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The Labrador Sea is a high latitude sea of the sub-Arctic region known to be an important 

oceanic sink for atmospheric CO2 due to intensive convective mixing during winter and the 

development of extensive phytoplankton blooms that occur during spring and summer. 

Therefore, a broad-scale investigation of the response of phytoplankton community 

composition to environmental forcing is essential for understanding planktonic food-web 

organization and biogeochemical functioning in the Labrador Sea. The aim of the research 

included in this thesis is to investigate the biogeographical and biochemical aspects of 

phytoplankton communities resulting from the contrasting hydrographical zones that 

divide the Labrador Sea into distinct ecological provinces. In Chapter 2, the phytoplankton 

community structure from near surface waters during spring and early summer (2011 to 

2014) was investigated in detail, including species composition and environmental 

controls. This initial results demonstrated that the Labrador Sea spring and early summer 

blooms were composed of contrasting phytoplankton communities, for which taxonomic 

segregation appeared to be controlled by the physical and chemical characteristics of the 

dominant water masses. In Chapter 3, further work included an investigation of spring 

phytoplankton communities from surface waters of the Labrador Sea using pigment-based 

data and CHEMTAX analysis over ten-years (2005-2014). The photophysiological 

parameters (derived from photosynthesis-irradiance curves) and biochemical (particulate 

organic carbon to nitrogen ratio (POC:PON)) values differed among distinct phytoplankton 

communities. These results have provided a baseline of current distributions and an 

evaluation of the biogeochemical role of spring phytoplankton communities in the 

Labrador Sea, which will improve our understanding of potential long-term responses of 

phytoplankton communities in high-latitude oceans to a changing climate. In Chapter 4, 

potential indicator phytoplankton species of Atlantic and Arctic waters were investigated 

during spring in the Labrador Sea to identify possible functional traits driving 

biogeography. Future implications in trait biogeography and species distributions under a 

global warming scenario are discussed. In Chapter 5, a synthesis of the main findings of 

each result Chapter is included, in addition to schematic representation of the 

environmental controls on phytoplankton communities and species/classes succession from 

May to June in the Labrador Sea. Work that would increment our knowledge of 

phytoplankton from the Labrador Sea is suggested together with a final conclusion.  
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Chapter 1: Introduction 

 

1.1 Phytoplankton 

 

1.1.1 The importance of studying marine phytoplankton 

 

Phytoplankton are organisms that play a key role in maintaining world oceans ecosystem 

functioning. In spite of their small biomass (comprising only 1 – 2 % of the total global 

plant carbon), phytoplankton are extremely efficient primary producers, being responsible 

for nearly half of global carbon fixation (Falkowski, 1994). Marine phytoplankton act in 

the flow of energy by providing food for higher trophic levels and sustaining complex 

aquatic food webs (Berglund et al., 1994; Kiørboe, 1993). Almost all marine organisms 

depend, either directly or indirectly, on phytoplankton for their survival (Hoppenrath et al., 

2009).  

The photosynthetic abilities of phytoplankton regulate the Earth’s climate over broad time 

scales (Falkowski, 2012, 1998; Sigman and Boyle, 2000). Marine phytoplankton impact 

the carbon cycle by incorporating CO2 into organic matter during photosynthesis, which 

can be exported to the deep ocean through the biological pump (Arrigo, 2007) (Fig. 1.1). 

Similarly to terrestrial plants, marine phytoplankton impacts directly the CO2 and O2 fluxes 

between the atmosphere and the ocean through photosynthesis (Falkowski, 1998). They 

also regulate, indirectly, the albedo and cloud cover by producing 

dimethylsulfoniopropionate (DMSP), which breakdown products form dimethylsulfide 

(DMS) that contributes to cloud formation (Curson et al., 2011; Sunda et al., 2002).  

Phytoplankton not only affect the climate but are also sensitive to climate change (Wu et 

al., 2016; Falkowski and Oliver, 2007) and because of their short turnover times (hours to 

days), marine phytoplankton communities respond quickly, in a matter of days to weeks, to 

any changes occurring in the physical habitat. Changes in phytoplankton composition are 

cascaded out to higher trophic levels, representing the first level of integration of 

hydroclimatic forcing in the pelagic foodweb (Beaugrand, 2005). Thus, the effects of 
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hydroclimatic variability, such as nutrients concentration, irradiance levels and 

temperature, affect phytoplankton on the organismal level, which ultimately impact on the 

whole ecosystem (Beaugrand, 2005). Phytoplankton are sensitive indicators of climate 

change because of their non-commercialisation and non-linear responses to environmental 

perturbation, which can result in an irreversible shift to a different ecosystem state (Burthe 

et al., 2015). 

 

 

Figure 1.1 Scheme of the biological pump (Falkowski, 2012) 
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In addition to their overall biogeochemical significance, phytoplankton are ideal organisms 

to study in relation to climate-induced impact because they have relatively simple life 

history traits compared to other marine organisms (Litchman et al., 2007; Litchman and 

Klausmeier, 2008). Fortunately, phytoplankton can be studied in both natural environments 

and under laboratory conditions due to their short life cycle, providing a unique 

opportunity to quantify physiological responses of populations to environmental change 

(Edwards et al., 2013a, 2013b; Thomas et al., 2012). The advantage of using 

phytoplankton as model organisms to address questions related to climate change is that, in 

addition to the amount of information collected from field and laboratory experiments, 

phytoplankton population dynamics are also relatively easy to model, again, due to their 

short life span (Klausmeier et al., 2008). An underlying understanding of the drivers of 

phytoplankton growth is crucial to predict present and future changes in marine 

biogeochemical cycles as the climate continues to change.  

 

1.1.2 Phytoplankton growth  

 

The environmental factors that regulate phytoplankton growth are, mostly, irradiance 

levels, macro- and micronutrient concentrations and temperature ranges. Biological-related 

factors, such as predation, viral infection, competition and mutualism also regulate 

phytoplankton population growth. When conditions are suitable for phytoplankton growth 

and when population growth exceed loss processes, such as lysis, sinking and predation, 

phytoplankton form blooms with biomass increasing by up to 3 orders of magnitude over a 

time scale of days (Irigoien et al., 2004a). 

 Light is an essential resource for phytoplankton photosynthesis. In marine systems, 

attenuation of light caused by the medium, dissolved molecules and suspended particles 

(including phytoplankton themselves) can alter the overall intensity of light and vertical 

gradient spectral distribution (Kirk, 1994). Moreover, the amount of light that penetrates 

the surface waters and that is absorbed by phytoplankton is controlled by the degree of 

vertical mixing of the water column (Sverdrup, 1953). Strong winds deepen the mixed 

layer, which reduces the amount of light available for phytoplankton, whereas stratification 

resulting from increased solar heating (thermal stratification) or freshwater input (ice melt 
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or riverine input) provide enough light for phytoplankton to grow (Doney, 2006; Smith and 

Jones, 2015).  

Macro- (mostly in the form of nitrate, phosphate and silicate, for diatoms and 

silicoflagellates) and micronutrients (iron, molybdenum, zinc, and others) are essential 

requirements for phytoplankton growth. Net phytoplankton growth rate is zero at the basal 

nutrient requirement, known as minimum quota (Q min), where the minimal amount of 

resource is used for maintaining basal cellular functions (Klausmeier et al., 2008). 

Phytoplankton growth rates increase asymptotically as nutrient supply rises, approaching a 

theoretical maximum growth rate (μ∞), where nutrient concentrations are non-limiting 

(Klausmeier et al., 2008). The nutrient quota above the minimum is the excedent amount 

of energy that the cells store for future growth and reproduction (Caperon, 1968; Droop, 

1968). The external nutrient concentration also influences the uptake rate of nutrients in 

phytoplankton and, consequently, their growth (Litchman and Klausmeier, 2008). In 

marine systems, the amount of vertical mixing in the water also regulates the amount of 

nutrients that is reintroduced to the surface waters. 

Temperature is considered the major environmental axis that governs the distribution of all 

organisms in the world, including phytoplankton (Litchman and Klausmeier, 2008). In 

phytoplankton, temperature controls enzymetic rates used in several physiological 

processes, such as photosynthesis, respiration, nutrient uptake and motility (Thomas et al., 

2012). Phytoplankton growth is also strongly affected by ranges of temperature, given that 

each phytoplankton species has a temperature optimum where growth rate is at its 

maximum when resources (nutrients and light) are non-limiting (Eppley, 1972).  

Biotic relationships, mainly as zooplankton grazing and virus infection can also regulate 

phytoplankton growth in marine systems. Zooplankton grazing is a top-down control of 

phytoplankton biomass and has been assumed to be a size-dependent mechanism, though 

similar grazing pressure has been found in phytoplankton groups with distinct size classes 

(Marañón, 2015). Microzooplankton have been attributed as the major phytoplankton 

grazers, accounting for consuming 60–75% of daily phytoplankton production (PP) across 

the world’s oceans (Landry and Calbet, 2004), whereas mesozooplankton, and in particular 

copepods, consume in general 10–40% of the primary production (Calbet, 2001). 

Phytoplankton have been suggested to develop a combination of predation avoidance 

mechanisms to escape zooplankton grazing, such as larger cell size, colony formation, 

possession of spines or toxic coumpounds (Irigoien, 2005). 
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Virus infection is also a factor that induces phytoplankton losses in marine systems (Suttle, 

2007; Suttle et al., 1990). As the most abundant lifeform in the oceans (roughly 106 – 109 

particles per ml), viruses are a major form of mortatility to all marine organisms, including 

all phytoplankton classes (from cyanobateria from diatoms), and have been shown to 

reduce primary production by as much as 78% (Suttle, 2007; Suttle et al., 1990).  

 

1.1.3 Phytoplankton diversity and community structure 

 

Phytoplankton are an extremely diverse and polyphyletic group (classes), largely spanning 

over several orders of magnitude in cell size (from approximately 0.1 µm3 in a small 

cyanobacteria to > 108 µm3 in the largest diatom, Marañón, 2015) (Fig. 1.2). Likewise, 

phytoplankton exihibit a large range in morphological and physiological aspects, nutrient 

and light requirements, trophic and predation-avoidance strategies (Falkowski, 2004). 

Their evolutionary trajectory, which has over billions of years, shaped modern species 

diversity and their ecological functionality (Katz et al., 2004). The overall fitness of 

individuals within species assemblages is a response to the spatial and temporal 

heterogeinity of pelagic ecosystems, in addition to biotic relationships (eg. competition, 

mutualism, predation) on a geological timescale (Litchman et al., 2010). Over large spatial 

scales, marine phytoplankton communities are biogeographically organised, exhibiting 

contrasting patterns of distribution across global marine systems (Bibby et al., 2009; 

Cermeño et al., 2010; Follows et al., 2007). 

 Phytoplankton communities are structured by multiple marine phytoplankton species from 

different taxonomic levels that successfully coexist at the same time. The ability of 

multiple species to coexist on limited resources, in spite of the tendency for competition 

that exclude other species, is known as the “paradox of plankton” and has intrigued many 

scientist over time (Hutchinson, 1961). One of the arguments that explain phytoplankton 

diveristy in a community is usage of distinct resources, where lack of silica, for example, 

limits the growth of diatoms, whislt it has no impact on prymnesiophytes, given that the 

latter do not require silica for growth (the equilibrium approach). The other argument (non-

equilibrium dynamics) is that the cause of coexistence is based on several external factors, 

such as fluctuation in the environment, periodic forcing and spatial heterogeneity. High 

environmental variability impacts the reorganization of relative abundance and 
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phytoplankton species composition, as a result of interaction between physical, chemical 

and biological variables (Calijuri et al., 2002). Thus, changes in habitat conditions 

dramatically alter community structure, revealing the “winners” and “losers” of a new 

habitat. 

 

1.1.4 Using traits to understand the biogeography of marine 

phytoplankton communities 

 

One approach to understanding the mechanisms of species coexistence and diversity in a 

phytoplankton community is to identify the relevant traits and trade-offs of key species 

(Litchman et al., 2010). Evolutionists, for a long time, have referred to traits simply as a 

surrogate of organismal performance, however, as trait-based analysis becomes more 

common among ecological studies, a more specific definition has been applied to avoid 

misconceptions  (Violle et al., 2007). Thus, functional traits are morpho-physio-

phenological traits that impact fitness indirectly via the three components of individual 

performance: growth, reproduction and survival (Violle et al., 2007). A trait-based 

analysis, therefore, investigates the ecological roles of a species that captures key aspects 

of organismal functionality in the system and has the potential to give a realistic prediction 

of biological communities in response to changes in the environment (Glibert, 2016; 

Litchman et al., 2007; Litchman and Klausmeier, 2008; McGill et al., 2006).  

Phytoplankton cell size is a master trait that shapes ecological niches, given that it is 

correlated with many other physiological, ecological and life history traits (Marañón, 

2015) (Fig.1.2). In terms of nutrient utilization, cell size is allometrically scaled with 

maximum nutrient uptake rate, half-saturation constant for uptake, and uptake affinity 

(Edwards et al., 2012; Litchman et al., 2007). Smaller cells, for example, have greater 

efficiency in acquisition of limiting nutrients due to their larger surface to volume ratios 

and smaller diffusion boundary layer, which ultimately limits nutrient transport to the cell 

(Finkel et al., 2009; Litchman et al., 2007; Litchman and Klausmeier, 2008). Likewise, 

smaller phytoplankton cells have lower sinking rates, and higher growth rates (Litchman et 

al., 2007; Richardson and Jackson, 2007). The trade-off of those cells is that they are more 

easily grazed when compared to larger phytoplankton that ultimately control the 

population size (Marañón, 2015). Conversely, larger cells tend to sink faster, however, 
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they confer greater plasticity in morphology (setae present in larger diatoms, for example), 

allowing them to increase their surface area to volume ratios and their friction in the water 

column (Nguyen et al., 2011; Pahlow et al., 1997; Smetacek, 1985; Snoeijs et al., 2002).  

Light absorption also changes with phytoplankton cell size, where larger cells absorb fewer 

photons per unit pigment than smaller cells of the same shape, due to increased self-

shading of pigment with increasing cell volume (Fujiki and Satotu, 2002). High levels of 

self-shading caused by larger cell volumes can be advantageous in stratified water columns 

when photon flux densities and ultra-violet light doses are high (Key et al., 2010). 

Conversely, smaller cells have the advantage to grow under low light conditions, such as in 

deep mixed layers, because of their greater amount of intracellular pigment per cell volume 

as compared to larger cells (Barton et al., 2013b). In addition to cell size, cell shape and 

coloniality are also relevant traits in phytoplankton communities. These morphological 

traits can be plastic, however, suggesting that they may differ depending on many 

environmental variables, such as light levels, nutrient concentrations and grazing pressures 

(Litchman and Klausmeier, 2008).  

 

 

Figure 1.2 Examples showing the analogy between range of sizes observed in phytoplankton 

species and larger objects perceived from a human’s perspective (Finkel et al., 2009). 

 

Resource utilization is another phytoplankton trait important for shaping phytoplankton 

communities. Some phytoplankton groups, for instance, may require distinct nutrients, 

while others do not, as mentioned above. Different phytoplankton groups also have 

specialized pigments that allow absorption of particular parts of the light spectrum as well 

as at different light intensities (Falkowski and Raven, 1997; Nair et al., 2008). To 

overcome nutrient limitation, some phytoplankton have acquired evolutionary strategies, 
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such as diazotrophic cyanobacteria that are able to fix nitrogen into bioavailable ammonia 

when nitrate concentrations are low (Snow et al., 2015). Flagellated phytoplakton are able 

to move within the water column, allowing effective nutrient foraging (Kruk et al., 2010). 

Mixotrophic phytoplankton, which presents both modes of feeding (autotrophic and 

heterotrophic), are a able to engulf pray when nutrient conditions are low and to 

photosynthetise under more eutrophic conditions (Troost et al., 2005). Other examples of 

phytoplankton traits explored in the literature are: ability to form resting stages, sexual or 

asexual reproduction, grazer resistance, temperature-related traits and many others 

(Litchman et al., 2010, 2007; Litchman and Klausmeier, 2008).     

 

1.1.5 Phytoplankton species diversity: functional role  

 

Phytoplankton communities and diversity impact differently on the functioning of aquatic 

ecosystems (Eggers et al., 2014), global climate (Falkowski, 1998) and cycles of nitrogen, 

silica, phosphorus and calcium, among other elements on a geological time scale 

(Falkowski, 1998; Field et al., 1998). The type of assemblage of phytoplankton has an 

intrinsically functional role in regulating biogeochemical pathways and fluxes, including 

the export of organic matter to the deep ocean. The coccolithophore, Emiliania huxleyi, for 

example, is thought to be a great contributor to the calcium carbonate pump because of 

their cosmopolitan and abundant distribution in the worlds ocean, and thus, has a crucial 

role in the global carbon cycle (Read et al., 2013; Rost and Riesebell, 2004). Diatoms, 

which are known to regulate silica biogeochemical cycles due to their silicate requirement 

for growth, are assumed to be the major contributor to the biological pump because of their 

heavy biogenic silica cell wall that allow them to sink faster to deeper waters (Smetacek et 

al., 2004). Some cyanobacteria are able to fix nitrogen, which can provide a significant 

amount of nitrogen to the oligotrophic regions of the ocean (Barton et al., 2013a; Tyrrell, 

1999). Phaeocystis, a prymnesiophyte, is a major DMS producer that strongly contributes 

to cloud formation and is not as easily grazed as diatoms due to the exudation of  mucilage 

(Haberman et al., 2003). 

Phytoplankton community composition also impact the trends of elemental stoichiometry 

in surface and deep-waters. Around 60 years ago, Alfred C. Redfield concluded that 

phytoplankton growth in the surface ocean controls deep-ocean chemistry when he 
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observed similar trends of elemental ratios of carbon, nitrogen and phosphorus (C:N:P) in 

the plankton biomass and deep-water nutrients (Redfield, 1958). Although an average 

atomic C:N:P ratio of phytoplankton has claimed to be the canonical value of 106:16:1, 

known as the ‘‘Redfield ratio”, recent research has emphasized the variability of 

phytoplankton stoichiometry between different species (Karl et al., 2001; Michaels et al., 

2001). Distinct phytoplankton assemblages, for example, have been  reported to influence 

differently particulate (Martiny et al., 2013a, 2013b; Smith and Asper, 2001) and dissolved 

elemental stoichiometry (C:N:P) (Weber and Deutsch, 2010). Some explanations for 

canonical ratio deviations include intrinsically variation of phytoplankton groups (Ho et 

al., 2003; Quigg et al., 2003), phytoplankton physiology (Goldman et al., 1979; Quigg et 

al., 2003) and nutrient limitation affecting primary production (e.g., Falkowski and Raven, 

1997; Moore et al., 2013). Unfortunately, detritus and dead plankton material also 

influence overall particulate C:N:P ratios in the ocean, which may complicate the 

interpretation of in situ observations of phytoplankton elemental stoichiometry (Martiny et 

al., 2013a). 

Phytoplankton, therefore, are not only diverse in terms of their species, morphology and 

traits but phytoplankton assemblages also present distinct ecological functionality in the 

system, either in terms of the food web or their impact on biogeochemical cycles. Many 

studies focus simply on chlorophyll or fluorescence measurements and undermine the 

ecological and physiological aspects of phytoplankton assemblages. Because of their 

distinct functional roles in marine ecosystems, studying phytoplankton taxonomy, either in 

term of species, functional type or groups and their dynamics in aquatic ecosystems are 

crucial to efficiently understand the influence of phytoplankton communities in 

biogeochemical cycles and climate regulation.  
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1.2 High latitude phytoplankton 

 

1.2.1 Marine phytoplankton from a changing Arctic/Sub-Arctic 

region  

 

High latitude oceans, particularly the Arctic and the sub-Arctic, have been undergoing 

changes within the last few decades as a consequence of climate change. Rises in surface 

seawater temperature, weakening of thermohaline circulation, sea ice decline and increased 

sea surface freshening as a result of higher precipitation, river flow and sea ice and glacier 

meltwater inputs are the most noticeable changes occurring in the Arctic Ocean (Anisimov 

et al., 2007). Paleoclimatic analysis has indicated that the changes observed in the Arctic, 

including atmospheric CO2 levels and sea surface temperature, were faster in the last 

century than previously recorded (Moritz et al., 2002). Rapid modification of 

environmental parameters (e.g. temperature, nutrients, salinity and CO2) as a response to 

climate change provokes considerable shifts in the organization of marine ecosystems and 

biogeochemical cycles (Schofield et al., 2010). 

The most obvious climate-driven trend in the Arctic Ocean within the last few decades is 

the accelerated decline of seasonal (< 1 year) and perennial (multi-year) sea ice (Comiso et 

al., 2008). The drastic loss of perennial sea ice occurs as a result of multi-year sea ice 

thinning (Kwok et al., 2009) and has been suggested as an irreversible trend to the Arctic 

sea ice cover (Serreze et al., 2009). Melting ice drives primary production because the 

influx of lower salinity water into the shelf induces water column stratification and 

provides a well-illuminated environment for phytoplankton growth. Primary production 

seems to have increased in surface waters with sea ice decline because it creates greater 

illuminated areas for phytoplankton growth (Arrigo et al., 2008; Pabi et al., 2008). 

Nonetheless, recent findings report the occurrence of extensive phytoplankton blooms (> 

100 km) under thin ice (~1m) with biomass fourfold greater than in open waters (Arrigo et 

al., 2012). Under ice blooms have been suggested to be widespread in the Arctic Ocean 

due to its enormous ice-covered continental shelf (~50% of its area) and may refute current 

estimations of pan-Arctic primary production as ice-free areas increase (Arrigo et al., 

2012).  
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Although greater light availability may stimulate phytoplankton growth in ice-free regions, 

Arctic phytoplankton seem not to be limited by light during the summer, alternatively, 

nutrients, usually nitrogen, appear to limit phytoplankton growth (Tremblay and Gagnon, 

2009). Nitrogen limitation has been reported in Arctic phytoplankton blooms (Reigstad et 

al., 2002) (Tremblay et al., 2008) and is expected to be augmented in areas away from the 

shelf break, rivers and adjacent glaciers, such as the central Arctic Ocean (Tremblay and 

Gagnon, 2009). Enhanced water column stratification boosts nitrogen limitation in surface 

waters, given that the upward flux of nutrients from the deep is suppressed (Winder and 

Sommer, 2012), favouring phytoplankton species that are able to thrive under these 

conditions. A shift from larger phytoplankton cells (nanophytoplankton) to the smaller 

forms (picophytoplankton) was observed from 2004 to 2008, as the surface waters of the 

Canadian Arctic basin freshened (Li et al., 2009). These authors argue that under lower 

nitrogen conditions, small-sized phytoplankton benefit because of their high surface area to 

volume ratio, which enables rapid nutrient assimilation compared to larger cells. Higher 

stratification could also increase the abundance of small flagellates that are available to 

exploit nutrients in the lower euphotic zone.  

The opposite force to thermal and, particularly, haline stratification in the Arctic Ocean is 

vertical mixing induced by extreme wind events, which have been reported to increase as 

the ice-free period becomes longer (Zhang et al., 2004). Therefore, although higher 

freshwater input, either from river runoff or glacial melt, is considered a major driving 

force causing water column stratification in the Arctic Ocean, stronger winds will likely 

inhibit stratification in ice-free waters and will provide nutrients to the upper layers. Higher 

river runoff or glacier melting may likewise be a potential source of nutrients that can 

sustain phytoplankton growth for a longer period. Greenland glacial runoff, for example, 

has been directly related to phytoplankton bloom intensity in the Labrador Sea within the 

last decade (Frajka-Williams and Rhines, 2010) and nutrient-rich meltwater from Iluliisat 

Glacier might have fuelled the phytoplankton bloom in West Greenland during summer 

1993 (Jensen et al., 1999). Other forms of nitrogen derived from glacial meltwater, such as 

dissolved organic nitrogen (DON) have been suggested as an alternative source of 

nitrogen, when the nitrate pool is exhausted (Tremblay et al., 2008). 
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1.2.2 The Labrador Sea: geographical importance 

 

The subpolar North Atlantic is one of the regions of the ocean most affected by the climate 

(Rhein et al., 2011), given that it is a site of deep water formation and is a driving force for 

the Atlantic Meridional Overturning Circulation (AMOC), an important component of 

global ocean circulation. The Labrador Sea is a subpolar high latitude marginal sea located 

to the northwestern Atlantic Ocean and the major source of the North Atlantic Deep Water 

(Dickson et al., 2002; Yashayaev, 2007; Yashayaev and Loder, 2009). The extreme winter 

heat losses combined with the subpolar gyre circulation mean that the Labrador Sea creates 

the deepest winter mixed layers (200 – 2000 m) in the North Atlantic, excluding the Nordic 

Seas and Baffin Bay (Yashayaev, 2007). Deep convection processes allow colder water to 

sink, forming the intermediate Labrador Sea Water (LSW) - a cold, relatively low salinity 

watermass (Yashayaev, 2007). The LSW contributes to the global ocean thermohaline 

circulation that redistributes heat from low latitudes to the poles and is a long-term 

indicator of climatic variability (Kieke and Yashayaev, 2015).   

Because of intense deep convection processes, the Labrador Sea, in spite of its small size, 

has a large impact on global ocean physics, air-sea exchange and biogeochemical cycles 

(Martz et al., 2009; Strutton et al., 2011). This region is one of the few in the world’s ocean 

where gases, such as oxygen and carbon dioxide (CO2) are directly exchanged between the 

deep ocean and the atmosphere (Azetsu-Scott, 2003; DeGrandpre et al., 2006). The 

Labrador Sea has also been considered a major sink of anthropogenic CO2, where surface 

carbon can directly and rapidly be transported to the deep ocean through the solubility 

pump by the formation of the high-density LSW (Tian et al., 2004). A large flux of oxygen 

as a consequence of convection also occurs, which oxygenates subsurface layers of the 

North Atlantic (Steinfeldt et al., 2009). Deep convection in the Labrador Sea may also 

influence the exchange of other biogenic/thermogenic trace gases, such as nitrous oxide 

(N2O). 

In addition to its influence in the ocean’s circulation and gas exchange, the Labrador Sea 

plays a critical role in the marine carbon cycle and the biological pump. Intensive 

phytoplankton blooms during spring and summer forms a significant sink of atmospheric 

CO2 from surface waters (DeGrandpre et al., 2006; Martz et al., 2009). Such blooms 

incorporate a large amount of CO2 into organic matter (Martz et al., 2009), where, with the 

combination of deep water formation, can be rapidly flushed into deep waters (Strutton et 
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al., 2011). Phytoplankton bloom biomass in the Labrador Sea has been suggested to be 

rapidly exported (below 35 m within 15 days of the bloom) with little remineralization in 

the mixed layer, which support a large CO2 sink to surface waters (Martz et al., 2009). 

Intense spring/summer blooms can also contribute to the dissolved organic matter pool 

either through bacterial lysis, the leakage or exudation of phytoplankton carbon (e.g., 

mucilaginous exopolymer from diatoms) or sloppy feeding by zooplankton in the Labrador 

Sea waters (van den Meersche et al., 2004). Active carbon export via respiration and 

mortality of migrating zooplankton contributes to 19% of the annual sinking flux, but only 

6% of total carbon export. Dissolved organic carbon (DOC) export has been suggested to 

be the main form of export flux (greater than that of the sinking flux of particulate organic 

carbon (POC)) in the Labrador Sea and is mainly driven by deep, vertical convection (Tian 

et al., 2004).  

 

1.2.3 The Labrador Sea: hydrographical setting  

 

The Labrador Sea is a high latitudinal marginal sea of the subpolar North Atlantic located 

between Greenland and Canada. It is connected through the Arctic Ocean by two fresh and 

cold inflows that enter the Labrador Sea and form hydrographic fronts along the shelf 

break on both Labrador and Greenland shelves (Yashayaev, 2007)(Fig. 1.3). The Labrador 

Current (LC) covers the surface of the Labrador Shelf and is originated from the Arctic, as 

well as melting sea-ice waters coming from the Canadian Arctic Archipelago and Hudson 

Bay (Fig. 1.3). The West Greenland Current (WGC), which is located east of the Labrador 

Sea on the Greenland shelf, is a mixture of relatively warm and saline Atlantic water from 

the Irminger Current (IC) and cold, low salinity Arctic water from the East Greenland 

Current (EGC) (Yashayaev, 2007), in addition to sea ice and glacial melting waters (Fig. 

1.3). The deep basin (4500m) located at the centre of the Labrador Sea forms a 

counterclockwise flow of relatively warm and salty waters originating from the Atlantic, 

particularly the Irminger Sea (Krawczyk et al., 2012) (Fig. 1.3). Further details of the 

Labrador Sea hydrography are described in Chapters 2 and 3. 
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Figure 1.3 Map showing the location, bathymetry and main currents of the Labrador Sea. 

Image credit: Igor Yashayaev (Bedford Institute of Oceanography). 
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1.2.4 Spring phytoplankton from the Labrador Sea  

 

The dynamics of the spring phytoplankton blooms observed from chlorophyll data in the 

Labrador Sea have been extensively reported in the literature (Frajka-Williams and Rhines, 

2010; Frajka-Williams et al., 2009; Lacour et al., 2015; Wu et al., 2007; Wu et al., 2008a). 

Labrador Sea blooms differ from other regions of the North Atlantic because of regional 

differences in timing, starting first in the northern region as opposed to the south to north 

progression observed in other parts of the North Atlantic (Henson et al., 2009). In addition 

to their phenology (Frajka-Williams and Rhines, 2010; Lacour et al., 2015; Wu et al., 

2007; Wu et al., 2008a), phytoplankton blooms in the Labrador Sea have been assumed to 

differ in cell size (Platt et al., 2005) and bio-optical properties (Cota, 2003; Lutz et al., 

2003; Platt et al., 2005; Sathyendranath et al., 2004; Stuart et al., 2000).  

In general, three distinct phytoplankton bloom regions have been reported to occur during 

spring in the Labrador Sea (Fig. 1.4). The first and the most intense bloom (up to 5.5 mg 

Chla m-3) occurs earlier in the season (usually starts in April) in the northeastern part of the 

Labrador Sea (near the Greenland coast) due to early seasonal onset of haline-driven 

stratification derived from the freshwater input from the West Greenland Current (Frajka-

Williams and Rhines, 2010; Harrison et al., 2013; Stuart et al., 2000) (Fig. 1.4). The 

second bloom is located in the western Labrador Sea, near the Labrador shelf and varies 

interanually, since it is triggered following the rapid melting of sea ice that often covers the 

shelf well into the spring (Frajka-Williams and Rhines, 2010) (Fig. 1.4). The central 

Labrador bloom is weaker and occurs later in the season as result of thermal stratification 

(Frajka-Williams and Rhines, 2010) (Fig. 1.4). Light microscopic counts have shown that 

diatoms dominate the spring bloom on the Labrador Shelf, while the colony forming 

Phaeocystis pouchetii is the common phytoplankton dominating the areas of high 

chlorophyll near Greenland (West Greenland shelf) (Waniek et al., 2005), although 

diatoms also co-occur (Stuart et al., 2000).  Dinoflagellates, coccolithophores and 

chrysophytes have been reported to be common after the spring bloom (Harrison et al., 

2013).  

Deep ventilation during winter brings high nutrient concentrations to the surface waters, 

which support intense blooms in spring once light becomes available (Tian et al., 2004). 

However, mesoscale processes, such as upwelling and transport by eddies, have been 

suggested to also sustain phytoplankton growth throughout the rest of the productive 
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season (Frajka-Williams and Rhines, 2010). Strong winds have been assumed to stimulate 

phytoplankton blooms during summer, when nutrients are replenished by vertical mixing 

and Ekman pumping (Wu et al., 2008b). Light availability, either through greater 

stratification, shallower mixed layers and daylight length has been suggested to play an 

important role in bloom initiation in the Labrador Sea (Frajka-Williams and Rhines, 2010; 

Frajka-Williams et al., 2009; Lacour et al., 2015; Wu et al., 2008a). Plankton community 

structure of the Labrador Sea has previously been assessed by bio-optical, pigment or 

microscopic observations (Harrison et al., 2013; Head et al., 2000; Strutton et al., 2011; 

Stuart et al., 2000). Nonetheless, a detailed quantitative taxonomic analysis of the 

environmental controls on phytoplankton communities and species composition of the 

Labrador Sea has not previously been carried out.  



