Accession #a· 6 Geographic Morphological IDa COI-5Pa. e. r ITSa, e, t. g Genetic IDa Mucilage ducts 
N -

locationc (GenBank #) (GenBank #) assessedd· h. i 

Before After 

GWS007230 NL L. digitata L. digitata GU09767e ND L. digitata TC 

GWS007563 NL L. digitata L. digitata GU097689e ND L. digitata TC 

GWS007680 NL L. digitata L. digitata FJ409149e FJ042772r L. digitata TC 

GWS007747 NL L. digitata L. digitata HM891385r ND L. digitata TC 

GWS032225 NB L. digitata L. digitata ND KM019201 L. digitata TC 

GWS003836 NB S. /atissima S. /atissima GU097799e GU097857e S. /atissima TC 

GWS004199 BC S. latissima S. latissima FJ409204e FJ042735e S. latissima TC 

GWS004269 BC S. latissima S. /atissima FJ409203e FJ042736e S. /atissima TC 

GWS004652 BC S. latissima S. /atissima FJ409200e FJ042746e S. /atissima TC 

GWS005426 MB S. /atissima S. latissima GU097788e GU09785le S. /atissima TC 

GWS005462 MB S. latissima S. /atissima GU09779e GU097852e S. latissima TC 

GWS005501 MB S. latissima S. latissima GU097793e ND S. /atissima TC 

GWS005509 MB S. latissima S. /atissima GU097806e GU097862e S. latissima TC 

GWS005510 MB S. /atissima S. latissima GU097810ae GU097865e S. latissima TC 

GWS005512 MB S. latissima S. latissima GU097818e GU09787le S. latissima TC 



-.:::t" 

Herbarium Accession #a. 6 Geographic Morphological ma COI-5Pa. e, t ITSa. e, r. g Genetic IDa Mucilage ducts 
N -

locationc (GenBank #) (GenBank #) assessedd, h, i 

Before After 

GWS005514 MB S. latissima S. /atissima GU097819e GU097872e S. /atissima TC 

GWS005630 ME S. /atissima S. latissima GU097766e ND S. latissima TC 

GWS006005 RI S. latissima S. latissima GU097830e GU097879e S. latissima TC 

GWS007417 NL S. latissima S. /atissima GU097775e GU097843e S. latissima TC 

GWS007517 NL S. latissima S. latissima GU097794e ND S. latissima TC 

CML1398 ME ND ND ND KM019211 S. nigripes ND 

CML1399 ME ND ND ND KM019204 S. nigripes ND 

CML1404 ME ND ND ND KM019208 S. nigripes ND 

CML1405 ME ND ND ND KM019212 S. nigripes ND 

CML1406 ME ND ND ND KM019205 S. nigripes ND 

CML1407 ME ND ND ND KM019209 S. nigripes ND 

CML1408 ME ND ND ND KM019214 S. nigripes ND 

CML1409 ME ND ND ND KM0192IO S. nigripes ND 

CML1410 ME ND ND ND KM019203 S. nigripes ND 

CML1411 ME ND ND ND KM019213 S. nigripes ND 



V) 

Herbarium Accession #a, 6 Geographic Morphological ma COI-5Pa, e, r ITSa. e, t.g Genetic ma Mucilage ducts 
N -

locationc (GenBank #) (GenBank #) assessedd, h, i 

Before After 

CML1459 NB ND ND ND KM019207 S. nigripes ND 

CML1461 NB ND ND ND KM019206 S. nigripes ND 

CML1687 NS ND ND ND KM019202 S. nigripes ND 

GWS002500 NS NAGenSp S. nigripes GU097742e ND S. nigripes TC 

GWS003773 NB NAGenSp S. nigripes GU097741e ND S. nigripes TC 

GWS003832 NB NAGenSp S. nigripes GU097746e ND S. nigripes TC 

GWS004436 BC NAGenSp S. nigripes FJ409198e FJ042741 e S. nigripes TC 

GWS004942 BC ND ND FJ409197e FJ042750r S. nigripes ND 

GWS004944 BC NAGenSp S. nigripes FJ409196e FJ042751r S. nigripes TC 

GWS005105 BC ND ND FJ409195e FJ042752r S. nigripes ND 

GWS005108 BC ND ND FJ409194e FJ042753r S. nigripes ND 

GWS005291 MB NAGenSp S. nigripes GU097739e ND S. nigripes TC 

GWS005375 MB ND ND GU09773i ND S. nigripes ND 

GWS005376 MB NAGenSp S. nigripes GU097743e ND S. nigripes TC 

GWS005377 MB ND ND GU097740e ND S. nigripes ND 



'° 
Herbarium Accession #a, 6 Geographic Morphological IDa COI-5Pa.e. t ITSa,e.f.g Genetic IDa Mucilage ducts 

N -
locationc (GenBank #) (GenBank #) assessedd· h, i 

Before After 

GWS005464 MB ND ND GU097736r ND S. nigripes ND 

GWS005465 MB ND ND HM891045r ND S. nigripes ND 

GWS005515 MB NAGenSp S. nigripes GU097745e ND S. nigripes TC 

GWS005521 MB ND ND HM891064r ND S. nigripes ND 

GWS005579 MB ND ND HM891022r ND S. nigripes ND 

GWS005580 MB ND ND HM89I028r ND S. nigripes ND 

GWS005583 MB ND ND HM89I058r ND S. nigripes ND 

GWS006153 QC NAGenSp S. nigripes HM89105i ND S. nigripes TC 

GWS006409 BC NAGenSp S. nigripes HM891339r ND S. nigripes TC 

GWS006412 BC NAGenSp S. nigripes HM89134lr ND S. nigripes TC 

GWS006992 NL NAGenSp S. nigripes GU097749e ND S. nigripes TC 

GWS007567 NL NAGenSp S. nigripes GU097748e ND S. nigripes TC 

GWS007873 NS NAGenSp S. nigripes GU097744e ND S. nigripes TC 

GWS007875 NS ND ND GU097747e ND S. nigripes ND 

GWS008660 BC NAGenSp S. nigripes GU097738e ND S. nigripes TC 



r-,.. 

