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Abstract 

Marine phytoplankton are responsible for nearly 50% of all the primary productivity on 

Earth, and their response to climate change and anomalous climatic events impacts 

biogeochemical cycling. During the summer of 2019, the NE Pacific Ocean experienced a 

warming event that caused sea surface temperature anomalies of up to 4 °C. These types of 

events, called marine heatwaves (MHW), are becoming more common globally but their effects 

on pelagic primary producers are not yet well understood. In September 2018 and August-

September 2019, temperature, salinity, nutrient concentrations, primary producer biomass, and 

uptake rates of carbon (ρC) and nitrogen (ρNO3) were measured along the Line P transect in the 

NE Pacific. Additionally, in August-September 2019, nitrate (NO3) and silicon (Si) uptake 

kinetic experiments were performed at five Line P stations in addition to five stations on the west 

coast of Vancouver Island to assess potential physiological limitation in phytoplankton from NO3 

and Si. In 2019, temperatures in the euphotic zone along Line P were higher and the water 

column was more stratified at all stations than in 2018. Concentrations of dissolved NO3 and 

silicic acid (Si(OH)4) were anomalously low in 2019 and nutrient depletion extended 

approximately 500 km further offshore than in 2018. The Line P station closer to the shelf (P4) 

had a considerable reduction in chlorophyll-a (chl-a), biogenic silica (bSiO2) and the contribution 

of diatoms to the entire phytoplankton assemblage. From P4 to P20, the assemblage was 

dominated by small-celled phytoplankton (<5 um) in both years, but there was a relative increase 

in 2019. There were particularly unusual observations at the most oceanic station (P26) where 

the contribution of diatoms, concentrations of chl-a and bSiO2, and ρC, and ρNO3 were 

anomalously high in 2019 compared to regional averages. In 2019, the uptake of Si(OH)4 
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appeared to be substrate limited at the majority of stations while only station CS02 on the west 

coast of Vancouver Island appeared to have physiological limitation by NO3. Based on 

Michaelis-Menten uptake kinetics, half saturation constants (Km) ranged from 0.01-0.13 for NO3 

and 2.33-18.3 for Si(OH)4, suggesting that assemblages are less efficient at Si uptake than NO3 

uptake in the NE Pacific. Results from this study are consistent with observations from the other 

warming anomalies including the 2015 “blob” and the 1997/1998 ENSO event in the NE Pacific 

Ocean. The similarities observed during these ocean warming events suggest that phytoplankton 

in the NE subarctic Pacific may become increasingly susceptible to nutrient limitation, 

particularly from Si(OH)4, with increased stratification. Future investigations should focus on co-

limitation studies of Fe and Si(OH)4, uptake rates of regenerated nitrogen sources, timing of 

bloom onsets, total annual biomass and trophic interactions with zooplankton during MHW 

events.  
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Chapter 1: General Introduction 

1.1 A brief overview of phytoplankton physiology 

   

Most aspects of our lives are linked to primary productivity. Terrestrial, aquatic and 

marine autotrophs are responsible for the air we breathe, the materials we use to build our 

houses, and the food we eat; even the fuel that powers our cities, industries and cars is derived 

from their remains (Falkowski et al., 2003). Of these primary producers, marine phytoplankton 

are an integral and critical part of global systems, influencing the atmosphere, lithosphere, and 

biosphere and accounting for about 50% of the global oxygen production and carbon (C) uptake 

(Field et al., 1998). Primary production by phytoplankton is estimated to support nearly 50% of 

global population via fisheries production (Hollowed et al., 2013). Phytoplankton are comprised 

of about 20,000 described species in 8 phyla but among the more common groups are Diatoms 

(Bacillariophyceae), Dinoflagellates (Dinophyceae), Cyanobacteria (Cyanophyceae), 

Silicoflagellates (Dictyochales) and Coccolithophores (Coccolithophyceae). Within and among 

the groups, there are variations in growth rates, nutrient requirements, life cycles, ecosystem 

function, size and stoichiometric relationships (Bonachela et al., 2016; Falkowski, 1994).  

Like plants, all phytoplankton require a suite of basic nutrients and other inorganic 

constituents to grow, and may become limited if any of these essential nutrients become 

depleted. Liebig’s Law of Minimum can be applied to phytoplankton and states that growth will 

be limited by the nutrient that is most depleted in an ecosystem (Bristow et al., 2017) but this 

principle becomes more complex when we examine the functions and uptake mechanisms of 

these nutrients. Macronutrients such as carbon (C), nitrogen (N) and phosphate (PO4
3-) are 

required in relatively large quantities to build organic molecules while other micronutrients, such 
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as iron (Fe), zinc (Zn) and cadmium (Cd), are important for physiological processes related to C 

and N uptake (Baeyens et al., 2018) but are generally needed in trace amounts.  Fe, for example, 

is required for the synthesis of chlorophyll as well as multiple electron transport proteins 

involved in CO2 reduction (Street & Paytan, 2005). Sufficient concentrations of both micro and 

macronutrients are important for facilitating phytoplankton growth and need to be considered 

when addressing nutrient dynamics. In areas where micronutrients, such as Fe, do not limit 

growth, they often do not noticeably influence the chemistry and structure of phytoplankton 

blooms, and these assemblages are influenced more by the availability of macronutrients. When 

micronutrients are limiting, they often have a dramatic effect on physiological processes that 

influence the assemblage composition and rates of primary productivity (Greene et al., 2003; 

Hutchins & Bruland, 1998).  

When micro or macronutrients are limiting, or are present at very low concentrations, 

smaller celled phytoplankton tend to dominate the assemblages as they have a competitive 

advantage over large-celled phytoplankton under these conditions. Due to the larger surface area 

to volume ratio, small-celled phytoplankton can, on average, more efficiently acquire nutrients 

than larg- celled phytoplankton (Shuter, 1978; Hein et al., 1995). When assemblages are 

dominated by small picoplankton (<2 µm), the majority of nutrient regeneration and cycling 

happens within the microbial loop and energy transfer to higher trophic levels is lower (Finkel et 

al., 2010; Pomeroy, 1974). Picoplankton-dominated assemblages can also result in a weakening 

of C sequestration in deep waters via the biological pump (Finkel et al., 2010; Pomeroy, 1974). 

Decreasing body size has been proposed as a universal trend of global warming (Gardner et al., 

2011; Yvon-Durocher et al., 2011) and may result in smaller celled phytoplankton assemblages, 

due to competitive advantages of smaller species.  
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The requirement of C, N, and P is ubiquitous; all phytoplankton need them in order to 

grow. However, some phytoplankton have specific requirements for additional macronutrients. 

One of the most abundant groups, diatoms, require silicon (Si) to form their siliceous shells, 

called frustules. Diatoms take up Si from the surrounding water in the form of silicic acid 

(Si(OH)4) and deposit it in the form of biogenic silica or biogenic opal (bSiO2) (Kroger & 

Poulsen, 2008). Diatoms tend to dominate bSiO2 precipitation in the waters of marine 

ecosystems (Hildebrand, 2003; P. Tréguer et al., 1995) and therefore, examining marine bSiO2 

production and cycling can be used as a proxy to specifically investigate diatom processes and 

their contributions to an ecosystem. Since diatoms tend to be large and heavy, due to their SiO2 

frustules, the growth and proliferation of diatoms can lead to ecosystem effects such as higher C 

and Si export.     

Phytoplankton have complex photosynthetic systems that are influenced by temperature, 

pH and light availability. Two of the most important enzymes involved in photosynthesis are 

nitrate reductase (NR) which is important for the uptake of NO3 (Beevers & Hageman, 1969), 

and ribulose bisphosphate carboxylase-oxygenase (RuBisCO) which is responsible for CO2 

uptake (Wildman, 2002). The function of these two enzymes will impact the uptake and kinetic 

efficiency of phytoplankton assemblages. These enzymes have complex interactions with the 

environment and other physiological processes and can show a high level of diversity in the 

catalytic efficiency between phytoplankton groups (Coyne et al., 2021; Helbling et al., 2011; 

Lomas & Glibert, 2000; Young et al., 2016). While both enzymes have been observed to have 

increased activity with increasing temperature, they also compete with one another for reductant 

(electrons) created during photosynthesis. So, while a phytoplankton cell may be subjected to 

increased substrate and temperature, C or NO3 uptake (and growth) may still be light limited. 
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These varied physiological and biogeochemical interactions that influence phytoplankton 

productivity make it complicated to answer questions about how productivity will be impacted 

by environmental changes. Experimentation and observation should be used simultaneously 

along with a suite of ancillary measurements when attempting to understand changes in 

phytoplankton dynamics in global ocean systems.    

1.2 Diatoms in the subarctic northeast Pacific Ocean 

 

Diatoms are a successful and prolific group of phytoplankton that account for about 20% 

of the world’s primary productivity, link the biogeochemical cycles of C, N and Si, and dominate 

many high productivity ecosystems, such as the coastal Northeast (NE) Pacific Ocean and the 

Western subarctic Pacific (Malviya et al., 2016; Nelson David M. et al., 2012; Obayashi et al., 

2001; P. Tréguer et al., 1995; Tréguer & De La Rocha, 2013). Diatoms play an important role in 

global C export and sequestration as their large, heavy, mineral frustules sink relatively rapidly 

and can lend ballast to aggregations and fecal pellets (Allen et al., 2005; Baines et al., 2010; 

Ducklow et al., 2001; Kemp et al., 2000; Smetacek et al., 2012). Although they require relatively 

large amounts of Si to grow, they have been shown to exhibit extreme flexibility in their extent 

of silicification depending on their environment and nutrient availability (Baines et al., 2010; 

Hildebrand, 2003). Due to their significant contribution to marine food webs and the biological C 

pump, investigating diatom’s interactions with the environment is important to understand their 

ecosystem function on both local and global scales.  