Chapter 1 

17 

 

Figure 1.4 Semi-monthly composites of a) sea surface temperature (SST) and b) surface 

chlorophyll concentrations retrieved from NOAA (AVHRR) and MODIS-aqua 

satellites during May and June 2010.  (Images retrieved from this 

site:http://www.bio.gc.ca/science/newtech-technouvelles/sensing-

teledetection/composites-en.php) 
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1.2.5 Labrador Sea phytoplankton and climate change 

 

The Labrador Sea is a key region for climate change studies because large scale 

atmospheric processes, such as the North Atlantic Oscillation (NAO) influence the level of 

mixing and stratification throughout the water column, the vertical mixing of nutrients and 

advective changes in water masses (Harrison et al., 2013). These environmental changes, 

in turn, influence the phenology and duration of phytoplankton blooms, in addition to 

species composition. Drinkwater et al. (2003) showed that positive NAO index resulted in 

stronger northwest winds over the Labrador Sea, causing deeper mixing and more sea ice 

in the region, which potentially delays the initiation of the spring bloom. In the central 

North Atlantic, south of Greenland and Iceland, later initiation of blooms in the mid-1980s 

and greater diatom to dinoflagellate ratios during summer blooms were related to a positive 

NAO index, whereas earlier blooms in the 1990s were associated with negative NAO and a 

higher abundance of dinoflagellates (Zhai et al., 2013).  

Climate also influences sea ice conditions, which in turn has a major impact on primary 

productivity. The amount of ice-melt and freshwater input to the Labrador and Greenland 

shelves induces water column stratification and provides a well-illuminated environment 

for phytoplankton growth (Smith and Comiso, 2008; Smith and Nelson, 1990). Sea ice 

covers the entire Labrador Shelf until early April, when it melts rapidly along the 

southwest edge (Stuart et al., 2000). The Labrador Sea shelf shows great interannual 

variability in the timing and extent of seasonal sea-ice cover, thus it is expected that 

phytoplankton would respond to these interannual variations. Ice conditions have been 

shown to correlate negatively with primary production in the Greenland Sea and the 

Barents Sea, but not with Labrador shelf production (Harrison et al., 2013). As the 

accelerated decline of seasonal (< 1 year) and perennial (multi-year) sea ice continues 

(Comiso et al., 2008), the supply of freshwater into the Labrador Sea will likely increase, 

affecting the biological production in the shelf waters and the waters nearby. Greenland 

has lost an average of between 380 and 490 billion tonnes of ice each year – some 150 

billion tonnes more than it gains in snow over the winter (Witze, 2008), and ice mass loss 

appears to be accelerating (Khan et al., 2010). Higher river runoff or glacier melting may 

likewise be a potential source of nutrients that can sustain phytoplankton growth for a 

longer period. Greenland glacial runoff has been directly related to bloom intensity in the 

Labrador Sea within the last decade (Frajka-Williams and Rhines, 2010) and nutrient-rich 
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meltwater from Iluliisat Glacier may have fuelled the phytoplankton bloom in West 

Greenland during summer 1993 (Jensen et al., 1999). Greenland meltwater has also been 

shown to provide a significant and potential bioavailable source of iron to phytoplankton 

(Bhatia et al., 2013). Forms of nitrogen derived from glacial meltwater, such as dissolved 

organic nitrogen (DON), have been suggested as an alternative source of nitrogen, when 

the nitrate pool is exhausted (Tremblay et al., 2008). 

 

1.3 Motivation of study 

 

1.3.1 Research questions 

 

The dynamics of phytoplankton spring blooms in the Labrador Sea have been investigated 

within the past decade (Frajka-Williams and Rhines, 2010; Frajka-Williams et al., 2009; 

Lacour et al., 2015; Wu et al., 2007; Wu et al., 2008a). However, a detailed quantitative 

taxonomic analysis and an investigation of the environmental controls on the taxonomic 

segregation, in addition to multi-year comparison of phytoplankton community 

distributions and their biochemical signatures in the Labrador Sea has not previously been 

carried out. The following questions are addressed in this thesis: 

 What are the main species of phytoplankton found in the Labrador Sea during 

spring?  

 Are there bioindicator species of water masses and what are they?  

 Do phytoplankton assemblages reocurr in the same water masses every year?  

 What are the environmental factors that influence taxonomic segregation in the 

Labrador Sea?  

 What is the contribution of phytoplankton communities to the Redfield ratio?  

 Do phytoplankton communities present different Redfield ratios (carbon:nitrogen) 

and photophysiology?  

 What are the main morpho-physiological traits influencing phytoplankton species 

biogeography in the Labrador Sea? 
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 What is the possible future scenario of spring phytoplankton communities if 

climate change in the Labrador Sea persists? 

 

1.3.2 Thesis structure and objectives 

 

The overall aim of this thesis is to investigate the drivers that shape the biogeographical 

patterns of spring phytoplankton communities in the Labrador Sea and the morpho-photo-

physiological and biochemical traits associated with these communities. The organisation 

and structure of this thesis is indicated in Figure 1.5. A detailed examination of the spring 

phytoplankton community composition across the Labrador Sea and the main 

environmental factors associated with community distribution is discussed in Chapter 2. 

This initial analysis provided the foundation for the expanded analysis of phytoplankton 

community distribution and their photophysiological and biochemical signatures using ten-

years of pigment data (Chapter 3) and the investigation of potential phytoplankton 

functional traits involved in species biogeography (Chapter 4). Chapter 5 summarised the 

main findings of this research, which ultimetly provided a comprehensive view of the 

ecological and biogeochemical significance of phytoplankton communities in the Labrador 

Sea.   
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Figure 1.5 Thesis structure. Chapter 2 has been published in Progress in Oceanography and 

Chapter 3 is has been submitted as a discussion paper to Biogeosciences Discussions 

and is currently under public review. Chapter 4 is being prepared for publication 

for Limnology and Oceanography. All chapters maintained the same title in the 

publications. 

 

1.3.2.1 Thesis objectives 

 

Chapter 2: Biogeographical patterns and environmental controls of phytoplankton 

communities from hydrographical zones of the Labrador Sea 

1) To provide a detailed taxonomic and biogeographical analyses of spring 

phytoplankton communities (2011-2014) across the Labrador Sea.   

2) To assess the influence of vertical stability, either haline- or thermally-driven 

stratification on supporting phytoplankton blooms in the Labrador Sea. 

3) To investigate the major hydrographic parameters that influence taxonomic 

segregation of phytoplankton blooms from the Labrador Sea. 

4) To discuss the major environmental drivers for specific phytoplankton groups (e.g. 

Phaeocystis pouchetii and diatoms) in this high latitude sea.  
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Chapter 3: Spring phytoplankton communities of the Labrador Sea (2005-2014): pigment 

signatures, photophysiology and elemental ratios 

1) To investigate the multi-year (2005-2014) distributions of late spring and early 

summer (May to June) phytoplankton communities using pigments. 

2) To examine the overall biochemical traits, including particulate organic carbon 

(POC) to particulated organic nitrogen (PON) ratios associated with these 

phytoplankton communities. 

3) To compare photophysiological parameters of each phytoplankton community. 

 

Chapter 4: Unveiling spring phytoplankton biogeography in the Labrador Sea 

through trait-based analysis 

1) To recognise the potential phytoplankton indicator species of North Atlantic 

and Arctic waters during spring in the Labrador Sea. 

2) To identify possible traits that could be driving the biogeography of 

phytoplankton species in the Labrador Sea. 

3) To examine the mechanisms involved in spring phytoplankton biogeography 

using trait-based approaches. 

4) To discuss future implication in trait biogeography and species distribution 

under a global warming scenario.   

 

Chapter 5: Summary and Conclusions 

1) Synthesis of research 

2) Future work 

3) Concluding remarks  
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Chapter 2: Biogeographical patterns and environmental 

controls of phytoplankton communities from 

hydrographical zones of the Labrador Sea 

Note: This Chapter has been published in Progress in Oceanography with the full 

reference: “Fragoso, G. M., Poulton, A. J., Yashayaev, I. M., Head, E. J., Stinchcombe, M. 

C., & Purdie, D. A. (2016). Biogeographical patterns and environmental controls of 

phytoplankton communities from contrasting hydrographical zones of the Labrador Sea. 

Progress in Oceanography, 141, 212-226”. G. M. F. was responsible for the phytoplankton 

counts and identification as well as the statistical analysis of the data. G. M. F. also 

prepared the first draft of the manuscript.  

2.1 Abstract 

The Labrador Sea is an important oceanic sink for atmospheric CO2 because of intensive 

convective mixing during winter and extensive phytoplankton blooms that occur during 

spring and summer. Therefore, a broad-scale investigation of the responses of 

phytoplankton community composition to environmental forcing is essential for 

understanding planktonic food-web organisation and biogeochemical functioning in the 

Labrador Sea. Here, phytoplankton community structure (> 4μm) from near surface 

blooms (< 50 m) from spring and early summer (2011-2014) was investigated in detail, 

including species composition and environmental controls. Spring blooms (> 1.2 mg chla 

m-3) occurred on and near the shelves in May and in offshore waters of the central 

Labrador Sea in June due to haline- and thermal-stratification, respectively. Sea ice-related 

(Fragilariopsis cylindrus and F. oceanica) and Arctic diatoms (Fossula arctica, 

Bacterosira bathyomphala and Thalassiosira hyalina) dominated the relatively cold (< 

0°C) and fresh (salinity < 33) waters over the Labrador shelf (e.g., on the southwestern 

side of the Labrador Sea), where sea-ice melt and Arctic outflow predominates. On the 

northeastern side of the Labrador Sea, intense blooms of the colonial prymnesiophyte 

Phaeocystis pouchetii and diatoms, such as Thalassiosira nordenskioeldii, Pseudo-

nitzschia granii and Chaetoceros socialis, occurred in the lower nutrient waters (nitrate < 

3.6 μM) of the West Greenland Current. The central Labrador Sea bloom occurred later in 

the season (June) and was dominated by Atlantic diatoms, such as Ephemera 

planamembranacea and Fragilariopsis atlantica. The data presented here demonstrate that 

the Labrador Sea spring and early summer blooms are composed of contrasting 
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phytoplankton communities, for which taxonomic segregation appears to be controlled by 

the physical and biogeochemical characteristics of the dominant water masses. 

 

2.2 Introduction 

 

Marine phytoplankton communities respond rapidly (days to weeks) to changes occurring 

in their physical environment due to their short generation times. Over the last few decades 

climate change has led to marked physical changes in the Arctic Ocean and adjacent sub-

Arctic seas (Yashayaev et al., 2015) – changes which are likely to be reflected by 

responses in their phytoplankton communities (Anisimov et al., 2007). Climate-driven 

processes modify the major factors, such as light availability, nutrient input and grazing 

pressure that shape phytoplankton physiological traits and alter community structure 

(Montes-Hugo et al., 2009; Litchman et al., 2012). As the climate changes in these high 

latitude oceans, the parameters that define the phytoplankton phenology (seasonal and 

interannual variation), biomass, primary production and community structure, will all 

likely be modified. Alteration of the phytoplankton community propagates into marine 

food web dynamics and biogeochemical cycles (Finkel et al., 2009), due to traits regarding 

palatability, cell size, elemental stoichiometry and efficiency of carbon transport to deeper 

waters. A further advance in understanding the long-term responses of Arctic 

phytoplankton to climate change can be achieved from remote-sensing-derived 

observations (e.g., Arrigo et al., 2008; Pabi et al., 2008; Kahru et al., 2011; Ardyna et al., 

2014) and in situ long-term monitoring (Head et al., 2003; Yashayaev, 2007; Yashayaev et 

al., 2015). 

The Labrador Sea is a sub-Arctic region of the Northwest Atlantic located between 

Greenland and the eastern coast of Canada. In spite of its small size (< 1% of the Atlantic 

Ocean), the Labrador Sea plays a critical role in the marine carbon cycle because it is one 

of the most productive regions of the North Atlantic, which enhances the flux of 

atmospheric CO2 into surface waters (DeGrandpre et al., 2006; Martz et al., 2009). 

Moreover, the Labrador Sea produces the densest of all water masses that are entirely 

formed in the subpolar North Atlantic (Yashayaev et al., 2015), where wintertime cooling 

and wind forcing cause convective sinking of dense surface water, transporting carbon 

rapidly to the deep ocean (Tian et al., 2004). The Labrador Sea is also a region susceptible 
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to climate change because it receives the discharge of Arctic ice-melt waters, which 

potentially increases the freshening of surface layers (Dickson et al., 2002; Yashayaev and 

Seidov, 2015).  Due to its biogeochemical significance and potential vulnerability to 

climate change, a comprehensive understanding of the current phytoplankton communities 

in the Labrador Sea is crucial to detect climate change effects in the future. 

The Labrador Sea is usually characterised by three distinct phytoplankton bloom regions 

during spring and early summer (Frajka-Williams et al., 2009, Frajka-Williams and 

Rhines, 2010). In contrast to the south to north progression observed in other regions of the 

North Atlantic (Henson et al., 2009), the northern bloom (north of 60ºN, in the eastern 

Labrador Sea) is more intense (satellite-derived chlorophyll (1998-2006) up to 5.5 mg chla 

m-3, Harrison et al., 2013) and starts early in the season (late April). This is due to the early 

onset of haline-driven stratification formed by freshwater input from the West Greenland 

Current (Stuart et al., 2000; Frajka-Williams and Rhines, 2010; Harrison et al., 2013; 

Lacour et al., 2015). The western bloom located on the Labrador Shelf varies inter-

annually, since it is triggered by the rapid melting of sea ice that often covers the shelf well 

into spring (Wu et al., 2007). The Labrador Shelf bloom development starts as the ice 

retreats, which is usually in May, although it may occur later (June) in some years (Head et 

al., 2013). The central Labrador bloom is weaker (1998-2006 satellite-derived chlorophyll  

< 2 mg chla m-3, Harrison et al., 2013) and occurs later in the season (June) as a result of 

thermal stratification (Frajka-Williams and Rhines, 2010). Nutrient replenishment, 

occurring during deep winter mixing (200 – 2300 m) and dependent on cumulative surface 

heat loss, (Yashayaev and Loder, 2009), supports the phytoplankton spring bloom once 

light becomes available (Harrison et al., 2013). Storm events (Wu et al., 2008b) as well as 

upwelling events from cyclonic eddies (Yebra et al., 2009) and glacial meltwater (Bhatia et 

al., 2013) have all been suggested to sustain the blooms via nutrient replenishment after 

these are exhausted in surface waters.  

The Labrador Sea acts as a receiving and blending basin for Atlantic and Arctic waters 

(Yashayaev et al., 2015) and, therefore, is an ideal region to study the influence of the 

environmental factors that shape the phytoplankton community structure due to the 

Atlantic and Arctic waters that divide the region into distinct hydrographic zones (Head et 

al., 2003, 2000). Hydrographic zones create ecological niches, where distinct 

phytoplankton communities occur (Acevedo-Trejos et al., 2013; Goes et al., 2014, Brun et 

al., 2015). Understanding the drivers of biogeographical patterns of phytoplankton 

communities in the Labrador Sea will provide insights about the habitat complexity of this 
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area, in addition to elucidating the phytoplankton responses to future changes. Plankton 

community structure from the Labrador Sea has previously been assessed by bio-optical, 

pigment or microscopic observations (Cota, 2003; Harrison et al., 2013; Head et al., 2000; 

Strutton et al., 2011; Stuart et al., 2000). Nonetheless, a detailed quantitative taxonomic 

analysis of the environmental controls on phytoplankton communities and species 

composition has not previously been carried out.  

Based on in situ observations collected in the Labrador Sea during late spring and early 

summer (2011 – 2014), the specific goals of this study were to:  

1) describe the biogeographical patterns of spring phytoplankton communities across the 

Labrador Sea,  

2) investigate the major hydrographic parameters that influence taxonomic segregation of 

phytoplankton blooms from the upper 50 m in the Labrador Sea, 

3) discuss the major environmental drivers for specific phytoplankton groups (e.g., 

Phaeocystis pouchetii and diatoms) in this high latitude sea.  

 

2.3 Methods 

 

2.3.1 Study area 

 

The Labrador Sea and the entire subpolar North Atlantic  receive buoyant fresh and cold 

Arctic outflow (Yashayaev et al., 2015) through two major pathways. One of these 

pathways connecting the Labrador Sea to the Arctic Ocean originates from the Baffin 

Island Current that crosses Davis Strait and subsequently merges with various southward 

inshore flows to become the Labrador Current (LC) (Fig. 2.1). The other pathway starts 

with the East Greenland Current (EGC) in the Greenland Sea (Yashayaev and Seidov, 

2015), which turns around the southern tip of Greenland and flows northwards along the 

Greenland coast to become the West Greenland Current (WGC)(Yashayaev, 2007) (Fig. 

2.1). The LC is composed of two main branches: an inshore branch, which occupies the 

Labrador Shelf, and an offshore branch, which is centred over the 1000 m contour. The 
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inshore branch receives waters of Arctic origin via Davis and Hudson Straits, whereas the 

offshore branch receives contributions from the outflow from Davis Strait and from the 

portion of the WGC that turns west and then south along the shelf-break (Head et al., 2013) 

(Fig. 2.1). The inflow from Hudson Strait contains a large riverine input from Hudson Bay, 

increasing the contribution of estuarine waters to this water mass (15% of total volume of 

the LC) (Straneo and Saucier, 2008). Local ice melting also influences the properties of the 

LC, given that the Labrador Shelf is a seasonal ice zone, where sea ice starts forming in 

mid-January, reaching its maximum extent at the end of March and starts to melt in May 

(Wu et al., 2007).  

The shallow, fresh and cold WGC presents a mixture of low salinity Arctic water from the 

EGC and Greenland ice melt (collectively sourced from glaciers, icebergs and Greenland 

ice surface melt). The WGC is also influenced by the relatively warm and saline Atlantic 

water, which, in turn, originates from the Irminger Current (IC) (Yashayaev, 2007; 

Yashayaev and Seidov, 2015) (Fig. 2.1). Sea ice is prevented from forming on the 

Greenland Shelf, although icebergs are frequent (De Sève, 1999; Yankovsky and 

Yashayaev, 2014). The deep central basin (water depths from 3200 to 3700 m) of the 

Labrador Sea features a clockwise (anticyclonic) circulation, which in turn contributes to 

an anticlockwise (cyclonic) gyre nested along the outer rim of the deep basin (Yashayaev, 

2007; Hall et al., 2013; Kieke and Yashayaev, 2015) (Fig. 2.1).  

The Labrador Sea is a region with complex, yet, well-structured hydrography characterised 

by marked fronts maintained by the major currents such as the LC, IC and WGC. These 

oceanographic fronts separate characteristic zones composed of distinct water masses 

(Yashayaev, 2007). Boundary currents are concentrated at the Greenland and Labrador 

slopes, where anticyclonic/cyclonic mesoscale eddies are common, particularly Irminger 

Rings, located in the eastern part of the Labrador Sea (Frajka-Williams et al., 2009; Yebra 

et al., 2009).  
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Figure 2.1 Map showing the stations and currents of the Labrador Sea. Stations were 

sampled along the AR7W transect (background line) during multiple years (2011 - 

2014) or near the transect in 2011 (red diamonds), 2012 (blue squares), 2013 

(inverted yellow triangles), and 2014 (green dots). Scale refers to bathymetry. 

Circulation elements - colder currents (Labrador Current, Arctic Outflows and 

West Greenland Current, blue solid arrows), warmer currents (Irminger Current 

and Extension, red and brown solid arrows, respectively) and the anticyclonic 

circulation gyre (pink solid arrows) of the Labrador Sea. 
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2.3.2 Sampling 

 

Initiated as a part of the World Ocean Circulation Experiment (WOCE), and then included 

as a key component of the Climate and Ocean: Variability, Predictability and Change 

(CLIVAR) sampling plan, the oceanographic section Atlantic Repeat Hydrography Line 7 

West (AR7W) (following WOCE terminology) running across the Labrador Sea has been 

occupied annually by the Ocean and Ecosystem Science Division of the Bedford Institute 

of Oceanography (BIO) since 1990. This sustained full-depth sampling and monitoring of 

one of the most critical ocean basins includes collection and analysis of a broad variety of 

physical, chemical, and biological observations across the Labrador Sea and  has recently 

been established as the principal component of the Atlantic Zone Off-Shelf Monitoring 

Program (AZOMP) of the Department of Fisheries and Oceans Canada.  This section 

line, still commonly referred to as AR7W, extends from Misery Point just inshore of the 

Hamilton Bank on the Labrador Shelf to Cape Desolation on the Greenland Shelf (Fig. 

2.1). The transect has 28 fixed position hydrographic stations when ice conditions do not 

prevent sampling on either of the shelves, in addition to some extra stations that are 

sampled, which vary annually. 

Data for this study were collected on five research cruises (HUD-2011-009, HUD-2012-

001, HUD-2013-008, HUD-2014-007, and JR302) to the Labrador Sea. The dates of the 

respective expeditions carried out by the CCGS Hudson (HUD-Year-ID) were 11 – 17 

May, 2011, 4 - 11 June, 2012, 9 - 21 May, 2013, and 7 - 14 May, 2014, and by the RRS 

James Clark Ross (JR302) – June 10 - 24, 2014. Stations were sampled on two transect 

crossings of the shelves and deep basin of the Labrador Sea (Fig. 2.1). The AR7W line was 

sampled annually on the Hudson with additional stations sampled south of the AR7W line 

in June 2014 on the JR302 cruise. In addition to these two transects, occasional other 

stations were also sampled in the Labrador Sea (Fig. 2.1).  

Vertical profiles of temperature, salinity and chlorophyll fluorescence were measured with 

a CTD/rosette system. Water samples were collected on the upward CTD casts using 10-L 

Niskin bottles mounted on a rosette frame. Mixed layer depths (MLD) were calculated 

from the vertical density (σƟ) distribution and defined as the depth where σƟ changes by 

0.03 kg m-3 from a stable surface value (~10 m) (Weller and Plueddemann, 1996). As this 

mixed layer depth criterion presents limitations in accurately identifying weakly versus 

strongly stratified water masses, an additional and more robust criterion was used to 
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measure stratification – a stratification index (SI). In this study, the SI was calculated as 

the difference in σƟ values between 60m and 10 m divided by the respective difference in 

depth (50 m).  

For phytoplankton biomass determination from near surface waters of the Labrador Sea, 

mixed water samples from the upper 50 m (i.e., a mixture of 50 mL from each of 6 depths: 

0, 10, 20, 30, 40, and 50m – (see Appendix A.1) and from the surface (<10 m) (in case of 

samples from early summer 2014 (JR302 cruise)) were collected and immediately 

preserved in acidic Lugol’s solution to a final concentration of 2%. Samples were stored in 

dark glass bottles for later phytoplankton species identification and enumeration in the 

laboratory. Discrete water samples were collected for chlorophyll a (chla) and nutrient 

analysis between the surface to a depth of 100 m at every 10 m or 25 m interval (for more 

details, see Appendix A.1). Samples for nutrient analysis were frozen at -20°C and 

measured using an autoanalyser (Alpkem RFA-300) or manually (ammonium, NH4
+) using 

the hypochlorite method of Solórzano (1969) or the fluorometric method of Kerouel and 

Aminot (1997) (JR302 cruise). Chlorophyll a was extracted in 90% acetone for 

approximately 24 hours at -20°C and fluorometrically determined using a Turner Designs 

fluorometer (Holm-Hansen et al., 1965). Samples for particulate organic carbon (POC) 

were filtered (0.25 – 1L) onto 25 mm pre-combusted GF/F filters and rinsed with 0.01 N 

HCl filtered seawater to remove inorganic carbonates and oven-dried (60ºC) for 8-12 

hours. Samples were kept dry and analysed in the laboratory using a Carbon-Hydrogen-

Nitrogen (CHN) analyser (Collos, 2002).   

 

2.3.3 Satellite observations  

 

The seasonal progression of chlorophyll a concentrations from spring to summer from 

different regions of the Labrador Sea (Labrador Shelf, Central Basin and Greenland Shelf) 

was monitored through satellite observations.  This analysis is important to investigate the 

stage of blooms from different regions to avoid biased interpretation of the spatial and 

temporal patterns of phytoplankton communities in the Labrador Sea during the period of 

study. For this analysis, remote sensing data of chlorophyll a concentrations (MODIS-

Aqua, 4-km resolution, 8-day composites) were retrieved from GIOVANNI Online Data 

System (Ocean Color Project, NASA, http://giovanni.gsfc.nasa.gov/giovanni/). Selected 

http://giovanni.gsfc.nasa.gov/giovanni/
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areas for chlorophyll a concentrations averages represent the Labrador Shelf and Slope 

(52°-55° N, 56°-52° W), the Central Basin (55°-59° N, 52°-47° W) and the Greenland 

Shelf and Slope (59°-60° N, 47°-43° W). 

 

2.3.4 Phytoplankton enumeration 

 

Lugols preserved samples were counted to determine phytoplankton (> 4 m) abundance 

and taxonomic composition. According to cell abundance (previously observed under the 

light microscope), 10 or 25-mL of each sample was placed in a settling chamber for 24 h 

and examined using a Leiss inverted microscope under 100× or 200× magnification 

(Utermöhl, 1958). Large (> 50 μm) and numerically rare taxa were counted during full 

examination of the settling chamber at 100× magnification, whislt small (< 50 μm) and 

numerically dominant taxa were counted on 1 or 2 transects of the chamber at 200× 

magnification. At some stations where large taxa were dominant, such as the diatoms 

Ephemera planamembranaceae and Thalassiosira spp., at least 300 individuals were 

counted in 1 or 2 transects at 100× magnification. Counting units were considered as 

individuals cells, regardless of whether they were solitary or in a chain/colony, except for 

Phaeocystis pouchetii colonies, which were considered individuals categorised by colony 

size (small: <100 μm, medium: 100 - 199 μm, large: 200 - 300 μm and extra large > 300 

μm). Cell abundance within each size category of colony was estimated as the average 

number of cells counted in at least 10 different colonies of that size category. P. pouchetii 

single cells, either -flagellated or derived from colonies, were counted and grouped 

together.  

Diatoms and dinoflagellates were identified to genus or species whenever possible 

following Medlin and Priddle (1990), Tomas (1997) and Throndsen et al. (2007). 

Unidentified dinoflagellate taxa were grouped as small (4 - 29 m) or large (>30 m), and 

with reference to cell wall structure (naked or armored). Unidentified diatoms were 

grouped as centric or pennate according to a size category (i.e. 4 - 19 m, 20 - 49 m, 50 - 

99 m, 100 - 149 m, 150 - 200 m and >200 m). Thalassiosira and Fragilariopsis 

species identification was only possible using a Scanning Electron Microscope (SEM), 

except for Fragilariopsis atlantica, and therefore Fragilariopsis genus were also 

categorised by size: small (4 - 19 m), medium (20 - 50 m) and large (>50 m). The 
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genus Chaetoceros was also classified by size as large (subgenus Phaeoceros), medium (C. 

decipiens, C. mitra, C. laciniosus, C. debilis, C. curvisetus) or small (C. compressum, C. 

socialis and others which could not be identified to species level using the light 

microscope). It was not possible to identify most of the nanoflagellates, other than 

cryptophytes, P. pouchetii and small dinoflagellates, and therefore unidentified flagellates 

are not included in this study (median and standard error biomass = 12 ± 3% of total 

biomass).  

 

2.3.5 Biovolume and biomass estimation 

 

Cell biovolume was calculated based on geometrical shapes assigned for each taxa as 

suggested by Sun and Liu (2003). Cell dimensions of at least 10 specimens were measured 

and biovolume for each taxon was compared to the literature (Olenina et al., 2006). Cell 

carbon concentrations were estimated using carbon conversion factors for diatoms 

(Montagnes and Franklin, 2001) and other protists (Menden-Deuer and Lessard, 2000). For 

P. pouchetii, total carbon biomass consisted of cell biomass (either -flagellated, non-motile 

or colony-bound cells) and biomass contained in the mucus of Phaeocystis colonies. P. 

pouchetii cell carbon biomass was estimated based on geometrical shape as previously 

described, without any distinction between flagellate, non-motile or colony-bound cells. A 

mucus carbon conversion factor has previously been developed to convert from colony 

volume to total colony biomass for P. antarctica (213 ng C mm-3, Mathot et al., 2000) and 

P. globosa  (335 ng C mm-3, Rousseau et al., 1990). Given the lack of data on carbon 

estimates of colonial mucus for P. pouchetii, the average colonial mucus reported from P. 

antarctica and P. globosa was applied for P. pouchetii colonies in this study (i.e., 274 ng C 

mm-3). A regression analysis (y = 1.01x + 240.92; r2 = 0.47; n = 44; p < 0.0001) of the 

carbon calculated from cell counts and carbon derived from POC analysis showed good 

agreement. The goodness-of-fit was confirmed by visually observing the normal 

distribution of the residuals.  
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2.3.6 Statistical analyses 

 

Phytoplankton community structure in the Labrador Sea during late spring and early 

summer of 2011-2014 was investigated using PRIMER-E (v7) software (Clarke and 

Warwick, 2001). Biomass data from the 75 phytoplankton taxa (including species, genus 

and morphotypes) were normalised by performing a square root transformation, allowing 

each taxon to influence the similarity within and among samples. Bray-Curtis similarity 

was calculated between each pair of samples and a Cluster analysis of this matrix was 

generated to display the similarity relationship among samples. An arbitrary threshold 

(46% of similarity) was applied to link the samples that are more similar to each other 

(i.e., > 46% similar in terms of taxa composition) into Cluster groups.  

A non-metric multi-dimensional scaling (nMDS) plot was used to visually display the 

similarity relationship between the respective pairs of samples derived from the Bray-

Curtis similarity matrix. Thus, samples that reflected greater community resemblances 

were spatially closer than the ones that were less similar. The stress level of the nMDS plot 

is a measurement of how accurate the representation is, with lower stress values being 

associated with better visual representation of the similarity relationship in 2-D space. 

Bubble plots were constructed in the nMDS plots to identify the associations between 

blooms (in terms of carbon biomass and chla) and physical parameters (MLD and SI). For 

this analysis, a threshold of median chlorophyll a biomass values greater than 1.2 mg chla 

m-3 for each Cluster was applied to arbitrarily define bloom conditions in the upper 50 m. 

The similarity percentage analysis (SIMPER) routine was used to explore the 

dissimilarities between Clusters and the similarities within Clusters of samples. Moreover, 

this output was used to identify the contributions from each taxon to the (average) overall 

similarity within Clusters at a cutoff of 90% cumulative contribution. A post-hoc analysis 

of similarity (one-way ANOSIM) was also applied to determine whether Clusters were 

statistically significantly different from each other in terms of their taxonomic 

composition.  

To analyse the effects of gradients (environmental parameters) on the Labrador Sea 

phytoplankton biomass and community structure, a redundancy analysis (RDA) was 

performed using the CANOCO 4.5 software (CANOCO, Microcomputer Power, Ithaca, 

NY). This multivariate analysis determines the environmental variables (explanatory 
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variables) that best explain the distribution of the major selected taxa, by selecting the 

linear combination of environmental variables that yields the smallest total residual sum of 

squares in the taxonomic data (Peterson et al., 2007). Only taxa that contributed to more 

than 0.5% of total biomass (reduced from 75 to 11 taxa) were selected for RDA analysis. 

Detrending canonical correspondence analysis (DCCA) was used a priori to determine 

whether the data ordination method was linear (suitable for RDA analysis) or unimodal 

(suitable for Canonical Correspondence Analysis – CCA). A relatively small gradient 

length (< 2.5 standard deviation units according to DCCA analysis output) revealed that 

the ordination was linear-based and that RDA analysis was suitable (Lepš and Šmilauer, 

2003). Forward-selection (a posteriori analysis) was used to identify a subset of 

environmental variables that significantly explained taxonomic distribution and community 

structure when analysed individually (λ1, marginal effects) or included in the model where 

other forward-selected variables were analysed together (λa, conditional effects). Biomass 

data were log-transformed and a Monte Carlo permutation test (n = 999, reduced model) 

was applied to test the statistical significance (p < 0.05) of each of the forward-selected 

variables.  

 

2.4 Results 

 

2.4.1 Temporal variability of the study 

 

The initiation and the progression of blooms in the Labrador Sea is expected to vary from 

year to year (Frajka-Williams and Rhines, 2010). In addition to the expected natural 

variability of chlorophyll a distributions, the sampling period in the Labrador Sea varied 

during this study (six weeks) (Fig. 2.2). During 2011, only the Central Basin and the 

Greenland Shelf were sampled. Sampling occurred early this year (mid-May), so 

chlorophyll concentrations were low (< 1 mg Chla m-3) in the Central Basin (pre-bloom 

condition), although it was high (> 4 mg Chla m-3) in the Greenland Shelf (bloom 

condition) (Fig. 2.2b-d). During 2012, sampling occurred later in the season (early June). 