Herbarium Accession #a. 6 Geographic Morphological IDa COI-5Pa. e, t ITSa, e, r, g Genetic IDa Mucilage ducts 
N 

locationc (GenBank #) (GenBank #) assessedd, h, i 

Before After 

GWS012607 BC ND ND HM8909301 ND S. nigripes ND 

GWS012817 BC ND ND HM890938r ND S. nigripes ND 

GWS013138 BC ND ND GU097735r ND S. nigripes ND 

GWS013146 BC ND ND GU097734r ND S. nigripes ND 

GWS013196 BC ND ND GU09773i ND S. nigripes ND 

GWS013373 BC ND ND GU09773i ND S. nigripes ND 

GWS013509 BC ND ND GU09773lr ND S. nigripes ND 

GWS020638 BC ND ND HQ990659r ND S. nigripes ND 

GWS020710 BC ND ND HQ990664r ND S. nigripes ND 

GWS021105 BC ND ND HQ990676r ND S. nigripes ND 

GWS021167 BC ND ND HQ99068lr ND S. nigripes ND 

Copenhagen University Herbarium (C) 

85941 GL L. groenlandica S. latissima ND ND ND SN 

85942 GL L. groenlandica S. latissima ND ND ND SN 

85943 GL L. groenlandica S. latissima ND ND ND SN 



00 

Herbarium Accession W· 6 Geographic Morphological IDa COI-5Pa, e, r ITSa, e, r, 8 Genetic ma Mucilage ducts 
N 

locationc (GenBank #) (GenBank #) assessedd, h, i 

Before After 

85947 GL L. groenlandica S. latissima ND ND ND SN 

85949 GL L. groenlandica S. latissima ND ND ND SN 

85950 GL L. groenlandica S. latissima ND ND ND SN 

85953 GL L. groenlandica S. latissima ND ND ND SN 

85955 GL L. groenlandica S. latissima ND ND ND SN 

85956 GL L. groenlandica S. latissima ND ND ND SN 

85958 GL L. groenlandica S. latissima ND ND ND SN 

85962 GL L. groenlandica S. latissima ND ND ND SN 

85963 GL L. groenlandica S. latissima ND ND ND SN 

85964 GL L. groenlandica S. latissima ND ND ND SN 

85965 GL L. groenlandica S. latissima ND ND ND SN 

85966 GL L. groenlandica S. latissima ND ND ND SN 

414 IS L. nigripes S. nigripes ND ND ND SN 

21701 FO L. saccharina S. latissima ND ND ND SN 

24132 FO L. digitata L. digitata ND ND ND SN 
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Herbarium Accession #a, 6 Geographic Morphological IDa COI-5Pa. e, r ITSa· e, r,g Genetic IDa Mucilage ducts 
N -

locationc (GenBank #) (GenBank #) assessedd, h, i 

Before After 

24289 FO L. digitata L. digitata ND ND ND SN 

24474 FO L. digitata L. digitata ND ND ND SN 

27414 FO L. digitata L. digitata ND ND ND SN 

27422 FO L. digitata L. digitata ND ND ND SN 

27423 FO L. digitata L. digitata ND ND ND SN 

27429 FO L. digitata L. digitata ND ND ND SN 

27430 FO L. digitata L. digitata ND ND ND SN 

27440 FO L. digitata L. digitata ND ND ND SN 

27483 FO L. faroensis S. /atissima ND ND ND SN 

27484 FO L. faroensis S. /atissima ND ND ND SN 

27493 FO L. faroensis S. /atissima ND ND ND SN 

27499 FO L. faroensis S. /atissima ND ND ND SN 

27504 FO L. hyperborea L. hyperborea ND ND ND SN 

27508 FO L. hyperborea L. hyperborea ND ND ND SN 

27511 FO L. hyperborea L. hyperborea ND ND ND SN 



0 

Herbarium Accession W· 6 Geographic Morphological ma COI-5Pa. e, r ITSa· e, t,g Genetic ma Mucilage ducts 
M -

locationc (GenBank #) (GenBank #) assessedd, h, i 

Before After 

27530 FO L. saccharina S. /atissima ND ND ND SN 

27540 FO L. saccharina S. /atissima ND ND ND SN 

27545 FO L. saccharina S. /atissima ND ND ND SN 

27598 FO L. digitata L. digitata ND ND ND SN 

27918 FO L. saccharina S. /atissima ND ND ND SN 

28304 FO L. hyperborea L. hyperborea ND ND ND SN 

28357 FO L. hyperborea L. hyperborea ND ND ND SN 

29457 FO L. digitata L. digitata ND ND ND SN 

32448 FO L. hyperborea L. hyperborea ND ND ND SN 

37321 FO L. digitata L. digitata ND ND ND SN 

58346 IS L. hyperborea L. hyperborea ND ND ND SN 

69693 IS L. digitata L. digitata ND ND ND SN 

70176 IS L. digitata L. digitata ND ND ND SN 

70590 IS L. hyperborea L. hyperborea ND ND ND SN 

70606 IS L. digitata L. hyperborea ND ND ND SN 



-
Herbarium Accession #a, 6 Geographic Morphological IDa COI-5Pa· e, r ITSa,e, t, 8 Genetic IDa Mucilage ducts 