The oceanic subarctic NE Pacific is considered a high-nutrient low-chlorophyll (HNLC) 

zone where diatoms are heavily limited by bioavailable Fe and tend to bloom only in late 

summer once microzooplankton grazing has decreased the numbers of small-celled 

phytoplankton which are able to outcompete diatoms for any Fe that is available (Zhang et al., 
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2021). It has been demonstrated that under Fe limitation, diatoms increase their cellular content 

of Si which leads to a higher export of Si out of the water column (Hutchins & Bruland, 1998; 

Mosseri et al., 2008; Takeda, 1998). While the exact mechanisms that cause this increase in 

silicification are still unknown, there has been evidence that both the cell specific uptake of Si 

and the half saturation constant may be affected by Fe (Huttchins et al., 1999; De La Rocha et 

al., 2000; Quéguiner, 2001). Additionally, in HNLC zones such as the subarctic NE Pacific, 

diatoms may even become co-limited by Fe and Si (Brzezinski et al., 2022; Dugdale et al., 1995) 

and should be termed high-nitrate low-silicate low-chlorophyll zones (HNLSLC). In these areas, 

the extent to which Si may limit diatom growth is important to investigate, particularly in the 

context of a changing ocean.  

1.3 Marine heatwaves  

 

As climate change progresses, ocean waters around the world are warming and becoming 

more stratified (IPCC, 2019). As part of this trend, there has been an increase in the frequency 

and severity of extreme climatic events such as marine heatwaves (MHW) (IPCC, 2012). MHWs 

are a phenomenon defined as an anomalously warm event where high temperatures last for more 

than five days and are within the 90th percentile of the 30-year climatic average for the region 

(Hobday et al., 2016). Devastating ecological effects of MHWs have been observed around the 

world, including in the Mediterranean Sea (Garrabou et al., 2009; Marbà & Duarte, 2010), 

Australia (Benthuysen et al., 2014; Wernberg et al., 2013) and the North Atlantic (Mills et al., 

2013). In the last decade, the NE Pacific has experienced MHW events in 2013-2015 and in 2019 

(Chen et al., 2021; Di Lorenzo & Mantua, 2016). While physical drivers of these MHWs, as well 

as their effects on coastal ecosystems, have been investigated in several previous studies (Amaya 

et al., 2020; Di Lorenzo & Mantua, 2016; Nielsen et al., 2021; Ross et al., 2021; Wyatt et al., 

https://www.sciencedirect.com/science/article/pii/S0967064508000301#bib68
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2022), there is little research about how phytoplankton may be affected. Due to the taxonomical, 

physiological and functional diversity of phytoplankton, it is very difficult to represent them in 

ecosystem models and predict how extreme environmental events may affect them (D’Alelio et 

al., 2016). In situ measurements of nutrient concentrations, phytoplankton biomass and 

taxonomy, and pelagic primary productivity during these MHW events are crucial to our 

understanding of how phytoplankton assemblages and their production may shift with future 

climatic changes.  

Since the 1950s recurring marine heatwave (MHW) events have been observed in the NE 

Pacific (Xu et al., 2021). While these events are not unprecedented, the frequency, duration and 

amplitude of these warming events may be increasing (Xu et al., 2021). Two major MHW events 

have been recorded in the last decade in the subarctic NE Pacific. In the winter of 2013/2014 

warm water masses began to develop in the subarctic Pacific in the path of the North Pacific 

current (Di Lorenzo & Mantua, 2016). The warm water spread over the Gulf of Alaska and 

record-breaking sea-surface temperatures (SST) were recorded in the NE Pacific where the 

anomalies were as high as 4° C (Di Lorenzo & Mantua, 2016; Peña et al., 2019). The warm 

conditions persisted into the spring of 2015 causing devastating ecological effects, particularly in 

coastal ecosystems where the physiological stress on animals and plants resulted in failed 

spawning, and high mortality rates (Bond et al., 2015; Cheung & Frölicher, 2020; Di Lorenzo & 

Mantua, 2016). This event has since been named “the blob”.  

The 2015 blob was caused by lower than normal heat loss from the surface waters of the 

NE Pacific primarily due to atmospheric forcing. Development of an El Niño in 2014/2015 

coupled with changes in the Aleutian Low system caused a decrease in the speed of subtropical 

North-Easterly trade winds. A decrease in NE-W wind activity causes lower than normal heat 
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loss from the surface ocean, decreases in mixing, and lower evaporation caused by wind activity 

(Amaya et al., 2020). This atmospheric event is usually a precursor to strong El Niño conditions 

and can further increase SST in a feedback loop. Evidence of this was seen in sea level pressure 

(SLP) during this time that appeared to follow patterns of the North Pacific Gyre Oscillation 

(NPGO) and Pacific Decadal Oscillation (PDO) that often lead to increased ocean temperatures 

(Bond et al., 2015; Di Lorenzo & Mantua, 2016).  

In the summer of 2019, observations of SST and SLP suggested the resurgence of blob-

like conditions in the subarctic NE Pacific (Amaya et al., 2020; Chen et al., 2021). An 

atmospheric ridge developed that weakened the Aleutian Low and associated north-easterly 

winds. The effects was a decrease in both Ekman transport of cold waters from higher latitudes 

and surface ocean mixing (Amaya et al., 2020; Bond et al., 2015). Additionally, during 2019, 

low-altitude cloud fraction was anomalously low for the region which would also increase the 

insolation received in the surface ocean (Amaya et al., 2020). Once again, SST and SLP 

anomalies were observed as another marine heatwave began to develop. The 2019 marine 

heatwave is characterized as a 4-peak heatwave with the first temperature anomaly peak 

occurring in November 2019, although anomalies began much earlier in the year (Chen et al., 

2021). During the summer of 2019, temperatures began to increase, resulting in temperature 

anomalies up to 4 °C in the NE Pacific (Amaya et al., 2020). While the 2019 MHW seemed to 

develop in much the same way as the blob, some researchers noted that the ecosystem effects 

were not nearly as devastating in coastal areas (Ross et al., 2021). However, there has not been 

significant comparison of the effects on phytoplankton dynamics and assemblages as of yet.  
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1.4 The subarctic Northeast Pacific Ocean: study site 

 

The studies presented in this thesis took place in the subarctic NE Pacific Ocean during 

the summer of 2018 and the summer of 2019 in two oceanographic locations; along a transect 

that runs from SW corner of Vancouver Island to the Alaskan Gyre (Line P program), and along 

the western coast of Vancouver Island (La Perouse program). In the subarctic NE Pacific, the 

North Pacific or Subarctic Current flows eastward and bifurcates at approximately the latitude of 

southern Vancouver Island to become the Alaskan Current (flowing northward) and the 

California Current (flowing southward). These major currents, and several associated smaller 

currents dictate most of the physical and chemical oceanography in the region. The Line P 

transect consists of 26 main oceanographic stations running from the mouth of the Juan de Fuca 

Strait, off the Coast of Vancouver Island (P1), to Ocean Station Papa (Stn. P or P26) in the Gulf 

of Alaska (50°N and 145°W) (Freeland, 2007). Station P26 and many of the other offshore 

stations are considered to be within the Alaska Gyre (AG) system (Figure 1.1). The AG is 

bounded by the Alaska Current in the east, the Alaskan Stream in the north and west, and by the 

Subarctic Current to the south (Thomson, 1981).  
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Figure 1.1. Major currents in the subarctic Northeast Pacific and along Vancouver Island (inset). 

Stations that were sampled during this study along Line P and the west Coast of Vancouver 

Island are indicated with black circles. In the inset, the currents displayed are the Vancouver 

Island Coastal Current (VICC) and the Shelf-break Current (SBC).  

The AG is highly influenced by local atmospheric forcing. A persistent low pressure 

system, the Aleutian Low, dominates the area in the winter (building in intensity from about 

August to January). This low pressure system can lead to both upwelling within the gyre, 

supplying nutrient-rich waters to the surface, and downwelling in some areas along the North 

American coastline (Crawford & Thomson, 1991; Gargett, 1991; Thomson, 1981). Additionally, 

surface runoff in coastal regions and high levels of precipitation in the NE Pacific as a whole 

result in low surface salinities, a shallow mixed layer, and a shallow well-stratified halocline 

within the gyre (Tabata, 1975). These conditions can provide the stability that favours an 

increase in primary productivity, however, limitation from Fe (Martin & Fitzwater, 1988), 
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coupled with high grazing by zooplankton (P. Boyd et al., 1996; Frost, 1991), result in overall 

low biomass along most of the offshore portion of the transect (Varela and Harrison 1999, 

Harrison et al., 1999, Peña & Varela, 2007). Due to  Fe limitation, the Subarctic NE Pacific is 

considered a high-nitrate low-chlorophyll (HNLC) zone where primary producer biomass during 

the growing season is lower than expected based on nitrate (NO3) concentrations. Diatom 

limitation from Si(OH)4 has also been sporadically observed in the gyre (Dugdale & Wilkerson, 

1998; Whitney et al., 2005).  

There is a strong gradient in chl-a, density, salinity and nutrient concentrations along the 

Line P transect (Cullen et al., 2009; Ribalet et al., 2010; Roche et al., 1996; Whitney et al., 1998; 

Wyatt et al., 2022). Stations at the beginning of the transect (near-shore of P4) are located on or 

very close to the Vancouver Island shelf and are more influenced by coastal processes. Moving 

seaward, off the shelf (P4-P12), there is an annually persistent zone where Fe-poor, NO3-rich 

open-ocean water mixes with Fe-rich, nitrate-poor coastal water (Ribalet et al., 2010). This 

mixing zone of NO3 and Fe often leads to growth of small-celled phytoplankton communities 

(Ribalet et al., 2010) seaward of P4. Seaward of P12, there is a decrease in primary producer 

biomass and productivity, since phytoplankton become more Fe limited (Roche et al., 1996). 