At this time, the bloom at the Central Basin was in its peak (~ 1.5 mg Chla m-3), whereas 

the Labrador and the Greenland Shelf blooms were starting to decline, though 
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concentrations were still > 1 mg Chla m-3 (Fig. 2.2b-d). During 2013, sampling occurred, 

again, early in the season (mid-May), being possible to sample the peak of Labrador and 

Greenland Shelf blooms (> 2 mg Chla m-3), while the Central Basin was found in a pre-

bloom condition (< 1 mg Chla m-3) (Fig. 2.2b-d). In 2014, sampling occurred twice, early 

(early May) and late (mid-June) in the season. During the early sampling period of 2014, 

the Labrador Shelf and Central Basin were found in pre-bloom conditions (< 1 mg Chla m-

3), whereas the Greenland Shelf bloom was found initiating (~ 1 mg Chla m-3) (Fig. 2.2b-

d). During the late sampling period of 2014, the Labrador Shelf and the Central Basin 

blooms were starting to decline, although chlorophyll a concentrations were still high (> 1 

mg Chla m-3), whereas the Greenland Shelf bloom had declined (post-bloom condition; < 

0.5 mg Chla m-3) (Fig. 2.2b-d).        
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Figure 2.2 – Temporal progression of phytoplankton blooms from distinct regions of the 

Labrador Sea. Chlorophyll a averages were retrieved from areas that represent, 

approximately, the Labrador Shelf (lower box), Central Basin (middle box) and 

Greenland Shelf (upper box) (a). Temporal progression of chlorophyll a 

concentrations from mid-April to early-July (b-d) during 2011 (blue), 2012 (red), 

2013 (green), 2014 (purple). The hatched area in the right panel represent the 

sampling period of correspondent colour-coded year. 

 

2.4.2 Hydrography and nutrient distributions 

 

The Labrador Sea was divided into five distinct zones based on its bathymetry – a wide 

and shallow shelf (< 250 m) and slope (250-1000 m) located close to Canada (Labrador 

Margin), a deep central Basin (> 3000 m) and a narrow and steep slope (2500-3000 m) and 

shelf (< 2500 m) on the Greenland Margin (Fig. 2.3a).  Temperature and salinity from 

surface and sub-surface waters (upper 50 m) varied among these distinct zones across the 
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Labrador Sea (Fig. 2.3b).  In general, colder (temperature < 2°C), fresher (salinity < 34) 

and less dense waters (σθ < 27 kg m-3) were found on the shelves and slope regions (Fig. 

2.3b), particularly on the Labrador Shelf and Slope and at the Greenland Shelf during late 

June (see the arrows in Fig. 2.3a,b), indicating the influence from the Arctic outflow.  A 

warmer (temperature > 1°C), saltier (salinity > 33.5) and denser (σθ > 27 kg.m-3) water 

mass with features of modified Atlantic waters (Irminger Current, IC) was found widely 

distributed in the central portion and Greenland slope of the Labrador Sea (Fig. 2.3). The 

temperature and salinity (T-S) properties from the surface and subsurface waters varied 

interanually (2011 - 2014) and seasonally (from early May until late June) during the 

period of study (Fig. 2.3b).  

In spite of the interannual variability, the T-S properties of the surface/subsurface waters of 

most stations on the Labrador Shelf were generally colder and fresher (average T = -0.6°C 

and salinity = 32.6) than the waters on the Greenland Shelf (average T = 0.3°C and salinity 

= 33.1) during May, suggesting that the former was influenced by direct inputs of fresher 

and colder water from the Arctic, Hudson Bay, continental run-off and from local sea-ice 

melt (Fig. 2.3b). However, instances of extremely fresh and cold waters were also found in 

late June 2014 at some stations south of Greenland, suggesting the influence of additional 

glacial melt in this region (Fig. 2.3b, see arrows). The positions of fronts, usually 

recognised by a sharp gradient between Arctic and modified Atlantic (Subpolar Mode and 

IC) waters, varied from year to year, but were generally located near the continental slopes 

(data not shown).   
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Figure 2.3 Biogeographical zones in the Labrador Sea classified by bathymetry: (a) Labrador 

Shelf (LSh), Labrador Slope (LSl), Central Basin (CB), Greenland Shelf (GSh) and 

Greenland Slope (GSl); and (b) potential temperature and salinity (T-S) with 

isopycnals (σθ) scatter plot of the upper 50 m waters from these five zones during 

May (open circles) and June (closed circles) of 2011 -2014. Arrows indicate the 

stations on the Greenland Shelf and the corresponding T-S signature during late 

June 2014. White background in (a) represents bathymetry deeper than 3000 m.    

 

 

Nutrient concentrations from the surface and subsurface waters (upper 50 m) varied 

spatially and temporally across the Labrador Sea (Fig. 2.4). In general, the temporal 

variation in nutrient concentrations (nitrate, silicate, phosphate and Si* (silicate minus 

nitrate concentration)) had similar trends during May and June (Fig. 2.4a-f, 2.4i-l), except 

ammonium concentrations, which were clearly higher in the Central Basin and Greenland 

Shelf and Slope (median > 0.8 µM) during June (Fig. 2.4g,h).  In general, nitrate, silicate 

and phosphate concentrations were lowest on the Greenland Shelf and Slope (Fig. 2.4a-f). 

Median nitrate concentrations were clearly higher in the Central Basin (> 8 µM in May 

and > 5 µM in June), (Fig. 2.4c,d). Median silicate concentrations were greater in the 

central western part of the Labrador Sea (Labrador Shelf and Slope, and Central Basin), 

where median concentrations were > 5 µM in May and > 4 µM in June (Fig. 2.4a,b). 

Phosphate concentrations were higher in the western part of the Labrador Sea, on the 

Labrador Shelf and Slope (median > 0.8 µM in May and > 0.5 µM in June) and decreased 

eastwards (Fig. 2.4e,f).  
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The central Basin had median Si* < 0 µM, which suggests that the phytoplankton from 

these regions experienced, in most cases, an excess of nitrate compared to silicate (median 

Si* = -4 µM during May and -1 µM during June, respectively), although there were some 

stations in the central Basin region where Si* values were > 0 µM (Si* up to 4 µM) (Fig. 

2.4i,j). The Labrador Shelf had higher median Si*, particularly during June (Si* up to 1 

µM) (Fig. 2.4j) and the Greenland Shelf had Si* values approaching zero (Fig. 2.4i,j). The 

Labrador Shelf also had higher Si* values at depth (Si* from -6 µM up to -1 µM 

approximately at 200 m or the deepest depth if bottom depth is < 200 m) compared to the 

other regions (Si* < -4 µM), although in general, these waters had an excess of nitrate 

compared to silicate (i.e. negative values, Fig. 2.4k,l). Higher Si* in shelf waters, 

particularly on the Labrador Shelf, may be associated with the input of riverine and glacial 

meltwaters enriched with silica.  
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Figure 2.4 Boxplots (median, upper and lower quartile, minimum and maximum values and 

outliers) of (a,b) silicate, (c,d) nitrate, (e,f) phosphate and (g,h) ammonium 

concentrations, in addition to (i,j) Si* (silicate minus nitrate concentrations) from 

the upper 50 m and (k,l) from approximately 200 m water depth  in May (left) and 

June (right) among each biogeographical zone of the Labrador Sea: Labrador Shelf 

(LSh) + Labrador Slope (LSl), Central Basin (CB) and Greenland Slope (GSl) + 

Greenland Shelf (GSh). 
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2.4.3  Chlorophyll a concentrations 

 

Chlorophyll a biomass was concentrated within subsurface waters (upper 50 m) of the 

Labrador Sea (Appendices A.1 and A.2). Thus, average concentrations of chlorophyll 

(upper 50 m) were used to show the spatial variation of subsurface blooms across the 

Labrador Sea. The chlorophyll a distribution (average of the upper 50 m) varied spatially 

and interannually (Fig. 2.5). In general, the eastern Labrador Sea, near and within the 

Greenland Slope and Shelf waters, had the highest upper ocean (< 50 m) concentrations of 

chlorophyll a, particularly during May 2011 and 2013 (Fig. 2.5a,c; average >10 mg chla m-

3). The Labrador Shelf and Slope also had relatively high upper ocean chlorophyll a values 

(>5 mg chla m-3) in all years, except during May 2014, possibly because sampling was 

before the formation of the bloom (Fig. 2.5d). The offshore waters of the central Basin 

generally had lower upper ocean chlorophyll a concentrations (<5 mg chla m-3) than the 

shelves in May, but later in the season (June 2012, 2014) average upper ocean chlorophyll 

a values were ~ 5 mg chla m-3 (Fig. 2.5b,e).  
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Figure 2.5 Chlorophyll a distribution (average of 0 – 50 m values) at each station of the 

Labrador Sea during late spring/early summer 2011 - 2014 (a-e). Cruise dates are 

given in each panel. 

 

2.4.4 Phytoplankton community structure 

 

Cluster analysis of phytoplankton biomass from the Labrador Sea during spring and 

summer of 2011 - 2014 distinguished seven major Clusters of samples with a similarity 

level of 46%. Non-metric multi-dimensional scaling (nMDS) analysis showed a two-

dimensional spatial representation of the similarities within sampled stations based on the 

composition and biomass values (Fig. 2.6a). A stress level < 0.2 in the nMDS plot (Fig. 

2.6a) corresponds to a ‘suitable’ two-dimensional representation of the similarity 

relationships of the samples within and between Clusters (as defined in Clarke, 1993). 

ANOSIM one-way analysis comparing each Cluster suggested that they were significantly 
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different in composition (p = 0.001, R statistic from pairwise analysis varied from 0.75 – 

1), and that the Cluster groups are well separated, given that the R statistic values are 

approaching 1 (see Clarke and Warwick, 2001). Taxa whose cumulative contribution 

approximated 90% of the average similarity within each Cluster are shown in Table 2.1. 

Cluster 1 (n = 12) included samples from the Labrador Shelf during June 2012 and 2014 

and May of 2013 (Fig. 2.6c,d,f). This Cluster had the second highest average biomass (275 

± 131 mg C m-3) compared to the other Clusters identified, with large contributions to the 

Group similarity from Arctic and sea-ice diatoms, such as Thalassiosira spp. (particularly 

T. hyalina), Porosira glacialis,  Fragilariopsis spp. (particularly F. cylindrus and F. 

oceanica), Fossula arctica, Bacterosira bathyomphala, Chaetoceros spp. (e.g. C. socialis 

and Phaeoceros) and Coscinodiscus centralis, in addition to unidentified small 

dinoflagellates (< 30 m), Gyrodinium spp., Protoperidinium spp. and cryptophytes (Table 

2.1).  

Cluster 2 (n = 10) contained samples with relatively high biomass (average of 169 ± 105 

mg C m-3) compared with Clusters 3, 6 and 7 but lower than Clusters 1, 4 and 5. These 

samples were from offshore waters of the centre of the Labrador Sea during June (early 

summer - 2012, 2014) (Fig. 2.6c,f).  Sub-arctic North Atlantic diatoms, such as Ephemera 

planamembranacea, and Fragilariopsis atlantica, in addition to Thalassiosira spp. and 

dinoflagellates (unidentified small and large armored, Gyrodinium spp.) all contributed to 

the similarity of these samples (Table 2.1).  

Dinoflagellates (unidentified small and Gyrodinium sp.), cryptophytes, silicoflagellates 

(Dictyocha speculum) and the diatom Pseudo-nitzschia spp. contributed to the similarity of 

samples in Cluster 3 (n = 12) (Table 2.1). These samples had the lowest average biomass 

overall (5 ± 4 mg C m-3) and came from the western-central region of the Labrador Sea 

during May 2011, 2013, 2014 (late spring) (Table 2.1, Fig. 2.6b,d,e).     

Cluster 4 (n = 8) included samples with the highest biomass overall (average = 304 ± 282 

mg C m-3) where the diatom Rhizosolenia hebetata f. semispina was the major contributor 

to the similarity between samples (64%) (Table 2.1). Other diatoms, including medium to 

large Chaetoceros spp. (e.g. C. decipiens and Phaeoceros) and Pseudo-nitzschia granii, 

dinoflagellates (unidentified naked), cryptophytes and the prymnesiophyte Phaeocystis 

pouchetii contributed up to almost 90% of the cumulative similarity (Table 2.1). Samples 

from this Cluster occurred only in the central region of the Labrador Sea and later in the 

season (mid-summer; late June) during 2014 (Fig. 2.6f).  
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The prymnesiophyte Phaeocystis pouchetii was the major contributor to samples in Cluster 

5 (n = 28), with the third highest average biomass (248 ± 181 mg C m-3) (Table 2.1). 

Diatoms such as Thalassiosira spp., Rhizosolenia hebetata f. semispina, Pseudo-nitzschia 

granii, Porosira glacialis and Chaetoceros (Phaeoceros, but mostly C. socialis), in 

addition to dinoflagellates (small unidentified and Gyrodinium spp.) also contributed 

cumulatively to almost 90% of similarity of these samples (Table 2.1). Samples from 

Cluster 5 also had the highest average chlorophyll a biomass (Table 2.2) and occurred in 

the central-eastern section of the Labrador Sea (along and/or on the nearby Greenland 

shelf) during all years (2011 - 2014) (Fig. 2.6b-f).  

Cluster 6 (n = 2) comprised two samples from Greenland Shelf waters during summer 

2014 (Fig. 2.6f), with relatively low biomass (87 ± 14 mg C m-3) (Table 2.1). Small (e.g. 

C. socialis) and medium-sized diatoms, such as Chaetoceros spp. (e.g. C. decipiens), 

Thalassiosira spp. and Rhizosolenia hebetata f. semispina, in addition to the flagellate P. 

pouchetii contributed up to 77% of the similarity of these samples (Table 2.1).  

Cluster 7 (n = 2) stations also had relatively low average biomass (33 ± 4 mg C m-3) and 

was comprised of just two samples from the central Labrador Sea during May 2013 (Table 

2.1, Fig. 2.6d). Samples from this Cluster represent a mixture of Clusters 3 and 5, where 

diatoms such as Pseudo-nitzschia spp., Thalassiosira, Rhizosolenia hebetata f. semispina, 

Corethron criophilum, in addition to P. pouchetii and dinoflagellates (small unidentified 

naked) contributed mostly to the similarity for these samples (Table 2.1).   
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Figure 2.6 Cluster analysis of phytoplankton community composition across the Labrador 

Sea and in multiple years. (a) Non-metric Multi-dimensional scaling (nMDS) plot 

representing the similarity in phytoplankton community structure within sampled 

stations at 46% similarity level (outlines) based on carbon biomass values. Temporal 

aspects of the Clusters from communities observed during May and June (solid 

outline), May only (dotted outline) or June only (dashed outline) are revealed on the 

outlines that separates each Cluster. (b-f) Distribution maps of distinct Clusters 

represented in the nMDS plot at each station of the Labrador Sea during May and 

June of 2011 - 2014. 
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Table 2.1 Percentage contribution of each taxa to the similarity of sampled stations, 

cumulative contribution up to approximately 90% and average similarity and 

biomass within each cluster. Numbers in bold refer to taxa whose cumulative 

contribution were up to approximately 70%. See methods for size (small, medium, 

large) classification. NI.- non-identified genus/species. 

 

Taxa Cluster Cluster Cluster Cluster Cluster Cluster Cluster 
  1 2 3 4 5 6 7 

Armored dinoflagellates NI 

(small) 

2.6 5.8 13.1 
   

2.8 
Bacterosira bathyomphala 2.4 

      
Chaetoceros spp. (medium) 

   
1.9 

 
11.5 

 
Chaetoceros spp. (small) 1.4 

   
2.7 30.6 

 
Corethron criophilum 

      
7.4 

Coscinodiscus centralis 1.1 
      

Cryptophytes 1.5 
 

22.8 2.9 
  

5.5 
Dictyocha speculum 

  
1.9 

    
Ephemera planamembranacea 

 
49.5 

    
2.1 

Eucampia groelandica 
      

3.8 

Fossula arctica 3.7 
      

Fragilariopsis atlantica 
 

4.8 
     

Fragilariopsis spp. (large) 3.6 
     

2.2 

Fragilariopsis spp. (medium) 6.1 
    

3.4 2.9 
Fragilariopsis spp. (small) 3 

     
1.6 

Gyrodinium spp. 2.1 4.9 7 
 

1.9 2.9 
 

Naked dinoflagellate NI (large) 
 

3.6 4.5 
   

2.3 
Naked dinoflagellates NI 

(small) 
5.2 12 32 8.7 4.9 

 
10 

Nitzschia spp. 
      

1.6 
Phaeoceros spp. 1.9 

  
6.8 2.2 

 
2.3 

Phaeocystis pouchetii 
   

4.7 42 6.9 6.5 
Porosira glacialis 24.1 

   
3 2.8 

 
Protoperidinium spp. 1.7 7.5 

   
5.4 

 
Pseudonitzschia granii 

   
2.6 3.3 

 
2.5 

Pseudo-nitzschia spp 
  

1.9 
   

14.3 

Rhisozolenia hebetata f. 

semispina    
64.2 3.3 9 10.1 

Thalassiosira spp. 30.1 5.2 8.4 
 

27.1 19.2 13.9 

        
Cumulative contribution (%) 90.3 93.4 91.5 91.7 90.3 91.7 91.6 

Average similarity 59.7 60.1 56.2 62.8 57.1 74.4 79.7 
Average biomass (mgC.m-3) 275±13

1 

169±10

5 

5±4 304±28

2 

248±18

1 

87±14 33±4 

 

 

2.4.5 Hydrographic influence on phytoplankton community structure 

 

Hydrographic variables that explained the variance (explanatory variables) in the biomass 

of selected phytoplankton taxa (biomass greater than 0.5% of total) were investigated using 

redundancy analysis (RDA).  The ordination diagram (Fig. 2.7) revealed associations 

between each taxon and the explanatory variables. Proximity of taxa to the environmental 

variables (arrows) in the same or opposite direction suggests positive or negative 

correlations, whereas no proximity indicates weak or a lack of correlation; the longer the 
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arrow, the stronger the correlation.  The associations in the ordination diagram show that 

Arctic/polar diatoms (Cluster 1, such as Fossula arctica, Coscinodiscus centralis, 

Fragilariopsis spp., Porosira glacialis and Thalassiosira spp., in addition to Chaetoceros 

spp., particularly C. socialis - Cluster 6) occurred in colder (median temperature < 0°C), 

fresher (median salinity < 33.0) and more stratified waters (median SI > 14 x 10-3 kg m-4) 

(Table 2.2).  

Phaeocystis pouchetii (Cluster 5) dominated in waters where nutrient concentrations 

(mainly nitrate, but also phosphate and silicate) were low (median nitrate concentration < 

3.7 μM) (Table 2.2). Ephemera planamembranacea (Cluster 2) and Rhizosolenia hebetata 

f. semispina (Cluster 4) were found in relatively warmer waters (median > 4.7°C) with 

higher salinities (median > 34.5).  Dinoflagellates (unindentified small and 

Protoperidinium, Clusters 3 and 7) were common in less stratified waters (median SI = 0.1 

x 10-3 kg m-4) and higher nitrate (median > 9 μM), phosphate (median > 0.7 μM) and 

silicate (median > 4.5 μM) concentrations (i.e., pre-bloom conditions) (Fig. 2.7, Table 2.2).    

The first axis (x- axis) of the analysis explained most of the variance (eigen-value = 23.9%, 

cumulative percentage variance between taxa and environmental factors = 58.0%), whereas 

all canonical axes explained 98.3% of the variance (axis 1, p = 0.001; all axes, p = 0.001) 

(Fig. 2.7, Table 2.3). This means that (1) the arrows displayed closer to the x-axis 

explained most of the variability in the data, and that (2) environmental variables explained 

almost 100% of the variation of the selected taxa, when all four axes were analysed 

together.   

Forward selection showed that of all seven environmental factors (Table 2.3) included in 

the analysis, only four (temperature, nitrate, salinity and phosphate) best explained the 

variance in the phytoplankton taxa biomass when analysed together. When all the forward-

selected variables were analysed together (conditional effects, referred to as λa in Table 

2.3), temperature was the most significant explanatory variable (λa = 0.16, p = 0.001), 

followed by nitrate concentration and salinity (λa = 0.1, p = 0.001) (Table 2.3). Phosphate 

concentration was also a significant explanatory variable (λa = 0.03, p = 0.048) (Table 2.3). 

Although not significantly (p < 0.05) different (λa = 0.01, p = 0.094), silicate 

concentrations also had a slight influence as an explanatory variable (Table 2.3). 

Ammonium concentration and SI were not significant explanatory variables in this 

analysis.  
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Figure 2.7 Ordination diagram generated from redundancy analysis (RDA). Triplot 

represents taxa carbon biomass (thin lines), the significant explanatory variables 

(thick lines) and samples/stations (closed circles; colours refers to cluster groups on 

Figure 2.5a). Chaetoce = small Chaetoceros (mostly C. socialis), Coscino= 

Coscinodiscus centralis, Ephemera = Ephemera planamembranaceae, Fossula = 

Fossula arctica, Fragilar = Fragilariopsis medium (mostly F. cylindrus), Naked NI = 

Small (< 30 µm) naked unidentified dinoflagellates, Phaeocys = Phaeocystis 

pouchetii, Porosira = Porosira. glacialis, Protoper = Protoperidinium spp., Rhizoso = 

Rhizosolenia spp., Thalassi = Thalassiosira spp. SI= Stratification Index.   
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Table 2.2 Median and standard error of hydrographic and biological parameters of each 

cluster. MLD= Mixed layer depth, SI= Stratification index. 

Parameters Cluster Cluster Cluster Cluster Cluster Cluster Cluster 

  1 2 3 4 5 6 7 

σθ (kg.m-3) 
26.2 ± 

0.1 
27.3 ± 0 27.6 ± 0.2 27.4± 0.2 27.1 ± 0.1 25.8 ± 0 27.5 ± 0.1 

Salinity 
32.6 ± 

0.1 
34.6 ± 0.1 34.8 ± 0.2 34.6 ± 0.4 33.9 ± 0.1 32.1 ± 0.1 34.6 ± 0.1 

Temperature 

(°C) 
-0.3 ± 0.2 4.8 ± 0.4 3.3 ± 0.6 4.9 ± 0.8 1.6 ± 0.3 -0.7 ± 0 3.3 ± 0 

Silicate (μM) 4.3 ± 0.4 3.7 ± 0.3 7.6 ± 0.5 2.8 ± 0.6 3.5 ± 0.3 0.3 ± 0.1 4.7 ± 0.8 

Phosphate 

(μM) 
0.6 ± 0 0.5 ± 0.1 0.9 ± 0 0.4 ± 0.1 0.4 ± 0 0.2 ± 0 0.8 ± 0.1 

Nitrate (μM) 3.8 ± 0.3 5.4 ± 0.7 13.4 ± 0.9 4.5 ± 1.2 3.6 ± 0.6 0.8 ± 0 9.9 ± 1.0 

Si* (μM) 0.3 ± 0.1 -2.0 ± -0.6 -5.6 ± -1.6 -0.8 ± -0.3 -0.4 ± -0.1 -0.4 ± -0.3 -5.2 ± -3.7 

Ammonia 

(μM) 
0.4 ± 0.1 0.7 ± 0.1 0.5 ± 0.1 0.6 ± 0.3 0.6 ± 0.1 0 1.1 ± 0.1 

MLD (m) 
19.5 ± 

1.4 
20.0 ± 3.3 76.0 ± 89.5 24.0 ± 2.3 24.5 ± 4.9 15.0 ± 0 87.5 ± 3.5 

C biomass 

(mgC.m-3) 
262 ± 38 147 ± 33 4.0 ± 1.0 251 ± 100 228 ± 34 87 ± 10 33 ± 3 

Chlorophyll 

(mgchla.m-3) 
5.6 ± 0.7 4.0 ± 0.5 0.5 ± 0.1 1.4 ± 0.2 5.9 ± 0.8 2.5 ± 0.3 1.0 ± 0.2 

Stratification 

Index × 10-3 

(kg m-4) 

14.9 ± 

4.8 
6.6 ± 0.6 0.1 ± 0.4 7.4 ± 2.2 5.1 ± 1.2 16.0 ± 2.3 0.1 ± 0.01 
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Table 2.3 Variance explained by each explanatory variable (temperature (°C), nitrate, 

phosphate, silicate and ammonium (μM), salinity and SI × 10-3 (kg m-4)) when 

analysed alone (λ1, marginal effects) or when included in the model where other 

forward-selected variables are analysed together (λa, conditional effects). Significant 

p-values (**p< 0.05) and (*p<0.1) represents the variables that, together, 

significantly explain the variation in the analysis. SI= Stratification Index. 

Marginal Effects     Conditional Effects     

       Variable λ1 

 

Variable λa P F 

Temperature     0.16 

 

Temperature     0.16 0.001** 13.37 

Nitrate  0.15 

 

Nitrate  0.1 0.001** 9.72 

Salinity     0.14 

 

Salinity 0.1 0.001** 10.77 

Phosphate 0.11 

 

Silicate 0.01 0.094* 1.88 

Silicate 0.09 

 

Phosphate 0.03 0.043** 2.44 

SI      0.07 

 

Ammonium  0.01 0.283 1.2 

Ammonium  0.04 

 

SI 0 0.665 0.62 

        Axes                                1 2 3 4 Total variance 

 Eigen-values                      0.239 0.100 0.056 0.010 1 

  Taxa-environment correlations   0.760 0.727 0.809 0.540 

   Cumulative percentage variance 

          of species data                 23.9% 33.9% 39.5% 40.5% 

      of species-environment relation 58.0% 82.3% 95.9% 98.3% 

  

        Sum of all eigen-values                                  1 

  Sum of all canonical eigen-values                                  0.412   

       

Test of significance of first canonical axis: eigen-value = 0.239; F-ratio = 20.702; P-value = 0.001 ** 

Test of significance of all canonical axis: Trace = 0.412; F-ratio = 6.606; P-value = 0.001** 

 

2.4.6 Bloom development  

 

To investigate the influence of hydrography on near surface (< 50 m) bloom development, 

MLD and SI were compared with Clusters that had a large biomass in terms of carbon and 

chlorophyll a. Five blooms (average chlorophyll a > 1.2 mg chla m-3 per Cluster, see 

methods) belonged to Clusters 1, 2, 4, 5 and 6 and were composed of distinct 

phytoplankton communities observed in this study (Table 2.1). Shelf blooms, such as those 

located near or within Greenland Shelf waters (Clusters 5 and 6) and on the Labrador Shelf 

(Cluster 1) had the highest biomass values, particularly Clusters 5 and 1 (median chla = 5.9 

 0.8 mg chla m-3 and 5.6  0.7 mg chla m-3, respectively) (Table 2.2, Fig. 2.8a,b). Central 

Basin blooms (Clusters 2 and 4) were weaker than shelf blooms (average values of 
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chlorophyll a concentration were 4.0  0.5 mg chla m-3 and 1.4  0.2 mg chla m-3, 

respectively) and occurred later in the season (June) (Table 2.2, Fig. 2.8a,b). Stations with 

shallow mixed layers (median < 25 m) and a higher stratification index (median SI > 5 x 

10-3 kg m-4) (Fig. 2.8c,d), also had relatively high average biomass in terms of carbon and 

chlorophyll a (Fig. 2.8a,b, Table 2.2). Low salinity waters (median < 33), found on the 

shelf  (particularly Clusters 1 and 6) contributed to the shallow mixed layer depths (median 

< 20 m) and high stratification levels observed (i.e. haline stratification, median SI > 14 x 

10-3 kg m-4), whereas relatively high sea surface temperature in June (> 4C) in the central 

region of the Labrador Sea induced stratification (median SI from 6.0 to 8.0 x 10-3 kg m-4, 

Clusters 2 and 4) and shoaled the mixed layer (i.e. thermal stratification, median mixed 

layer depths < 25 m) (Table 2.2).  
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Figure 2.8 Bubble plots derived from nMDS (see Figure 2.5a) representing the average values 

(upper 50 m) of biomass in terms of (a) carbon, (b) chlorophyll a, (c) mixed layer 

depths (MLD), and (d) Stratification Index (SI) × 10-3 (kg m-4) for the upper 60 m 

for each station. Filled colours refer to Cluster groups given in Figure 2.5a. Outlines 

around each Cluster represent the similarity in phytoplankton community structure 

within samples at 46% similarity level from samples collected during May and June 

(solid line), May only (dotted line) or June only (dashed line).  
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2.5 Discussion 

 

2.5.1 Influence of Arctic and Atlantic waters on phytoplankton species 

composition 

 

Phytoplankton community structure in the Labrador Sea during spring and early summer 

(2011 - 2014) varied according to the hydrographic characteristics (temperature, salinity 

and nutrient concentrations) of the distinct water masses of Atlantic (Irminger Current and 

Subpolar Mode Water derived from the North Atlantic Current) and Arctic (Labrador or 

West Greenland Current) origin, as well as their modifications at different stages of 

transformation. Overall, Arctic/polar phytoplankton species were present in the shelf 

waters, where the influence of Arctic waters was greater, whereas Atlantic phytoplankton 

species dominated in the central Labrador Sea, with a greater contribution of Atlantic 

water.  

Blooms on the Labrador Shelf were comprised of Arctic and sea-ice diatoms that were able 

to grow in cold (< 0°C) and relatively fresh waters (< 33) (Table 2.2). In our study, 

polar/Arcto-boreal diatoms, such as Thalassiosira spp. (particularly T. hyalina, T. 

antarctica var. borealis, T. nordenskioeldii, T. gravida and T. constricta, data not shown) 

and Bacterosira bathyomphala were predominant in this region, which is consistent with 

the strong Arctic water influence via the Labrador Current on the Labrador Shelf (von 

Quillfeldt, 2001, 2000; Degerlund and Eilertsen, 2009; Sergeeva et al., 2010). Local sea ice 

melting also influenced the composition of diatoms in this region. The polar, cold water 

coastal diatom Porosira glacialis (Pike et al., 2009), and the sea-ice associated Fossula 

arctica and Fragilariopsis species (particularly F. cylindrus and F. oceanica; Caissie et al., 

2010) were abundant in both shelf regions, particularly on the Labrador Shelf, where sea 

ice melts during spring. 

Polar diatom species, including Thalassiosira spp. (particularly T. gravida, T. 

nordenskioeldii, T. antarctica var. borealis and T. hyalina), P. glacialis and C. socialis, in 

addition to Atlantic species (Rhizosolenia hebetata f. semispina), were also observed on 

and near the Greenland shelf, suggesting that these waters were a mixture of Arctic and 

Atlantic origin - a characteristic typical of waters off the West Greenland Current (De 
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Sève, 1999). Nonetheless, phytoplankton community structure differed from the Labrador 

Shelf, as the boreal prymnesiophyte Phaeocystis pouchetii was predominant in the eastern 

Labrador Sea (on and nearby the Greenland Shelf) during all study years, but was rarely 

observed on the Labrador Shelf. The reoccurring presence of P. pouchetii blooms in the 

central-eastern part of the Labrador Sea during spring is well-documented (Harrison et al., 

2013; Head et al., 2000; Stuart et al., 2000, this study), suggesting that conditions in these 

waters are suitable for P. pouchetii growth every year (discussed below). Pseudo-nitzschia 

granii, a small needle-shaped diatom also observed in the eastern section of the Labrador 

Sea, had its distribution tightly linked to P. pouchetii, whose colonisation by the diatom 

species has been previously reported in Norwegian waters (Hasle and Heimdal, 1998; 

Sazhin et al., 2007). High abundances of Chaetoceros socialis (herein referred to as Cluster 

6) could potentially have followed blooms of P. pouchetii and diatoms on the west 

Greenland Shelf. Chaetoceros socialis has frequently been found during the later stages of 

blooms in Arctic waters (e.g. Baffin Bay, von Quillfeldt, 2000), where they can grow at 

relatively low nutrient concentrations (particularly silicate) because of their small cell size 

(< 10 μm) and lightly silicified cell walls (Booth et al., 2002). 