M 

locationc (GenBank #) (GenBank #) assessedd· h, i 

Before After 

73911 IS L. digitata L. digitata ND ND ND SN 

74244 IS L. hyperborea L. hyperborea ND ND ND SN 

75293 IS L. hyperborea L. hyperborea ND ND ND SN 

76332 IS L. hyperborea L. hyperborea ND ND ND SN 

76362 IS L. digitata L. digitata ND ND ND SN 

76427 IS L. digitata L. digitata ND ND ND SN 

77026 IS L. digitata L. digitata ND ND ND SN 

77071 IS L. hyperborea L. hyperborea ND ND ND SN 

85892 GL L. cuneifolia S. latissima ND ND ND SN 

85897 GL L. cuneifolia S. latissima ND ND ND SN 

85899 GL L. cuneifolia S. latissima ND ND ND SN 

85901 GL L. cuneifolia S. latissima ND ND ND SN 

85902 GL L. cuneifolia S. latissima ND ND ND SN 

85904 GL L. cuneifolia S. latissima ND ND ND SN 

85906 GL L. cuneifo/ia S. /atissima ND ND ND SN 



N 

Herbarium Accession #a. 6 Geographic Morphological IDa COI-5Pa, e, t ITSa, e, t,g Genetic IDa Mucilage ducts 
M -

locationc (GenBank #) (GenBank #) assessedd, h, i 

Before After 

85914 GL L. digitata L. digitata ND ND ND SN 

85916 GL L. digitata L. digitata ND ND ND SN 

85919 GL L. digitata L. digitata ND ND ND SN 

85921 GL L. digitata L. digitata ND ND ND SN 

85922 GL L. digitata L. digitata ND ND ND SN 

85924 GL L. digitata L. digitata ND ND ND SN 

85930 GL L. groenlandica S. latissima ND ND ND SN 

85932 GL L. groenlandica S. /atissima ND ND ND SN 

85934 GL L. groenlandica S. /atissima ND ND ND SN 

85973 GL L. /ongicruris S. /atissima ND ND ND SN 

85976 GL L. /ongicruris S. /atissima ND ND ND SN 

85998 GL L. longicruris S. /atissima ND ND ND SN 

86000 GL L. longicruris S. latissima ND ND ND SN 

86010 GL L. /ongicruris S. /atissima ND ND ND SN 

86013 GL L. longicruris S. /atissima ND ND ND SN 



M 

Herbarium Accession #a, 6 Geographic Morphological IDa COJ-5pa, e. r ITSa,e,t,g Genetic IDa Mucilage ducts 
M 

locationc (GenBank#) (GenBank #) assessedd, h, i 

Before After 

86014 GL L. longicruris S. latissima ND ND ND SN 

86015 GL L. /ongicruris S. latissima ND ND ND SN 

86019 GL L. /ongicruris S. /atissima ND ND ND SN 

86036 GL L. nigripes S. nigripes ND ND ND SN 

86055 GL L. nigripes S. nigripes ND ND ND SN 

86061 GL L. nigripes S. nigripes ND ND ND SN 

86080 GL L. saccharina S. latissima ND ND ND SN 

86086 GL L. saccharina S. latissima ND ND ND SN 

86095 GL L. saccharina S. /atissima ND ND ND SN 

86096 GL L. saccharina S. latissima ND ND ND SN 

86107 GL L. saccharina S. latissima ND ND ND SN 

86249 GL L. /ongicruris S. latissima ND ND ND SN 

Lund University Herbarium (L) 

2010 NO L. nigripes L. digitata ND ND ND SN 

2012 NO L. nigripes L. digitata ND ND ND SN 



Herbarium Accession #a· 6 Geographic Morphological IDa COI-5Pa.e.t ITSa· e, r.g Genetic IDa Mucilage ducts 

locationc (GenBank #) (GenBank #) assessedd· h, i 

Before After 

2013 NO L. nigripes S. nigripes ND ND ND SN 

2014 NO L. nigripes L. digitata ND ND ND SN 

2015 NO L. nigripes ND ND ND ND SN 

Notes: 

a Accession numbers in bold font indicate type material 

b Accession numbers beginning with CML represent field collections from 2012 

c Geographic location abbreviations: BC, British Columbia; FO, Faroe Islands; GL, Greenland; IL, Ireland; IS, Iceland; MB, 

Manitoba; ME, Maine; NB, New Brunswick; NL, Newfoundland; NO, Norway; NS, Nova Scotia; QC, Quebec; RI, Rhode Island 

d ND = not determined 

e McDevit and Saunders (2010) 

r sequences generated by D. McDevit 

g RS = reverse single strand sequence only 

~ 
('f") 



h TC = specimens used to assess mucilage ducts as a taxonomic character 

1 SN = mucilage ducts were used to identify specimen 

V) 