From ~P16 onward, Fe is primarily delivered to the stations by atmospheric deposition (Bishop 

et al., 2002; Hamme et al., 2010) and by nearshore originating mesoscale eddies that can 

sometimes entrain  Fe-rich waters and deliver them to offshore systems (Batten & Crawford, 

2005; Brown et al., 2012; Cullen et al., 2009; Lippiatt et al., 2011). These eddies fertilize 

sections of the NE Pacific NO3-rich low-Fe open ocean and can, at times, promote higher 

productivity in offshore environments. However, even with occasional fertilization, stations 
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seaward of P4 are characterized as having small-cell dominated ecosystems with generally low 

biomass (Harrison et al., 1999; Peña & Varela, 2007; Varela & Harrison, 1999a).  

The southwest coast of Vancouver Island represents the widest part of the western 

Canadian continental shelf (Crawford & Thomson, 1991). Along the inner shelf, close to the 

shore there are several dominant deep and surface currents which have seasonal fluctuations, but 

result in a sustained year-round northward flow (Crawford & Thomson, 1991). Strong bottom 

currents (~80-100 m depth) flow north/northwest, parallel to the shore, and are part of the 

northward flowing Davidson Current (or California Undercurrent) (Crawford & Thomson, 

1991). There is also a buoyant, surface current, the Vancouver Island Coastal Current (VICC), 

that runs northward, hugging the coast of southern Vancouver Island (Freeland et al., 1984; 

Ianson et al., 2003) (Figure 1.1). This current is the result of significant freshwater input from the 

Juan de Fuca Strait, that creates a horizontal pressure gradient and is influenced by Coriolis 

forces in such a way that results in a northward flow (Ianson et al., 2003). Overall, these 

northward flowing waters, originating from surface runoff, are macronutrient and Fe-rich, and 

are important for fueling productivity along the coast of Vancouver Island. In addition to these 

prevailing currents, coastal eddies in the summer can have a significant effect on the productivity 

and surface mixing on the coast by keeping plankton entrained, close to the surface, and by 

further mixing nutrients into the surface waters (Crawford & Thomson, 1991).  

Slightly offshore, along the shelf break, there is a strong surface current (upper ~300 m) 

which flows southward in the summer and facilitates coastal upwelling in this region (Freeland et 

al., 1984; Ianson et al., 2003). This “shelf-break” current is driven mainly by the prevailing 

southward winds in the area, which are associated with the North Pacific High pressure system 

that dominates in the summer (Figure 1.1). The cold, upwelled, nutrient-rich waters mix with 
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nutrient and  Fe-rich waters from coastal runoff (Cullen et al., 2009; Ribalet et al., 2010) to 

create perfect conditions for primary producers. Additionally, the wide shelf around Vancouver 

Island may also facilitate productivity by keeping phytoplankton entrained, and giving blooms 

time to develop (Hickey & Banas, 2008). These conditions facilitate highly productive 

ecosystems dominated by large-celled phytoplankton, such as diatoms (Taylor & Haigh, 1996; 

Harris et al 2009). These coastal stations are also highly influenced by the winter downwelling 

and summer upwelling that occurs along the Vancouver Island coast (Ianason et al., 2003; 

Franco et al., 2021). These large scale processes are instrumental in dissolved nutrient delivery to 

the euphotic zone, deep water ventilation, and mixing of the surface waters.  

The productive, diatom-dominated systems of coastal Vancouver Island are in contrast to 

the Line P transect where primary producers are heavily Fe-limited and under high levels of 

grazing by microzooplankton. During an extreme event such as a MHW, these systems may be 

affected very differently due to the differences in physical, chemical and biological 

oceanographic characteristics. For complex and variable oceanographic zones such as the BC 

continental margin, spatial and temporal comparisons are both essential to generate a complete 

picture of ways that systems may shift and how localized changes can influence the overall 

productivity of the larger system.  

1.5 Thesis objectives and organization 

 

To better understand how phytoplankton will be impacted by future climate changes there 

are two useful avenues of research to be investigated. Firstly, the comparison of data collected 

during MHW events to long running time series will be the most effective way to assess changes 

in these systems. However, comparison on shorter timescales (year to year) may also be useful to 
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recognize more instantaneous changes that may occur while other climate factors are the same. 

Comparisons to past MHW events or warming periods will be useful here as well. Secondly, the 

use of novel or under-used methods to assess productivity and physiology of the assemblage 

during MHWs will be important for understanding the mechanisms that may link changes in 

environment to changes in productivity or assemblage structure. The goal of this thesis is to 

examine potential impacts of the 2019 Pacific MHW on phytoplankton biomass and dynamics by 

comparison to past warming events and by examining phytoplankton dynamics from summers 

preceding and during a MHW.  

Chapter 2 of this thesis examines the differences in primary productivity and biomass, 

nutrient concentrations and physical water properties throughout the euphotic zone along the 

Line P transect between a pre-MHW summer (2018) and a summer during a MHW (2019). This 

chapter uses data collected at the five major Line P stations as well as supplementary rosette and 

CTD data from all stations along the transect provided publicly by the Department of Fisheries 

and Oceans.  

Chapter 3 presents a spatial study of nitrate (ρNO3) and Si (ρSi) uptake kinetics during 

the 2019 MHW and examines the extent of nutrient limitation that may occur during these 

extreme events. This chapter presents data from a wider spatial study area that includes five 

oceanographic stations along the western coast of Vancouver Island in addition to the major Line 

P stations. This chapter focuses on measurements from the mixed layer alone and comparison of 

spatial differences in the NE Pacific during the 2019 MHW.  

Chapter 4 provides general conclusions, based on data from chapters 2 and 3, concerning 

how pelagic primary producers are impacted by MHW events in the NE Pacific and suggests 

potential avenues for future research.  
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Chapter 2: Impacts of the 2019 Pacific marine heatwave on 

phytoplankton production in the subarctic northeast Pacific. 

2.1 Introduction  

The Line P program is one of the oldest and most well-established long term 

oceanographic monitoring programs (Freeland, 2007). The Line P transect runs from the west 

coast of Vancouver Island to P26 in the Alaskan Gyre, along the way passing through natural 

gradients in nutrients, temperature, salinity, and water column stability (Whitney et al., 1998; 

Whitney & Freeland, 1999) that lead to varying levels of primary production and biomass 

(Obayashi et al., 2001; Peña & Varela, 2007; Varela & Harrison, 1999). While near-shelf of P4, 

there can be high rates of productivity fueled by large-celled diatoms, the majority of the stations 

are characterized by small-celled assemblages and low primary productivity due to Fe limitation 

(Peña & Varela, 2007; Roche et al., 1996; Varela & Harrison, 1999). While some near-shore 

stations may become macronutrient limited in late summer, productivity along the oceanic part 

of the transect is mainly controlled by supply of Fe, grazing by microzooplankton, and light 

availability (Landry et al., 1993; Peña & Varela, 2007; Roche et al., 1996; Varela & Harrison, 

1999; Whitney & Freeland, 1999). Most macronutrients do not usually fall below limiting 

concentrations due do abundant wind-fueled mixing and lower biological drawdown (Boyd et al., 

1996; Martin & Fitzwater, 1988; Whitney & Freeland, 1999).    

In 2019, the NE Pacific experienced a four-peak MHW that resulted in temperature 

anomalies of up to 4 °C (Amaya et al., 2020; Chen et al., 2021). MHW events such as this one 

are becoming more frequent as climate change progresses (Barkhordarian et al., 2022; Oliver et 

al., 2019; Ross et al., 2021) and their impacts on primary producers will be important to address 
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to understand the potential changes that may occur in these large marine systems. Often, MHWs 

are triggered by a decrease in wind activity that leads to warmer and more stratified water 

columns and a resulting decrease in nutrients delivered to the euphotic zone (Amaya et al., 2020; 

Barkhordarian et al., 2022; Bond et al., 2015; Di Lorenzo & Mantua, 2016). In large areas of the 

ocean, where nutrients are usually replete, these decreases in available nutrients during MHWs 

will impact primary producers. Globally, there have been many proposed effects of warming 

oceans including reduction in average phytoplankton cell size, decrease in overall primary 

productivity, increase in regenerated primary productivity, decreased in dissolved nutrient 

concentrations, and changes in seasonal timing of plankton production (Laffoley & Baxter, 

2016). However, locally, these effects are important and may vary depending on the 

oceanographic setting and the ecological interactions of the native species.   

In September of 2018 and August of 2019, physical properties of the water column, 

dissolved nutrients, primary producer biomass, and rates of productivity were measured along 

Line P to examine the differences during a pre-MHW summer (2018) and a MHW summer 

(2019). Comparisons are also made to historical MHWs to understand possible effects of 

increased ocean warming in the Subarctic NE Pacific.  

2.2 Materials and Methods 

2.2.1 Sampling and hydrography 

 

Sampling during September 2018 and August 2019 was conducted aboard the CCGS 

John P Tully using a conventional rosette system equipped with 24 ten-litre Niskin bottles and a 

SeaBird SBE 911-Plus conductivity, temperature, depth (CTD) probe equipped with 
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photosynthetically active radiation (PAR) and oxygen sensors. Sampling was conducted at five 

major stations along the transect (Table 2.1; Figure 1.1).  

Table 2.1. Names, locations, sampling dates and physical characteristics for Line P stations 

sampled in September 2018 and August 2019.  