The diatom Ephemera planamembranacea was the most abundant species in offshore 

blooms observed in the central and central-western part of the Labrador Sea during June 

2012 and 2014 (Fig. 2.6). This species, typically reported in high numbers in the North 

Atlantic (Semina, 1997; Barnard et al., 2004), has been previously associated with shallow 

mixed layers and relatively high nutrient concentrations (Yallop, 2001); similar to 

conditions found in this study (Fig. 2.7, Table 2.2). Fragilariopsis atlantica co-dominated 

with E. planamembranacea in the central Labrador Sea. Unlike F. cylindrus and F. 

oceanica, F. atlantica is not found in sea-ice, being restricted to the water column and is 

mainly found in the Northern Atlantic Ocean (Lundholm and Hasle, 2010). The centric 

diatom Rhizosolenia hebetata f. semispina, also a representative North Atlantic diatom, 

formed blooms in the central eastern portion of the Labrador Sea in the summer of 2014 

(Fig. 2.6). High numbers of Rhizosolenia hebetata f. semispina were found in association 

with large (subgenus Phaeoceros, Thalassiostrix longissima) and medium-sized diatoms 

(e.g., Chaetoceros decipiens) in our study and have been previously observed in 

Norwegian waters (Hegseth and Sundfjord, 2008).  
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2.5.2 Environmental controls on Phaeocystis versus diatoms  

 

In our study, all phytoplankton blooms were found in shallow mixed layers (median depth 

< 25 m) and stratified waters (median SI = 1 x 10-3 kg m-4) (Table 2.2). However, during 

May 2014 a P. pouchetii bloom occurred in the eastern section of the Labrador Sea prior to 

the development of other phytoplankton blooms in the region. These P. pouchetii blooms 

were found in deeper mixed layers (~ 50 m) than in other years (data not shown). Whislt 

low irradiances are not required for Phaeocystis growth, given that it can also be found in 

shallow mixed layers (Fragoso, 2009; Fragoso and Smith, 2012), the ability to grow under 

low light levels may confer on this species  an advantage compared to larger diatoms. P. 

pouchetii blooms have also been reported to occur earlier in the season (April) due to the 

earlier haline-driven stratification (Frajka-Williams et al., 2009; Frajka-Williams and 

Rhines, 2010; Head et al., 2000), when light levels are lower than in May or June and the 

mixed layer is still deep (< 100 m, Harrison et al., 2013).  

Laboratory findings have also confirmed the ability of the southern ocean Phaeocystis 

species (P. antarctica) to grow faster and increase their photosynthetic efficiency under 

dynamic light intensities, typically found in deeper mixed layers (Arrigo et al., 2010a; 

Kropuenske et al., 2010, 2009; Mills et al., 2010). Because of their ability to grow under 

variable light, it is possible that P. pouchetii could grow and outcompete diatoms whislt the 

mixed layer depth shoals. As opposed to P. pouchetii, which is able to thrive under low 

light intensities, sea-ice diatoms (such as F. cylindrus) invest heavily in photoprotective 

mechanisms. This allows them to better adapt to higher light intensities, which are 

typically found in shallow mixed layers (Arrigo et al., 2010a; Kropuenske et al., 2010, 

2009; Mills et al., 2010) as well as in late spring sea ice. 

Nutrient resource competition has been suggested as one possible explanation for the 

spatial segregation of Phaeocystis pouchetii and diatom blooms in the Labrador Sea 

(Harrison and Li, 2008; Harrison et al., 2013) and elsewhere (Jiang et al., 2014). In our 

study, cylinder or ribbon-shaped chain diatoms (i.e. Thalassiosira spp., Bacterosira 

bathyomphala and Fragilariopsis cylindrus) dominated the Labrador Shelf waters. Such 

waters had only slightly higher Si* values compared to the Greenland Shelf (Cluster 1 

compared to Cluster 5, see Table 2.2). Nonetheless, climatological studies show that the 

Labrador Shelf has a surplus of silicate (silicate minus nitrate, Si* > 0) in the upper 150 m 

that decreases eastward, which might explain the high number of diatoms in the west 
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(Harrison et al., 2013). In this study, a nitrate surplus of deep waters (~ 200 m) was evident 

across Labrador Sea shelves and basin (negative Si*); however, the Labrador Shelf and 

Slope had a higher surplus of silicate in deep waters compared to the central eastern 

section of the Labrador Sea (Fig. 2.4k,l). Hence, the availability of silicate in waters of the 

Labrador Shelf might influence the dominance of diatoms in this region as P. pouchetii 

does not require silicate, which could also be an explanation for the east-west taxonomic 

segregation. Silicate depletion, however, is not a necessary condition for P. pouchetii 

blooms, since it can co-dominate with diatoms when silicate is not limiting. Jiang et al. 

(2014) argued that, under conditions where P. pouchetii is dominant or co-dominant in a 

bloom, a sufficiently high pre-bloom concentration of nitrate (~ 8 μM for Massachusetts 

Bay) is needed (irrespective of the Si:N ratio). This would allow more time for this species 

to grow, given that Phaeocystis grows slower than diatoms (Jiang et al., 2014). Uptake 

rates of oxidised and reduced forms of nitrogen have also been considered as an 

explanation for contrasting Phaeocystis and diatom-dominated blooms in the North Sea, 

where Phaeocystis has been reported to have a greater advantage due to ammonium uptake 

compared with diatoms (Tungaraza et al., 2003). Ammonium concentration was greater in 

the central-eastern part of the Labrador Sea in this study (Fig. 2.4h), particularly in the 

Greenland Shelf and Slope during June, which could also have favoured the formation of 

P. pouchetii blooms in these waters.   

Phaeocystis sp. colonies can control their buoyancy in the water column as a function of 

light levels (positive buoyancy under sufficient light conditions, Wang and Tang, 2010), 

which could also confer an advantage when accessing nutrients. In our study, P. pouchetii 

blooms on the Greenland Shelf were concentrated in the subsurface and sometimes below 

the mixed layer, being distributed within the upper 50 m, contrary to the diatom bloom on 

the Labrador Shelf which was restricted to the upper mixed layer (< 25 m) (Appendices 

A.1 and A.2). Similar to the results presented here, Phaeocystis pouchetii blooms have also 

been reported to be concentrated in subsurface waters around Greenland (Waniek et al., 

2005; Frajka-Williams and Rhines, 2010) and are capable of reaching deeper waters in the 

Fram Strait (> 75 m in Vogt et al., 2012b). 

Phaeocystis colonies may also be able to proliferate because of their ability to escape 

predation by size mismatch (Jakobsen and Tang, 2002; Tang, 2003), unpalatable and toxic 

substances production (Aanesen et al., 1998; Dutz et al., 2005) and poor nutritional value 

of their colony matrix (Tang et al., 2001). In the eastern region of the central Labrador Sea 

basin and in the Greenland slope and shelf regions, the copepod Calanus finmarchicus is 



Chapter 2 

57 

abundant in May-July (> 70,000 m-2, 0-100 m, Head et al., 2003, 2013), where it dominates 

the biomass and is the most important grazer. Reports in the literature are somewhat 

contradictory as to whether Phaeocystis is a good food source for Calanus (see review by 

Nejstgaard et al., 2007), but most studies have been carried out with copepods and 

Phaeocystis from waters east of Greenland. In the northwest Atlantic, however, filtration 

rates for a mixed-species Calanus population from the Newfoundland Shelf were ~2.5 

lower when they were feeding on natural seawater  containing mainly Phaeocystis 

compared with when they were feeding on seawater that had a similar overall chlorophyll a 

concentration but contained a mixture of diatoms (Head and Harris, 1996).      

 

2.5.3 Mixed layer depth, vertical stability and bloom development  

 

Many studies of phytoplankton dynamics in the Labrador Sea have focused on how 

physical factors control the onset of the spring phytoplankton bloom (Wu et al., 2008a; 

Frajka-Williams et al., 2009; Frajka-Williams and Rhines, 2010; Lacour et al., 2015) . In 

our study, spring blooms in the Labrador Sea, irrespective of the hydrographic zone, 

occurred mostly in shallow mixed layers and areas of enhanced upper water column 

stratification, which suggests that vertical stability plays an important role in bloom 

development and maintenance. A similar observation was found by Wu et al. (2008a), who 

combined satellite-derived chlorophyll and historical data in modelling studies to confirm 

that mixed layer depth plays a critical role in initiating the spring bloom in the Labrador 

Sea. Whislt blooms occurring in and near the shelf regions were due to haline-driven 

stratification, thermal-stratification promoted blooms offshore, in the central Labrador Sea, 

as has been previously observed (Frajka-Williams et al., 2009; Head et al., 2013; Wu et al., 

2008a).  

Blooms have been reported to occur earlier along the eastern margin of the central basin, 

and/or on the Greenland shelf because of the relatively shallow winter mixed layer depth 

driven by haline stratification compared to the deep central basin (Frajka-Williams et al., 

2009; Head et al., 2013). A more recent study using calculated mixed layer 

Photosynthetically Active Radiation (PAR) from Argo-floats and satellite observations 

showed that the mean PAR levels within the mixed layer (~ 2.5 mol photons m-2 d-1) is the 

same during the initiation of the haline-driven bloom near the Greenland Shelf as it is in 
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the thermal driven bloom occurring in the central Labrador Sea, which starts one month 

later (Lacour et al., 2015). Although mean PAR values were not measured in situ but 

estimated from satellite and Argo-float observations, Lacour et al. (2015) concluded that 

increased light availability, driven by either thermal or haline stratification, seems to be 

strongly linked to bloom onset in the Labrador Sea. On the Labrador Shelf, shoaling of the 

mixed layer, resulting from melting ice, has previously been established as a major trigger 

of diatom blooms (Wu et al., 2007). However, in spite of a lack of sea ice on the Labrador 

shelf in May 2014, which could be an indication of sea ice melting, the mixed layer 

remained deep (~ 60 m), possibly due to strong winds.  

 

2.6 Conclusions 

 

In this study phytoplankton community structure from the Labrador Sea during spring and 

early summer of 2011 - 2014 varied according to the major hydrographic features 

(temperature, salinity and nutrient concentrations) of distinct water masses of Atlantic 

(Irminger Current), Arctic via Davis Strait (Labrador Current) or Arctic via Denmark Strait 

(West Greenland Current) origin. In spite of interannual variations, which in this study are 

difficult to assess because of the different sampling periods among years and short duration 

of analysed records, phytoplankton community structure in the Labrador Sea spring 

blooms had remarkably similar spatial and temporal patterns across the four years of 

sampling. Arctic/polar large (> 50 µm) diatoms dominated the blooms in the inshore 

branch of the LC, which were most influenced by Arctic and sea ice melt waters. P. 

pouchetii co-dominated with diatoms (Pseudo-nitzschia granii, Thalassiosira spp.) at the 

interface of the Arctic (WGC) and Atlantic (IC) waters. Ephemera planamembranacea, 

Rhizosolenia hebetata f. semispina and Fragilariopsis atlantica were the main species 

found in offshore waters of the central basin, which is strongly influenced by Atlantic 

waters. Lower salinities and temperatures were associated with the Arctic/polar species 

found in the shelf waters with higher influence of the Arctic outflow. Pre-bloom Si* (Si* 

from deeper waters), which were comparatively higher on the Labrador Shelf and Slopes, 

might have influenced the taxonomic segregation of polar diatoms dominating the west and 

P. pouchetii dominating the eastern blooms. Nonetheless, the reason why P. pouchetii 

forms large blooms in the central-eastern region of the Labrador Sea remains unclear.  
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In this study, shelf blooms occurred due to haline-driven stratification, whereas the central 

basin bloom occurred later (June), when higher surface temperatures promoted vertical 

stability. All blooms were found in shallow mixed layers (< 40 m) and more stratified 

waters, which confirms that vertical stability plays an important role in bloom development 

across the Labrador Sea. However, Phaeocystis pouchetii blooms were found in May 2014, 

when the mixed layer was deeper (median = 75 m). This confirms the ability of P. 

pouchetii to grow in deeper mixing layers, whereas Arctic/sea-ice diatom blooms were 

only found in shallower mixed layers (< 25 m).  
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Chapter 3: Spring phytoplankton communities of the 

Labrador Sea (2005-2014): pigment signatures, 

photophysiology and elemental ratios 

Note: This Chapter has been submitted for publication in Biogeosciences discussions with 

the full reference: “Fragoso, G.M., Poulton, A.J., Yashayaev, I.M., Head, E.J.H., Purdie, 

D.A., 2016. Spring phytoplankton communities of the Labrador Sea (2005 - 2014): 

pigment signatures, photophysiology and elemental ratios. Biogeosciences Discuss. 1–43. 

doi:10.5194/bg-2016-295”. G. M. F. was responsible for the pigment, particulate organic 

carbon and nitrogen analyses from the JR302 cruise (2014) as well as the statistical data 

analysis and CHEMTAX data processing. G. M. F. also prepared the first draft of the 

manuscript. 

3.1 Abstract 

The Labrador Sea is an ideal region to study the biogeographical, physiological and 

biogeochemical implications of shifts in phytoplankton communities due to sharp 

transitions of distinct water masses across its shelves and the central basin, intense nutrient 

delivery due to deep vertical mixing during winters and continual inflow of Arctic, 

Greenland melt and Atlantic waters. In this study, a decadal assessment (2005-2014) of 

late spring/early summer phytoplankton communities from surface waters of the Labrador 

Sea was provided based on pigment markers and CHEMTAX analysis, and their 

physiological and biogeochemical signatures. Diatoms were the most abundant group, 

blooming first in shallow mixed layers of haline-stratified Arctic shelf waters. Along with 

diatoms, chlorophytes co-dominated at the western end of the section (particularly in the 

polar waters of the Labrador Current (LC)), whilst Phaeocystis co-dominated in the east 

(modified polar waters of the West Greenland Current (WGC)). Pre-bloom conditions 

occurred in deeper mixed layers of the central Labrador Sea in May, where a mixed 

assemblage of flagellates (dinoflagellates, prasinophytes, prymnesiophytes, particularly 

coccolithophores, and chrysophytes/pelagophytes) occurred in low chlorophyll areas, 

succeeding to blooms of diatoms and dinoflagellates in thermally-stratified Atlantic waters 

in June. Light-saturated photosynthetic rates and saturation irradiance levels were higher at 

stations where diatoms were the dominant phytoplankton group (> 70 %), as opposed to 

stations where flagellates were more abundant (from 40 % up to 70 %). Phytoplankton 

communities from the WGC (Phaeocystis and diatoms) had lower light-limited 

photosynthetic rates, with little evidence of photo-inhibition, indicating greater tolerance to 
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a high light environment. By contrast, communities from the central Labrador Sea 

(dinoflagellates and diatoms), which bloomed later in the season (June), appeared to be 

more sensitive to high light levels. Ratios of accessory pigments (AP) to total chlorophyll a 

(TChla) varied according to phytoplankton community composition, with polar 

phytoplankton (cold-water related) having lower AP to TChla ratios. Phytoplankton 

communities associated with polar waters (LC and WGC) also had higher and more 

variable particulate organic carbon (POC) to particulate organic nitrogen (PON) ratios, 

suggesting the influence of detritus from freshwater input, derived from riverine, glacial 

and/or sea-ice meltwater. Long-term observational shifts in phytoplankton communities 

were not assessed in this study due to the short temporal frame (May to June) of the data. 

Nevertheless, these results have provided a baseline of current distributions and an 

evaluation of the biogeochemical role of spring phytoplankton communities in the 

Labrador Sea, which will improve our understanding of potential long-term responses of 

phytoplankton communities in high-latitude oceans to a changing climate. 

 

3.2 Introduction 

 

Marine phytoplankton form a taxonomically and functionally diverse group, with different 

requirements and modes of acquisition of light and nutrients, as well as strategies for 

resource competition and predation defence (Acevedo-Trejos et al., 2015; Bonachela et al., 

2015; Falkowski, 2004). Thus, marine phytoplankton communities are structured by the 

overall fitness of individuals within species assemblages with respect to a variety of 

factors, including the physical setting, nutrient and light availability, dispersal, predation 

and competition for resources (Litchman and Klausmeier, 2008). Over large scales, 

environmental heterogeneity selects for phytoplankton assemblages, which creates 

biogeographical patterns of abundance, composition, traits and diversity distributions of 

phytoplankton communities in the global ocean (Barton et al., 2013a; Follows et al., 2007; 

Hays et al., 2005).  

Phytoplankton communities also impact the structuring of marine ecosystems due to their 

functional community role in biogeochemical cycling, efficiency of carbon transport to 

deeper waters, palatability and transfer of energy to higher trophic levels. Diatoms, for 

example, are assumed to be the major contributor to the biological pump (Smetacek et al., 
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2004), large Phaeocystis spp. (> 100 µm) colonies are apparently not grazed as efficiently 

as diatoms due to the exudation of  mucilage (Haberman et al., 2003) and some 

cyanobacteria are able to fix nitrogen, which can provide a significant amount of nitrogen 

to the oligotrophic regions of the ocean (Barton et al., 2013a; Tyrrell, 1999). Distinct 

phytoplankton assemblages have been  reported to influence differently particulate 

(Martiny et al., 2013a, 2013b; Smith and Asper, 2001) and dissolved  elemental 

stoichiometry (C:N:P)(Weber and Deutsch, 2010), the drawdown of gases (Arrigo, 1999; 

Tortell et al., 2002) and the efficiency of carbon export (Guidi et al., 2009; Le Moigne et 

al., 2015). Patterns of phytoplankton stoichiometry appear to be consistent 

phylogenetically and within higher taxonomic levels (Ho et al., 2003; Quigg et al., 2003), 

although they may vary according to nutrient supply ratios (Bertilsson et al., 2003; Rhee, 

1978), as well as phenotypically within species across the same population (Finkel et al., 

2006). However, detritus and dead plankton material also influence overall particulate 

C:N:P ratios in the ocean, which complicates the interpretation of in situ observations of 

phytoplankton elemental stoichiometry (Martiny et al., 2013a).  

The sub-Arctic North Atlantic is a complex system with contrasting hydrography that 

structures plankton communities within distinct biogeographical provinces (Fragoso et al., 

2016b; Head et al., 2003; Li and Harrison, 2001; Platt et al., 2005; Sathyendranath et al., 

2009, 1995). The Labrador Sea is a particularly interesting region to study the 

biogeographical and biogeochemical implications of phytoplankton communities due to 

the sharp transitions of distinct water masses across its shelves and basin (Yashayaev, 

2007). Biogeographical regions of the Labrador Sea shape zooplankton (Head et al., 2000; 

Lutz et al., 2003) and phytoplankton community composition (Fragoso et al., 2016b), cell 

size (Platt et al., 2005) and bio-optical properties (Cota, 2003; Lutz et al., 2003; Platt et al., 

2005; Sathyendranath et al., 2004; Stuart et al., 2000), as well as the seasonality of 

phytoplankton blooms (Frajka-Williams and Rhines, 2010; Lacour et al., 2015; Wu et al., 

2007; Wu et al., 2008a).  More recently, Fragoso et al. (2016) showed that the 

biogeography of phytoplankton communities in the Labrador Sea is shaped by specific 

species as indicators of Atlantic or Arctic waters, emphasising the potential importance of 

using phytoplankton composition as indicators of water masses.  

Phytoplankton communities within a biogeographical region are subject to similar 

environmental conditions, such as temperature (Bouman et al., 2003), nutrient 

concentration (Browning et al., 2014) and irradiance (Arrigo et al., 2010a), and these, 

along with community composition (Bouman et al., 2005), affect their overall  
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photophysiological response. It has been suggested that irradiance (light levels and day 

length) and temperature are the primary factors that influence phytoplankton 

photophysiology in high-latitude Arctic/Atlantic waters, including the Labrador and 

Barents seas and Baffin Bay (Platt et al., 1982; Rey, 1991; Subba Rao and Platt, 1984), 

while the influence of phytoplankton composition on photophysiological patterns has not 

been investigated thoroughly.  

Quantification of marine phytoplankton community composition, for large numbers of 

samples, is challenging if the time-consuming methods of microscopic identification and 

enumeration are employed. Moreover, small cells (< 5µm) are difficult to identify and 

count using light microscopy. To overcome these problems, quantification and analyses of 

phytoplankton pigments by high performance liquid chromatography (HPLC) has been 

widely used to monitor phytoplankton community distributions over large temporal and 

spatial scales (e.g., Aiken et al., 2009; Peloquin et al., 2013; Platt et al., 2005). 

Photosynthetic pigments (chlorophylls and carotenoids) are frequently used to identify 

taxonomic and functional groups. Pigment-based chemotaxonomy can be used to 

determine phytoplankton classes (Coupel et al., 2015, 2012; Gonçalves-Araujo et al., 

2012), functional cell sizes (Aiken et al., 2009; Platt et al., 2005; Poulton et al., 2006) and 

assemblage dominance using accessory pigment ratios (Fragoso and Smith, 2012). The  

interpretation of the pigment data is not always straightforward, however, since some 

pigments are shared by several algal groups and can change according to local nutrient and 

light conditions (DiTullio et al., 2007; van Leeuwe and Stefels, 2007, 1998). The 

chemotaxonomic tool, CHEMTAX (CHEMical TAXonomy), provides a valuable 

approach to estimate phytoplankton class abundances when used in conjunction with 

microscopic information (Irigoien et al., 2004b; Mackey et al., 1996; Wright et al., 1996). 

CHEMTAX has the advantage of providing more information about phytoplankton classes 

than individual diagnostic pigments or ratios, and has been used widely to investigate 

phytoplankton biogeography on regional scales (Muylaert et al., 2006; Wright and Van den 

Enden, 2000) and globally (Swan et al., 2015).  

In this study, the multi-year (2005-2014) distributions of late spring and early summer 

(May to June) phytoplankton communities in the various hydrographic settings across the 

shelves, slopes and deep basin of the Labrador Sea based on phytoplankton pigments was 

investigated.  In addition, the overall photophysiological and biogeochemical traits 

associated with these phytoplankton communities was examined. Long-term analyses of 

phytoplankton communities and their potential biogeochemical and physiological 
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signatures are needed to comprehensively understand current conditions and to project   

possible responses of these communities to climate change. The results presented here will 

improve our understanding of potential long-term changes of phytoplankton communities 

in high-latitude oceans and provide a baseline description of the current distributions and 

biogeochemical traits of phytoplankton communities in the Labrador Sea with which future 

observations can be compared.  

 

3.3 Methods 

 

3.3.1 Study area 

 

The Labrador Sea is a high latitude marginal sea located in the northwestern part of the 

Atlantic Ocean and is a transition zone of the Arctic and sub-Arctic ecosystems. It is 

bounded by Davis Strait to the north, Newfoundland to the south, the Labrador Coast of 

Canada to the west and Greenland to the east (Fig 3.1). The bathymetry of the Labrador 

Sea can be subdivided into the wide continental shelf and relatively gentle continental 

slope on its western side (the Labrador Shelf, > 500 km and < 250 m deep), narrow shelf 

and very steep continental slope on the eastern side (the Greenland Shelf, < 100 km and < 

2500 m deep) and the deep basin (> 3000 m deep) confined by the continental slopes 

(Fragoso et al., 2016b).  

The central deep basin (> 3000 m) of the Labrador Sea contains a counter-clockwise flow 

and is comprised of a mixture of, mostly, relatively warm and salty waters originating from 

the Atlantic, which is mainly identified as the Irminger Current (IC) and cold fresh water, 

originating from the Arctic via the surrounding shelves (Fig 3.1). The inshore branch of the 

Labrador Current (LC) overlies the Labrador Shelf and includes Arctic water originating 

from Baffin Bay and the Canadian Arctic Archipelago via Davis Strait and from Hudson 

Bay via Hudson Strait, together with inputs of melting sea ice, which originate locally or 

from farther north. The main branch of the Labrador Current flows along the Labrador 

slope from north to south and is centred at the 1000 m contour.  It is composed of a 

mixture of Arctic water from Baffin Bay via Davis Strait and the branch of the West 
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Greenland Current that flows west across the mouth of Davis Strait. The West Greenland 

Current (WGC), which flows from south to north on the Greenland shelf and along the 

adjacent slope, is a mixture of  cold, low salinity Arctic water exiting the Nordic Seas with 

the East Greenland Current (EGC) (Yashayaev, 2007),  together with sea ice and glacial 

melt waters (Fig 3.1). More detailed descriptions of the hydrography of the Labrador Sea 

can be found elsewhere (Fragoso et al. 2016, Head et al.2013, Yashayaev and Seidov 2015, 

Yashayaev 2007). 

 

 

Figure 3.1 Map showing stations along the AR7W transect and additional stations sampled 

during late spring and early summer (2005–2014). The station positions are 

superimposed on a composite image of sea surface temperature for the last three 

weeks of May 2006 collected by the NOAA satellite (AVHRR). White patches 

represent ice (Labrador and Greenland coasts).  
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3.3.2 Sampling 

 

Data for this study were obtained from stations along the AR7W Labrador Sea repeat 

hydrography line (World Ocean Circulation Experiment Atlantic Repeat 7-West section, 

for details see Fragoso et al., 2016), which runs between Misery Point on the Labrador 

coast (through Hamilton Bank on the Labrador Shelf) and Cape Desolation on the 

Greenland coast. Stations were sampled for over a decade (2005-2014) by scientists from 

the Canadian Department of Fisheries and Oceans during late spring and/or early summer 

(Table 3.1). Fixed stations were sampled on the AR7W section, across shelves and in the 

deep central basin, as well as some additional non-standard stations (Fig. 3.1).  

 

 

Table 3.1 Research cruises, sampling dates and number of samples per cruise (n) where 

pigment data were collected in the Labrador Sea during early spring and late 

summer (2005-2014). 

Cruise Dates Year  n 

HUD-2005-16 29 May - 3 June 2005 25 

HUD-2006-019 23 May - 31 May 2006 12 

HUD-2007-011 11 May - 21 May 2007 32 

HUD-2008-009 22 May - 29 May 2008 25 

HUD-2009-015 18 May - 23 May 2009 26 

HUD-2010-014 14 May - 24 May 2010 27 

HUD-2011-009 11 May - 17 May 2011 33 

HUD-2012-001 3 June - 11 June 2012 30 

HUD-2013-008 9 May - 21 May 2013 27 

JR302 10 June - 24 June 2014 16 

 

 

Vertical profiles of temperature and salinity were measured with a Seabird CTD system. 

Water samples were collected using 10-L Niskin bottles mounted on the rosette frame. 

Mixed layer depths were calculated from the vertical density (σƟ) distribution and defined 

as the depth where σƟ changes by 0.03 kg m-3 from a stable surface value (~10 m) (Weller 
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and Plueddemann, 1996). A stratification index (SI) was calculated as the seawater density 

difference (between 10 m to 60 m) normalised to the equivalent difference in depth.  

Water samples from the surface (near-surface) layer (< 10 m) were collected (0.5 L–1.5 L) 

for the determination of chlorophyll a, accessory pigments, nutrients, particulate organic 

carbon (POC) and nitrogen (PON) analysis, and for primary production measurements. 

Bulk chlorophyll a concentration was measured after extraction from filters in 90 % 

acetone at -20°C for approximately 24 hours and fluorescence was determined using a 

Turner Designs fluorometer (Holm-Hansen et al., 1965). Samples for detailed pigment 

analysis were filtered onto 25 mm glass fibre filters (GF/F Whatman Inc., Clifton, New 

Jersey) and immediately flash frozen in liquid nitrogen and kept frozen in a freezer (at -80° 

C) until analysis in the laboratory. Nutrient samples were analysed at sea (within 12 h of 

collection) on the SEAL AutoAnalyser III.  Samples for POC and PON were filtered 

(0.25–1 L) onto 25 mm pre-combusted GF/F filters and frozen (-20o C) and returned to the 

laboratory for later analysis. In the laboratory samples were oven-dried (60 ºC) for 8-12 

hours, stored in a dessicator, pelletelised in pre-combusted tin foil cups and analysed using 

a Perkin Elmer 2400 Series CHNS/O analyser  as described in Pepin and Head (2009).  

  

3.3.3 Pigment analysis 

 

Pigments (chlorophyll a and accessory pigments) were quantified using reverse-phase 

(Beckman C18, 3 μm Ultrasphere column), High-Performance Liquid Chromatography 

(HPLC) according to the procedure described in Stuart and Head (2005), known as the 

“BIO method”. Prior to analysis, pigments were extracted by homogenizing the frozen 

filters in 1.5 mL 95 % acetone, grinding the filters using a motorized grinder, centrifuging 

to remove the solids and taking an aliquot of the supernatant, which was buffered by 

dilution with 0.5 M aqueous ammonium acetate at a ratio of 2:1 before injection on to the 

column. The samples were run using a gradient elution method, with methanol, aqueous 

ammonium acetate and ethyl acetate as solvents (Stuart and Head 2005). Pigment peaks 

were identified and quantified by their retention times and absorbance or fluorescence 

signals, by comparison with those of pure pigments (Stuart and Head, 2005). A list of 

pigments identified and quantified for this study is included in Table 3.2.  
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Table 3.2 List of phytoplankton pigments and their distributions in algae classes, 

abbreviations and formulas.    

Abbreviation Name Characteristic of 

the pigment 
Present in/ Index of/Formula Ref. 

PSC Photosynthetic carotenoid Light harvesting All algae  

PPC Photoprotective carotenoid Photoprotection All algae  

PPP Photosynthetic pigment Light harvesting All algae  

BUT19 19’-

butanoyloxyfucoxanthin 
PSC Prymnesiophytes and crysophytes 1 

HEX19 
19'-

hexanoyloxyfucoxanthin 
PSC 

Diatoms, prymnesiophytes and 

some dinoflagellates 
2 

ALLOX Alloxanthin PPC Cryptophytes 1 

ACAROT α-carotene PPC Various 1 

BCAROT β-carotene PPC Various 1 

CHLB  Chlorophyll b PPP Chlorophytes, prasinophytes, 

euglenophytes 
1 

CHLC12 Chlorophyll c1 + c2 PPP 

Diatoms, prymnesiophytes, 

dinoflagellates, chrysophytes and 

raphidophytes 1 

CHLC3 Chlorophyll c3 PPP Prymnesiophytes, chrysophytes 1 

CHLIDEA Chlorophyllide a Degradation 

product of CHLA  
Senescent phytoplankton  

DIADINOX Diadinoxanthin PPC 
Diatoms, prymnesiophytes, 

dinoflagellates, chrysophytes and 

raphidophytes 

1 

DIATOX Diatoxanthin PPC 
Diatoms, prymnesiophytes, 

dinoflagellates, chrysophytes and 

raphidophytes 

1 

FUCOX Fucoxanthin PSC 

Diatoms, prymnesiophytes, 

raphidophytes and some 

dinoflagellates 
1 

CHLA Chlorophyll a PPP All phytoplankton except 

Prochlorococcus 

1 

PERID Peridinin PSC Some dinoflagellates 1 

PRASINO Prasinoxanthin  PPC Some prasinophytes 1 

VIOLAX Violaxanthin PPC 
Chlorophytes, prasinophytes and 

eustigmatophytes  
1 

ZEA Zeaxanthin PPC Cyanobacteria, Prochlorococcus, 

chlorophytes 
1 

TChla Total chlorophyll a   CHLA + CHLIDEA  

TC Total carotenoids 

Include all 

carotenoids 

BUT19 + HEX19 + ALLOX + 

ACAROT + BCAROT + 

DIADINOX + DIATOX + 

FUCOX + PERID + PRASINO + 

VIOLAX + ZEA 

 

AP Accessory pigments 

Include all 

pigments except 

CHLA 

TC + CHLB + CHLC12 + 

CHLC3  

FUCOX/AP 
Fucoxanthin to accessory 

pigments ratio 
  FUCOX/AP   

     

1(Jeffrey et al., 1997), 2(Higgins et al., 2011). 
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3.3.4 Pigment interpretation 

 

The CHEMTAX software (version 1.95, Mackey et al., 1996) was used to estimate ratios 

of abundance of distinct micro-algal classes to total chlorophyll a from in situ pigment 

measurements. The software utilises a factorization program that uses “best guess” ratios 

of accessory pigments to chlorophyll a that are derived for different classes from the 

literature and marker pigment concentrations of algal groups that are known to be present 

in the study area. This program uses the steepest descent algorithm to obtain the best fit to 

the data based on assumed pigment to chlorophyll a ratios. The initial matrices are 

optimized by generating 60 further pigment ratio tables using a random function (RAND in 

Microsoft Excel) as described in Coupel et al. (2015). The results of the six best output 

matrices (with the smallest residuals, equivalent to 10 % of all matrices) were used to 

calculate the averages of the abundance estimates and final pigment ratios. The following 

pigment chosen for CHEMTAX analysis were: 19-butanoyloxyfucoxanthin (BUT19), 19-

hexanoyloxyfucoxanthin (HEX19), alloxanthin (ALLOX),  chlorophyll a (CHLA), 

chlorophyll b (CHLB), chlorophyll c3 (CHLC3), fucoxanthin (FUCOX), peridinin 

(PERID), prasinoxanthin (PRASINO) and zeaxanthin (ZEA). 

One of the main assumptions of the CHEMTAX method is that pigment ratios remain 

constant across the subset of samples that are being analysed (Swan et al., 2015). To satisfy 

this assumption, a priori analysis was performed, where pigment data were sub-divided 

into groups using cluster analysis (Bray-Curtis similarity) and each group was processed 

separately by the CHEMTAX program (Table 3.3). This approach was used because 

distinct phytoplankton communities have been observed in the Labrador Sea (Fragoso et 

al., 2016b) so that the ratio of accessory pigment to chlorophyll a probably varies within 

different water masses across the Labrador Sea (LC, IC and WGC). Pigment concentration 

data (BUT19, HEX19, ALLOX, CHLA, CHLB, CHLC3, FUCOX, PERID, PRASINO and 

ZEA) were standardized and fourth-root transformed before being analysed.   