~ 



Appendix B. Using hemi-nested PCR to detect putative 

gametophytes of Laminaria ephemera, Alaria marginata and 

Nereocystis luetkeana in the rocky intertidal zone 
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Abstract 

It has been hypothesized that gametophytes may act similarly to terrestrial 

seedbanks by enhancing sporophyte recruitment, persistence and recovery following 

disturbance. Gametophytes may extend across a greater range than sporophytes and 

persist in a vegetative state until environmental conditions become favourable or 

competition is lessened. Laminaria ephemera is considered a rare, ephemeral kelp 

species in British Columbia; however, this designation is based only on the abundance 

of its sporophyte form. Laminaria ephemera sporophytes are ephemeral and new 

sporophyte populations have been observed following disturbance, suggesting that L. 

ephemera gametophytes can survive in a vegetative state. The objective of this study 

was to determine whether L. ephemera gametophytes were more widely distributed than 

sporophytes on a local scale, within Barkley Sound, B.C. I performed quadrat sampling 

of sporophyte abundance and used scrub pads to collect rock scrapings from two sites 

where L. ephemera had been previous recorded, Seppings Island and Cable Beach in 

2010 and 2011. I also included numerous field and laboratory controls: negative control 

from a sporophyte of a non-target species, rock scrubbing above the high tide line, a 

drying oven control, and one mock DNA extraction blank per 1.5 environmental 

samples. DNA was extracted from 114 of each scrub pad and species-specific hemi

nested PCR was performed on the extracted material to test for the presence of L. 

ephemera DNA. Sporophytes were present near the transect line at Seppings Island in 

2010 and 2011, and sporophytes occurred along the transect line at Cable Beach in 

2010, but were absent from the site in 2011. Unfortunately, I was unable to determine if 

L. ephemera gametophytes were present because I was unable to attain a successful trial 
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of hemi-nested PCR without contamination of a negative species control (non-target 

DNA), a field control, a PCR blank or an extraction blank. Contamination of field and 

laboratory controls was up to 3.5 times greater after the second round of PCR when 

compared with the first round. The contaminants were sequenced and identified as a 

combination of L. ephemera and L. digitata. The fact that I found L. digitata in my 

environmental samples and extraction blanks suggests contamination from the 

laboratory. Laminaria digitata is not present in the Pacific Ocean where my samples 

were collected; however, we do work with L. digitata on a regular basis in the 

laboratory. This study should serve as a cautionary note on nested and hemi-nested 

PCR methods. Studies performed without proper field and laboratory controls are 

unable to make accurate conclusions about the presence of target DNA. Mock DNA 

extraction controls, which accounted for 62.5% of the contamination in this study, are 

deemed essential. 

Introduction 

Many kelp species live in highly disturbed habitats, which undergo frequent 

recolonization events; however, sporophytes may develop from existing gametophyte 

populations and may not be fully dependent on spore dispersal for recruitment and 

recolonization. It has been hypothesized that gametophytes may act similarly to 

terrestrial seedbanks by enhancing sporophyte recruitment, persistence and recovery 

following disturbance (Edwards 2000, Fox and Swanson 2007). Therefore, sporophyte 

recruitment can occur by spore dispersal, gametophyte banks persisting from previous 

dispersal events, or a combination of both. Gametophytes may extend across a greater 
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range than sporophytes and persist in a vegetative state until environmental conditions 

become favorable or competition is lessened (Edwards 2000). The immediate recovery 

of sporophyte populations following 11 powerful southern California storms, which 

resulted in mass sporophyte mortality during the winter of 1982-83 (Dayton and Tegner 

1984, Ebeling et al. 1985) provides support for the idea that kelp can regenerate from 

pre-existing gametophyte populations. 

Laminaria ephemera is considered a rare, ephemeral, or annual kelp species in 

British Columbia (DeWreede and Klinger 1988, Druehl and Elliott 1996); however, this 

designation is based only on the abundance of its sporophyte form. Laminaria 

ephemera sporophytes are ephemeral and new sporophyte populations have been 

observed following disturbance (Klinger 1984, Dayton 1985). If kelp gametophytes act 

analogously to terrestrial seedbanks it is possible that L. ephemera gametophytes survive 

in a vegetative stage. Laminaria ephemera gametophytes can survive in culture for at 

least three years, suggesting that L. ephemera gametophytes may persist for extended 

periods of time in the field (Klinger 1984 ). The lack of a long distance dispersal 

strategy in L. ephemera also supports the idea that sporophyte populations can be 

established from pre-existing gametophytes populations (Klinger 1984). The aim of my 

study was to determine whether L. ephemera gametophytes were more widely 

distributed than sporophytes on a local scale, within Barkley Sound, B.C. 

I modeled this study on that of Fox and Swanson (2007), which used nested PCR 

to detect Nereocystis luetkeana and Hedophyllum sessile gametophytes on rock 

throughout the vertical intertidal zone to compare the spatial and temporal distribution 

of sporophytes and gametophytes. They studied a wave-exposed site where the 
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macroscopic sporophytes of both species were present and a wave-sheltered site where 

sporophytes of both species were absent. At the wave-exposed site where sporophytes 

were present they predicted that gametophytes would be present throughout the vertical 

intertidal zone due to turbulence and wave action. They predicted that no microscopic 

gametophytes would be found at the sheltered site, where sporophytes were absent (Fox 

and Swanson 2007). 