Station Latitude Longitude Date Sampled 
Bottom 

Depth 

Chl-a 

Max 

Depth  

Mixed 

Layer 

Depth 

  

 N W DD-MM-YY m 
m m   

P4 48.65 126.67 

14-09-18 

1300 

15 16   

16-08-19 
37 19   

P12 48.97 130.67 

15-09-18 

3300 

5 43   

17-08-19 
39 18   

P16 49.28 134.67 

16-09-18 

3550 

40* 26   

19-08-19 
34 21   

P20 49.57 138.67 

18-09-18 

3890 

25* 28   

20-08-19 
39 23   

P26 50.00 145.00 

21-09-18 

4300 

5* 33   

24-08-19 
35 29   

* indicates stations that had approximately uniform chl-a concentrations throughout the mixed layer.  

 

During the 2018 cruise, six “light” depths were sampled within the euphotic zone 

corresponding to 100, 50, 30, 15, 1 and 0.1% of the surface PAR.During the 2019 cruise, 

samples were only taken from the 50% light depth and the chlorophyll-a (chl-a) maximum. The 

50% depth usually corresponded to about 5 m below the surface, and was representative of 
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phytoplankton assemblages in the mixed layer. The chl-a max depth was normally between 1-

15% light depths. All sampling depths are included in Appendix I (Table A1).  

All receiving containers and bottles were acid cleaned and rinsed three times with seawater prior 

to filling from the Niskin bottles. Seawater samples were processed immediately after collection 

and stored properly until analysis after the cruise.  

For this study, the measurements of salinity, temperature, density Sigma-t (σt), pressure/depth, 

and PAR were obtained from the CTD. The mixed layer depth (MLD) was defined as the depth 

at which the difference in σt (kg m-3) was ≥ 0.125 in comparison to the surface value (Levitus et 

al., 1982).  

2.2.2 Dissolved nutrient concentrations 

 

At each depth, in both 2018 and 2019, seawater samples were collected for NO3
-, PO4

3-, 

and Si(OH)4 concentrations. For NO3
- and PO4

3-, triplicate water samples (15 mL) were syringe-

filtered through a combusted 0.7 µm (nominal porosity) glass-fibre filter into acid washed, 15-

mL polypropylene centrifuge tubes and immediately frozen at -20 ˚C until analysis back in the 

UVic laboratory. Samples for Si(OH)4 were syringe filtered through a 0.6 µm polycarbonate 

filter into acid washed, 15-mL polypropylene centrifuge tubes and stored at 4 ˚C until analysis at 

UVic. Concentrations of NO3
- and PO4

3- were determined using an Astoria Nutrient 

Autoanalyzer (Astori-Pacific, OR, USA) following the methodology outlined by Barwell-Clarke 

& Whitney (1996). Concentrations of Si(OH)4 were determined using the manual molybdate 

blue colorimetric method described by Brzezinski & Nelson (1986). The limits of detection 

(LoD) for NO3
-, PO4

3-, and Si(OH)4 were 0.1, 0.03, and 0.3 µM respectively.  

In 2018, additional samples were collected for the measurement of dissolved ammonium (NH4
+) 

and dissolved urea. Triplicate samples (50 mL) for analysis of urea were syringe filtered through 
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a combusted 0.7 µm (nominal porosity) glass-fibre filter into acid washed, 50-mL polypropylene 

centrifuge tubes and immediately frozen until analysis at UVic. Urea samples were analyzed 

colorimetrically following the diacetylmonoxime procedure (Mulvenna & Savidge, 1992). For 

the measurement of NH4
+, triplicate seawater samples were collected directly into 50 mL glass 

culture tubes and analyzed immediately on the ship following the fluorometric method set forth 

by Holmes et al. (1999). Dissolved urea and ammonium data are presented in Appendix I.  

2.2.3 Chlorophyll-a concentrations 

 

In 2018 and 2019, seawater samples for total chl-a analysis (250-500 mL) were gently vacuum 

filtered onto 0.7 µm (nominal porosity) glass-fiber filters, placed in foil envelopes and stored, in 

the dark at -20˚C until analysis at UVic. Chl-a concentrations were determined using the acetone 

extraction and acidification method (Strickland & Parsons, 1972; Yentsch & Menzel, 1963).  

Fluorescence of the acetone solution containing the extracted chl-a was measured before and 

after acidification with 1.2 N hydrochloric acid on a Turner 10-AU fluorometer. The 

concentrations of total chl-a were calculated from the measurements made before (Fo) and after 

(Fa) acidification using equation (1). The coefficient (τ) of equation (2.1) was derived from a 

calibration of the Turner 10-AU fluorometer with known pure chl-a standards from Anacystis 

nidulans. 

Chl − a (µ𝑔𝐿−1) =
τ

τ−1
∗ (Fo − Fa ) ∗ 0.814 ∗ (

Vol.Acetone extracted

Vol.Seawater filtered
)       (2.1) 

Samples were always extracted into 10 mL acetone (Vol. Acetone extracted) and working 

coefficients were τ= 2.038 in 2018 and 1.998 in 2019.  

For the measurement of size-fractionated chl-a, separate seawater samples of 250-500 mL 

were filtered consecutively through a 20 µm polycarbonate membrane filter, a 5 µm 
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polycarbonate membrane filter and then through a 0.7 µm (nominal porosity) glass fibre filter. 

All three filters were stored at -20° C until analysis at UVic. Samples were analyzed following 

the same procedure as total chl-a. In this thesis, results from the >20 µm size fraction and the 20-

5 µm size fraction were combined and presented as one >5 µm size fraction. Individual data 

from the size fractions are presented in Appendix I (Table A3).  

2.2.4 Biogenic silica concentrations 

 

In 2018 and 2019, triplicate seawater samples for the measurement of bSiO2 (0.5-1 L) 

were gently vacuum filtered onto 0.6 µm polycarbonate membrane filters. Filters were folded, 

placed in foil envelopes, and stored at -20° C until analysis at UVic. At UVic, filters were placed 

in 15 mL polycarbonate centrifuge tubes and dried for 48 hours at 60° C. Material on filters was 

digested with 4 mL of 0.2 M NaOH for 30-45 min in a water bath at 95 ˚C (Brzezinski & Nelson, 

1995). After digestion, samples were neutralized with 0.1 N HCl and cooled rapidly in an ice 

bath. Samples were centrifuged to separate out undigested lithogenic SiO2, and colorimetric 

analysis of bSiO2 was performed on the supernatant. The transmittance of the samples, standards, 

and reverse-order reagent blanks were read at 820 nm using a Beckman DU 530 ultraviolet-

visible (UV/Vis) spectrophotometer (Brzezinski & Nelson, 1989, 1995).  

2.2.5 Particulate carbon and nitrogen concentrations 

 

In 2018 and 2019, measurements for particulate carbon (PC) and nitrogen (PN) were 

obtained from samples incubated for nitrate (ρNO3) and carbon (ρC) uptake rates (see section 

2.2.6 below). Therefore, the particulate measurements presented here are from after the 24-h 

incubation period but ambient particulate C and N concentrations can be back-calculated by 

subtracting the total uptake of C or NO3 from the corresponding particulate value. The 
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differences between after-incubation PC and PN data and back-calculated ambient values were 

not significantly different (<9 %) than the measurement error for PC (CV=4.13%) and PN 

(CV=8.1%).  

2.2.6 Carbon and nitrogen uptake rates 

In 2018 and 2019, seawater from each depth was collected into acid washed, clear, 1 L 

polycarbonate bottles. To each of the bottles, stable isotopic tracers of Na15NO3 (98+% 15N 

purity, Cambridge Isotope Laboratories) and NaH13CO3 (99% 13C purity, Cambridge Isotope 

Laboratories) were added to achieve approximately 10% of ambient NO3 and dissolved inorganic 

carbon (DIC) concentrations (or limit of detection). Bottles were placed in a shipboard incubator 

with seawater flow to maintain constant surface seawater temperature. The incubator was 

equipped with acrylic tubes wrapped in neutral density, coloured photo-film that achieved the 

same light quantity and quality from where the samples were collected. The 1-L sample bottles 

were placed into the appropriate light-depth tube and incubated for 24 hr. After incubation, 

samples were gently vacuum filtered directly onto combusted 0.7 (nominal porosity) glass fiber 

filters and stored at -20 °C until processing at UVic. One additional 1 L sample was collected 

from each station and was used as the “blank” sample. This sample was also spiked with stable 

isotopic tracers to achieve 10% ambient NO3
- and DIC but was not incubated and was 

immediately filtered after addition. The “blank” samples provided natural isotopic values of 13C 

and 15N used in the calculation of uptake rates.  

At UVic, all samples were dried at 60 °C for 48 h and packed into foil pellet for analysis 

at the Stable Isotope Facility at University of California Davis. Analyses were performed for 13C 

and 15N enrichment, and total C and N content by continuous flow isotope ratio mass 

spectrometry and elemental analysis, respectively. To perform these analyses, UC Davis uses 
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either an Elementar Vario EL Cube or a Micro Cube elemental analyzer (Elementar 

Analysensysteme GmbH, Hanau, Germany) interfaced to either a PDZ Europa 20-20 isotope 

ratio mass spectrometer (Sercon Ltd., Cheshire, UK) or an Isoprime VisION IRMS (Elementar 

UK Ltd, Cheadle, UK). NO3 uptake (ρNO3) rates were calculated using equations (3) and (6) of 

Dugdale & Wilkerson (1986). C uptake (ρC) rates were calculated using equation (6) of Hama et 

al. (1983).  