A first cluster analysis on transformed pigment data identified five major groups having 

60 % similarity between samples. Clusters included stations partially located: 1) on the 

shelves, where FUCOX dominated at a few stations (I), 2) in the eastern part of the 

Labrador Sea, where most stations had high relative concentrations of FUCOX and 

CHLC3  (II), 3) in the central Labrador Sea, where a few stations had higher proportions of 

FUCOX, HEX19 and PERID (III), 4) on the western part of the section, where CHLB and 
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FUCOX were the main pigments at most stations (IV) and 5) in the central Labrador Sea, 

where most stations had a mixture of pigments (FUCOX, CHLC3, HEX19, CHLB, PERID 

and others) (V) (Fig 3.2). The other main requirement of the CHEMTAX method is that 

information about the phytoplankton taxonomy is used to assure that the pigment ratios are 

applied and interpreted correctly (Irigoien et al., 2004b). To satisfy this requirement, initial 

pigment ratios were carefully selected and applied to each cluster to adjust the pigments to 

the appropriate classes according to microscopic observations (Fragoso et al., 2016b) and 

literature information (see Table 3.3). Pigment ratio tables were based on the literature in 

waters having comparable characteristics to the Labrador Sea, such as Baffin Bay (Vidussi 

et al., 2004), the Beaufort Sea (Coupel et al., 2015) and the North Sea (Antajan et al., 2004; 

Muylaert et al., 2006) or from surface (high light) field data (Higgins et al., 2011) (Table 

3.3).  

 

 

Figure 3.2 Percentage contribution of each pigment to the similarity of sampled stations in 

different clusters (I-V). Pigment abbreviations are described in Table 3.2. 
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Table 3.3 Final ratio matrix of accessory pigment to chlorophyll a for distinct algal classes for each cluster group.    

Region I & II (Eastern Labrador Sea) 

Class / Pigment CHLB CHLC3 FUCOX PERID ZEA ALLOX BUT19 HEX19 PRASINO CHLA Ref 
Prasinophyte 1 0.459 0 0 0 0 0 0 0 0.075 1 2 
Prasinophyte 2 0.650 0 0 0 0.008 0 0 0 0 1 2 
Chlorophyte 0.168 0 0 0 0.040 0 0 0 0 1 2 
Dinoflagellates 0 0 0 0.609 0 0 0 0 0 1 2,5 
Cryptophycea 0 0 0 0 0 0.785 0 0 0 1 2 
Phaeocystis 0 0.167 0.188 0 0 0 0 0 0 1 1 
HAPTO-6 0 0.199 0.270 0 0 0 0.021 1.261 0 1 4 
Chryso/Pelagophyte 0 0.120 0.454 0 0 0 0.589 0 0 1 2 
Cyanobateria 0 0 0 0 0.262 0 0 0 0 1 3 
Diatoms 0 0 0.328 0 0 0 0 0 0 1 2 
                        
Region III & V (Central Labrador Sea) 
Class / Pigment CHLB CHLC3 FUCOX PERID ZEA ALLOX BUT19 HEX19 PRASINO CHLA Ref 
Prasinophyte 1 0.316 0 0 0 0 0 0 0 0.129 1 2 
Prasinophyte 2 0.716 0 0 0 0.008 0 0 0 0 1 2 
Chlorophyte 0.171 0 0 0 0.025 0 0 0 0 1 2 
Dinoflagellates 0 0 0 0.681 0 0 0 0 0 1 2,5 
Dino-2 0 0.290 0.348 0 0 0 0.060 0.168 0 1 4 
Cryptophycea 0 0 0 0 0 0.674 0 0 0 1 2 
HAPTO-6 0 0.081 0.202 0 0 0 0.018 1.549 0 1 4 
Chryso/Pelagophyte 0 0.049 0.184 0 0 0 0.264 0 0 1 2 
Cyanobateria 0 0 0 0 0.142 0 0 0 0 1 3 
Diatoms 0 0 0.512 0 0 0 0 0 0 1 2 
                        
Region IV  (Western Labrador Sea) 
Class / Pigment CHLB CHLC3 FUCOX PERID ZEA ALLOX BUT19 HEX19 PRASINO CHLA Ref 
Prasinophyte 1 0.216 0 0 0 0 0 0 0 0.078 1 2 
Prasinophyte 2 1.081 0 0 0 0.012 0 0 0 0 1 2 
Chlorophyte 0.113 0 0 0 0.045 0 0 0 0 1 2 
Dinoflagellates 0 0 0 0.785 0 0 0 0 0 1 2,5 
Dino-2 0 0.028 0.049 0 0 0 0.018 0.040 0 1 4 
Cryptophycea 0 0 0 0 0 0.703 0 0 0 1 2 
HAPTO-7 0 0.030 0.389 0 0 0 0 1.218 0 1 4 
Chryso/Pelagophyte 0 0.056 0.470 0 0 0 0.613 0 0 1 2 
Diatoms 0 0 0.343 0 0 0 0 0 0 1 2 

1(Antajan et al., 2004), 2(Vidussi et al., 2004), 3(Muylaert et al., 2006), 4(Higgins et al., 2011), 5(Coupel et al., 2015) 
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Prasinophytes were separated into “prasinophyte type 1”, which contains PRASINO and 

“prasinophyte type 2”, such as Pyramimonas and Micromonas, with the latter previously 

found lacking PRASINO but containing ZEA in North Water Polynya (Canadian Arctic) 

(see Vidussi et al., 2004). Both genera were observed in light microscope counts in 

Labrador Sea samples (Fragoso et al., 2016b) and M. pusilla has been observed in the 

Beaufort Sea (Coupel et al., 2015), and was found to be one of the main pico-eukaryotes in 

the North Water Polynya (Canadian Arctic) from April to July of 1998 (Lovejoy et al., 

2002). In addition to prasinophytes type 2, ZEA is also the major accessory pigment of 

cyanobacteria, such as Synechococcus spp., which has been previously observed in the 

Labrador Sea, particularly in Atlantic waters (Li et al., 2006), and which is also a minor 

pigment in chlorophytes (Vidussi et al., 2004). Because of its association with the warmer 

Atlantic waters, it was assumed that cyanobacteria were absent from very cold waters, such 

as the Labrador Current  (Fragoso et al., 2016b). Prasinophytes contain CHLB, but so do 

chlorophytes (Vidussi et al., 2004), which were observed in large numbers with the 

microscope. Dinoflagellates were separated into those species that contain PERID, such as 

Heterocapsa sp. and Amphidium (Coupel et al., 2015; Higgins et al., 2011) and those that 

do not, such as Gymnodinium spp. (here defined as Dino-2 class as in Higgins et al. 

(2011)), but which may contain CHLC3, BUT19, HEX19 and FUCOX. Dinoflagellates 

were observed in lower concentrations in the eastern Labrador Sea, so that Dino-2 was 

assumed absent from this area (clusters I & II in Table 3.3). Cryptophytes (Cryptophycea 

in Table 3.3) are the only group to contain ALLOX.  

Prymnesiophytes were divided into three groups: 1) Phaeocystis pouchetii, which was 

observed in high concentrations in the eastern Labrador Sea (Fragoso et al., 2016b) 

(clusters I & II, Table 3.3); 2) Prymnesiophyte HAPTO-7 (as in Higgins et al.  (2011)), 

associated with Chrysocromulina spp. previously observed in the western Labrador Sea (in 

the Labrador Current, this study) (cluster IV, Table 3.3) and HAPTO-6 (as in Higgins et al. 

(2011)), which included the coccolithophores, particularly E. huxleyi associated with 

Atlantic waters (central-eastern region of the Labrador Sea) (clusters I, II, III and V, Table 

3.3). Phaeocystis pouchetii occurred in waters having low HEX19 and BUT19 

concentrations and high CHLC3 and FUCOX concentrations (cluster II, Fig. 3.2). Similar 

pigment compositions were found in Phaeocystis globosa blooms in Belgian Waters 

(Antajan et al., 2004; Muylaert et al., 2006) and high ratios of CHLC3 to CHLA were, 

previously, used to identify Phaeocystis pouchetii in the Labrador Sea (Stuart et al., 2000).  

Thus, CHLC3 and FUCOX were the only pigments that could be used to represent this 
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species. In addition to CHLC3 and FUCOX, HAPTO-7 included HEX19 and HAPTO-6 

included HEX19 and BUT19 as in Higgins et al. (2011).  Chrysophytes and pelagophytes, 

such as Dictyocha speculum have high ratios of BUT19 to CHLA (Coupel et al., 2015; 

Fragoso and Smith, 2012). Finally, diatoms were identified as containing high 

FUCOX:CHLA ratios (Vidussi et al., 2004) (Table 3.3). 

 

3.3.5 Photosynthesis versus irradiance (P-E) incubations 

 

Water samples were spiked with 14C-bicarbonate and incubated in a light box under 30 

different irradiance levels (from 1-600 W m-2) at in situ temperature for 2 to 3 hours to 

measure parameters derived from photosynthesis versus irradiance (P-E) curves as 

described by Stuart et al. (2000). Measurements were fitted to the equation of (Platt and 

Gallegos, 1980, see Appendix B for more information ) to determine the initial slope of the 

P-E curve, also known as the photosynthetic efficiency (B), the maximum photosynthetic 

rate normalized to chlorophyll biomass (Pm
B), the light intensity approximating the onset of 

saturation (Ek), the saturation irradiance (Es) and the photo-inhibition parameter (β).  

 

3.3.6 Statistical analysis 

 

3.3.6.1 Phytoplankton-derived POC estimation 

 

Fragoso et al. (2016) found a significant linear relationship between phytoplankton carbon 

calculated from phytoplankton cell counts and POC data using results from 2011-2014 

surveys in the Labrador Sea (POC = 1.01POCphyto + 240.92; r2 = 0.47; n = 44; p < 0.0001). 

To estimate phytoplankton-derived carbon (POCphyto) concentration (as opposed to total 

POC, which includes detritus and heterotrophic organisms),  regression analysis was 

performed (POCphyto = 38.9Chla; r2 = 0.9; n = 41; p < 0.0001) using the carbon calculated 

from cell counts (derived from Fragoso et al., 2016) and measurements of total chlorophyll 
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a: this expression was then applied to estimate POCphyto for stations where phytoplankton 

cell counts were not available (2005-2010). 

 

3.3.6.2 Phytoplankton community structure 

 

Phytoplankton community structure derived from pigment concentrations was investigated 

using PRIMER-E (v7) software (Clarke and Warwick, 2001). Chlorophyll a concentrations 

derived for each algal class resulting from CHEMTAX analysis were standardized 

(converted to percentage values) to obtain their relative proportions, which were fourth-

root transformed to allow the least abundant groups to contribute to the analysis. Similarity 

matrices were generated from Bray-Curtis similarity for cluster analysis. A SIMPER 

(SIMilarity PERcentages) routine with a cut off of 90 % cumulative contribution to the 

similarity was used to reveal the contributions of each class to the overall similarity within 

clusters. One-way ANOSIM was also applied to determine whether taxonomic 

compositions of the clusters were significantly different.  

A redundancy analysis (RDA) using the CANOCO 4.5 software (CANOCO, 

Microcomputer Power, Ithaca, NY) was performed to analyse the effects of environmental 

factors on the Labrador Sea phytoplankton community structure as described in Fragoso et 

al. (2016). Data were log-transformed and forward-selection (a posteriori analysis) 

identified the subset of environmental variables that significantly explained the taxonomic 

distribution and community structure when analysed individually (λ1, marginal effects) or 

when included in a model where other forward-selected variables were analysed together 

(λa, conditional effects). A Monte Carlo permutation test (n=999, reduced model) was 

applied to test the statistical significance (p < 0.05) of each of the forward-selected 

variables.  
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3.4 Results 

 

3.4.1 Environmental variables 

 

Environmental parameters, as well as chlorophyll a (Chla) concentrations varied 

noticeably along the southwest-northeast section of the Labrador Sea (Fig. 3.3). The shelf 

and slope regions (LSh, LSl, GSl, GSh) had colder and fresher waters (< 3 °C and < 33.5, 

respectively) compared to the central basin (CB), where surface waters were saltier (> 

33.5) and warmer (> 3 °C), particularly in 2005, 2006, 2012 and 2014 (> 5 °C) (Fig. 3.3b, 

c). Shelf waters that were colder and fresher were the most highly stratified (SI > 5 × 10-3 

kg m-4), particularly on the Labrador Shelf (SI > 15 × 10-3 kg m-4), whereas waters from 

the CB were less well stratified (SI < 5 × 10-3 kg m-4), except at those stations where waters 

were slightly warmer than usual (> 5°C) during 2005, 2012 and 2014 (Fig. 3.3d). Chla 

concentrations were higher (> 4 mg Chla m-3) at stations where waters were more highly 

stratified, particularly on the shelves (Fig. 3.3e). Nitrate, phosphate and silicate 

concentrations were inversely related to Chla concentration, being lower (< 5, 0.5, 3 µmol 

L-1, respectively) on the shelves and, during some years, in the CB (e.g. 2012), where 

blooms formed (Fig. 3.3e-h). POC:PON ratios were also higher (> 8) at most stations in 

shelf and slope waters and at a few stations in the CB during 2009 and 2011 (Fig. 3.3i). 

Shelf waters mostly had higher silicate:nitrate (Si(OH)4:NO3
-) ratios (> 1) than the CB, 

particularly the LSh (Fig. 3.3j). Labrador Sea surface waters usually had nitrate:phosphate 

(NO3
-:PO4

3-) < 16, although NO3
-:PO4

3- were higher in the CB than in shelf regions (> 10) 

(Fig. 3.3k). 
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3.4.2 CHEMTAX interpretation and group distributions 

 

A cluster analysis of algal classes derived from CHEMTAX results revealed clusters of 

stations at various similarity levels (Fig. 3.4). ANOSIM one-way pairwise analysis 

between clusters suggested that they were significantly different in pigment algal 

composition (p = 0.001), although pairwise analysis of clusters C3a and C3b showed that 

these groups overlapped (more similar composition, R statistic = 0.33) than other clusters, 

which were clearly separated (R statistic values approached 1) (see Clarke and Warwick, 

2001). The first division occurred at 61 %, separating three main clusters (A, B and C) 

(Fig. 3.4a). Cluster C was subdivided at 65 % resulting in clusters C1, C2 and C3 (Fig. 

3.4a). A third division (similarity of 73 %) occurred at cluster C3 resulting in two other 

clusters C3a and C3b (Fig. 3.4a). Overall, six functional clusters (A, B, C1, C2, C3a and 

C3b) represented the distinct phytoplankton communities occurring in the Labrador Sea 

(Fig. 3.4a). These communities generally occupied different regions of the Labrador Sea, 

namely the Labrador Shelf/Slope (west, mainly Cluster C3a), Central Basin (middle, 

mainly Clusters C2 or C3b) and the Greenland Shelf/Slope (east, mainly Clusters C3a, A, 

B) (Fig. 3.4b,c).  
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Figure 3.3 Values for environmental variables (temperature, salinity, stratification index 

(SI)), concentrations of nutrients (nitrate (NO3
-), silicate (Si(OH)4), phosphate (PO4

3-

)), chlorophyll a and ratios between nutrients and for particulate organic carbon 

(POC) to particulate organic nitrogen (PON) at individual stations sampled between 

2005 and 2014 (y-axis) and distances from a fixed reference position in the Northeast 

Gulf of St Lawrence shown by the star in Figure 3.3a (x-axis). LSh = Labrador 

Shelf, LSl = Labrador Slope, CB = Central Basin, GSl = Greenland Slope, GSh = 

Greenland Shelf.  
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Chla concentrations were higher at stations where diatoms were especially dominant (Fig. 

3.4b,c). Diatoms were the most abundant phytoplankton group in Labrador Sea waters, 

particularly at stations on the shelves, where communities were sometimes composed of 

almost 100 %  diatoms (clusters A and C1) (Fig. 3.4b,c). Diatoms were also abundant at 

(or near to) the Greenland Shelf, where Phaeocystis was co-dominant (cluster B) and at (or 

near to) the Labrador Shelf in the west section, where chlorophytes were the second most 

abundant group (cluster C3a). Likewise, diatoms were dominant in the central Labrador 

Sea in some years (2008, 2012 and 2014, cluster C2), where dinoflagellates were also 

dominant (Fig. 3.4b,c). Most stations in the central basin had low Chla concentrations and 

high diversity of algal groups (cluster C3b), with mixed assemblages of diatoms, 

dinoflagellates and other flagellates (Fig. 3.4b,c). The positions of fronts, usually 

characterised by sharp transitions in phytoplankton communities varied from year to year, 

but were generally located near the continental slopes (Fig. 3.4c). 

 

3.4.3 Phytoplankton distributions and environmental controls 

 

Distributions of surface phytoplankton communities in the Labrador Sea during spring and 

early summer (2005-2014) varied according to the water mass distributions across the 

shelves and central basin of the Labrador Sea. Potential temperatures and salinities also 

varied among these water masses (Fig. 3.5a). In general, chlorophytes and diatoms (cluster 

C3a) were associated with the inshore branch of the Labrador Current (LC), on the 

Labrador Shelf, where the surface waters were fresher (salinity < 33.5), colder 

(temperature < 2°C) and least dense (σƟ of most stations approximately < 26.5 kg m-3) 

(Fig. 3.5a). Mixed assemblages (cluster C3b), as well as blooms (chlorophyll average = 4 

mg Chla m-3) of dinoflagellates and diatoms (cluster C2) were associated with the warmer 

(temperature > 3°C), saltier (salinity > 34) and denser (σƟ of most stations < 27 kg m-3) 

Atlantic water mass, and the Irminger Current (IC) (Fig. 3.5a). Phaeocystis (cluster B) 

dominated in waters of the West Greenland Current (WGC), which had intermediate 

temperatures (mostly 0-4°C) and salinities (33-34.5) when compared to those of the LC 

and IC (Fig. 3.5a).  
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Figure 3.4 Dendrogram showing clustering of samples (a) and the proportion of chlorophyll a 

contributed by each phytoplankton class for each cluster (b). Spatial distribution of 

distinct phytoplankton communities (cluster groups) along the section, showing the 

distance from the star in Fig 3.3a) (c). Bubble size in (c) represents total chlorophyll 

a biomass (minimum = 0.3 mg Chla m-3 and maximum = 25 mg Chla m-3). 
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Redundancy analysis (RDA) was used to investigate the hydrographic variables that 

explained the variance (explanatory variables) in the phytoplankton communities based on 

pigment analyses. The ordination diagram (Fig. 3.5b) revealed that most stations from 

distinct clusters were concentrated within one quadrant, where arrows representing 

environmental variables in the same or opposite directions of the clusters of stations 

suggest positive or negative correlations proportional to the length of the arrow. The first 

axis (x-axis) of the analysis, which explained most of the variance (eigen-value = 25.7 % 

of species data and 83.5 % of species-environment relation, Table 3.4), clearly shows that 

the phytoplankton communities respond strongly to spatial aspects of the data (Fig. 3.5b). 

Thus, stations in Arctic waters were to the left of the y-axis (low nutrient concentrations, 

temperature and salinity values), while stations located in Atlantic waters were to the right 

(opposite trend, Fig. 3.5b). Diatoms and chlorophytes (cluster C3a, upper left quadrant of 

Fig. 3.5b) were associated with lower salinities and temperatures and highly stratified 

waters. Phaeocystis and diatoms (cluster B, lower left quadrant of Fig. 3.5b) were 

associated with waters where nutrient concentrations (mainly nitrate, but also phosphate 

and silicate) were relatively low (average nitrate concentration from cluster B < 3 μM, 

Table 3.5). In Atlantic waters, temporal aspects of the data were also observed (upper and 

lower right quadrants (Fig. 3.5b)). Thus, mixed assemblages (cluster C3b) were associated 

with higher nutrient concentrations (pre-bloom conditions in Atlantic waters, upper right 

quadrant), whereas dinoflagellates and diatoms (cluster C2) were associated with warmer 

and saltier waters, resembling blooming conditions in Atlantic waters induced by thermal 

stratification (lower right quadrant of Figure 3.5b). Summed, the canonical axes explained 

99.8 % of the variance (axis 1, p = 0.002; all axes, p = 0.002) (Table 3.4), which means 

that the environmental variables included in this analysis explained almost 100 % of the 

variability.  

Forward selection showed that five of the six environmental factors (silicate, temperature, 

salinity, nitrate and phosphate) included in the analysis best explained the variance in the 

phytoplankton community distributions when analysed together (Table 3.4). When all 

variables were analysed together (conditional effects, referred to as λa in Table 3.4), 

silicate was the most significant explanatory variable (λa = 0.2, p = 0.001), followed by 

temperature (λa = 0.05, p = 0.001), salinity (λa = 0.02, p = 0.002), nitrate concentration (λa 

= 0.01, p = 0.016) and phosphate (λa = 0.02, p = 0.002) (Table 3.4). SI was the only 

explanatory variable that had no significance in explaining the distribution of 

phytoplankton communities (Table 3.4). 
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Figure 3.5 Positions of individual stations in relation to temperature (°C) and salinity (a) and 

redundancy analysis (RDA) ordination plot (b). The stations are colour-coded 

according to the cluster groups (see details in Figure 3.4). The TS plot (a) shows the 

approximate ranges of potential temperature (°C) and salinity of the Labrador 

Current (LC), the West Greenland Current (WGC) and the Irminger Current (IC). 

Arrows in (b) show the explanatory (environmental) variables used in the analysis.  
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Table 3.4 Results of the Redundancy Analyses (RDA) with the effects, eigenvalues and 

percentages of variance explained used in the analysis. Marginal (λ1) and conditional 

effects (λa) refers to the absolute and additional effects, respectively, of the 

environmental variable (s) used in the RDA analysis after the automatic forward 

selection. Explanatory variables are temperature (°C), salinity, nitrate (NO3
-), 

phosphate (PO4
3-), silicate (Si(OH)4) (µmol L-1) and Stratification Index (SI) (kg m-4). 

Significant p-values (p < 0.05) represents the variables that significantly explains the 

variation in the analyses.     

 

Marginal Effects     Conditional Effects     
       
Variable λ1  Variable λa P F 

Si(OH)4 0.2  Si(OH)4 0.2 0.001 61.65 
NO3

- 0.19  Temperature 0.05 0.001 17.3 

PO4
3- 0.17  Salinity 0.02 0.002 6.94 

Salinity 0.09  NO3
-  0.01 0.016 4.31 

Temperature 0.07  PO4
3-  0.02 0.002 7.22 

SI 0.06  SI       0.01 0.153 1.72 
       

 Axes                                1 2 3 4  Total variance 

 Eigen-values                      0.257 0.042 0.005 0.003  1 
 Taxa-environment correlations   0.676 0.404 0.321 0.245   

 Cumulative percentage variance       
    of species data                 25.7 29.9 30.3 30.7   

    of species-environment relation 83.5 97.2 98.8 99.8   
       

 Sum of all eigenvalues                                   1 

 Sum of all canonical eigenvalues                                    0.307 

Test of significance of first canonical axis: eigen-value = 0.257; F-ratio = 84.938; P-value = 0.002. 

Test of significance of all canonical axis: trace = 0.307; F-ratio = 18.184; P-value = 0.002. 

 

3.4.4 Phytoplankton distributions and elemental stoichiometry  

 

Particulate organic carbon (POC) collected on filters can include organic carbon from a 

variety of sources, such as phytoplankton, bacteria, zooplankton, viruses and detritus 

(Sathyendranath et al., 2009). Assuming that phytoplankton associated organic carbon, as 

estimated from phytoplankton cell volumes (POCphyto) is strongly correlated with Chla 

values, the proportion of POCphyto should increase in eutrophic waters, which usually 

occurs with high Chla and POC concentrations, and that it should be lower in oligotrophic 

waters. Indeed, our results showed higher proportions of POCphyto (> 60 %) in waters with 

higher POC concentrations (Fig. 3.6a). However, there were stations where POC levels 

were high and where the contribution of POCphyto was low, suggesting that there may have 

been other sources of POC (e.g. detritus).  
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The relationships between POCphyto and POC:PON also varied among the different 

phytoplankton community types (Fig. 3.6). In general, stations in shelf regions, which have 

higher inputs of Arctic and glacial melt waters (lower salinity values), where diatoms co-

dominated with chlorophytes in the west and east (cluster C3a) or with Phaeocystis in the 

east (cluster B), had higher and more variable values for POC:PON ratios than did stations 

influenced by Atlantic water (Fig. 3.6b). Some  shelf stations had relatively high 

proportions of POCphyto to total POC, suggesting that phytoplankton community growth 

dominated by diatoms and chlorophytes (cluster C3a) contributed more to the total POC 

(most stations from cluster C3a had POCphyto > 50 %) (Fig. 3.6b). On the other hand, some 

shelf stations, particularly the one dominated by diatoms and Phaeocystis (cluster B) had 

high POC:PON ratios (> 10), with low POCphyto contributions, suggesting an increased 

contribution of detritus to the total POC (Fig. 3.6c). Stations influenced by Atlantic waters 

had generally lower contributions of POCphyto, with most stations having POC:PON ratios 

< 6.6 (Fig. 3.6c). 

 

3.4.5 Physiological patterns 

 

Accessory pigments (AP) versus total chlorophyll a (TChla) scatterplot from surface 

waters of the Labrador Sea showed a log-log linear relationship (Fig. 3.7). The slopes of 

these relationships varied within temperature (Fig. 3.7a) and among the distinct 

phytoplankton communities (Fig. 3.7b). Phytoplankton communities in cold waters (of 

Arctic origin), such as those co-dominated by diatoms and Phaeocystis in the east and 

diatoms and chlorophytes in the west, had a lower accessory pigments to TChla ratio 

(logAP:logTChla) (slope = 0.86 and 0.89, respectively) (Fig. 3.7b). Furthermore, 

communities from warmer waters (Irminger Current from Atlantic origin), particularly 

those co-dominated by diatoms and dinoflagellates had higher ratios of logAP:logChla 

(slope = 1.03) (Fig. 3.7b). Slopes of the logAP to logTChla relationships were not 

statistically different among the different communities (ANCOVA, p > 0.05), except for 

those communities co-dominated by diatoms and Phaeocystis (cluster B), which had a 

slope that was statistically different from the others (ANCOVA, p= 0.016).   
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Figure 3.6 Relationship between particulate organic carbon (POC) and particulate organic 

nitrogen (PON) in a logarithmic scale, with the points (stations) as a function of 

phytoplankton-derived organic carbon content (POCphyto/POC, %) (a), POC:PON 

versus salinity (b), phytoplankton-derived organic carbon content (POCphyto/POC, 

%) versus the POC:PON ratio (c). The points (stations) in (b) and (c) are colour-

coded according to the cluster groups (see details in Figure 3.4). Solid lines in (b) 

and (c) show the C:N Redfield ratio of 6.6 and the dashed line in (c) shows where 

POCphyto contributes 50 % of the total POC. 
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Table 3.5 Average, standard deviations and number of observations (in parenthesis) of environmental and biological variables of each cluster group. MLD = 

mixed layer depth, SI= Stratification index, NO3
- = nitrate, PO4

3- = phosphate, Si(OH)4 = silicate, DT= diatoxanthin, DD= diadinoxanthin, POC= 

particulate organic carbon, PON= particulate organic nitrogen, POCphyto = phytoplankton-derived particulate organic carbon, αB = initial slope of the 

photosynthesis-irradiance curve, Pm
B = maximum normalised photosynthesis, Ek = onset saturation irradiance, Es = saturation irradiance.  

  Cluster A   Cluster B   Cluster C3a   Cluster C3b   Cluster C2   Cluster C1 

Temperature (°C) 2.8 ± 2.4 (17) 

 

2.0 ± 1.8 (46) 

 

1.6 ± 1.9 (62) 

 

3.4 ± 1.9 (92) 

 

4.8 ± 1.5 (32) 

 

1.4 ±  1.7 (4) 

Salinity 33.4 ± 1.5 (17) 

 

33.7 ± 0.8 (46) 

 

33.1 ± 1.2 (62) 

 

34.1 ± 1.0 (92) 

 

34.4 ± 0.5 (32) 

 

33.0 ±  1.6 (4) 

MLD (m) 32.2 ± 43.8 (17) 

 

32.6 ± 23.4 (46) 

 

31.2 ± 28.5 (62) 

 

59 ± 71.1 (92) 

 

29.8 ± 17.0 (32) 

 

16.0 ±  4.2 (4) 

SI x 10-3 (kg m-4) 9.1 ± 6.3 (17) 

 

6.3 ± 5.7 (46) 

 

10.7 ± 8.5 (62) 

 

5.0 ± 6.8 (92) 

 

6.1 ± 4.5 (31) 

 

6.6 ±  8.5 (4) 

NO3
- (µmol L-1) 2.9 ± 4.7 (17) 

 

2.7 ± 3.5 (46) 

 

3.4 ± 4.3 (58) 

 

8.4 ± 4.1 (83) 

 

3.7 ± 3.9 (32) 

 

3.8 ±  6.8 (4) 

Si(OH)4 (µmol L-1) 2.2 ± 2.7 (17) 

 

2.8 ± 2.1 (46) 

 

3.5 ± 2.4 (58) 

 

5.4 ± 2.2 (83) 

 

3.0 ± 2.2 (32) 

 

2.3 ± 3.4 (4) 

PO4
3- (µmol L-1) 0.3 ± 0.3 (17) 

 

0.3 ± 0.2 (45) 

 

0.4 ± 0.2 (55) 

 

0.7 ± 0.2 (79) 

 

0.3 ± 0.2 (32) 

 

0.4 ±  0.3 (4) 

Si(OH)4:NO3
-  6.0 ± 11.8 (14) 

 

3.6 ± 7.9 (37) 

 

8.5 ± 18.2 (54) 

 

1.1 ± 1.5 (82) 

 

1.6 ± 1.8 (32) 

 

3.9 ±  4.4 (4) 

NO3
-:PO4

3- 8.2 ± 6.7 (11) 

 

5.2 ± 5.0 (45) 

 

5.9 ± 5.8 (55) 

 

11.4 ± 4.1 (79) 

 

8.7 ± 4.6 (32) 

 

5.5 ±  7.1 (4) 

Chlorophyll a (mgChla m-3) 3.8 ± 4.7 (17) 

 

5.5 ± 4.8 (45) 

 

7.7 ± 5.6 (59) 

 

2.0 ± 1.7 (91) 

 

4.0 ± 1.8 (31) 

 

8.8 ±  9.6 (4) 

DT:(DT+DD) 0.01 ± 0.03 (16) 

 

0.02 ± 0.05 (44) 

 

0.04  ± 0.05 (62) 

 

0.10  ± 0.10 (92) 

 

0.08  ± 0.07 (32) 

 

0.02 ± 0.04 (4) 

(DD+DT):Chla 0.08 ±  0.07 (17) 

 

0.03 ± 0.03 (46) 

 

0.04  ± 0.02 (62) 

 

0.07  ±  0.03 (92) 

 

0.12  ± 0.03 (32) 

 

0.07 ± 0.04 (4) 

POC (mgC m-3) 245 ± 90 (4) 

 

498 ± 198 (27) 

 

533 ± 198 (45) 

 

234 ± 145 (63) 

 

512 ± 179 (15) 

 

392 ±  418 (2) 

PON (mgN m-3) 39 ± 16 (4) 

 

65 ± 23 (27) 

 

74 ± 30 (45) 

 

37 ± 26 (64) 

 

84 ± 33 (15) 

 

42 ± 41 (2) 

POCphyto (%) 23.0 ± 5.2 (4) 

 

49.2 ± 29.5 (26) 

 

60.9 ± 25.6 (44) 

 

33.3 ± 10.1 (64) 

 

36.0 ± 11.4 (15) 

 

37.8 ±  1.3 (2) 

POC:PON 6.5 ± 1.2 (4) 

 

7.8 ± 2.1 (27) 

 

7.5 ± 2.1 (45) 

 

6.6 ± 1.3 (64) 

 

6.2 ± 0.9 (15) 

 

8.6 ±  1.6 (2) 

αB (mgC [mg Chla]-1 h-1[W m-2] -1) 

x10-2 - 

  

6.8 ± 6 (9) 

 

9.2 ± 5 (10) 

 

7.1 ± 4 (18) 

 

7.1 ± 1.5 (4) 

 

- 

 Pm
B (mgC [mgChla]-1 h-1) - 

  

2.9 ± 1.1 (9) 

 

2.3 ± 0.8 (10) 

 

2.3 ± 0.6 (18) 

 

3.2 ± 0.7 (4) 

 

- 

 
Ek (Wm-2) - 

  

60 ± 33 (9) 

 

29 ± 13 (10) 

 

39 ± 14 (18) 

 

46 ± 5 (4) 

 

- 

 
Es (Wm-2) - 

  

62 ± 32 (9) 

 

35 ± 18 (10) 

 

43 ± 18 (18) 

 

56  ± 8 (4) 

 

- 

 β (mgC [mgChla]-1 h-1[W m-2] -1)  

x10-4 -     4 ± 7 (9)   16 ± 23 (10)   10 ± 16 (18)   29 ± 24 (4)   -   
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Photosynthetic parameters differed among the different phytoplankton communities. 