Every month between May and August, sporophytes (H. sessile) and 

gametophytes (H. sessile and N. luetkeana) were sampled at 0.5 m vertical increments 

from Oto 3.5 min tidal height along three vertical transect lines at each site (Fox and 

Swanson 2007). Nereocystis luetkeana sporophytes were sampled subtidally as they are 

not present in the intertidal zone. Quadrat surveys (0.25m2
) were performed at each site 

to monitor sporophyte distributions. To detect gametophytes, three rock samples were 

collected at 0.5 m vertical intervals and an area of ca. 4. l 5cm2 was ground with a rotary 

tool in liquid nitrogen. Two samples were taken from each rock: the epilithic biofilm 

layer and an endolithic biofilm layer. The equipment was flame sterilized or autoclaved 

between samples, except for the rotary wand, which was rinsed with ethanol and sterile 

water, then flame dried. All replicates from a tidal height were pooled for DNA 

extraction, resulting in one sample per elevation for each sampling date. Nested PCR 

was performed on rock samples at four different dilutions (10°, 101, 102 and 103). 

Nested PCR is defined as PCR involving an initial PCR with two outer primers, 

followed by a second round of PCR on the product from the first round, using two 

internal primers. Nested PCR was demonstrated to be 100 and 1000 times more 

sensitive than unnested PCR for N. luetkeana (1 pg in nested trial) and H. sessile (100 fg 
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in nested trial), respectively. PCR reactions of four different dilutions ( 1 o0
, 101

, 102 and 

103
) were pooled for the second round of nested PCR. All thermocycler runs contained 

negative and positive controls. At the wave-exposed site where sporophytes were 

present in the subtidal, putative N. luetkeana gametophytes were detected between 0-3.5 

m above Lowest Low Water {LL W). At the wave-sheltered site where sporophytes 

were absent N. luetkeana gametophytes were detected from 0-3.5 m above LLW. 

Putative H. sessile gametophytes were only detected at the wave-exposed site (0-3.0 m 

above LL W), where sporophytes were present. No H. sessile gametophytes or 

sporophytes were detected at the wave-sheltered site, where sporophytes were also 

absent. Positive reactions from a subset of rock samples were sequenced as N. 

luetkeana and H. sessile (Fox and Swanson 2007). 

The objective of this study was to determine whether L. ephemera gametophytes 

were more widely distributed than sporophytes in Barkley Sound, B.C. I modified the 

protocol used by Fox and Swanson (2007) by performing hemi-nested PCR with 

appropriate field and laboratory controls to detect putative L. ephemera gametophytes. 

As L. ephemera is relatively rare, I performed PCR on a common intertidal species at 

both sites, A/aria marginata, to test whether or not my methods were effective. Finally 

I tested my samples for N. luetkeana DNA to compare my results to those of Fox and 

Swanson (2007). 
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Methods 

Study sites 

All sampling was conducted at wave-exposed sites in Barkley Sound, B.C., 

Canada in May 2010 and 2011. I sampled two sites where L. ephemera sporophytes had 

been previously recorded: Seppings Island and Cable Beach (Klinger 1984, Druehl and 

Elliott 1996). 

Field methods 

Sporophytes. To determine the distribution of L. ephemera sporophytes at my 

sites I recorded the abundance of sporophytes within a 25 cm X 25 cm quadrat at 30 

random points along a 30-m horizontal transect line with a 1-m vertical range. If no L. 

ephemera sporophytes were present along my transect line I inspected the site and 

recorded whether or not L. ephemera sporophytes were present. If sporophytes were 

present at a site, voucher specimens were pressed and a subsample was taken in silica 

gel for DNA extraction and sequencing. 

Gametophytes. To determine the distribution of L. ephemera gametophytes I 

sampled along a 30-m wide transect with a 20-cm vertical range across the low intertidal 

zone of each site. Along each transect line I scrubbed the rock surface at 50 random 

points using 4 cm2 scrub pads, which were placed in separate 50 ml polypropylene 

centrifuge tubes. Samples were dried at 45°C for 2 hours ( or until dry for very wet 

samples) in the 50 ml polypropylene centrifuge tubes. I performed two control samples 
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per site: a rock scraping above the high tide line with a 4 cm2 scrub pad and an unused 4 

cm2 scrub pad in a tube in the drying oven while drying samples. 

DNA extraction 

Sporophytes. DNA extractions were performed on approximately 5 mm2 of each 

sample following the brown algal extraction protocol developed by Saunders and 

McDevit (2012b). 

Gametophytes. I performed an initial extraction on 12 samples collected from 

Seppings Island, 2010. Prior to DNA extraction I removed Y4 of each scrub pad 

( environmental samples and field controls) using sterile scissors and forceps. In 

between samples the scissors and forceps were sterilized with 70% EtOH. The DNA 

was extracted directly from the dried scrub pads using a modified version of the brown 

algal protocol developed by McDevit and Saunders (2009). Modifications include the 

addition of 800 µl of DNA extraction buffer, 80 µl of 10% Tween-20, and 8 µl of 20 

mg/ml Proteinase K to a 1.5 ml microtube containing Y4 of a scrub pad. Excepting the 

previously mentioned changes the protocol proceeded according to McDevit and 

Saunders (2009). Next I performed DNA extractions following the protocol above, on 

ten environmental samples from Seppings Island, 2010 and nine environmental samples 

from Cable Beach, 2011 with the addition of mock extraction blanks. I performed one 

mock extraction blank per ca. 1.5 environmental samples to control for false positives 

during the extraction (Fig. B.1). A mock extraction blank was defined as a tube with no 

algal material added, taken through the DNA extraction, PCR and sequencing steps. 
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PCRPrimers 

To amplify the internal transcribed spacer (ITS) region of the ribosomal cistron 

of L. ephemera, A. marginata and N. luetkeana I developed a new kelp-specific primer, 

Ksp 1 (Table B.1 ). I also developed a species-specific primer for L. ephemera. 