In 2018, additional experiments were conducted to measure ammonium (ρNH4
+) and urea 

nitrogen (ρUrea-N -N) uptake at the 5 major stations along Line P. Sample collection and 

incubation for all six light-depths was conducted following the same procedures as ρNO3
- but 

bottles were spiked with either 15NH4
+ (15NH4Cl, 99+% 15N purity, Cambridge Isotope 

Laboratories) or 15N-Urea (CH4
15N2O, 98+% 15N purity, Cambridge Isotope Laboratories). 

Samples were spiked with an aliquot of either isotope to achieve 10% atom enrichment or the 

limit of detection (approximately 0.1 µM when ambient values were at or below the limit of 

detection). Samples for ρNH4
+ and ρUrea-N were filtered and processed following the same 

procedure outlined for ρNO3
- and samples were sent to UC Davis for analysis using isotope ratio 

mass spectrometry. Full data for ρNH4
+ and ρUrea-N are included in Appendix I (Table A4) but 

not discussed in this chapter.  

The f-ratio represents the proportion of primary production that was derived from NO3
- (i.e. new 

productivity) and was calculated differently in 2018 and 2019. In 2018, the measurements of 

ρNH4 and ρUrea-N allowed for the calculation of the f-ratio based on all N forms following 

equation (2.2): 

f-ratio = ρNO3 / (ρNO3
-
 + ρNH4

+ +ρUrea-N )          (2.2) 
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In 2019, because ρNH4
+ and ρUrea-N were not measured, the f-ratio was calculated using only 

ρNO3 and ρC following equation (2.3): 

f-ratio = (ρNO3 * C:N) / ρC                                    (2.3) 

Where C:N represents the particulate C to N ratio measured for each sample (not Redfield). For 

both 2018 and 2019, f-ratios were calculated using the depth-integrated uptake rates and 

therefore only one value was available for each station.   

2.3 Results 

Here I present a comparison of water-column physical characteristics, and phytoplankton 

and nutrient data for the different stations between the 2018 pre-MHW year and the 2019 MHW 

year. Samples were collected from the five main stations along Line P: P4, P12, P16, P20, and 

P26. However, for temperature, salinity, and dissolved nutrients additional publicly available 

data from the Department of Fisheries and Oceans Institute of Ocean Sciences are combined with 

data collected for this thesis to provide a more complete picture of water column characteristics 

throughout the entire Line P transect from P1 to P26.  

In the results section, both PC and ρC are presented in units of µg to facilitate easier literature 

comparison. Both parameters are also presented in terms of µmol in Appendix I (Table A4).  

2.3.1 Temperature and salinity 

 

The mixed layer depth (MLD) along Line P was much less variable between stations in 

2019 than in 2018 (Table 2.1). The average MLD for Line P was 29 ± 9.7 m in 2018 and 22 ± 

3.8 m in 2019. In 2018, mixed layer temperatures were between ~12-16.6 °C for the entire 

transect and followed a general longitudinal trend of lower temperatures at P4, increasing 

temperatures toward P12 where the maximum was observed, followed by decreasing 
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temperatures between ~P16-P26 (Figure 2.1). The highest temperature was recorded at the 

surface of P12, at 16.6 °C. Over the entire transect, salinity was between 32.25-33.75 PSU in the 

upper 200 m (Figure 2.1).  

During 2019, temperatures in the mixed layer were generally higher than in 2018 and the 

maximum temperature, 17.9 °C, was recorded at P4, rather than at P12 as in 2018. In 2019, the 

maximum temperatures within the mixed layer were higher than 2018 at all stations (Figure 2.1 

A, B). Additionally, in 2019, landward of P12, lower salinity was measured in the upper ~100 m 

when compared to 2018 (Figure 2.1).  
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Figure 2.1. Temperature of the upper water column (0-200 m) of the Line P transect in A) 2018 

and B) 2019 and salinity over the same range in C) 2018 and D) 2019. Full transect data was 

obtained from The Department of Fisheries and Ocean’s Institute of Ocean Sciences Line P 

Time-Series. Black dots represent sampling depths from the CTD, colour shading and contours 

are linearly interpolated between samples. Black bars on the top of each panel represent major 

Line P stations, from right to left, P4, P12, P16, P20, and P26. 
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2.3.2 Dissolved nutrient concentrations 

 

Dissolved nutrient data collected as part of this study (at the five major stations) is 

presented along with surface dissolved nutrient data from all Line P stations and two additional 

stations P2 and P8, to provide a more complete dataset.  

In 2018, [NO3
-] in the mixed layer were above the LoD (0.1 µM) for the majority of Line 

P stations, ranging from 0.1-15.5 µM. There was a pronounced shallow (0-20 m) zone of low 

[NO3
-] (0.1-1 uM) from P4-P16 with NO3

- increasing again after P16 to a maximum surface 

value of 8 µM at P26 (Figure 2.2 A). [NO3
-] were the lowest at P12 and P16 where [NO3

-] were 

<0.1 µM from the surface to ~20 m.  

In 2019, surface (0-5 m) [NO3
-] was below the limit of detection (0.1 µM) at all stations 

along Line P except P26 where NO3 reached 0.98 µM (Figure 2.2). Similar to 2018, there was a 

shallow zone (0-20 m) of very low [NO3
-] (0.1-1 µM) observed in 2019. However, in 2019, this 

zone had a much farther longitudinal extent, running the entire length of the transect (Figure 2.2).  
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Figure 2.2. Ambient dissolved nitrate (NO3
-) concentrations in the upper 200 m along the Line P 

transect in A) 2018 and B) 2019. Colour shading and contours represent [NO3
-]. Date presented 

in this figure is a combination of data collected for this thesis from the 5 major stations, and data 

obtained from the Department of Fisheries and Oceans database (Government of Canada, 2019). 

Black bars on the top of each panel represent major Line P stations, from right to left, P4, P12, 

P16, P20, and P26. 

In 2018, dissolved silicon ([Si(OH)4]) in the euphotic zone followed a similar pattern of 

distribution to [NO3
-] (Figure 2.3 A). [Si(OH)4] were higher (8-16 µM) at P4, decreased at P12 

and P16 (<0.3-3 µM) and increased again towards P20 and P26 (5-18 µM). The lowest [Si(OH)4] 

(<0.3 µM) was measured in the surface (0-20 m) at P16 while the highest [Si(OH)4] was 

measured below the MLD at 80 m at P26 (18 µM). At all stations except P16, euphotic zone 

[Si(OH)4] were above the LoD (0.3 µM). In 2019, [Si(OH)4] in the mixed layer was low (0.3-

1.23 µM) for the majority of the Line P transect. P4, and P12 had low but detectable [Si(OH)4] in 
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the mixed layer at 1.23 and 0.48 µM, respectively. [Si(OH)4] in the mixed layer were below the 

LoD (0.3 µM) at P16 and P20 (Figure 2.3 B). The highest mixed layer [Si(OH)4] was measured 

at P26 (7.7 µM). Overall, [Si(OH)4] in the mixed layer were lower at all stations in 2019 than in 

2018. Longitudinally, the zone of lowest [Si(OH)4] was centered around P16 in 2018 while in 

2019 the zone of low [Si(OH)4] extended from P4-P20.  

 

Figure 2.3. Ambient silicic acid (Si(OH)4) concentrations in the upper 200 m along the Line P 

transect in A) 2018 and B) 2019. Colour shading and contours represent [Si(OH)4]. Data 

presented in this figure are a combination of data collected for this thesis from the 5 major 

stations, and data obtained from the Department of Fisheries and Oceans database (Government 

of Canada, 2019). Black bars on the top of each panel represent major Line P stations, from right 

to left, P4, P12, P16, P20, and P26. 
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In 2018, dissolved phosphate ([PO4
3+]) in the mixed layer was above the LoD (0.03 µM) 

for all stations measured (Figure 2.4 A). [PO4
3+] in the mixed layer followed almost the same 

longitudnal pattern as [NO3
-] over the transect; [PO4

3+] was higher at P4 (0.42 µM), decreased 

slightly at P12 and P16 (0.33 and 0.38 µM respectively), and then increased towards P20 (0.74 

µM) with the highest mixed layer value measured at P26 (0.87 µM).  

In 2019, [PO4] also had a similar distribution to the other dissolved nutrients but showed 

much less longitudinal variation (Figure 2.4 B). All stations had detectable [PO4] in the mixed 

layer but there was a shallow (0-20 m) zone of low [PO4] (0.23-0.39 µM) that extended the entire 

length of the transect (Figure 2.4). The highest mixed layer [PO4] was measured at P26 (0.39 

µM) and the lowest [PO4] was at P20 (0.23 µM). Overall, [PO4] were lower in 2019 when 

compared to 2018. The highest mixed layer [PO4] in 2019 (0.39 µM) was similar to the lowest 

value (0.38 µM) in 2018.   

 



29 

 

 

Figure 2.4. Ambient dissolved phosphate concentrations ([PO4]) in the upper 200 m along the 

Line P transect in A) 2018 and B) 2019. Colour shading and contours represent [PO4]. Data 

presented in this figure is a combination of data collected for this thesis from the 5 major 

stations, and data obtained from the Department of Fisheries and Oceans database (Government 

of Canada, 2019). Black bars on the top of each panel represent major Line P stations, from right 

to left, P4, P12, P16, P20, and P26. 
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2.3.3 Suspended particulate matter concentrations 

 

2.3.3.1 Chlorophyll-a 

In 2018, total euphotic zone chlorophyll-a (chl-a) concentrations were highest in the 

surface (0-20 m) at P4 with maximum concentrations of 1.17 µg L-1 (Figure 2.5). Chl-a was also 

relatively high (0.9 µg L-1) at P12 but decreased at P16 to the lowest euphotic zone chl-a 

concentration (0.14 µg L-1) and was low at all depths in the euphotic zone. Chl-a concentrations 

were slightly higher than P12 at the offshore stations with chl-a reaching 0.26 and 0.37 µg L-1 at 

P20 and P26, respectively.   