Phaeocystis and diatom communities near Greenland (cluster B) had the lowest 

photosynthetic efficiencies (average αB= 6.8 × 10-2 mg C [mg Chla] h-1 [W m-2] -1) with 

relatively high onset saturation irradiances (average Ek= 60 ± 33 W m-2) and little photo-

inhibition (β = 4 × 10-4 mg C [mg Chla] h-1 [W m-2] -1) (Table 3.5). By contrast, 

phytoplankton communities dominated by diatoms and chlorophytes typically found in the 

Labrador Current (cluster C3a) were highly susceptible to photo-inhibition (β = 16 × 10-4 

mg C [mg Chla] h-1 [W m-2] -1), had lower onsetsaturation irradiances (Ek = 29 W m-2) and 

higher photosynthetic efficiencies (αB = 9.2 × 10-2 mg C [mg Chla] h-1 [W m-2] -1) (Table 

3.5). Phytoplankton communities in Atlantic waters (clusters C3b and C2) had the highest 

levels of photoprotective pigments, such as those used in the xanthophyll cycle 

(diadinoxanthin (DD) + diatoxanthin (DT)):Chla > 0.07), particularly those communities 

co-dominated by diatoms and dinoflagellates (cluster C2) from stratified Atlantic waters 

(Table 3.5). These communities were the most susceptible to photo-inhibition (β = 29 × 10-

4 mg C [mg Chla] h-1 [W m-2] -1), had the highest ratios of photoprotective pigments to 

Chla ((DD+DT):Chla = 0.12 ± 0.01), and  the highest maximum photosynthetic rates (Pm
B 

= 3.2 ± 0.4 mg C [mg Chla] h-1 [W m-2] -1) (Table 3.5). 
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Figure 3.7 Relationship between total accessory pigments (mg AP m-3) and total chlorophyll 

(mg TChla m-3) on a logarithmic scale, with the points (stations) according to 

temperature (a) and colour-coded according to phytoplankton community cluster 

group (see details in Figure 3.4) (b). 
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3.5 Discussion 

 

3.5.1 Biogeography of phytoplankton communities in the Labrador 

Sea 

 

In this study, our assessment of phytoplankton pigments from surface waters during 

spring/early summer of the Labrador Sea based on a decade of observations showed that 

the distribution of phytoplankton communities varied primarily with the distinct waters 

masses (Labrador, Irminger and Greenland Currents). There were three regions where 

major blooms (Chla concentrations > 3 mg Chla m-3) occurred.  For all three blooms, 

diatoms were predominant; however, they co-dominated with 1) chlorophytes in the west 

(mostly in the Labrador Current), 2) Phaeocystis in the east in the West Greenland Current 

and 3) dinoflagellates in the central basin of the Labrador Sea, once waters were thermally-

stratified. While diatoms bloomed in shallower mixed layers (< 33 m, Table 3.5), a more 

diverse community was found in most years in deeper mixed layers (> 59 m) in the central 

basin, resembling pre-bloom conditions. These patterns are similar to those seen in other 

shelf and basin regions of Arctic/subarctic waters (Coupel et al., 2015; Fujiwara et al., 

2014; Hill et al., 2005). It is well known that diatoms tend to dominate in high-nutrient 

regions of the ocean due to their high growth rates, while their low surface area to volume 

ratios mean that they do not do as well as nano- or picoplankton in low nutrient conditions  

(Gregg et al., 2003; Sarthou et al., 2005). In the Labrador Sea, deep winter mixing (200 – 

2300 m) provides nutrients to the near surface layers, which supports phytoplankton spring 

blooms, particularly of diatoms once light becomes available (Fragoso et al., 2016b; 

Harrison et al., 2013; Yashayaev and Loder, 2009).  

Chlorophytes were the second most abundant phytoplankton group, particularly in the 

central-western part of the Labrador Sea, but often occurring in the east as well. 

Chlorophytes are thought to contribute  1-13 % of total Chla in the global ocean (Swan et 

al., 2015) and to inhabit transitional regions, where nutrient concentrations become 

limiting for diatoms, but are not persistently low enough to prevent growth due to nutrient 

limitation, as occurs in the oligotrophic gyres  (Gregg et al., 2003; Gregg and Casey, 2007; 

Ondrusek et al., 1991). The Labrador Shelf is a dynamic region during springtime, where 
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melting  sea ice in May provides a local freshwater input  (Head et al., 2003).  Melting sea 

ice provides intense stratification and shallow mixed layers for the phytoplankton and thus 

access to light, which promotes rapid growth of cold Arctic/ice-related phytoplankton near 

the sea ice shelf (Fragoso et al., 2016b), and which likely stimulates the succession from 

large diatoms to smaller phytoplankton forms, such as chlorophytes, as nutrients become 

exhausted. Chlorophytes, as well as Prasinophytes such as Pyramimonas, a genus found in 

high abundances in surface Labrador Shelf waters, might also be associated with melting 

sea ice, given that they have been found blooming (chlorophyll concentration ~ 30 mg 

Chla m-3) in low salinity melt waters (salinity = 9.1) under the Arctic pack-ice (Gradinger, 

1996).  

Dinoflagellates were associated with the Irminger Current, where they were occasionally 

found blooming with diatoms in the warmer, stratified Atlantic waters of the central basin. 

These blooms dominated by dinoflagellates and Atlantic diatom species, such as Ephemera 

planamembranacea and Fragilariopsis atlantica, start later in the season (end of May or 

June) as thermal stratification develops in the central Labrador Sea (Frajka-Williams and 

Rhines, 2010, Fragoso et al., 2016). Transition from diatoms to dinoflagellates has been 

well-documented in the North Atlantic between spring and summer, which occurs because 

dinoflagellates can use mixotrophic strategies to alleviate nutrient limitation as waters 

become warmer, highly stratified and nutrient-depleted (Barton et al., 2013a; Head and 

Pepin, 2010; Head et al., 2000; Henson et al., 2012; Leterme et al., 2005). The North 

Atlantic Oscillation index (NAO) and sea surface temperature (Zhai et al., 2013) appear to 

influence the relative proportions of diatoms and dinoflagellates as well as the variability 

in the start date of the North Atlantic bloom. A negative winter phase of NAO is associated 

with weaker northwest winds over the Labrador Sea and reductions in the depth of winter 

mixing and supply of nutrients to the upper layers (Drinkwater and Belgrano, 2003). 

Vertical stability, thermal stratification and the initiation of the spring bloom tend to occur 

earlier under negative NAO conditions and the proportion of dinoflagellates in the warmer, 

more nutrient-limited waters may be higher (Zhai et al., 2013). Unfortunately, it was not 

possible to investigate the influence of NAO on the relative contribution of dinoflagellates 

and diatoms in the Labrador Sea section of the North Atlantic in this study, given that the 

sampling period varied from early/mid-May to mid/late-June. On the other hand, 

abundances of dinoflagellates appeared to be higher in warmer waters (> 5°C), suggesting 

that the communities were shifting from diatoms to dinoflagellates as the water became 

stratified and nutrient concentrations decreased.  
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Phaeocystis and diatoms bloom together in the eastern central Labrador Sea (Fragoso et 

al., 2016b; Frajka-Williams and Rhines, 2010; Harrison et al., 2013; Head et al., 2000; 

Stuart et al., 2000; Wolfe et al., 2000). This is a region with high eddy kinetic energy 

during spring (Chanut et al., 2008; Frajka-Williams et al., 2009; Lacour et al., 2015), 

which causes the accumulation of low-salinity surface waters from the West Greenland 

Current and confines elevated levels of  phytoplankton biomass, presumably of 

Phaeocystis and diatoms, in buoyant freshwater layers (Fragoso et al., 2016b). Mesoscale 

eddies may stimulate growth of Phaeocystis and diatoms by inducing partial stratification 

at irradiance levels that are optimal for their growth, but too low for their competitors 

(blooms in these eddies usually start in April). Lacour et al. (2015) showed that irradiance 

levels estimated from satellite-derived photosynthetically active irradiance (PAR) and 

mixed layer depth climatologies are similar for thermally and haline-stratified spring 

blooms in the Labrador Sea. Nonetheless, these authors recognise the need for in situ 

measurements to confirm whether Labrador Sea spring blooms, presumably composed of 

distinctive phytoplankton communities, respond in the same manner to light-mixing 

regimes. The ability of Phaeocystis  to grow under dynamic light irradiances explains why 

they are often found in deeper mixed layers, such as those found in Antarctic polynyas 

(Arrigo, 1999; Goffart et al., 2000), although this genus can also occur in shallow mixed 

layers, such as those found close to ice edges (Fragoso and Smith, 2012; Le Moigne et al., 

2015). 

Mesoscale eddies are also often associated with elevated zooplankton abundances (Frajka-

Williams et al., 2009; Yebra et al., 2009). In the Labrador Sea, lower grazing rates have 

been observed in blooms dominated/co-dominated by colonial Phaeocystis, which are 

often located in these eddies and which may, in turn, explain why this species is dominant 

(Head and Harris, 1996; Wolfe et al., 2000). Although the exact mechanism that facilitates 

Phaeocystis growth in the north-eastern region of the Labrador Sea is not clear, it is 

evident that blooms of this species are tightly linked to mesoscale eddies, and that this 

relationship needs further investigation to better explain their regular reoccurrence in these 

waters.  
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3.5.2 Phytoplankton composition and related biogeochemistry 

 

Particulate organic carbon (POC) and nitrogen (PON) concentrations, as well as the molar 

ratio of POC:PON varied within distinct hydrographic zones, indicating the presence of 

different biogeochemical provinces in the Labrador Sea. A canonical Redfield ratio of 6.6 

for POC:PON appears to represent the global average (Redfield, 1958), although regional 

variations on the order of 15 to 20 % have also been reported (Martiny et al., 2013a). The 

POC:PON appears to be closer to the Redfield ratio of 6.6 in productive sub-Arctic/Arctic 

waters, such as the northern Baffin Bay (Mei et al., 2005), the north-eastern Greenland 

shelf (Daly et al., 1999), and in Fram Strait and the Barents Sea (Tamelander et al., 2012). 

Crawford et al. (2015), however, recently reported very low POC:PON ratios in 

oligotrophic Arctic waters of  the Beaufort Sea and Canada Basin, where depth-integrated 

values of the POC:PON ratio were ~ 2.65, much lower  than those in more productive 

domains, such as the sub-Arctic central Labrador Sea (POC:PON ~ 4). 

 In this study, highly productive surface waters of Arctic origin (near or on the shelves) had 

higher phytoplankton-derived particulate organic carbon (POCphyto > 43 % from total 

POC), as well as higher and more variable POC:PON ratios (average > 6.9) compared with 

stations influenced by Atlantic water (average POC:PON < 6.3, POCphyto > 35 %). Diatoms 

have been suggested to contribute to larger phytoplankton-derived POC in Arctic/sub-

Arctic waters (Crawford et al., 2015). The Labrador Shelf region, where blooms are 

generally dominated by large Arctic/ice-related diatoms (Fragoso et al., 2016b), had 

relatively high contributions of POCphyto (> 50 %) to the total POC, even though smaller 

phytoplankton forms, such as chlorophytes, were also abundant. Low POC:PON ratios, as 

well as low POCphyto concentrations were associated with Atlantic waters, which had 

greater contributions of flagellates (particularly before bloom initiation). Similar findings 

were reported by Crawford et al. (2015), where low POCphyto was associated with larger 

contributions of flagellates (< 8 μm) in oligotrophic Arctic waters, such as the Beaufort 

Sea and Canada Basin. Crawford et al. (2015) also considered that POC:PON ratios might 

have been reduced by the presence of heterotrophic microbes (bacteria, flagellates and 

ciliates) since these microorganisms have POC:PON ratios lower than the canonical 

Redfield ratio of 6.6 (Lee and Fuhrman, 1987; Vrede et al., 2002). Bacteria and other 

heterotrophic organisms were not quantified in our study, although Li and Harrison (2001) 
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showed that bacterial biomass from surface waters was 62 % greater (average from 1989 to 

1998 =13.8 mg C m-3) in the central region than in shelf areas of the Labrador Sea.   

Changes in POC:PON may be related to the physiological status of phytoplankton and/or 

community structure. In the North Water Polynya (Baffin Bay), POC:PON ratios during 

phytoplankton blooms increased between spring (5.8) and summer (8.9) as phytoplankton 

responded to nitrate starvation by producing N-poor photo-protective pigments (Mei et al., 

2005). Daly et al. (1999) also found high POC:PON ratios (~8.9) in Arctic surface waters 

dominated by diatoms on the north-eastern Greenland shelf, which were attributed to 

nutrient limitation. Atlantic waters appear to have an excess of nitrate compared with 

Arctic waters (Harrison et al., 2013), which could explain why phytoplankton from 

Atlantic Waters had lower POC:PON ratios. Conversely, Arctic-influenced waters on or 

near the shelves had higher Si(OH)4:NO3
- and lower  NO3

-:PO4
3- than those in the central 

basin in this study, which could also have contributed to the observed high POC:PON 

ratios.  

A few stations in shelf waters of the Labrador Sea also had remarkably high POC:PON 

ratios (> 10), and low POCphyto contributions, suggesting high contributions of detritus. 

These waters probably receive higher inputs of Arctic and glacial ice melt, which could 

introduce POC from external sources. Hood et al. (2015) showed that POC export from 

glaciers is large, particularly from the Greenland Ice Sheet and it occurs in suspended 

sediments derived from glacier meltwater. High POC:PON ratios (> 10), particularly in 

waters where Phaeocystis were abundant, may also be linked to the mucilaginous matrix of 

the Phaeocystis colonies (Palmisano et al., 1986). The mucopolysaccharide  appears to 

contain excess carbon, particularly when nutrients start to become depleted and colonies 

become senescent (Alderkamp et al., 2007; Wassmann et al., 1990). 

 

3.5.3 Physiological parameters of distinct phytoplankton communities 

 

Accessories pigments (AP) are assumed to have a ubiquitous, global, log-log linear 

relationship with chlorophyll a in aquatic environments (Trees et al., 2000). This linear 

relationship is often used as an index of quality-control in pigment analysis, which are 

required due to uncertainties of the quantitative comparability of data among surveys, 
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related to differences in analytical procedures and sample storage methods used in different 

laboratories. In the current study, the slope of AP to total chlorophyll a (TChla) on a 

logarithm scale (Fig. 3.7) passed the quality control criteria of slopes ranging from 0.7 to 

1.4 and r2 > 0.90 as applied in previous studies (e.g., Aiken et al., 2009; Peloquin et al., 

2013; Thompson et al., 2011) and were within the range observed throughout worldwide 

aquatic systems (slope from 0.8 to 1.3 compared to 0.86 to 1.03 observed in our study) 

(Trees et al., 2000). An interesting trend was found where phytoplankton pigment ratios 

varied clearly within distinct communities in the Labrador Sea. According to our data, 

phytoplankton communities found in colder waters (of Arctic origin) had lower accessory 

pigments ratios to total chlorophyll a ratio (logAP:logTChla) (slope = 0.86) when 

compared to communities from warmer waters (Irminger Current from Atlantic origin) 

(slope = 1.03). Changes in logAP:logTChla as a function of phytoplankton community 

composition has been observed before, when Stramska et al. (2006) related a higher slope 

of logAP:logTChla to dinoflagellates dominating during summer in northern polar Atlantic 

waters as opposed to lower ratios of flagellates occurring in spring. Trees et al. (2000) and 

Aiken et al. (2009) also reported lower logAP:logTChla (slope < 1.00) in oligotrophic 

waters dominated by picoplankton as opposed to higher ratios in upwelling waters where 

microplankton, particularly diatoms, were dominant. 

Environmental parameters, such as nutrients and light conditions, have also been suggested 

to influence logAP:logTChla regardless of community composition (Trees et al., 2000). 

Nonetheless, in our study, these two parameters, analysed as nitrate and silicate 

concentrations and Stratification Index, did not vary with logAP:logTChla (data not 

shown) as opposed to temperature. Phytoplankton community distributions varied clearly 

according to temperature with Phaeocystis occurring in colder, Arctic shelf waters and 

dinoflagellates in warmer, open ocean, Atlantic waters. Temperature, in this case, can be a 

proxy of ice melt input, where haline-stratified shelf waters can be considered less 

turbulent than thermally-stratified, open ocean, Atlantic waters, in spite of both being 

considered “stratified waters”.  It is possible that shelf, haline-stratified waters are more 

“steady”, thus less turbulent, given that they are more stable and physically protected 

(close to the coast), whereas open waters are more exposed to winds, in spite of being 

thermally-stratified during summer. As a result of turbulence, phytoplankton cells 

potentially experience large variations in light intensity and spectra, which would favour 

species that invest in the light-havesting antenna, and thus increase accessory pigments 

concentrations (typically known as “sigma-type” response, Strzepek et al., 2012, 2011). In 
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more “steady” waters, phytoplankton could increase the number of reaction centers, which 

carries specialised chlorophyll a molecules (“n-type” response, Strzepek et al., 2012, 

2011), without necessarily increasing the size of the light harvesting antennae. 

The variation in photosynthetic parameters in the distinct phytoplankton biogeographical 

provinces demonstrated how each phytoplankton community responds to environmental 

conditions. Harrison and Platt (1986) found that the photophysiology of phytoplankton 

from the Labrador Sea is influenced by temperature and irradiance. Nonetheless, 

phytoplankton composition may also influence the values of the photosynthetic 

parameters. Light-saturated photosynthetic rates and saturation irradiances, for instance, 

were higher at stations where diatoms were dominant (> 70 %), as opposed to stations 

where flagellates were more abundant (from 40 % up to 70 %). Similar findings were 

reported by (Huot et al., 2013), who observed that light-saturated photosynthetic rates in 

the Beaufort Sea (Arctic Ocean) were higher for communities composed of large cells, 

presumably diatoms, compared to smaller flagellates.  

Polar phytoplankton communities from shelf waters (east versus west) observed in this 

study had distinctive photo-physiological characteristics. Diatom/Phaeocystis dominated 

communities from waters located near Greenland (east) had low photosynthetic efficiency 

(average αB = 6.8 × 10-2 mg C [mg Chla] h-1 [W m-2] -1) and high onset light-saturation 

irradiances (Ek = 60 W m-2), while diatom/chlorophyte dominated communities on or near 

the Labrador Shelf (west) had the reverse (Ek = 29 W m-2, αB = 9.2 × 10-2 mg C [mg Chla] 

h-1 [W m-2] -1). Low photosynthetic efficiency and high light-saturation irradiance in 

diatom/Phaeocystis dominated communities mean that photosynthetic rates were relatively 

low at high light intensities, although photo-inhibition was low (β = 4 × 10-4 mg C [mg 

Chla] h-1 [W m-2] -1). Phaeocystis antarctica, widespread in Antarctic waters, relies heavily 

on photo-damage recovery, such as D1 protein repair (Kropuenske et al., 2009), which 

could explain how these communities overcome photo-inhibition. These results were 

inconsistent with those reported by Stuart et al. (2000); however, who found a higher 

photosynthetic efficiency (αB) for a population dominated by Phaeocystis near Greenland 

compared with that of a diatom dominated population near the Labrador coast. Stuart et al. 

(2000) attributed the higher αB to the smaller cell size of Phaeocystis.  In the current study, 

however, chlorophytes were present in high concentrations on the Labrador Shelf, which 

may explain the discrepancy between these results.  

Phytoplankton communities from Atlantic waters (co-dominated by diatoms and 

dinoflagellates) were highly susceptible to photo-inhibition (β = 29 × 10-4 mg C [mg Chla] 
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h-1 [W m-2] -1) compared with the other communities in the Labrador Sea. Days are longer 

and solar incidence is higher in June as compared to May at these latitudes (Harrison et al., 

2013), which, in this study, was the time when dinoflagellates bloomed in the central 

Labrador Sea as a consequence of thermal stratification, which explains the sensitivity of 

this community to high-light levels. To cope with photo-damage, this phytoplankton 

community appeared to increase the levels of photoprotective pigments, such as those used 

in the xanthophyll cycle (diadinoxanthin (DD) + diatoxanthin (DT)). These communities 

also had high diatoxanthin levels compared with the polar phytoplankton communities, 

suggesting  that the community was experiencing higher light intensities (Moisan et al., 

1998).  

 

3.5.4 Phytoplankton communities assessed by HPLC and CHEMTAX 

methods 

 

Phytoplankton pigments and CHEMTAX methods provide information about 

phytoplankton community structure, and are especially powerful when used in conjunction 

with microscopic analysis (light and high resolution scanning electron microscopy) 

(Coupel et al., 2015, 2012; Eker-develi et al., 2012; Muylaert et al., 2006), cytometry 

(Devilla et al., 2005; Fujiki et al., 2009) and molecular techniques (Not et al., 2007; Piquet 

et al., 2014; Zhang et al., 2015). However, choosing the pigment markers in the 

CHEMTAX analysis and interpreting the results are not always straightforward and, 

therefore, conclusions need to be drawn with caution. Many environmental factors 

(primarily light and nutrients) (DiTullio et al., 2007; Henriksen et al., 2002; van Leeuwe 

and Stefels, 2007, 1998), in addition to natural variability among species from the same 

classes or even strains of the same species (Zapata et al., 2004) affect accessory pigment 

levels and ratios to chlorophyll a, which could introduce some uncertainties when applying 

CHEMTAX. Thus, phytoplankton abundances determined using CHEMTAX represent 

approximations based on pigment distributions. These limitations can, however, be 

lessened when this technique is combined with existing knowledge of main phytoplankton 

groups occurring in the samples through microscopic identification.  

A number of studies have used CHEMTAX methods to determine phytoplankton 

community structure in Arctic/subarctic waters (Coupel et al., 2015, 2012; Lovejoy et al., 
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2007; Piquet et al., 2014; Vidussi et al., 2004; Zhang et al., 2015). Spring phytoplankton 

communities from the Labrador Sea have already been investigated in detail (Fragoso et 

al., 2016b), although the analysis did not include most nano- and pico-flagellates (except 

cryptophytes and Phaeocystis pouchetii) and were done over only four years (2011-2014) 

at selected stations along the L3 (=AR7W) transect. Here, phytoplankton information from 

Fragoso et al. (2016) was combined with additional pigment analyses. Although cross 

comparison among these two techniques (carbon biomass estimated from microscopic 

counts versus algal class chlorophyll a estimated from CHEMTAX) should not be 

expected to give exactly equivalent results, given that most flagellates observed in the 

pigment analysis were not counted under the microscope, some comparability should be 

possible, at least for the larger cells (e.g. diatoms).  

Phaeocystis (r2 = 0.79) and diatom (r2 = 0.74) biomasses were well correlated when carbon 

biomasses estimated from microscopic counts were compared with CHEMTAX-derived 

algal chlorophyll a biomass (Appendix C). This confirms that using chlorophyll c3 was 

appropriate for detecting and quantifying Phaeocystis biomass in the Labrador Sea. Similar 

associations have been observed in Phaeocystis from boreal waters (e.g. P. pouchetii but P. 

globosa as well; Antajan et al., 2004; Muylaert et al., 2006; Stuart et al., 2000; Wassmann 

et al., 1990), while other pigment markers have been used elsewhere, e.g. 19- 

hexanoyloxyfucoxanthin, which is characteristic of Phaeocystis antarctica in austral polar 

waters (Arrigo et al., 2014; Arrigo et al., 2010a; Fragoso and Smith, 2012; Fragoso, 2009). 

Dinoflagellates gave a poor correlation between biomass estimates made using the two 

methods (r2 = 0.12, Appendix C) possibly because some heterotrophic dinoflagellates, 

which lack photosynthetic pigments, might have been included in the microscopic counts 

from Fragoso et al (2016). Cryptophyte biomass estimates were not related (Appendix C), 

likely because their biomass was underestimated in microscopic counts.      

 

3.6 Conclusions 

 

In this study, a geographical description of phytoplankton community structure in spring 

and early summer surface waters of the Labrador Sea based on pigment data from over a 

decade of sampling (2005-2014) was provided. Phytoplankton communities and their 

photophysiological and biogeochemical signatures were assessed using CHEMTAX, so 
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that a geographical baseline of the major phytoplankton groups has been provided for the 

central Labrador Sea and its adjacent continental shelves. In spite of interannual variability 

(due to differences in survey dates and natural variability), spring phytoplankton 

communities showed distinct spatial variations from east to west and there were clear 

temporal differences between May and June. The main conclusions of our study are that: 

1) diatoms contributed most to the chlorophyll a in waters where phytoplankton blooms 

were observed (> 3 mg Chla m-3); while other groups (chlorophytes, dinoflagellates and 

Phaeocystis) were geographically segregated within distinct hydrographical zones; 2) a 

diverse mixed assemblage dominated by flagellates from several groups occurred in low 

chlorophyll, pre-bloom conditions in the central Labrador Sea; and 3) different 

phytoplankton communities had different ratios of accessory pigments to total chlorophyll 

a; and 4) POC:PON ratios were influenced by phytoplankton community composition, as 

well as freshwater input of allochthonous carbon in shelf waters which have nearby 

sources (e.g. melting glacial and sea- ice and river outflows).  

Marine phytoplankton respond rapidly to changes in the ocean, and their responses directly 

impact local marine food webs and global biogeochemical cycles. Climate-driven 

processes modify the factors, including light availability, nutrient input and grazing 

pressure that shape phytoplankton physiological traits and alter community structure 

(Litchman et al., 2012; Montes-Hugo et al., 2009). High latitude seas, particularly the 

Labrador Sea, are regions that are extremely vulnerable to climate change and often show 

similar patterns of variability on interannual and decadal scales across the entire domain 

(Yashayaev and Seidov, 2015; Yashayaev et al., 2015) and they could, therefore, be 

subject to rapid shifts in phytoplankton biomass, size and species composition. Although 

climate-induced responses of phytoplankton communities in vulnerable regions are 

difficult to predict, the long-term observations of these communities reported here and the 

analysis of their biogeochemical and physiological signatures are important in order to 

create a baseline for evaluation of changes that will occur in the future, as greenhouse gas-

driven warming continues in this and other regions of the global ocean.  
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Chapter 4: Unveiling spring phytoplankton biogeography 

in the Labrador Sea through a trait-based analyses 

4.1 Abstract 

The Labrador Sea is an ideal region to study the influence of  environmental factors that 

shape the phytoplankton biogeography due to the Atlantic and Arctic waters that divides 

the region into distinct hydrographic zones. Hydrographic zones create distinct ecological 

niches, where phytoplankton species are largely structured by their functional traits. In this 

study, target phytoplankton species from the Labrador Sea during spring were identified 

and their functional traits that are potentially influencing  phytoplankton species 

biogeography were investigated. A gradient in abundance of target phytoplankton species 

observed in Arctic and North Atlantic waters suggested that phytoplankton biogeography 

in the Labrador Sea is driven by examination of the phytoplankton  community rather than 

a single species analysis. Species were not exclusively present in Arctic or North Atlantic 

waters because of 1) some degree of mixing and/or 2) some species present an ubiquitous 

distribution in the Labrador Sea region. In Arctic waters, colder temperatures (< 0°C) 

favoured psycrophilic phytoplankton species, and greater light availability resulted from 

haline-driven stratification that selected for larger sized cells, which increased self-shading, 

allowing them to cope with high irradiance. Higher silicate concentration favoured heavily 

silicified diatom species able to form resting spores. Morphological traits, such as chain 

formation (ribbon-, cylinder and/or star-shaped) may have conferred flexibility to ice 

breakage and/or positive buoyancy due to the mucous material that binds the cells together 

in highly stratified Arctic waters. In Atlantic-influenced waters larger surface area to 

volume ratio might be a trait selected to cope with a deeper mixed layer, whislt lower 

silicate to nitrate ratio may have selected for weakly silicified diatoms. Traits, such as 

possesing sharp cell projections, including setae, spines or  long processes, as well as 

elongated shapes (needle-shaped) might be a response to grazing in warmer North Atlantic 

waters. This trait-based analysis gives an ecological explanation of phytoplankton 

biogeography in the Labrador Sea and increases the predictive power of phytoplankton 

biogeography and its functionality in the system as the climate continuously changes. 
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4.2 Introduction 

 

Marine phytoplankton communities exhibit contrasting patterns of distribution across 

global marine systems (Cermeño et al., 2010; Follows et al., 2007). The biogeographical 

organisation of these communities occur in response of the individual’s abilities to utilise 

the resources available (e.g. light, macronutrients and micronutrients), as well as the 

complex interplay of intra- and inter-specific relationships, such as predation, competition 

and mutualism that allow species exclusion or coexistence (Acevedo-Trejos et al., 2013). 

Although it is relatively simple to study the distributions of species using niche-based 

models, it is much more difficult to understand the mechanisms involved in structuring the 

community as a whole (McGill et al., 2006).  One way to deal with this question is using 

trait-based approaches, which define species in terms of their ecological roles that captures 

key aspects of organismal functionality in the system (Glibert, 2016; Litchman et al., 2007; 

Litchman and Klausmeier, 2008). Thus, instead of using nomenclatural ecology to explain 

species distribution, biogeography, seasonality and/or long-term trends, functional traits 

analysis has the potential to give a realistic prediction of biological communities in 

response to changes in the environment (McGill et al., 2006).  

Functional traits have been used extensively in terrestrial ecology to help understand the 

organisation of ecological communities across environmental gradients and potential 

reorganisation under  climate change scenarios (Cornelissen et al., 2003; Lavorel et al., 

2011; Westoby and Wright, 2006). Only recently, functional traits have been applied in 

phytoplankton studies to understand their distribution in freshwater (Edwards et al., 2013a; 

Jamil et al., 2014; Kruk et al., 2010; Schwaderer et al., 2011; Weithoff, 2003; Zwart et al., 

2015) and, less frequently, in marine ecosystems (Barton et al., 2013a, 2013b; Edwards et 

al., 2013b). Examples of functional traits in the literature that explained phytoplankton 

seasonal or spatial patterns include: cell size (Acevedo-Trejos et al., 2015, 2013), nutrient 

affinity (Edwards et al., 2013a, 2013b), light tolerance (Edwards et al., 2016), mixotrophy 

(Barton et al., 2013a), morphology (Kruk et al., 2011), motility, N-fixation ability and Si 

requirements (Barton et al., 2013b; Weithoff, 2003). 

The Labrador Sea is an ideal region to apply trait-based approaches on species 

biogeography due to the contrasting hydrographical zones that divides the region into 

distinct ecological provinces (Fragoso et al., 2016a, 2016b; Head et al., 2003; Li and 

Harrison, 2001; Platt et al., 2005; Sathyendranath et al., 2009, 1995). The hydrography of 
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the Labrador Sea comprises warmer and more saline waters of North Atlantic origin, 

occurring in the central deep basin, and cooler and fresher Arctic waters covering its 

shelves and shelf margins (Head et al., 2013). Moreover, the Labrador Shelf (near the coast 

of Canada) is a seasonal ice zone that unveils a rich and diverse ice-related plankton 

community as sea ice melts during spring (Fragoso et al., 2016b; Harrison et al., 2013; Wu 

et al., 2007). The contrasting hydrography of the Labrador Sea and its surrounding (e.g. 

Scotia Shelf) has been shown to influence phytoplankton composition (Fragoso et al., 

2016a, 2016b; Luddington et al., 2016). While sea ice diatoms dominate the spring bloom 

in Labrador Shelf waters, the colony forming Phaeocystis pouchetii is the common 

phytoplankton in the areas of high chlorophyll in the central-eastern side (West Greenland 

shelf (Stuart et al., 2000) and dinoflagellates are common in North Atlantic waters after the 

spring bloom (Harrison et al., 2013). However, a trait-based analysis showing which 

functional traits shape plankton community biogeography in the Labrador Sea has never 

been carried out.  

The Labrador Sea is also a region susceptible to climate change because it receives waters 

of Arctic origin, which could influence the structuring of biological communities. 

Accelerated sea ice melt has intensified Arctic freshwater inflow in the Labrador Sea and 

reduced deep convection (Yang et al., 2016), which can impact phytoplankton bloom 

phenology and community composition by decreasing nutrient input to surface waters 

(Drinkwater and Belgrano, 2003; Zhai et al., 2013). Further inflow of ice melt waters to the 

Labrador Sea, including from Greenland runoff, could strengthen eddy activity and haline-

stratification in the north-eastern region of the Labrador Sea, which could potentially 

intensify Phaeocystis pouchetii blooms in this region (Frajka-Williams and Rhines, 2010). 