Sequences of rDNA ITSl, 5.8S and ITS2 regions of 28 Laminariales (Agarum 

clathratum, A/aria fistulosa, A. marginata, Chorda fl/um, Costaria costata, Cymathaere 

triplicata, Dictyoneurum californicum, Ecklonia radiata, Egregia menziesii, Eisenia 

arborea, Laminaria angustata, L. digitata, L. ephemera, L. sinclairii, L. yezoensis, 

Lessonia corrugata, L. flavicans, L. nigrescens, Lessoniopsis littoralis, Macrocystis 

integrifolia, Nereocystis luetkeana, Pelagophycus porra, Pleurophycus gardneri, 

Postelsia palmaeformis, Pterygophora californica, Saccharina gyrata, S. latissima, S. 

sessile and Undaria pinnatifida) were aligned in MacClade 4.08 (Maddison and 

Maddison 2005). A region of consistent similarity across species was chosen as the 

primer site for a new kelp specific primer (Ksp 1 ). The L. ephemera specific primer 

(Eph) was designed by identifying a region specific to L. ephemera relative to the other 

kelp species listed above. Both primers were designed to have similar GC content and 

melting temperatures. The universal primer ITSP 1 was taken from Tai et al. (2001) and 

species-specific primers for A. marginata and N. luetkeana were taken from Druehl et 

al. (2005) (Table B.1 ). 

Primer specificity (Eph). Primer specificity for the L. ephemera species-specific 

primer (Eph-Kspl) was tested against 16 species of brown algae (kelp: A/aria 

marginata, Costaria costata, Egregia menziesii, Eisenia arborea, Laminaria setchellii, 
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Lessoniopsis littoralis, Macrocystis pyrifera, Nereocystis luetkeana, Pleurophycus 

gardneri, Postelsia palmaeformis, Pterygophora californica, Saccharina groenlandica, 

S. latissima, and S. sessilis; non-kelp: Ectocarpus parvus and Pylaiella 

washingtonensis) known to occur within the sampling area of Barkley Sound, B.C. The 

optimal annealing temperature of 56°F for both primer combinations (ITSP 1-Ksp 1, 

Eph-Kspl) was established from thermal gradients. 

Primer sensitivity (Eph). I tested the sensitivity of conventional, hemi-nested 

and re-amplification PCR protocols. DNA concentrations of L. ephemera samples were 

estimated using a Nano Vue™ (GE Healthcare, Piscataway, NJ, USA). Sensitivity was 

tested through serial dilutions ( 10-fold) ranging from 1 ng to 1 fg. The conventional 

protocol using Eph-Kspl could reliably amplify samples with as little as 1 - 10 pg of 

DNA. The hemi-nested protocol using ITSPl-Kspl and Eph-Kspl reliably amplified 

samples with 100 fg of DNA. The re-amplification protocol using Eph-Ksp 1 in both 

rounds amplified samples with 100 fg- 1 pg of DNA. 

Polymerase Chain Reaction (PCR) 

Sporophytes. Conventional PCR was performed on DNA extracted from 

sporophytes following the low volume PCR protocol (Hamsher et al. 2011) and using 

the primers ITSPl-Kspl. The PCR trial included a positive control of L. ephemera 

DNA and a PCR blank. 

145 



Gametophytes. Hemi-nested PCR was performed following the low volume 

PCR protocol (Hamsher et al. 2011) on the DNA extracted from scrub pads along with a 

positive control ( ca. 600 pg of DNA) from a sporophyte of the target species ( one of L. 

ephemera, A. marginata or N. luetkeana), at least one negative control from a 

sporophyte of a non-target species, field controls (rock scrubbing above high tide line 

and drying oven control), mock DNA extraction blanks ( one per ca. 1.5 samples) and a 

PCR blank (Fig. B.1 ). Mock DNA extraction blanks were evenly interspersed among 

the samples (Fig. B.1 ). Therefore, each trial had one positive control for the target 

species, at least one negative control from non-target DNA, two field controls (rock 

scrubbing above the high tide line and a drying oven control), nine or ten environmental 

samples, six evenly dispersed mock extraction blanks, and two PCR blanks ( one first 

round and one second round)(Fig. B.1 ). The first round of PCR amplification used the 

more general primers (ITSP 1-Ksp 1) and the second round used the kelp specific reverse 

primer (Ksp 1) and the species-specific forward primer for the target species (Table B.1 ). 