In 2019, the highest chl-a concentrations were observed at P26 and P20 (1.21 and 1.16 µg 

L-1 respectively) at the chl-max depth and the lowest was observed in the mixed layer at P4 (0.1 

µg L-1). Chl-a was low in the upper 5 m (<0.5 µg L-1) for all stations along the Line P transect 

and was similar to concentrations that were observed at the same depth in 2018, except at P4 

where concentrations were much higher in 2018. However, chl-a was higher in 2019 at the chl-

max depth for P16, P20, and P26 (Figure 2.5). 

Overall, total chl-a was highest at the nearshore stations (P4 and P12) in 2018 but was 

highest offshore at depth (P26) in 2019. Additionally, in 2019, [chl-a] were higher at the chl-max 

depth for P16, P20 and P26, while in 2018, [chl-a] were highest above 15 m at all stations.  
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Figure 2.5. Total chl-a (µg L-1) measured in the euphotic zone at the five main Line P stations in 

2018 (light grey markers and dashed line) and 2019 (dark green markers).  
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Cells smaller than 5 µm contributed the majority of chl-a at all stations along Line P in 

both 2018 and 2019 (Figure 2.6). Relative to the other stations in 2018, P26 and P20 had higher 

chl-a from cells >5 µm in the euphotic zone but these values were still less than 50% of the total 

chl-a. In 2019, at P4 and P12, there was a dramatic decrease in total chl-a in the euphotic zone 

compared to 2018. In 2019, the contribution of cells >5 µm increased at both P20 and P26 

relative to 2018. However, a similar increase was not observed at P4, P12, or P16.  

 

Figure 2.6. Depth-integrated size fractionated chlorophyll-a (chl-a) concentrations (in mg m-2) at 

the five main stations along the Line P transect during 2018 and 2019. For 2018 data, 

integrations were performed between the surface and the 1% light depth (nearly equivalent to the 

chl-max depth for 2018 stations). For 2019 data, integrations were performed from 5m and the 

chl-max depth. The fractions presented are cells larger than 5 µm (Chl-a >5; dark green) and 

cells smaller than 5 µm (Chl-a <5; light green). Samples from 2018 are presented as solid bars, 

samples from 2019 are patterned bars.  
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2.3.3.2 Biogenic silica  

In 2018, the highest euphotic zone [bSiO2] was recorded at P26, reaching 0.57 µM in the upper 

2 m (Figure 2.7). [bSiO2] were lowest at P16 where concentrations were ≤ 0.1 µM through the 

entire euphotic zone. P12 also had extremely low (≤ 0.1 µM ) [bSiO2] through the euphotic zone 

with a small peak (0.187 µM) at 5 m depth. P4 and P20 had similar [bSiO2] with maximum 

concentrations of 0.36 and 0.39 µM, respectively.  

In 2019, [bSiO2] at 5 m were lower than concentrations at the same depths in 2018 at all 

stations except P16 ([bSiO2] = 0.38 µM at 5 m in 2019). [bSiO2] were <0.4 µM at 5 m for all 

stations except P26 where bSiO2=0.54 µM. However, [bSiO2] were higher at all stations at the 

chl-max depth in 2019 compared to 2018. The highest [bSiO2] observed in 2019 was at P26, 

reaching 1.24 µM at 34 m which was nearly 2.5 x higher than the maximum value observed at 

any station in 2018. P4, P12, and P20 also had significantly higher [bSiO2] at the chl-max depth 

(0.94, 0.49, and 0.57 µM respectively) compared to the similar depth in 2018. 
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Figure 2.7. Particulate biogenic silica (bSiO2) concentrations in the euphotic zone at the five 

main stations along the Line P transect in September 2018 (light grey markers and dashed line) 

and August 2019 (blue markers).  
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2.3.3.3 Particulate carbon and nitrogen 

In the summer of 2018, the highest [PC] was measured in the upper 10 m of the euphotic 

zone at P4 (381.42 µg L-1) (Figure 2.8). P4 and P12 showed some variation of [PC] with depth 

but P12, P16, and P20 had relatively homogenous [PC] throughout the entire euphotic zone. The 

lowest [PC] value recorded was at 8 m at P12 (92.7 µg L-1) but similarly low values were 

recorded at P16, P20, and P26 throughout the entire euphotic zone. In 2019, [PC] were similar to 

2018 values at all stations except P4 where [PC] were significantly lower than in 2018. The 

lowest and the highest [PC] values were recorded at P12 in 2019 (85.3 µg L-1 at 5m and 196.2 µg 

L-1 at 39 m) but values were not considerably different than those measured in 2018 (Figure 2.8).  

In 2018, particulate nitrogen (PN) followed a similar pattern of longitudinal distribution 

as [PC]. [PN] were highest at P4, reaching a maximum of 5.3 µM, and the lowest [PN] (0.92 

µM) was also measured at P12 (Figure 2.9) [PN] in the euphotic zone were relatively 

homogenous and were similar at P12, P16, and P20 (1-2 µM) with a slight increase at P26 to 2.6 

µM (Figure 2.8) In 2019, [PN] showed a similar pattern of distribution to PC. While [PN] in the 

mixed layer was lower in 2019 than 2018 at all stations, there was higher biomass at the sub-

surface chl-max at all stations except P4 (Figure 2.9).  
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Figure 2.8. Particulate carbon (PC) concentrations in the euphotic zone at the 5 main Line P 

stations in September 2018 (grey markers and line) and August 2019 (black markers).  
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Figure 2.9. Particulate nitrogen (PN; µmol L-1) concentrations in the euphotic zone at stations 

along the Line P transect in 2018 (grey markers and line) and 2019 (red markers).  
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2.3.4 Carbon and nitrogen uptake rates  

 

In 2018, carbon uptake (ρC) rates in the euphotic zone were significantly higher at P4 

than at all other stations. The four highest ρC values were measured in the upper 15 m at P4 (58-

75 µg L-1 day-1) (Figure 2.10). All other stations showed ρC <15 µg L-1 day-1 and had similar 

distributions throughout the euphotic zone. ρC was higher in the upper 40 m and decreased with 

depth at all stations.  

In 2019, ρC was lower at in the mixed layer at P4 compared to 2018 but there was an 

increase in ρC in the mixed layer of P26 in 2019 compared to 2018. The highest ρC of 2019 

(29.7 µg L-1 day-1) was observed at the chl-max depth (39 m) at P12. This value was higher than 

the 2018 rate at a similar depth (4.34 µg L-1 day-1) but was lower than the maximum value 

measured in 2018 at 2 m at P4 (75 µg L-1 day-1). In 2019, ρC at P16 and P20 were not 

significantly different from the 2018 rates (Figure 2.10).  

In 2018, nitrate uptake (ρNO3) was highest at P4, reaching a maximum of 1.23 µmol L-1 

day-1 at 15 m At all other stations, ρNO3 was <0.2 µmol L-1 day-1 at all depths measured (Figures 

2.11). In 2019, ρNO3 was much lower at P4 than in 2018, with a maximum rate of 0.07 µmol L-1 

day-1 measured at 5 m. The highest ρNO3 was measured at 5 m at P26 (0.26 µmol L-1 day-1) and 

was nearly five times lower than the maximum value measured in 2018 at P4 that was1.23 

µM/day at 15 m depth. Much like ρC, between 2018 and 2019, ρNO3 decreased at P4 but 

increased at P26 with all other stations having similar values between years.  
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Figure 2.10. Rates of carbon uptake (ρC) at major Line P stations in 2018 (grey markers and 

line) and 2019 (green markers). Rates are represented as individual depth measurements in µg C 

L-1 day-1.  
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Figure 2.11. Rates if nitrate uptake (ρNO3) in the euphotic zone at major stations along the Line 

P transect in 2018 (grey markers and line) and 2019 (red markers).  
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In 2018, all Line P stations, except P4, were dominated by regenerated productivity, 

(ρNH4
++ ρUrea-N) (Figure 2.12). Depth-integrated ρNH4

+ contributed most to total depth-

integrated N uptake at P12-P26 with ρUrea-N and ρNO3
-
 contributing similar amounts at P12-

P26. At P4, the total N uptake was dominated by NO3
-. The highest total depth-integrated N 

uptake rate was measured at P4 (40.5 mmol m-2 day-1) while the lowest was at P26 (8.12 mmol 

m-2 day-1). 

 

Figure 2.12. Depth-integrated nitrate (NO3), ammonium (NH4) and urea N uptake rates at the 

five major Line P stations in September 2018. Rates are depth-integrated euphotic zone values 

(from the surface to 0.1 % surface PAR).  

In 2018, the integrated f-ratio was highest at P4 (0.62) where NO3 uptake was dominant 

(Figure 2.13). At all other stations, the f-ratio was <0.31 with the lowest ratio occurring at P20 

(0.18). In 2019, f-ratios were lower than or similar to 2018 values at both P4 and P12 (0.46 and 

0.23, respectively). However, at P16-P20 the f-ratios in 2019 were considerably higher than in 

2018 with the maximum occurring at P26 (0.90).  
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Figure 2.13. Depth-integrated f-ratios calculated at the 5 main Line P stations in September 2018 

(grey bars) and August 2019 (red bars). Rates used to calculate f-ratios are depth-integrated 

euphotic zone values (from the surface to 0.1 % surface PAR). 