The intrusion of the Pacific diatom Neodenticula seminae in North Atlantic waters, 

including the Labrador Sea, via the Northwest Passage is another example that emphasises 

the consequence of intense Arctic sea ice melt during recent summers (Reid et al., 2007). 

Moreover, sea surface temperature has been reported to increase during the last decades in 

North Atlantic waters, including Labrador Sea (Yashayaev and Seidov, 2015). Warmer 

temperature have promoted biogeographical shifts in plankton in the North Atlantic due to 

the northward extension of thermal boundaries, favouring warmer-water species 

(Beaugrand et al., 2002). Likewise, future projections show displacement of phytoplankton 

niches due to changes in oceanic circulation in North Atlantic waters (Barton et al., 2016). 

Thus, it becomes really important to understand which functional traits are involved in 
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Arctic and North Atlantic phytoplankton biogeography to understand potential 

reorganization of phytoplankton communities as the warming scenario persists.  

Here, a simple trait-based analysis was applied to understand the mechanisms involved in 

driving spring phytoplankton biogeography in the Labrador Sea. First, the potential 

phytoplankton indicator species of North Atlantic and Arctic waters during spring in the 

Labrador Sea were recognised and, then, possible traits that could be driving such 

biogeography was identified. A trait-based analysis would give an ecological explanation 

of why certain phytoplankton species thrive in Arctic or Atlantic waters, contributing to the 

biogeography typically observed in the Labrador Sea during spring (Fragoso et al., 2016a, 

2016b). This analysis gives a better insight of the phytoplankton species performance that 

are flourishing in contrasting watermasses of the Labrador, which can increase the 

predictive power of phytoplankton biogeography and its functionality in the system. 

Finally, future implication in trait biogeography and species distribution under a global 

warming scenario are discussed.   

 

4.3 Methods 

 

4.3.1 Sampling and analysis 

 

Data for this study were collected on two research cruises (HUD-2013-008, and JR302) to 

the Labrador Sea during May (2013) and June (2014), where stations were sampled within 

an east-west transect across the Labrador Sea. Water samples were collected from depths 

within the mixed layer for phytoplankton, nutrients and chlorophyll a (chl a) analyses. 

Phytoplankton identification and enumeration occurred primarily using a Leiss inverted 

light microscope (LM), where water samples (0.3 L) were preserved in acidic Lugol’s 

solution at a final concentration of 2%. For taxa that could not be identified to species level 

using the LM (e.g. coccolithophores, Thalassiosira spp., Fragilariopsis spp. and other 

small diatoms), a further identification occurred using a Leo 1450VP scanning electron 

microscope (SEM). For SEM analysis, water samples were filtered (0.25- 0.5 mL) onto 

polycarbonate filters (0.8 µm pore size, Whatman), rinsed with trace ammonium solution 
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(pH ~ 10), oven dried and stored in Millipore PetriSlides. A subsection of the 

polycarbonate filters were fixed into aluminum stubs and sputter-coated using the Hummer 

VI-A gold coater (Daniels et al., 2012). Cells were counted under x3000 magnification 

using fields of view (FOV) as described in Daniels et al (2012). Nutrient concentrations 

and chl a analysis, as well as literature information used to identify phytoplankton species 

were described in Fragoso et al. (2016). 

 

4.3.2 Trait-based analysis 

 

An extensive literature research on life strategies and morphological traits of target 

phytoplankton species from the Labrador Sea was conducted to primarily identify the 

potential functional traits that determines species biogeography. It is challenging to classify 

species traits univocally to a single modality, since species often display multi-faceted 

behaviors and functions, depending on the conditions and resources available (Paganelli et 

al., 2012). It is also challenging to determine traits that are functional in the system at a 

given sampling time (Violle et al., 2007). Information on functional traits are very scarce, 

thus selection of functional traits also depends on the availability of data for a specific 

ecological function, collected either from observations in this study or literature 

information (Appendices D.1 and D.2). In this study, traits were selected based on their 

potential ecological role in the system and information accessibility, which could support 

meaningful responses of species to the environment and explain species biogeography. 

Some functional traits were considered quantitative, such as the measurements of cell 

dimensions. In this case, average values of these traits were extracted from extensive 

databases (Appendix D.1). Other traits were considered more complex to categorise, on the 

basis that species can display traits to different extents. For these traits, individual species 

were coded using a “fuzzy code” as described by Chevene et al. (1994), which allows 

species to exhibit a trait at a certain degree. These traits (herein termed continuous traits) 

were arbitrarily scaled to a value between 0 and 1 (e.g. lowest (=0) or highest (=1) 

probability of species having a certain trait). Finally, other traits were more 

straightforward, such as binary traits (presence or absence of a certain trait, e.g. yes=1 or 

no =0) (Appendix D.1).  
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Quantitative cell dimension traits used in this analysis were the average of estimated 

spherical diameter (ESD), maximum dimension (MLD) and surface area to volume ratio 

(S/V). Continuous traits, which mean characteristics that do not fit into defined groups, 

were referred to traits related to life history strategies, such as those used in survival 

strategies (e.g. low probability of producing spores=0, resting stages or seldom producing 

spores=0.5, spores produced frequently=1). Other functional traits were considered binary, 

such as 1) presence of sharp outer projections, 2) adhesion to substrates, 3) psychrophilic 

(ability to grow under low temperatures, e.g. 0°C) or 4) grazing deterrence behavior, 5) 

robustness (usually species noted for being heavily silicified or calcified) and 6) presence 

of chloroplasts in setae, as shown in Table 4.1.  These traits were selected based on 

literature information of potential organism responses to changes in the environmental of 

the Labrador Sea (nutrients concentrations, temperature, irradiance levels and predator 

avoidance) (Appendix D.1).  

Other phytoplankton traits, such as life form (solitary species or chain/colonial forms), as 

well as cellular or colonial shape were included in the analysis (see examples in Fig. 4.1) 

(Appendix D.2). These traits were selected because they may infer, though not directly, 

species nutrient acquisition, sinking and grazer susceptibility (Litchman and Klausmeier, 

2008; Stanca et al., 2013). Coloniality, as well as cell or colonial shape and size are, 

however, plastic traits (Litchman and Klausmeier, 2008), which are particularly difficult to 

measure using non-automated techniques (e.g. microscopy), given that individual cell sizes 

can vary and colonies can be broken through sampling procedures (McFarland et al., 

2015). Moreover, some species, which are well-known to form chains or colonies can also 

be observed in solitary forms (e.g. most Thalassiosira and Chaetoceros species). However, 

these traits were classified based on eminent information derived from classical literature, 

which provides valuable information of the ecological significance of species. 

Morphological traits were considered to be categorical traits, meaning that certain species 

can be found in two or more categories of a certain trait (e.g. Phaeocystis can be found in 

both life forms: single cells and colonies) (Appendix D.2).  
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Table 4.1 Quantitative, binary and continuous functional traits selected and examples used in 

this study.  

  Selected functional trait Examples: 

Q
U

A
N

T
IT

A
T

IV
E

  

Estimated spherical diameter (ESD)   

Maximum dimension length (MDL)  

 
Surface area to volume ratio (S/V)   

  
  

  
  

  
  

  
  
  

  
  
  

  
  
 B

IN
A

R
Y

 

Adhesive to substrate 

 

 

 

 

 

 

Species attached to solid substrates using 

mucilaginous sheats9 (e.g. Thalassiosira gravida 

colonies), basal attachment pads1 (e.g. Melosira 

arctica) and/or exuded substances from the raphe 

lit2 (e.g. Navicula spp.). Phytoplankton species that 

produces ice-binding compounds, such as Attheya 

septentrionalis3 and Pauliella taeniata4. 

Phytoplankton species found often attached to other 

species, such as Pseudo-nitzschia granii in 

Phaeocystis pouchetii colonies or Phaecystis 

colonies growing attached to setae of diatoms 

frustules (Chaetoceros spp.)5,6 were also considered 

to possess this trait. 

Psychrophylic 

 

Cold-favouring species (< 0°C), including sea-ice 

or sea-ice related species (e.g. Fragilariopsis 

cylindrus7, Fossula artica8 species). 

Sharp projections 

 

 

 

Siliceous setae9 (e.g. Chaetoceros spp.), spines9 

(e.g. Corethron spp.), and pointed processes9 (e.g. 

Rhizosolenia hebetata f. semispina) in diatoms, 

spines in chrysophytes10 (e.g. Merigosphaera 

mediterranea), skeletons in silicoflagellates10 

(Dictyochales) and whorl appendages11 in 

coccolithophores (e.g. Calciopappus caudatus). 

Chloroplasts in setae Chaetoceros spp (subgenus Phaeoceros)9 

Robustness  

 

 

 

Species notorious for being heavily calcified 

coccolithophores (e.g. Coccolithus pelagicus)12,13 or 

silicified diatoms (e.g. Neodenticula seminae) as 

opposed to weakly silicified Ephemera 

planamembranacea (diatoms) 9 or Calciopappus 

caudatus (coccolithophores) 12,14. Heavily silicified 

or calcified species dominate vertical fluxes and are 

often preserved in the sediments or fossils observed 

in palentological studies. 

  
  

  
 C

O
N

T
IN

O
U

S
 

Survival strategy (dormancy or resting spores) 

 

 

 

Species where resting stages or spores have not 

been reported or are unknown (coccolithophores)9, 

domancy or resting stages are common 

(Cylindrotheca closterium)15, resting spores are 

seldom (Rhizosolenia spp.)9 or frequent (e.g. 

Thalassiosira antarctica var borealis9 and 

Chaetoceros9 spp (subgenus Hyalochaeta)). 
1Mary, 1997, 2Stanley and Callow, 2007, 3Crawford et al. (2000), 4Raymond and Kim, 2012, 5Fragoso et al., 

2016, 6Rousseau et al., 1994, 7Lundholm and Hasle, 2010, 8Von Quillfeldt, 2001, 9Hasle and Syvertsen, 

1997,10Throndsen, 1997, 11Heimdal, 1997, 12Daniels et al., 2014, 13Baumann et al., 2000, 14Daniels et al., 

2016, 15McQuoid et al., 2002. 
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Table 4.2 Categorical morphological functional traits and examples used in this study. 

  Selected trait Categories Examples: 

  
  

  
C

A
T

E
G

O
R

IC
A

L
 

   Coloniality 

 

 

  

Solitary 

 

Coccolithophores, some diatom species: 

Corethron spp., Coscinodiscus spp., 

Cylindrotheca spp.).  

Colonial Most Thalassiosira, Chaetoceros spp.  

Both 

Phaeocystis pouchetii; some Thalassiosira (T. 

bulbosa and T. kushirensis)  

 

Ribbon-shaped chains 

 

Fragilariopsis spp., Fossula arctica, 

Neodenticula seminae, Navicula septentrionalis, 

N. granii, N. vanhoeffenii, Pauliella taeniata  

 

Tube-shaped Chain 

 

Cylinder-shaped, such Bacterosira 

bathyomphala, most Thalassiosira spp, Porosira 

glacialis, Chaetoceros spp. 

General 

cell/colony 

shape Star/zigzag -shapes chains Nitzschia frigida, Thalassionema nitzschizoides 

 

Cloud-shaped Colonies 

 

Phaeocystis colonies, Chaetoceros socialis 

colonies, Rhizosolenia hebetata mats and 

Thalassiosira gravida colonial clumps 

 

Sphere/oval/cone/pill-shaped 

 

Dictyocha speculum (sphere), Calciopappus 

caudatus (cone), Corethron criophilum (pill-

shaped) 

  

Needle shape 

 

Pseudo-nitzschia cells and chains spp., 

Rhizosolenia spp. cells and chains, Thalassiothrix 

spp. 

 

4.3.3 Statistical analysis 

 

Biogeographical patterns of phytoplankton species were analysed using the software 

Primer-E 7. The selection of target phytoplankton species included the 50 most significant 

species that were identified to species levels and/or were potential indicators of North 

Atlantic and Arctic waters. Abundance data was log-transformed to balance out the weight 

of dominant and rare species. Similarity within samples (Bray-Curtis similarity), as well as 

species index of association was calculated and clustered simultaneously on log-

transformed data using the matrix “display wizard” tool in Primer-E 7. Simultaneous 

cluster analyses of samples (stations) and variables (species) were used to create a shade 
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plot of the species abundances within stations occurring in different water masses (Arctic- 

or North Atlantic-influenced).  

 

 

Figure 4.1 Examples of morphological traits derived from Table 4.2. a) Ribbon-shaped chains 

(potentially Fossula arctica), b) Star/Zig-Zag shape colonies (Thalassionema 

nitzschoids), c) needle shape cell or colonies (Rhizosolenia hebetata f. semispina), d) 

tube/cylinder shape (potentially Chaetoceros borealis), e) Sphere (Coccolithus 

pelagicus) and e) Cloud shape colonies (Phaeocystis pouchetii on the left and 

Chaetoceros socialis on the right). Credit of Figure 4.1f: Gunilla K. Eriksen. 

 

Community-weighted trait mean (CWtM) values were calculated for each trait in each 

sample using a macro excel file “FunctDiv.xls” (Leps et al., 2006; available at 

http://botanika.bf.jcu.cz/suspa/FunctDiv.php). CWtM was calculated from two matrices: 1) a 

matrix that gives trait values for each species and 2) a matrix that has the relative 

abundance of species (after log-transformation) in each sample. CWtM calculates the 

single community trait value for each sample, according to the following equation: 

CWtM = ∑𝑆
𝑖=1 pixi, 

where S is the number of species in the community, pi is the species abundance proportion 

(after logarithm transformation) and xi is the species-specific trait value. 

http://botanika.bf.jcu.cz/suspa/FunctDiv.php
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To analyse the distribution of phytoplankton traits within Arctic- and North Atlantic-

influenced waters, CWtM values for each sample were normalized and a scale from 0 to 1 

(lowest=0 and highest=1 value for each CWtM) applied. Dendrogram and shade plots were 

generated by assessing the similarity of traits within samples (stations) (Bray-Curtis 

similarity) using the matrix display wizard tool in Primer-E 7.  

 

4.4 Results 

 

4.4.1 Environmental setting 

 

Potential temperature and salinity data of upper waters (< 200 m) showed the partitioning 

and distribution of distinct water masses (Arctic- or North Atlantic-influenced waters) 

across shelves and the central basin of the Labrador Sea (Fig. 4.2). Arctic-influenced water 

masses had a strong pycnocline (upper waters σθ < 27 kg m-3), where colder (temperature < 

2°C) and fresher (salinity < 34) waters were found on and near shelves and slopes 

(Labrador in the west and Greenland in the east) (Fig. 4.2). Conversely, North Atlantic-

related waters were warmer (temperature > 1°C), saltier (salinity > 33.5), had a weaker 

pycnocline (σθ > 27 kg.m-3), and were found widely distributed in the central part of the 

Labrador Sea (Fig. 4.2). 
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Figure 4.2 (a) Scatter plot of potential temperature and salinity (T-S) with isopycnals (σθ) of 

the upper waters (< 200m) from the Labrador Sea during May and June (2013/14). 

(b) Map showing the position of each station influenced by Arctic (on or near the 

shelves) or North Atlantic-influenced waters (central basin).  

 

4.4.2 Phytoplankton species biogeography 

 

Cluster analysis of phytoplankton species abundance of the Labrador Sea revealed two 

major groups of samples separated at similarity level of 36% (Fig. 4.3). These two groups 

were consistent with the geographic distributions of Arctic- and North Atlantic-related 

water masses, suggesting the influence of hydrography in determining species composition 

(Fig. 4.3) (see Appendix E for images of species from Arctic (Appendices E.1-E.4) and 

Atlantic waters (Appendix E.5). The contribution of the 50 most important species for each 

group (Arctic- and North Atlantic waters) is shown in the shade plot, where samples 

(stations) and variables (species) were arranged according to their similarity values (Fig. 

4.3).  
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Figure 4.3 Shade plot showing the clustering of phytoplankton species (50 most important) 

abundance (after log-transformation) within different groups of samples (stations) 

at a 36% similarity level influenced by Arctic- (blue circles) or North Atlantic- (red 

circles) waters.    
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Cluster analysis revealed certain traits that occur together in phytoplankton communities 

from Arctic- and North Atlantic-related waters. In general, phytoplankton from Arctic 

waters were larger in biovolume (greater equivalent spherical diameter (ESD)), 

psychrophilic, robust (heavily silicified), able to form spores and colonies, with shapes 

resembling a ribbon, cylinder (or tube-shaped) or star (or zig-zag) (Fig. 4.4).  Although not 

exclusively found in Arctic waters, traits including “adhesiveness” and morphological 

traits, such as “cloud-shaped colonies” were commonly found (Fig. 4.4). “Adhesiveness” 

was most often found in the group of diatoms that are typically encountered in sea ice, 

which use  ice-binding molecules. While “cloud-shaped colonies” were represented by 

Phaeocystis pouchetii, Chateoceros socialis and Rhizosolenia hebetata f. semispina mats 

that were found in both Arctic and North Atlantic water masses (Fig. 4.4). 

Traits that were commonly found in North Atlantic waters were those relating to shape, 

such as species resembling needles (represented by Rhizosolenia hebetata f. semispina, 

Proboscia alata and Thalassiosthrix longissima), which possibly reflected  greater anti-

grazing strategies and higher S/V and MDL (Fig. 4.4). Nonetheless, solitary phytoplankton 

that resembled sphere/oval/cone/pill shape, such as coccolithophores were also common in 

these waters. Phytoplankton from these waters typically had sharp projections and 

chlorophyll in the setae (probably because of the influence of Phaeoceros) (Fig. 4.4).  

Pairwise correlation showed that that some traits presented positive or negative 

correlations (Fig. 4.5). For instance, individuals with larger biovolume (> ESD) positively 

correlated with colonial, robust and psychrophilic phytoplankton with morphological 

shapes that resembled stars (or zig-zag), tubes/cylinders or ribbons (Fig. 4.5). These same 

individuals were negatively correlated with phytoplankton that resembled a needle or 

spherical shape (cellular or colonial forms), possessed sharp projections (such as setae or 

skeletons), and were commonly found in solitary forms (Fig 4.5). 
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Figure 4.4 Shade plot showing the clustering of phytoplankton traits (after normalisation and 

scaling) distributed in Arctic- (blue circles) or North Atlantic-related (red circles) 

waters. 

 

Pairwise correlation also showed that  traits presented positive or negative correlations 

with environmental factors related to macronutrient concentrations (silicate, nitrate and 

phosphate and ratios) from spring (within the mixed layer) or winter values (from 200 m), 

stratification (Brunt-Vaisala, stratification index and mixed layer depth), temperature and 

salinity (Fig. 4.6). In general, phytoplankton traits, such as larger cell size (> ESD), 

coloniality, robustness, psychrophilia, as well as morphological colonial shapes that 

resembled stars (or zig zag), tubes/cylinders or ribbons (Fig. 4.6) correlated negatively 

with temperature, salinity, mixed layer depth, nitrate concentrations (from the mixed layer 

or pre-bloom values, such as those found at 200 m) and N/P (nitrate to phosphate ratios). 

These sample traits correlated positively with greater water column stratification (> 

stratification Index (SI) and Brunt-vaisala parameter) and higher winter values of silicate to 

nitrate ratios (Si/N from 200m depth).  
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Figure 4.5 Pairwise Pearson correlation of functional traits, where blue indicate negative 

correlations and red indicate positive correlation. *Correlations that were 

statistically significant (p-value < 0.05). ESD = equivalent spherical diameter; Tube 

S = tube/cylinder-shaped form; psychrophilic = ability to grow under low 

temperature (< 0°C); Colony= colonial individuals; spores = ability to produce 

spores; Robust = heavily silicified/calcified organisms; Star-S = Star- or zigzag-

shaped colony; Ribbon-S = Ribbon-shaped colony; Adhesive = high adhesion of 

individuals; Chl in setae = presence of chlorophyll a in setae; MDL = maximum 

dimension length; Cloud-S =  cloud-shaped colony; needle-S = needle-shaped cell or 

colony; sphere-S = sphere-shaped cell; Solitary = solitary form; S/V = surface area 

to volume ratio. 

 

Traits, including morphology (spherical or needle-shaped cells/colonies), S/V, solitary 

forms, and presence of sharp projection correlated positively with temperature, salinity, 

nitrate concentrations (within the upper mixed later and representative of winter values 

(from 200m)), nitrate to phosphate (N/P) ratios and mixed layer depth. These same traits 

correlated negatively with stratification (measured through Stratification Index (SI) and 

Brunt –Vaisala parameters) and silicate to nitrate (Si/N) ratio representative of pre-bloom 

waters (from 200 m).  
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Figure 4.6 Pairwise Pearson correlation of functional traits and environmental variables, 

where blue indicate negative correlations and red indicate positive correlation. 

*Correlations that were statistically significant (p-value < 0.05). 

 

4.5 Discussion 

 

4.5.1 Phytoplankton species biogeography 

 

The Labrador Sea receives North Atlantic and Arctic waters, where marked fronts shape 

the contrasting hydrography by maintaining the major currents of Arctic (Labrador Current 

in the west and West Greenland Current in the east) and Atlantic origin (Irminger Current 

in the center)) (Yashayaev, 2007). However, surface waters of the Labrador Sea  undergo 

significant modification, where strong mesoscale physical processes, such as eddies, in 

addition to riverine and ice melt input (from sea ice, glaciers and icebergs) lead to mixing  

of these distinct waters masses, particularly during spring and summer (Straneo and 
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Saucier, 2008; Wu et al., 2007; Yebra et al., 2009). Consequently, species were not 

categorised as being indicators exclusively of Arctic and North Atlantic waters; instead, 

trends in abundance along these hydrographical zones were observed to determine the 

habitat preferences of selected species. In this study, Arctic and North Atlantic-related 

species did not present a clear-cut distribution between water masses; rather, a gradient of 

species was observed due to the 1) degree of mixing of neighbouring water masses and 

blending of phytoplankton communities and/or 2) ubiquitous distribution of certain species 

in both Arctic and sub-Arctic waters.  

Although it is risky to delegate whether a species is exclusive or a bio-indicator of Arctic 

or North Atlantic waters, several authors have used species distributions as proxies to 

determine modern (Luddington et al., 2016; Riaux-Gobin et al., 2011) and ancient 

(Armand et al., 2005; Armand and Leventer, 2010; Leventer, 1998) water mass 

boundaries. In this study, the biogeography of some species agreed well with those that are 

typically found in Arctic or North Atlantic waters (see discussion below); however, 

interpretation of species as proxies of water masses was not always straightforward. For 

instance, some species, such as Nitzschia frigida, Navicula granii, N. transitans/ N. 

transitans var. derasa, N. vanhoeffenii, N. septentrionalis/Pauliella taeniata, Fossula 

arctica, Thalassiosira hyalina, T. constricta, T. bulbosa, Bacterosira 

bathyomphala/Melosira arctica, typically found in Arctic spring blooms and often 

associated with sea ice melting (Von Quillfeldt, 2001; von Quillfeldt et al., 2003), were 

also found in Arctic-related waters in this study (see Appendices E.1-E.4 for images of 

some of these species). Nonetheless, other species, such as Thalassionema nitzschizoids, 

Skeletonema costatum, Coscinodiscus concinnus/centralis, Chaetoceros socialis, are 

representative of neritic environments (Tomas, 1997), and were dominant because Arctic 

waters occur mostly in shelf regions of the Labrador Sea (Yashayaev, 2007). Other species 

that have been assigned as polar or sea ice-related species, such as Fragilariopsis cylindrus 

(Caissie et al., 2010) also occurred in North Atlantic waters in this study, although they 

were not as abundant as observed in Arctic-related waters (Appendices E.1-E.4).  

Neodenticula seminae, a typically sub-Arctic Pacific diatom, extinct from the North 

Atlantic waters since the  late Pleistocene until recent decades (1990’s) (Miettinen et al., 

2013), was also observed in North Atlantic waters during this study (Appendix E.5). This 

species could be perceived as a true indicator of subarctic waters due to its preference for 

slightly higher temperatures as compared to those of Arctic waters, including the sub-



Chapter 4 

115 

Arctic North Atlantic, though its transition has been speculated to occur via the Arctic 

Ocean (Miettinen et al., 2013).  

Coccolithophore species, such as Emiliana huxleyi and Coccolithus pelagicus, which are 

typically found in the sub-Arctic North Atlantic waters in blooming (Harlay et al., 2010; 

Holligan et al., 1993) or non-blooming conditions (Daniels et al., 2016; Poulton et al., 

2010), were found in high abundance mostly in Atlantic-related waters in this study. The 

ubiquitous E. huxleyi species notoriously thrives in warm and saline Atlantic-derived 

waters, suggesting that these species prefer relatively warmer waters; although it has been 

rarely observed in Arctic-related waters (Balestra et al., 2004; Charalampopoulou et al., 

2011; Dylmer et al., 2015), including under the sea-ice (Balch et al., 2014). Coccolithus 

pelagicus is a cold water species (optimum approximately at 8°C; (Baumann et al., 2000) 

and has been suggested as a sub-Arctic indicator species (Daniels et al., 2014), although 

the motile, haploid lifestage of C. pelagicus (herein called C. pelagicus HOL) has been 

observed in waters with Arctic influence, such as Greenland Sea (Daniels et al 2016) and 

Barents Sea (Giraudeau et al., 2016). Weakly calcified coccolithophores, such as C. 

pelagicus HOL and Calciopappus caudatus were found in both water masses, and co-

occurrence has been reported in colder waters of North Atlantic and Arctic origin (Balestra 

et al., 2004; Baumann et al., 2000; Okada and Mclntyre, 1979). It is unclear why these 

distinguished weakly calcified coccolithophore species were present in Arctic-related 

waters, albeit in low numbers; however, temperature has been suggested to control 

coccolithophore biogeography in a large scale (Baumann et al., 2005).  

Several studies have attributed Arctic and North Atlantic phytoplankton indicator species 

using molecular (Luddington et al., 2016) and morphological approaches (Barton et al., 

2016; Degerlund and Eilertsen, 2010; Fragoso et al., 2016b). Although it has been 

suggested that the use of genetic approaches may be used to reliably identify Arctic and 

North Atlantic indicator species and their strains and variants (Luddington et al., 2016), 

appropriate hydrographical characterization is just as important to avoid misinterpretation 

of species indicators to certain water masses. A number of these studies underestimated the 

degree of surface water mixing (Lovejoy et al., 2002; von Quillfeldt, 2000), which could 

explain some controversial findings, such as the typical Arctic diatom Thalassiosira 

hyalina being reported in North Atlantic waters, where there is clearly influence of Arctic 

waters in the Scotian Shelf (salinity is < 34) (Luddington et al., 2016). Thus, better 

hydrographic characterization in combination with appropriate taxonomic methods are 

mandatory to properly assess species indicators of Arctic and Atlantic waters.  
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4.5.2 Trait biogeography 

 

Although species presented a gradient distribution among water masses and were not 

necessarily considered exclusive to certain water masses, the structure of the 

phytoplankton community as a whole agreed well with the contrasting hydrography 

(Arctic- and North Atlantic- influenced) in this study. Thus, this suggests that analysis of 

phytoplankton communities, rather than single species, could lead to a more powerful 

understanding of their biogeographical distribution. This infer that certain traits, commonly 

found in different species that co-occur in communities, might be shaping the 

biogeographical distributions of these species.    

Phytoplankton from Arctic and Atlantic-related waters typically presented distinct 

functional traits. Psychrophylia was one common trait found in species assemblages from 

Arctic waters, revealing that a number of phytoplankton found in Arctic waters in this 

study were incorporated from sea ice algae. Release of sea ice diatoms from melting ice, 

transfer of sympagic (ice-associated) algae to the pelagic community and accumulation in 

the water column has been assumed the primary cause for bloom development near ice 

melting regions (Ichinomiya et al., 2008; Leventer and Dunbar, 1996; Syvertsen, 1991), 

although most sympagic diatoms  sink to the sea floor, given that they are unable to adapt 

to ice free waters (Riaux-Gobin et al., 2011). Positive buoyancy has been considered a trait 

that would favor the transfer of diatoms from a sympagic to a pelagic community and 

species released from the ice have been shown to exhibit different degrees of buoyancy 

control and sinking characteristics (Ichinomiya et al., 2008; Michel et al., 1993). Sea ice 

melt also provides a haline-stratified layer, where species associated with the transition 

from sea ice to meltwater and pelagic habitats are suddenly exposed to high-light levels 

(Smith and Nelson, 1985), as observed in this study. This implies that while sympagic 

diatoms are known to be adapted to low light, transitional (from ice to water column) 

species have a high plasticity to cope with rapid and relatively large changes in irradiance. 

Fragilariopis cylindrus, a diatom species found in high abundance in the sea ice as well as 

in the water column has been shown to display high degrees of phenotypic plasticity to 

environmental fluctuations (Kropuenske et al., 2010, 2009; Petrou et al., 2010; Sackett et 

al., 2013), which suggest that this might be a potential functional trait observed in this 

study. 



Chapter 4 

117 

Species assemblages from Arctic waters were often able to form resting spores. Resting 

spore formation does not imply psychrophilia, rather, it is is believed to be an hibernation 

strategy to overcome unfavorable environmental condition, including low (Zhang et al., 

1998) or high light (Oku and Kamatani, 1999), low temperature (Durbin, 1978), nitrate 

(Kuwata and Takahashi, 1999; McQuoid and Hobson, 1996), phosphorus (Oku and 

Kamatani, 1995) and iron (Sugie and Kuma, 2008) limitation. Resting spores are heavily 

silicified when compared to vegetative cells (Sugie and Kuma, 2008), and formation 

occurs as a function of excess of silicate available in the water, as studies have shown that 

diatoms require additional levels of silicate (above basic requirement) to be able to form 

resting spores (Kuwata and Takahashi, 1990; Oku and Kamatani, 1995). The ability to 

produce spores correlated positively with winter silicate concentrations and Si/N ratios in 

this study, and, in general, Arctic waters are known to have a surplus of silicate compared 

to nitrate (Harrison et al., 2013). Thus, it is possible that higher silicate concentration in 

these waters could favour species that produces spores when light and nitrate becomes 

limiting. As the winter progresses, resting spores could be passively incorporated to the sea 

ice and reintroduced to the water column as sea ice melts in spring before bloom 

formation. Resting spores have been interpreted as a proxy for sea ice melting (Crosta et 

al., 2008) and an important life cycle strategy for ice-related species (Tsukazaki et al., 

2013), suggesting that it is a common trait found in Arctic waters influenced by sea ice 

concentration.  

A common feature of Arctic water assemblages, particularly diatoms, is that they were 

dominated by larger cells (> ESD), often found forming chains. Larger cell-size is a 

common feature of phytoplankton from ice-related waters (Arrigo et al., 2010b) and has 

been previously observed in the Arctic-influenced waters of the Labrador Current (Stuart et 

al., 2000). Size, as well as chain formation, has been suggested to be an important trait to 

reduce vertical percolation of cells in brine channels during flushing events of sea ice melt 

(Lizotte, 2003). Diatom chains were mostly ribbon- (e.g. Fragilariopsis spp., Navicula 

septentrionalis, N. vanhofenni, N. granii, Fossula arctica, Pauliella taeniata), cylinder- 

(Melosira arctica, Bacterosira bathyomphala, Detonula confervace and several 

Thalassiosira spp. and Chaetoceros spp.) or star-shaped (Nitzschia frigida/Synedra 

hyperborea and Thalassionema nitzschoides), although some solitary forms were also 

observed (N. glaciei/N. transitans). Such morphological traits have commonly been 

reported in ice-related phytoplankton blooms (Arrigo et al., 2014; Ichinomiya et al., 2008; 

Riaux-Gobin et al., 2011; Tsukazaki et al., 2013). More specifically, solitary pennate 
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diatoms have been found inside brine pockets in the ice (Fernández-Méndez et al., 2014) 

and chain-forming pennate diatoms have been suggested to grow strongly in the platelet 

ice layer (under sea ice) and released into the underlying water column (Ichinomiya et al., 

2008; Palmisano and Sullivan, 1983). Filamentous strands of several meters of Melosira 

arctica grow attached to the underside of ice-flows (Arrigo et al., 2010b; Poulin et al., 

2014) and neritic chains of centric, cylinder-shaped diatoms flourish in meltwaters (Arrigo 

et al., 2010b). It is intriguing why these species were so similar in shape and is possible 

that they shared similar metabolic functions that facilitated their success, given that some 

species evolved from the same family (e.g. Thalassiosira, Bacterosira, Detonula and 

Porosira are from Thalassiosiracea family (Tomas, 1997). Another possibility is that their 

morphology and the flexibility of these chain, including ribbon-shaped or thread-like 

colony-forming diatoms (e.g. Thalassiosira), represent an ecological function, such as 

resistance to breakage when subjected to shear (Nguyen and Fauci, 2014) from, for 

example, sea ice shredding. Moreover, such cells are united by mucous material that not 

only allow cells to be connected to each other but also to the sea ice. Extracellular 

polymeric substances (EPS) produced by sea ice diatoms to overcome extreme cold and 

salinity condition in the sea ice also may increase their buoyancy in the water column 

(Assmy et al., 2013; Fernández-Méndez et al., 2014).  