The Seppings Island PCR trials were run on two different extractions from material 

collected at Seppings Island in 2010. The first trial did not contain mock DNA 

extraction blanks, so a second extraction including mock DNA extraction blanks was 

performed. The same extracted material from Cable Beach was used for all five PCR 

trials (2 L. ephemera trials, 1 A. marginata trial, and 2 N. luetkeana trials) of the nine 

Cable Beach samples. A separate trial was run for each target species ( either L. 

ephemera, A. marginata and N. luetkeana). The positive control for the target species 

(either L. ephemera, A. marginata or N. luetkeana) was loaded last to prevent cross

contamination of environmental samples. Samples were processed nine or ten at a time 
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instead of 50 to decrease the chance of cross-contaminating all samples collected at a 

site with false positives. 

I used the following thermal profile for amplification: initial denaturation at 

94°C for 3 min, followed by 38 cycles of denaturation at 94°C for 3 min, annealing at 

56°C (for all primer combinations; determined by thermal gradient testing) for 45 s, and 

extension at 72°C for 2 min. Reaction products were visualized in 0.8% agarose gel 

stained with SYBR Safe® (Invitrogen). 

Sequencing 

Sporophytes. The PCR products for all putative L. ephemera sporophytes 

collected were sequenced using the reverse primer Ksp 1 following Saunders and 

McDevit (2012b ). Sequences were then identified using a Basic Local Alignment 

Search Tool (BLAST). 

Gametophytes. To determine what species were present in my samples and 

controls I sequenced amplicons from Cable Beach 2011 trial two. I sequenced a total of 

two amplicons from the environmental samples, two from extraction blanks and the one 

contaminated PCR blank using the reverse primer Ksp 1 according to Saunders and 

McDevit (2012b). Species identities were then assigned according to a BLAST search. 
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Results 

Sporophytes 

I did not observe any L. ephemera sporophytes along my transect line in 2010 or 

2011 at Seppings Island; however, sporophytes were located nearby in a surge channel. 

At the Cable Beach site in 2010 five L. ephemera sporophytes were located along my 

transect line; however, in 2011 sporophytes were absent from the site. The sporophytes 

collected at Cable Beach and Seppings Island were sequenced and positively identified 

as L. ephemera. 

Gametophytes 

After performing an initial PCR on samples collected at Seppings Island in 2010, 

including a positive control from a sporophyte of the target species (L. ephemera), a 

negative control from a non-target species, field controls (rock scrubbing above high 

tide line and drying oven control), and a PCR blank, I observed L. ephemera DNA in 

33% ofmy environmental samples (4 of 12) and one ofmy two field controls (Table 

B.2). Mock DNA extraction blanks were not included in my trials; therefore, I could not 

be confident that my amplification success was not exaggerated due to false positives. 

For the following six PCR trials that included mock DNA extraction blanks the 

environmental samples showed between 11 % (1 of 9) and 33% (3 of9) amplification, 

with an average of 18% per trial (Table B.2). However, the percentage of contaminated 

field and laboratory controls ranged from 8% (1 of 12) to 33% ( 4 of 12) per trial (Table 

B.2). Unfortunately, amplification success of environmental samples was similar to that 
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of the controls; therefore, I cannot make any conclusions about the source of the DNA 

observed in the environmental samples. 

The contaminated controls observed included extraction blanks, non-target 

species DNA, one field control and one first round PCR blank {Table B.2). The most 

commonly contaminated controls were the extraction blanks, which were contaminated 

in four of the six trials {Table B.2). I also observed one contaminated field control (rock 

scraping above high tide line) when attempting to amplify samples collected at Cable 

Beach in 2011 {Table B.2). Levels of contamination were greater after the second round 

of PCR when compared with the first. I observed one contaminated mock DNA 

extraction blank in the first round of PCR in two separate PCR runs {Table B.2). For the 

two runs with contaminated extraction blanks in the first round of PCR, no new 

contamination was reported for second round {Table B.2). However, runs with no 

contaminants reported in the first round resulted in 8.3-33% contamination of field and 

laboratory controls after the second round of PCR {Table B.2). Contamination of field 

and laboratory controls was up to 3 .5 times greater in the second round of PCR than the 

first round {Table B.2). 

Five of the positive PCR results from the second trial of the Cable Beach 2011 

samples were sequenced to assess the species amplified. The two environmental 

samples I sequenced were identified as L. ephemera and L. digitata. The detection of L. 

digitata confirms that at least one of the positive environmental results was false, as L. 

digitata does not occur in the sampling range. The contaminated PCR blank sequenced 

as L. ephemera, while one of the extraction blanks sequenced as L. digitata. 
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Unfortunately I could not achieve a clean sequence for a second extraction blank that 

was tested. 

Discussion 

The objective of this study was to determine whether L. ephemera gametophytes 

were more widely distributed than sporophytes in Barkley Sound, B.C. I modified the 

protocol used by Fox and Swanson (2007) to compare the distributions of L. ephemera 

sporophytes and gametophytes. Instead of a rotary tool I used scrub pads to collect 

samples from rocks. I also included additional controls in the field and laboratory. In 

the field I collected a rock scraping from a rock above the high tide line and placed an 

open tube with a scrub pad in the drying oven while samples were desiccating. In light 

of the study by Saunders and McDevit (2012a), which amplified target DNA in mock 

DNA extraction controls during hemi-nested PCR, I also included mock DNA 

extractions as a control for laboratory contaminants. My mock DNA extractions were 

evenly interspersed with my environmental samples during the extraction process to 

control for any contamination during the extraction or PCR process. As L. ephemera is 

relatively rare, I performed PCR on a common intertidal species at both sites, A/aria 

marginata, to test whether or not my methods were effective. Finally I tested my 

samples for N. luetkeana DNA to compare my results to those of Fox and Swanson 

(2007). 