In 2019, the exclusion of ρNH4 and ρUrea-N from the f-ratio calculation likely led the f-

ratio to be about 17-40 % higher than if all N species were included (Wafar et al., 1995). If f-

ratios were overestimated by the maximum amount (40%) in 2019, f-ratios would still be higher 

than, but similar to 2018 values at all stations except P26 and P4. The P26 f-ratio in 2019 would 

still be much higher than the 2018 value and the P4 f-ratio in 2019 would be even lower. Based 

on these data, the most considerable difference that occurred between years was the switch from 

predominantly regenerated to new production at P26 and the switch to more regenerated 

production at P4 during summer 2019.    
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2.4 Discussion 

2.4.1 Summary of results  

 

During the 2019 MHW, there were several differences in physical, chemical, and 

biological characteristics of the water column when compared to the pre-MHW year of 2018. 

While temperatures in the euphotic were generally high in both 2018 and 2019, maximum 

temperatures were higher in 2019. In 2019, mixed layer depths were less variable along the Line 

P transect, indicating stronger stratification. Dissolved nutrients in the euphotic zone were lower 

in 2019 than in 2018 and the longitudinal area where nutrients were low extended much farther 

offshore than in 2018. 

Chl-a concentrations in the upper 5 m were similar in 2018 and 2019, but in 2019 at 

stations P16-P26 there was a pronounced sub-surface chl-a maximum that was not observed in 

2018. Concentrations of bSiO2 at all stations were similar in the mixed layer for both 2018 and 

2019. However, similar to chl-a there were subsurface maxima (at all stations except P16) that 

were considerably higher in 2019 than at the same depth in 2018. In both 2018 and 2019, P26 

had higher [bSiO2] than in all other stations. The most notable difference in [PC] and [PN] was 

observed at P4 where both particulate concentrations were significantly higher in 2018 than in 

2019. This pattern was also observed in ρC and ρNO3 where P4 showed significantly higher 

uptake rates in 2018 compared to 2019, but rates at all other stations were similar between years. 

The amount of productivity derived from NO3 (new productivity) was much lower at P4 in 2019 

than in the previous year but was much higher at P26 in 2019 compared to 2018. Overall, there 

was high bSiO2 and new productivity at P26 in 2019, while there was a marked decrease in chl-a, 

bSiO2 and new productivity at P4 in 2019.  
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2.4.2 Relationship between physical characteristics of the water column and 

pelagic production along Line P  

 

Primary productivity in the ocean relies on a supply of nutrients to the sunlit surface 

waters. While both alluvial and aeolian inputs may be important in certain regions, most of the 

nutrient supply occurs as a result of deep water surface injection as well as horizontal advection 

(Falkowski et al., 1998; Lozier et al., 2011). Increases in ocean warming as well as changes to 

wind patterns are predicted to lead to a global increase in upper ocean stratification (Houghton et 

al., 2001; Sarmiento et al., 2004). This increase in stratification is also predicted to contribute to 

a global decline in primary productivity due to a decrease in nutrient resupply to surface waters 

(Behrenfeld et al., 2006). Simply, more stratified waters will require more energy to overturn and 

so nutrient resupply will not be as efficient, resulting in nutrient limitation (Lozier et al., 2011). 

However, the exact mechanisms and effects of stratification are much more complex and 

variable leading to a range of impacts on primary producers globally (Noh et al., 2022).  

During 2019, there were several noticeable differences in the physical and chemical 

properties of the mixed layer along the Line P transect compared to both 2018 and climatic 

averages from 1981-2010. During MHW conditions, lower E-W wind activity can increase 

surface ocean stratification in two ways. Lower wind activity results in less heat loss and less 

evaporation from the surface ocean in the NE Pacific (Amaya et al., 2020; Bond et al., 2015), 

which causes surface waters to retain heat and remain less saline. Additionally, the decrease in 

wind activity results in less surface mixing and leads to a shallower mixed layer and a more 

stratified euphotic zone. The mixed layer depth along Line P was shallower and less variable in 

2019 than in 2018 at all stations except P4 (Table 2.1, Figure 2.14). When examining density 

profile at all five of the main Line P stations, there are signs that stratification was more 
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pronounced in 2019 than in 2018 at the same station (Figure 2.14). Specifically at P4, density 

profiles indicate that summer upwelling may not have been as strong during the summer of 2019 

which is evident by the more pronounced pycnocline around ~100m in 2019 (Franco et al., 

2021). However, MLD can be variable over short time periods (days-weeks) and daily MLD may 

not be as representative of full seasonal averages (Ianson eta al., 2012).  

 

Figure 2.14. Density (σT) of the upper 200 m of the water column at major Line P stations in A) 

summer 2018 and B) summer 2019.  

Mixed layer temperatures were higher along the majority of Line P in 2019 when 

compared not only to 2018 data, but to the 1981-2010 summer climatic averages (Figure 2.15). 

For example, while the temperature at 5 m depth at P4 in 2019 was 17.9 °C, the climate average 

from 1981-2010 in August at P4 is only 15.1 °C (Figure 2.15). While temperatures in summer of 

2018 at 5 m depth were close to the average for the region, temperatures in 2019 were higher at 

every station, particularly between stations P2 and P6 showing anomalies of up to 4° C(Figure 

2.15). These higher temperatures observed along Line P are consistent with observations during 
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other MHWs such as the 2015 “blob” and 1997/1998 El Niño (Amaya et al., 2020; Ross et al., 

2021; Xu et al., 2021). Additionally, observations show that while surface and subsurface 

temperatures in 2018 were near average, both surface and subsurface temperatures in 2019 were 

higher than both the 1956-2012 and 1981-2010 averages (Boldt, 2020).  

 

Figure 2.15. Average summer (August-September) sea temperature (°C) at 5 m depth measured 

along the Line P transect from 1981-2010 with error bars showing sample standard deviation. 

Both 2018 (orange line) and 2019 (red line) are plotted along with the 2015 marine heatwave, the 

“blob” (green line).   

This increased stratification and higher temperatures may have two effects on the pelagic 

primary producers along Line P. Stratification and decreased mixing can result in less nutrient 

input from deep waters, which will ultimately limit the total production that can occur during the 

growing season. However, the increased water column stability may have some localized 

benefits along Line P, leading to increased light availability when phytoplankton are not mixed 

into deeper waters (Maldonado et al., 1999; Peña et al., 2019). This increase in light may lead to 

higher rates of primary productivity and the resultant increased rate of biological uptake of 
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nutrients. This benefit will only lead to an increase in total production if there are sufficient 

nutrients, and so it is limited in the extent of its effect. Additionally, the mechanisms by which 

light and nutrients “limit” primary production are different and so an increase in one will not 

always lead to an increase in productivity without a corresponding increase in the othger 

(Falkowski et al., 1992). Even with sufficient light, a decrease in the total inventory of nutrients 

can limit the total phytoplankton biomass produced (Falkowski et al., 1992, 1998). Thus, the 

overall effect of stratification will likely be a decrease in nutrient inventories along Line P due to 

lower mixing and potentially from increased initial uptake rates if more light is available or if the 

growing season starts earlier (Whitney & Welch, 2002).  

2.4.3 Dissolved nutrients as a limiting factor for phytoplankton during the 2019 

MHW 

Previous research has shown that dissolved NO3 and Si(OH)4 in the surface waters of the 

majority of the Line P stations (mostly the oceanic end of the Line) rarely fall below detectable 

values, even in the late summer (Varela & Harrison, 1999; Peña & Varela, 2007; Whitney & 

Freeland, 1999). Very low macronutrient concentrations can, however, be regularly present 

along the more coastal end of the transect (~P1-P12) during the phytoplankton growing season, 

but this zone of nutrient depletion rarely extends past P16 ( Varela & Harrison, 1999; Peña et al., 

2019; Peña & Varela, 2007; Whitney & Freeland, 1999). This is consistent with observations 

from 2018, where both NO3 and Si(OH)4 were detectable at nearly all stations, with NO3
- only 

falling below the LoD in the mixed layer of P12 and P16. However, in 2019, both NO3
- and 

Si(OH)4 concentrations were much lower in the mixed layer, and depletion was detected further 

offshore than normally observed.  

Along Line P, micro and macronutrients are resupplied to the upper water column via 

mixing of deep water, normally during the winter months. When mixing decreases during 
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MHWs, there may be a signal in winter nutrient supply preceding the growing season when 

temperature anomalies start to build (Taves et al., 2022; Amaya et al., 2020). However, the 2019 

MHW is characteristic as being a summertime MHW and winter nutrient concentrations in the 

water column in 2019 were not significantly different from 2018 or the regional averages. For 

example, [NO3
-] during both winter 2018 and 2019 followed the same spatial trend, lower at P4 

and increasing seaward to P26, and show nearly identical values at the five main stations for both 

years (Figure 2.16).  

 

Figure 2.16. Dissolved NO3 from the surface to 200 m in winter (February) of A) 2018 and B) 

2019 at five major stations along the Line P transect. In winter 2019, P16 was not sampled and 

so data is not available. Data were obtained from the Department of Fisheries and Oceans Line P 

time-series public repository.   

Nitrate concentrations from winter 2019 are similar to those of previous El Niño periods 

such as 1994 (Whitney et al., 1998) and 1997/1998 (Whitney et al., 2002). During these periods, 

nutrient limitation in the surface waters occurs after several seasons of poor nutrient repletion 

(Whitney et al, 1998). So, although winter nutrient concentrations may only be slightly lower 

than averages or those measured during la Niña conditions, depletion can become more extreme 
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each subsequent growing season, until the dissipation of the heat wave (with the onset of La 

Niña conditions for example).  