Atlantic-related phytoplankton species presented distinct traits in this study, such as larger 

surface area to volume ratio, maximum dimension length (MDL), sharp projections, needle 

or sphere-shaped cells, presence of chloroplasts in the setae and were found in solitary 

forms. North Atlantic waters were less stratified and had deeper mixed layers, which might 

have selected for phytoplankton that are able to cope with a turbulent environment. Sharp 

projections, such as setae, spines, long processes, as well as elongated shapes (needle-

shaped) have been suggested to improve the cell’s ability to increase nutrient uptake 

efficiency under a turbulent environment because it can increase the spin of cells (Nguyen 

et al., 2011; Pahlow et al., 1997; Smetacek, 1985). These projections also increase shear 

rate, which could increase nutrient diffusion to the cell and retard sinking flux (Padisák et 

al., 2003), either increasing drag under strong mixing or keeping the cells within the 

mixing layer when waters are stratified. Traits, such as presence of chloroplasts in the setae 

(e.g. Phaeoceros subgenus) and elongated forms, greater MDL, and needle-shaped cell 

morphology may have increased the cells’ capacity of assimilating light in the deeper 

mixing layer found in North Atlantic waters in this study. Cells with elongated, needle-

shaped forms have their thylakoids linearly distributed in the cells, which reduces shelf 
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shading and increases absorption cross spectra. Streaming of chloroplasts has been 

observed in Rhizosolenia and other species where they tend to congregate at the center of 

the cell during high light intensities, and spread around the cell periphery in dimmer 

conditions (Round et al., 1990). This could explain the ability of needle-shaped 

phytoplankton, such as Rhizosolenia to migrate in the water column and grow under a wide 

range of irradiance (Richardson et al., 1996).   

Diatoms found in Atlantic waters were also weakly silicified as compared to Arctic-related 

species, and this could be due to the lower silicate to nitrate ratio found in Atlantic related 

waters in this study and observed generally in North Atlantic waters (Harrison et al., 2013). 

Weakly silicified species included Leptocylindrus mediterraneous, and particularly 

Ephemera planamembranacea, which has been found blooming in North Atlantic waters 

(this study, Fragoso et al., 2016; Le Moigne et al., 2015). Sharp projections, such as setae, 

spines, long processes, as well as elongated shapes (needle-shaped) can also be used as an 

anti-grazing strategy, which correlated with relatively warmer temperature for North 

Atlantic waters, where zooplankton metabolism and grazing chance is higher (Ikeda et al., 

2001).  

 

4.5.3 Future implications 

 

Changes in the high Arctic are evident, from rises in temperature to sea ice decline and 

increase in surface freshening as a result of higher precipitation, river flow and sea ice and 

glacier meltwater input (Anisimov et al., 2007). Several questions have arisen, including 

whether “Arctic will be the New Atlantic” if sea ice melt persist (Yool et al., 2015) and 

many studies have revealed changes occurring to phytoplankton community composition 

as a consequence of climate change, such as the intrusion of Atlantic species into high 

Arctic waters (Hegseth and Sundfjord, 2008). 

In this study, several phytoplankton species appeared to be restricted to Arctic-influenced 

waters, whereas some other species, abundant in North Atlantic waters, were also found in 

Arctic waters but in lower concentration (e.g. E. planamembranacea and coccolithophores 

in general). This suggests that species abundant in Arctic-related waters have a less 
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generalised distribution, which could indicate greater dependence of certain species to the 

sea ice habitat or ice-influenced, well illuminated and stratified waters.  

Sea ice is one of the largest and most extreme habitats in polar oceans, comprising up to 

13% of Earth’s surface at its maximum (Eicken, 1992; Mock and Junge, 2007). Predictions 

show that the Arctic will have a total ice free summer by mid-21st century (Wang and 

Overland 2009). Loss of sea ice coverage indicates losses of species habitat, diversity and 

reductions of phytoplankton blooms associated with sea ice melting (Yool et al., 2015). 

Traits that are linked to sea ice species, such as psychrophilia or ability to survive under 

extreme cold and harsh environments will also tend to decline, implying a great risk to 

seeding algae and bloom initiation. Phytoplankton that rely on sea-ice to hibernate as 

resting spores and germinate under stratified conditions will be affected as sea ice cover 

declines. Nutrient concentration reduction will also influence the size of phytoplankton, 

favouring smaller species that have lower nutrient requirements (Li et al., 2009), or 

mixotrophic phytoplankton that can supplement their nutrient demands by ingesting prey 

(Zubkov and Tarran, 2008).  

 

4.6 Conclusions 

 

Phytoplankton communities in the Labrador Sea differed between contrasting hydrography 

(Arctic- and North Atlantic- influenced) in this study. Most species were not exclusively 

found in Arctic or North Atlantic waters, instead, trends in abundance along these 

hydrographical zones were observed, suggesting the analysis of phytoplankton 

communities, rather than single species, can provide a more powerful understanding of 

their biogeographical distribution. Arctic and North Atlantic-related species did not present 

a definite distribution between water masses; however, a gradient of species abundance 

was observed because of the 1) degree of mixing of surface waters and blending of 

phytoplankton communities or/and 2) ubiquitous distribution of certain species between 

Arctic and sub-Arctic waters.  

Phytoplankton traits have also differed among Arctic and sub-Arctic North Atlantic waters. 

Phytoplankton from Arctic-related waters were, in general, psychrophilic, chain-forming 

(ribbon-, cylinder and/or star-shaped), heavily silicified diatoms that form resting spores 
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with a larger biovolume (> ESD). Cold temperature, higher stratification, light availability 

and silicate concentration, in addition to presence of sea ice, which can store diatom resting 

spores during winter conditions, may have selected for phytoplankton species with such 

traits. Conversely, Atlantic-related phytoplankton species presented distinct cellular traits 

in this study, such as larger surface area to volume ratio, maximum dimension length 

(MDL), sharp projections, needle or sphere-shaped cells, weakly silicified cell walls and 

presence of chloroplasts in the setae, in addition to being found in solitary forms. North 

Atlantic waters were less stratified and had deeper mixed layers, which might have 

selected for phytoplankton that are able to cope with a turbulent environment.  Lower 

silicate to nitrate ratio found in Atlantic related waters in this study and observed generally 

in North Atlantic waters (Harrison et al 2014) may have selected for weakly silicified 

diatoms. Traits, such as sharp projections, such as setae, spines, long processes, as well as 

elongated shapes (needle-shaped) might have acted as an anti-grazing strategy in warmer 

North Atlantic waters, where zooplankton metabolism and grazing rates are higher. 
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Chapter 5: Summary and Conclusions 

 

5.1 Synthesis of research 

 

The main aim of this research was to investigate the environmental controls involved in 

shaping the spring phytoplankton communities from contrasting hydrographical provinces 

of the Labrador Sea and their biochemical role in this high latitude region. The results 

presented in this thesis have answered many questions raised in the Introduction Chapter 

(Chapter 1). From this investigation the following conclusions can be drawn: 

Chapter 2 

 A thorough unprecedent quantitative microscopic analysis of phytoplankton 

composition in the Labrador Sea showed that phytoplankton communities had a 

remarkably similar spatial and temporal distribution across the four years of study 

(2011-2014), in spite of some temporal variability in sampling (six weeks) during 

spring and early summer.  

 Phytoplankton communities from the Labrador Sea during spring and early summer 

of 2011 - 2014 varied mostly according to the major hydrographic features of 

distinct water masses of Atlantic (Irminger Current - IC), Arctic via Davis Strait 

(Labrador Current - LC) or Arctic via Denmark Strait (West Greenland Current - 

WGC) origin.  

 The main composition of spring phytoplankton blooms from the Labrador Sea 

were: 1) Arctic/polar large (> 50 µm) diatoms dominating in the inshore branch of 

the LC, which were most influenced by Arctic and sea ice melt waters, 2) P. 

pouchetii co-dominated with diatoms (Pseudo-nitzschia granii, Thalassiosira spp.) 

at the interface of the Arctic (WGC) and Atlantic (IC) waters and 3) Ephemera 

planamembranacea, Rhizosolenia hebetata f. semispina and Fragilariopsis 

atlantica dominating the offshore waters of the central basin, which is strongly 

influenced by Atlantic waters (IC) (Fig 5.1).  

 The environmental factors controlling for the phytoplankton community 

partitioning in Labrador Sea near surface waters were: 1) lower salinities and 
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temperatures associated with the Arctic/polar species found in the shelf waters with 

higher influence of the Arctic outflow, 2) higher pre-bloom Si* (Si* from deeper 

waters) on the Labrador Shelf and Slopes influenced the taxonomic segregation of 

polar diatoms dominating in the west, 3) ability of P. pouchetii to grow in deeper 

mixing layers, whereas Arctic/sea-ice diatom blooms were only found in shallower 

mixed layers (< 25 m) and 4) higher temperature and nutrient concentrations 

associated with Atlantic diatoms blooming in stratified waters. 

 

 

 

Figure 5.1 Schematic of the environmental controls and the temporal progression of distinct 

phytoplankton communities from contrasting hydrographical zones of the Labrador 

Sea as reported in Chapter 2. The colours in the circles refer to the same ones used 

in the Cluster analysis in Figure 2.5.  

 

 

 

 



Chapter 5 

125 

 

Chapter 3 

 The results from Chapter 2 provided a foundation for the expanded analysis of 

phytoplankton community distribution and their photophysiological and 

biochemical signatures using ten-years (2005-2014) of pigment data as shown in 

Chapter  3. This chapter, however, included data from a wider variety of algal 

classes (e.g. flagellates) that were not identified from the microscopic analysis as 

reported in Chapter 2.  

 Spring phytoplankton communities varied mainly spatially from southwest to 

northeast, whilst phytoplankton composition from the central region of the 

Labrador Sea varied temporally from May to June similarly as observed in results 

presented in Chapter 2.  

 In terms of taxonomic groups, phytoplankton blooms (> 3 mg Chla m-3) were 

primarily observed in May in haline-stratified waters of the shelves, being co-

dominated by diatoms and chlorophytes in the west and Phaeocystis and diatoms in 

the east. In the central Labrador Sea during May, a pre-bloom (low chlorophyll) 

condition was observed, where a diverse mixed flagellate assemblage occurred in 

deeper mixed waters, which later in the season (June) progressed to a bloom co-

dominated by dinoflagellates and, again, diatoms in thermally-stratified waters (Fig 

5.2).  

 Phytoplankton communities presented contrasting ratios of accessory pigments to 

total chlorophyll a, as well as photophysiological strategies. Photosynthetic 

parameters varied primarily according to community composition, where 

Phaeocystis and diatom blooms in the east appeared to cope well with high light 

levels, given the minimal photo-inhibition observed in these communities. 

Conversely, phytoplankton communities from Atlantic waters (co-dominated by 

diatoms and dinoflagellates) were highly susceptible to photo-inhibition compared 

with other communities in the Labrador Sea. To cope with photo-damage, this 

phytoplankton community appeared to have increased the levels of photoprotective 

pigments, such as those used in the xanthophyll cycle (diadinoxanthin and 

diatoxanthin). 

 Ratios of POC:PON were also influenced by phytoplankton community 

composition, where the western bloom (co-dominated by diatoms and 

chlorophytes) presented higher phytoplankton-derived organic carbon, whereas the 
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eastern bloom (Phaeocystis and diatoms) presented a higher contribution of 

detritus, possibly derived from the mucilaginous material of the colony-forming 

Phaeocystis. Nonetheless, freshwater input, likely from melting glacial and sea-ice 

and river outflows, possibly carried allochthonous carbon to shelf waters, which 

complicates the interpretation of POC:PON derived from phytoplankton 

communities. Similarly,  overall POC:PON ratios and phytoplankton-derived 

organic carbon was low in waters of Atlantic origin in the central Labrador Sea. 

Higher contribution of bacterial biomass and/or higher nitrate concentrations in 

Atlantic waters may have influenced the low POC:PON ratios observed.   
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Figure 5.2 Schematic diagram summarising the environmental controls on spring (May to 

June) phytoplankton communities observed from ten-years (2005–2014) of pigment 

and hydrographical data.  
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Chapter 4 

 Functional traits of phytoplankton species were investigated to assess their 

biogeographical pattern between Arctic- and North Atlantic- influenced waters. A 

gradient in abundance suggested that most species were not exclusively present in 

Arctic and North Atlantic waters, possibly because of some degree of mixing 

and/or some species having an ubiquitous distribution in the Labrador Sea region. 

However, the analysis of phytoplankton communities as a whole, rather than single 

species, gave a more powerful representation of phytoplankton biogeography from 

waters of Atlantic and Arctic origin in the Labrador Sea. 

 The major traits of phytoplankton species from Arctic-related waters were 

psychrophilia (ability to grow at low temperatures), larger cell size, chain-

formation (ribbon-, cylinder and/or star-shaped), heavy silicification and resting 

spore formation (in case of diatoms). Psychophilia was a selective trait of 

phytoplankton species in response to colder temperatures (< 0°C) found in these 

waters. Higher stratification in waters influenced by ice melt provides greater light 

availability, which might favour larger phytoplankton cells, given that these cells 

have high levels of shelf-shading, allowing them to cope with high irradiance. 

Higher silicate concentration might have favoured resting spore formation, as well 

as the presence of sea ice, which can retain diatom resting spores during winter 

conditions, favouring phytoplankton species with such traits. It is still unclear why 

morphological traits, such as chain formation (ribbon-, cylinder and/or star-shaped) 

in diatoms is an advantage in Arctic waters. It is possible that the the flexibility of 

these chains represented resistance to ice breakage and/or that the mucous material 

that binds the cells together may have confered positive buoyancy in highly 

stratified Arctic waters. 

 Atlantic-related phytoplankton species were usually found in solitary form, had 

weakly silicified cell wall (in case of diatoms), as well as the following 

morphological characteristics: larger surface area to volume ratio, maximum 

dimension length (MDL), sharp projections and needle or sphere-shaped cells. 

Larger surface area to volume ratio might be a trait selected to cope with a 

turbulent environment, given that North Atlantic waters were less stratified and had 

a deeper mixed layer. Lower silicate to nitrate ratio found in Atlantic-related waters 

may have selected for weakly silicified diatoms. Traits, such as sharp projections, 
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including setae, spines, long processes, as well as elongated shapes (needle-

shaped), might act as an anti-grazing strategy in warmer North Atlantic waters, 

where zooplankton metabolism and grazing rates are high. 

 

5.2 Future work 

 

 The results from this thesis provided a clear picture of the distribution and 

succession of spring phytoplankton communities from the Labrador Sea from May 

to June. However, the future of spring phytoplankton communities from the 

Labrador Sea under a climate change scenario is still unknown. Further work using 

species distribution modelling methods could address this question. The spatial 

distribution of target phytoplankton species from the Labrador Sea, such as those 

discussed in Chapter 4, can be obtained from large databases (Global Biodiversity 

Information Facility (GBIF) and Continuous Plankton Recorder (CPR), for 

example) and their niche distribution can be modelled. A cluster analyses of 

probability of occurrence of each species can be applied to identify the 

biogeographical distribution of major phytoplankton species from the Labrador Sea 

under present and future conditions. 

 Samples from spring 2014 have also been collected for analysis in a CytoSense - a 

portable flow cytometer able to measure particules from > 1 µm up to 1.5 mm. In 

addition to measuring greater size range of particles, the CytoSense, as a flow 

cytometer, gathers fluorescence data and can collect images of particles. The light 

scattered from each particule analysed in the CytoSense can potentially provide real 

time information about the cell and colony size, as well as the amount of cells per 

chain and the morphological variation of phytoplankton species. In addition to 

scatter, the fluorescence emitted by photosynthetic pigments in algal cell can be 

detected using three different wavelengths: for phycoerythrin (orange), 

phycocyanin (yellow) and chlorophyll a (red), which can assist in classifying the 

algal class type. Information from all these phytoplankton traits could be used to 

construct a library, which would speed up the analysis of phytoplankton counts 

from the Labrador Sea in the future.  
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5.3 Concluding remark 

 

This thesis has provided information about the spatial and temporal distributions of spring 

phytoplankton communities in the Labrador Sea using microscopic observations, as well as 

pigments and trait-based analysis. The results from this thesis have provided a new 

perspective on environmental processes that control phytoplankton community dynamics 

in the Labrador Sea. It has been demonstrated that phytoplankton composition in the 

Labrador Sea varied according to contrasting hydrographical zones of Arctic and Atlantic 

origin. The environmental controls in these communities were: temperature, stratification, 

nutrient concentrations and ratios (particularly silicate:nitrate). Distinct phytoplankton 

communities presented different biochemical (C:N ratios, phytoplankton-derived organic 

carbon concentrations) and photophysiological traits (pigments ratios and photosynthetic 

parameters). Phytoplankton functional traits, particularly those involved in morphology 

(cell size, surface area to volume ratio, presence of spines, etc.), in addition to life history 

(production of spores) and temperature-related traits (psychrophilia) largely contributed to 

the biogeography of species in Atlantic and Arctic waters of the Labrador Sea. Further 

analysis considering phytoplankton niche distribution will significantly improve scientific 

understanding of environmental controls on phytoplankton communities and their impact 

on pelagic ecosystem functioning and ocean carbon sinks under present and future 

scenarios.
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Appendix A  

A.1 : Chlorophyll a profiles (left) of hydrographical transects (right) across the 

Labrador Sea during late spring and early summer 2011-2014 (a-d). Arrows 

indicate stations where Lugol samples were collected for microscopic analysis. 

Colours of the arrows refer to clusters groups on Figure 2.5a. 
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A.2 : Fluorescence profiles (left) of hydrographical transects (right) across the 

Labrador Sea during late spring and early summer 2011-2014 (a-d). Arrows 

indicate stations where Lugol samples were collected for microscopic analysis. 

Colours of the arrows refer to clusters groups on Figure 2.5a.   
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Appendix B  

B.1 Photosynthesis-irradiance (P-E) data were fitted to the model of Platt et al 

(1980) using the equation: 

 

PB(E) = Ps
B (1- e-αE/PsB) . e-βE/PsB 

(1) 

B.2 Additionally, the maximum photosynthetic rate attained was calculated using 

the formula:  

 

Pm B = Ps
B [α/(α + β)] . [β/(α + β)] β/ α    

(2) 

B.3 Photosynthesis-irradiance (P-E) curve and parameters. 
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B.4 The table below shows the meaning and calculations for each P-E parameter 

calculated.  

 

Parameters     

Symbol Meaning   Unit 

Pm
B         Maximum net 

photosynthetic rate  

Equation (1,2) (mg C [mg Chl a] -1 h-1) 

Ps
B         Maximum, potential, 

light saturated 

photosynthetic rate 

Equation (1,2) (mg C [mg Chl a] -1 h-1) 

αB Initial slope of the P-E 

curve 

Pm
B/Ek (mg C [mg Chl a] -1 h-1 

[W m-2]-1) 

β Photoinhibition 

parameter 

Pm
B/Eb (mg C [mg Chl a] -1 h-1 

[W m-2]-1) 

Ek         Light intensity 

approximating the onset 

of saturation  

Pm
B/α W m-2 

Es     Light intensity optimal 

for photosynthesis; 

saturation irradiance 

 W m-2 

Eb  Onset of photoinhibition Pm
B/β W m-2 
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Appendix C  

C.1 Scatterplot showing the correlations between the contributions of diatoms (a), 

Phaeocystis (b), dinoflagellates (c) and cryptophycea (d) biomasses estimated 

from CHEMTAX-derived chlorophyll a (y-axis) and microscopic counts 

carbon calculations (x-axis). 
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Appendix D  

D.1 List of species and their quantitative, binary and continuous traits from Chapter 4. 

  TRAITS QUANTITATIVE BINARY CONTINOUS 

Group Taxa ESD MDL S/V Adhesive Psychrophylic Sharp Chl in setae Robust Spores 

PRYMN Phaeocystis pouchetii 7 7 0.91 124 0 0 0 0 0 

DIAT Attheya septentrionalis 6 8 0.57 121 11,6,29 16 0 137 0 

DIAT Bacterosira bathyomphala/Melosira arctica 24 25 0.29 110,22,23 12,3 0 0 136 130 

DIAT Chaetoceros atlanticus 29 35 0.13 0 0 16,25 16 126 0 

DIAT Chaetoceros borealis 18 20 0.20 0 0 16,25 16 126 0 

DIAT Chaetoceros convolutus 20 35 0.20 0 0 16,25 16 126 0 

DIAT Chaetoceros densus 18 20 0.20 0 0 16,25 16 126 0 

DIAT Chaetocetos concavicornis 23 10 0.16 0 0 16,25 16 126 0 

DIAT Chaetoceros socialis (and others) 6 6 0.65 0 0 16,25 0 0 129 

DIAT Chaetoceros decipiens (and others) 20 25 0.19 0 0 16,25 0 0 0 

DIAT Corethron criophilum 50 100 0.15 0 0 16,25 0 0 0.57 

DIAT Coscinodiscus centralis/concinnus 213 275 0.04 0 14,18 0 0 127 0 

DIAT Cylindrotheca closterium 7 35 0.83 16 16,10,29 0 0 0 0.58 

DIAT Detonula confervaceae 17 28 0.44 0 1 5 0 0 128 19 

SILICO Dictyocha speculum 24 22 0.09 0 0 16 0 0 0 

DIAT Ephemera planamembranaceae 16 53 0.32 16 1 10 0 0 0 0 

DIAT Eucampia groelandica 14 25 0.28 0 1 10 0 0 0 0 

DIAT Fossula arctica 12 23 0.34 0 1 13,29 0 0 1 12 112,29 

DIAT Fragilariopsis atlantica 10 26 0.46 16 0 0 0 0 0 

DIAT Fragilariopsis cylindrus/oceanica/reginae 10 25 0.44 121 114,19 0 0 127 16,29 

DIAT Leptocylindrus danicus/mediterraneus/minimum 13 25 0.61 0 0 0 0 0 16 
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  TRAITS QUANTITATIVE BINARY CONTINOUS 

Group Taxa ESD MDL S/V Adhesive Psychrophylic Sharp Chl in setae Robust Spores 

DIAT Navicula granii 14 23 0.27 16 1 6 0 0 0 0 

DIAT Navicula transitans/ transitans var dera 14 13 0.24 16 1 5,6,29 0 0 0 0 

DIAT Navicula septentrionalis/Achnanthes taeniata 13 22 0.29 16 1 5,6,29 0 0 0 16 

DIAT Navicula vanhoeffenii 13 35 0.35 16 1 15 0 0 137 0 

DIAT Neodenticula seminae 14 23 0.28 16 0 0 0 116 0 

DIAT Nitzchia frigida/Synedropsis hyperborea 15 49 0.3 121 1 5,6,10,29 0 0 127 0 

DIAT Porosira glacialis 47 49 0.15 121 1 4 0 0 136 111,29 

DIAT Proboscia alata 30 500 0.67 0 0 0 0 126 0.56 

DIAT Pseudo-nitzschia delicatissima/pseudodelicatissima 15 70 0.58 16 0 0 0 0 0 

DIAT Pseudonitzschia granii 8 15 0.83 16 0 0 0 0 0 

DIAT Rhizosolenia hebetata f. semispina 48 715 0.40 0 0 0 0 134,27 0.56 

DIAT Skeletonema costatum 9 9 0.762 0 0 16 0 0 0 

DIAT Thalassionema nitzschizoides 10 45 0.93 0 0 0 0 136,27,32 0 

DIAT Thalassiosira angulata 29 30 0.25 0 0 0 0 128 0 

DIAT Thalassiosira antarctica 30 35 0.25 0 1 11 0 0 136,28 111,29 

DIAT Thalassiosira bulbosa 11 13 0.64 130 1 11 0 0 0 16 

DIAT Thalassiosira conferta 20 20 0.36 0 0 0 0 0 0 

DIAT Thalassiosira constricta 33 35 0.21 0 0 0 0 128 111 

DIAT Thalassiosira gravida 35 38 0.21 0 0 0 0 127,28 0 

DIAT Thalassiosira hyalina 41 43 0.17 130 0 0 0 1 12,36,28 129 

DIAT Thalassiosira kushirensis 26 28 0.28 0 0 0 0 0 0 

DIAT Thalassiosira nordenskioeldii 23 25 0.32 0 120 0 0 136,28 117,29 

DIAT Thalassiosira punctigera 32 35 0.23 0 0 0 0 1 0.56 

DIAT Thalassiotrix longissima 40 2375 0.6 0 0 0 0 133, 34,36,32 0 

COCCO Coccolithus pelagicus 25 25 0.24 0 0 0 0 135 0 
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  TRAITS QUANTITATIVE BINARY CONTINOUS 

Group Taxa ESD MDL S/V Adhesive Psychrophylic Sharp Chl in setae Robust Spores 

COCCO Coccolithus pelagicus HOL 38 38 0.16 0 0 0 0 0 0 

COCCO Calciopappus caudatus 9 30 0.80 0 0 16 0 0 0 

COCCO Emiliana huxleyi 15 15 0.40 0 0 0 0 131 0 

CHRYSO Meringosphaera mediterranea 13 13 0.48 0 0 16 0 0 0 

1(Crawford et al., 2000), 2(Boetius et al., 2013), 3(Abelmann, 1992), 4(Melnikov et al., 2002),  5(Asami and Imada, 2001), 6(Tomas, 1997), 7(Crawford, 

1995), 8(McQuoid et al., 2002), 9(Fryxell, 1983), 10(Mundy et al., 2011), 11(Herman, 2012), 12(Von Quillfeldt, 2001), 13(Onodera et al., 2015), 14(Lundholm 

and Hasle, 2010),  15(Smol and Stoermer, 2010),  16(Miettinen et al., 2013), 17(Sugie and Kuma, 2008),  18(Duerksen et al., 2014), 19(Mock and Junge, 2007),  

20(von Quillfeldt et al., 2003), 21(Raymond and Kim, 2012),  22(Mary, 1997),  23(Krembs et al., 2011), 24(Rousseau et al., 1994), 25(Whyte et al., 1998),  

26(Leventer et al., 2002),  27(De Sève, 1999),  28(Gil et al., 2015), 29(von Quillfeldt et al., 2003), 30(Jensen et al., 2004), 31(Colmenero-Hidalgo et al., 2002), 

32(Assmy et al., 2013), 33(Tremblay et al., 2002), 34(Kemp et al., 2006), 35(Daniels et al., 2014),  36(Lapointe, 2000), 37(Gusev et al., 2014). 
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D.2 List of species and their categorical traits from Chapter 4. 

  TRAITS CATEGORICAL CATEGORICAL 

    COLONIALITY INDIVIDUAL/COLONIAL GENERAL SHAPE 

Group Taxa Solitary Colony Sum 

Ribbon-

S Tube-S Star-S Cloud-S Sphere-S Needle-S Sum 

PRYMN Phaeocystis pouchetii 0.5 0.5 1.0   

  

0.5 0.5 

 

1.0 

DIAT Attheya septentrionalis 0.5 0.5 1.0   

   

1.0 

 

1.0 

DIAT Bacterosira bathyomphala/Melosira arctica   1.0 1.0   1.0 

    

1.0 

DIAT Chaetoceros atlanticus   1.0 1.0   1.0 

    

1.0 

DIAT Chaetoceros borealis   1.0 1.0   1.0 

    

1.0 

DIAT Chaetoceros convolutus   1.0 1.0   1.0 

    

1.0 

DIAT Chaetoceros densus   1.0 1.0   1.0 

    

1.0 

DIAT Chaetocetos concavicornis   1.0 1.0   1.0 

    

1.0 

DIAT Chaetoceros socialis (and others)   1.0 1.0   

  

1.0 

  

1.0 

DIAT Chaetoceros decipiens (and others)   1.0 1.0   1.0 

    

1.0 

DIAT Corethron criophilum 1.0 

 

1.0   

   

1.0 

 

1.0 

DIAT Coscinodiscus centralis/concinnus 1.0 

 

1.0   1.0 

    

1.0 

DIAT Cylindrotheca closterium 1.0 

 

1.0   

    

1.0 1.0 

DIAT Detonula confervaceae   1.0 1.0   1.0 

    

1.0 

SILICO Dictyocha speculum 1.0 

 

1.0   

   

1.0 

 

1.0 

DIAT Ephemera planamembranaceae 1.0 

 

1.0   

   

1.0 

 

1.0 

DIAT Eucampia groelandica   1.0 1.0   1.0 

    

1.0 

DIAT Fossula arctica   1.0 1.0 1.0 

     

1.0 

DIAT Fragilariopsis atlantica   1.0 1.0 1.0 

     

1.0 

DIAT Fragilariopsis cylindrus/oceanica/reginae   1.0 1.0 1.0 

     

1.0 

DIAT Leptocylindrus danicus/mediterraneus/minimum   1.0 1.0   1.0 

    

1.0 

DIAT Navicula granii   1.0 1.0 1.0 

     

1.0 

DIAT Navicula transitans/ transitans var dera 1.0 

 

1.0   

   

1.0 

 

1.0 

DIAT Navicula septentrionalis/Achnanthes taeniata   1.0 1.0 1.0 

     

1.0 

DIAT Navicula vanhoeffenii   1.0 1.0 1.0 

     

1.0 
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  TRAITS CATEGORICAL CATEGORICAL 

    COLONIALITY INDIVIDUAL/COLONIAL GENERAL SHAPE 

Group Taxa Solitary Colony Sum 

Ribbon-

S Tube-S Star-S Cloud-S Sphere-S Needle-S Sum 

DIAT Neodenticula seminae   1.0 1.0 1.0 

     

1.0 

DIAT Nitzchia frigida/Synedropsis hyperborea   1.0 1.0   

 

1.0 

   

1.0 

DIAT Porosira glacialis   1.0 1.0   1.0 

    

1.0 

DIAT Proboscia alata 0.5 0.5 1.0   

    

1 1.0 

DIAT Pseudo-nitzschia delicatissima/pseudodelicatissima 0.5 0.5 1.0   

    

1 1.0 

DIAT Pseudonitzschia granii 0.5 0.5 1.0   

  

0.5 

 

0.5 1.0 

DIAT Rhizosolenia hebetata f. semispina 0.5 0.5 1.0   

  

0.5 

 

0.5 1.0 

DIAT Skeletonema costatum   1.0 1.0   1.0 

    

1.0 

DIAT Thalassionema nitzschizoides   1.0 1.0   

 

1.0 

   

1.0 

DIAT Thalassiosira angulata   1.0 1.0   1.0 

    

1.0 

DIAT Thalassiosira antarctica   1.0 1.0   1.0 

    

1.0 

DIAT Thalassiosira bulbosa 0.5 0.5 1.0   1.0 

    

1.0 

DIAT Thalassiosira conferta   1.0 1.0   1.0 

    

1.0 

DIAT Thalassiosira constricta   1.0 1.0   1.0 

    

1.0 

DIAT Thalassiosira gravida   1.0 1.0   0.5 

 

0.5 

  

1.0 

DIAT Thalassiosira hyalina   1.0 1.0   1.0 

    

1.0 

DIAT Thalassiosira kushirensis 0.5 0.5 1.0   1.0 

    

1.0 

DIAT Thalassiosira nordenskioeldii   1.0 1.0   1.0 

    

1.0 

DIAT Thalassiosira punctigera   1.0 1.0   1.0 

    

1.0 

DIAT Thalassiotrix longissima 1.0 

 

1.0   

    

1.0 1.0 

COCCO Coccolithus pelagicus 1.0 

 

1.0   

   

1.0 

 

1.0 

COCCO Coccolithus pelagicus HOL 1.0 

 

1.0   

   

1.0 

 

1.0 

COCCO Calciopappus caudatus 1.0 

 

1.0   

   

1.0 

 

1.0 

COCCO Emiliana huxleyi 1.0 

 

1.0   

   

1.0 

 

1.0 

CHRYSO Meringosphaera mediterranea 1.0   1.0         1.0   1.0 
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Appendix E  

E.1 Examples of phytoplankton species from Arctic waters (plate 1) 
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E.2 Examples of phytoplankton species from Arctic waters (plate 2) 
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E.3 Examples of phytoplankton species from Arctic waters (plate 3) 
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E.4 Examples of phytoplankton species from Arctic waters (plate 4) 
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E.5 Examples of phytoplankton species from Atlantic waters (plate 5) 
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