I was unable to attain a successful trial of hemi-nested PCR without 

contamination of a negative species control (non-target DNA), a field control, a PCR 

blank or an extraction blank. Nested PCR increases detection sensitivity by 100-1 OOX 
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that of conventional PCR (Abath et al. 2002, Grote et al. 2002, Montenegro et al. 2004, 

Fox and Swanson 2007); however, the risk of contamination also increases by adding an 

extra step. In this study I could reliably amplify 100 fg of target DNA, which was 1 OOX 

more sensitive than my conventional PCR trial. The opening of tubes between rounds 

introduces the possibility of contamination from other environmental samples, positive 

target DNA controls, or other laboratory contaminants, such as species not included in 

the current study. In the laboratory we work with many species of algae on a daily basis 

and contamination at the lab bench is probable. Contaminated laboratory materials 

might include the scissors, foreceps, communal reagents, pipettes, and algal particles in 

the air or on laboratory surfaces. The fact that I found L. digitata in my environmental 

samples and extraction blanks suggests contamination from the laboratory. Laminaria 

digitata is not present in the Pacific Ocean where my samples were collected; however, 

we do work with L. digitata on a regular basis in the laboratory. Saunders and McDevit 

(2012a) also observed a similar laboratory contamination event when their species

specific primers amplified common study species (Mazzaella sp. and a mixture of 

kallymeniacean genera) handled in the laboratory. 

This study should serve as a cautionary note on nested and hemi-nested PCR 

methods. Studies performed without proper field and laboratory controls are unable to 

make accurate conclusions about the presence of target DNA. I strongly suggest that 

any future studies using nested PCR or variations on nested PCR include the appropriate 

controls. Most notably, mock DNA extraction controls, which accounted for 62.5% of 

the contamination detected in this study, are deemed essential. 
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5 6 7 8 9 10 

Figure B.1. Diagram showing the location of samples and blanks for gel electrophoresis. Ladder = 1 

kb+ ladder, +=target species DNA, - = non-target species DNA (negative control), rock= rock 

scraping above high tide line, oven = drying oven control, EB = mock DNA extraction blanks, PCR 

blank 1 = PCR blank from round 1 of PCR and PCR blank 2 = PCR blank from round 2 of PCR. 

The numbers 1-10 refer to the environmental samples. 
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Table B.1. Primers used for the species-specific amplification of the internal transcribed spacer 

region (ITS) from environmental samples to identify putative Laminaria ephemera, A/aria 

marginata and Nereocystis luetkeana gametophytes. 

Primer (5' -3 ') 

Universal forward primer (ITS) 

ITSP 1 (Tai et al. 2001) 

Kelp-specific reverse primer (ITS) 

Kspl 

GGAAGGAGAAGTCGTAACAAGG 

Species-specific forward primers (ITS) 

Laminaria ephemera (Eph) 

A/aria marginata (Druehl et al. 2005) 

Nereocystis luetkeana (Druehl et al. 2005) 

TCCGAACGAAAGTGGTACGG 

GTTTTCTTTGGAAAGCTCTCG 

GTTTTGTTTATTGAAACCCTCG 

AGCTCAATCAAGCGCTCTCG 
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Table B.2. A summary of results from hemi-nested PCR amplification visualized using gel 

electrophoresis for samples collected in 2010 and 2011 at Seppings Island and Cable Beach, Barkley 

Sound, B.C. Each trial consisted of a target species control (TS), non-target species (NTS), field 

controls (FC), mock DNA extraction blanks (EB) and PCR blanks (PCRB) and environmental 

samples (ES). Results in bold indicate unexpected results. *Non-target species DNA (NTS) was 

amplified in the first round of PCR as expected when using a kelp-specific primer (Kspl). 

Trial Target Sample type PCRresults 
Expected 1st round 2n° round 

Seppings Island L. ephemera TS + + + 
(no EBs) NTS - +* -

FC - - + (1 of 2) 
PCRB - - -
ES ? + (2 of 12) +(4of12) 

Seppings Island L. ephemera TS + + + 
NTS - +* -

FC - - -

EB - + (1 of 6) + (1 of 6) 
PCRB - - -

ES ? - + (1 of 10) 

Cable Beach trial 1 L. ephemera TS + + + 
NTS - +* -

FC - - -

EB - - + (1 of 6) 
PCRB - - -
ES ? - + (3 of 10) 

Cable Beach trial 2 L. ephemera TS + + + 
NTS - +* + (1 of 2) 
FC - - -

EB - - + (2 of 6) 
PCRB - - + (1 of 2) 
ES ? + (1 of 10) + (2 of 10) 

Cable Beach trial 3 A. marginata TS + + + 
NTS - +* -
FC - - + (1 oft) 
EB - - -

PCRB - - -

ES ? - + (2 of 10) 

Cable Beach trial 4 N. luetkeana TS + + + 
NTS - +* -

FC - - -
EB - + (1 of 6) + (1 of 6) 
PCRB - - -
ES ? - +(1 of 10) 

Cable Beach trial 5 N. luetkeana TS + + + 
NTS - +* + (1 of2) 
FC - - -

EB - - -

PCRB - - -

ES ? + (1 of 10) +(1 oflO) 
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