Depletion of nutrients to the extent observed in 2019 can cause limitation of primary 

production in two ways. Physiological limitation of the in-situ phytoplankton population may 

occur if nutrient concentrations fall below a level that allows for the efficient uptake of dissolved 

nutrients. In order to assess if this type of nutrient limitation is occurring, enrichment 

experiments must be performed to see if uptake rates can be stimulated with the addition of the 

nutrient in question (see chapter 3). However, more simply, a reduction in the total inventory of 

nutrients will ultimately lead to less total biomass of the system (Falkowski et al., 1992, 1998). 

Based on the anomalously low nutrient data from 2019, it is likely that some nutrient limitation 

is occurring at certain Line P stations. However, a more in-depth analysis of each is required. 

Chapter 3 of this thesis will examine the extent of physiological limitation from both NO3
- and Si 

that may be occurring in the subarctic NE Pacific during the 2019 MHW. Measurements of total 

yearly biomass as well as nutrient inventories should be a focus of future research, specifically 

during MHWs as it may inform whether the potential total production of a system will change.  

2.4.4 Primary productivity and biomass during the 2019 MHW 

 

In 2019, total chl-a in the mixed layer of P4-P20 was <0.2 µg L-1, which is anomalously 

low for the region ( Varela & Harrison, 1999; Peña & Varela, 2007, Peña et al., 2019). However, 

chl-a concentrations at the chl-max depth were often higher than those measured in 2018. Very 

low total [chl-a] were measured at many depths throughout the euphotic zone in 2018, which 

indicates that variability in the system is not solely linked to MHW events. In 2018, many 

stations along Line P had a homogenous depth distribution of chl-a through the entire euphotic 

zone and did not have a well-defined subsurface chl-max. This trend was observed in PC, PN, 
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and bSiO2, with vertical distributions in 2018 being more homogenous whereas in 2019 

particulates were more concentrated at the subsurface chl-a maximum. This shift in distribution 

of biomass to deeper subsurface chl-a maxima during times of higher stratification has been 

observed in other oceanic regions (Chen et al., 2022). Due to the lower nutrient availability in the 

shallower areas of the euphotic zone, phytoplankton may only be able to grow at depths where 

nutrients concentrations are higher (subsurface). Additionally, when phytoplankton grow at 

deeper depths, chl-a concentrations in cells must be increased to counter the lower radiation 

input (Bock et al., 2022). So, this observed increase in deep chl-a in 2019 may be due to both the 

restriction of phytoplankton to deeper, nutrient-rich waters and the physiological increase of 

[chl-a] per cell.  

While the distribution of biomass did show some variation between 2018 and 2019, 

particularly with depth, both ρC and ρNO3 were not considerably different between years. The 

only stations that had notable difference in primary productivity in 2019 were P4 and P26. At P4, 

both ρC and ρNO3 were much lower in 2019 than in 2018 and there was a shift to regenerated 

productivity in 2019. The SST at P4 were the highest recorded over the entire study area, 

reaching nearly 18 °C, extremely high for the area, even in summer (Crawford et al., 2007; 

Iwabuchi & Gosselin, 2019). At P4, NO3 was below detection (<0.1 µM) but Si(OH)4 was still 

present at 1.23 µM in the mixed layer. Likely, this indicates that N and not Si was the limiting 

nutrient for assemblages at P4. At P26, there were also several anomalies in biomass and 

productivity in 2019 compared to both 2018 and historical measurements. While P26 

traditionally has a low primary producer biomass, dominated by small-celled phytoplankton, in 

2019, bSiO2, total chl-a and chl-a >5 µm were all anomalously high. Additionally, there was an 

increase in both the surface ρNO3
- and the f-ratio. Regenerated productivity is nearly always 
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higher at P26 and this shift to a new productivity dominated system has been rarely observed 

(Varela & Harrison, 1999; Peña & Varela, 2007). All dissolved nutrients measured were above 

the LoD at P26 so it is not likely that significant macronutrient limitation was occurring.  

The lower dissolved NO3, and C and NO3 uptake rates that were observed at P4, as well as 

the higher biomass and productivity at P26 could be the result of a temporal shift in the growing 

season that has been observed during MHW events. In some cases, increased temperatures could 

lead to significant nutrient drawdown beginning earlier in the growing season, resulting in more 

extreme nutrient depletion and production earlier in the season. This is a phenomenon that has 

been observed during other warming events (Whitney & Welch, 2002; Wyatt et al., 2022) and 

has implications for how primary production and nutrients vary temporally over the season. In 

areas such as P4 where potential for production is high due to sufficient micronutrients, 

temperature-enhanced drawdown earlier in the year, without significant input from mixing, could 

lead to earlier and shorter overall growing seasons (Yamaguchi et al., 2022). This would be 

reflected by a decrease productivity and biomass in the summer compared to cooler years. At 

P26, warmer temperatures, coupled with a stable water column may actually lead to enhanced 

light availability and sustained productivity of large-celled, NO3-fueled phytoplankton well into 

the summer (Peña et al., 2019).  

While specific oceanic regions may respond differently, this shift in timing of productivity 

has the potential to decouple the trophic interactions of zooplankton and fish larvae that rely on 

phytoplankton and may lead to less productive systems overall (Durant et al., 2019; Yamaguchi 

et al., 2022). Future research in the NE Pacific focusing on timing of bloom onset, maximal 

uptake, and nutrient depletion will be very important for understanding these potential effects of 

MHWs.   
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2.4.5 Phytoplankton dynamics in 2019 compared to historical warming events 

  

Although blob-like MHW events are a recently described phenomenon, warming events 

in the Northeast Pacific have occurred in the past in conjunction with well-established 

atmospheric cycles. Increased warming and stratification linked to El Niño, Pacific Decadal 

Oscillation (PDO), and North Pacific Gyre Oscillation (NPGO) has been observed for many 

years in the Line P region (Crawford et al., 2007; Peña & Varela, 2007). However, the intensity, 

the duration and extent of warming were more severe during the 2015 and the 2019 events than 

during other warming cycles, including the 1997/1998 El Niño (Amaya et al., 2020; Chen et al., 

2021). For this reason, MHWs seem to have more severe effects when compared to other more 

predictable heating cycles.  

While the 1997-1998, 2015, and 2019 MHW events had similar causes, these three 

MHWs differed in several key ways. Firstly, although the first temperature anomaly peak of the 

2019 MHW occurred in November 2019, the increase in SST from May to August was 

unprecedented, meaning that unlike the 2015 blob, the 2019 MHW was intensifying during the 

summer, not the winter (Amaya et al., 2020). The 2015 blob had a large effect on coastal waters 

and inlets, leading to the failure of spawning by invertebrates, changes to larval fish abundance, 

and an increase in phytoplankton species associated with harmful algal blooms (Nielsen et al., 

2021; Shanks et al., 2020; Zhu et al., 2017). However, during the 2019 MHW, temperature 

anomalies near the coast were lower than those observed in 2015 (Ross et al., 2021). Although 

coastal systems and deep-water fjords did not seem to be affected as drastically during the 2019 

MHW (Ross et al., 2021), this and previous studies indicate that these two MHW events may 

have had similar effects to offshore pelagic primary producers (Peña et al., 2019).  
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The 1997-1998 El Niño warming event also had similar effects on temperature, nutrient 

distributions and primary producers in the NE Pacific. In 1997/1998, there was a large area of 

nutrient depletion in the NE Pacific that was much more expansive than the following year 

(Whitney and Welch, 2002). The area of NO3
- and Si(OH)4 depletion was approximately 250,000 

km2 greater than 1999 and nutrient drawdown occurred approximately one month earlier than is 

typical for the region (Whitney and Welch, 2002).  

Increased stratification during both the 2015 and the 2019 MHWs led to intense nutrient 

depletion in regions that do not usually experience prolonged NO3
- and Si(OH)4 limitation (Peña 

& Varela, 2007; Whitney & Freeland, 1999). In 2015, the increased warming and lower wind 

activity led to enhanced stratification which inhibited the resupply of deep-water nutrients to the 

surface ocean (Bond et al., 2015; Di Lorenzo & Mantua, 2016; Peña et al., 2019). This resulted 

in a nutrient depleted surface area that stretched farther offshore than usual, and a decrease in 

phytoplankton biomass from ~P4-P20. Peña et al (2019) showed also an increase in the 

dominance of cyanobacteria during this event. As in 2015, the surface temperature anomalies 

along Line P in 2019 were highly pronounced and increased stratification likely inhibited 

nutrient resupply to the surface from mixing. Compared to non-MHW years, the zone where 

NO3
- and Si(OH)4 were below detectable levels extended much further offshore along Line P 

during both of these MHW events. In 2018 (a non-MHW year) the zone of low NO3, Si(OH)4, 

and PO4 extended from ~126-135° W, while in 2019 this low nutrient zone extended from ~125° 

W to ~145° W. The extent of this nutrient depleted zone was similar in 2019 and 2015 (Peña et 

al., 2019) and suggests that in the future, similar nutrient depletion may occur during these 

events.  
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During both the 2015 and the 2019 MHWs, small-celled phytoplankton accounted for the 

majority of the total chl-a biomass from P4 to P20 (Peña et al., 2019). However, during both of 

these MHWs there was an increase in total chl-a and a contribution from cells >5 µm at the most 

oceanic station, P26, compared to other stations. Station P26 has been normally identified as a 

region dominated by small cells and low biomass of phytoplankton. Peña et al. (2019) theorize 

that during the 2015 MHW, stratification may have resulted in increased stability of the water 

column, leading to increased light availability and growth of larger phytoplankton cells (see 

section 2.5.2). Additionally, higher temperatures may have lead to increased growth efficiency of 

phytoplankton (Peña et al., 2019). The observation of higher bSiO2, chl-a >5 µm, and a higher f-

ratio at P26 in 2019 all suggest that similar mechanisms occurred during the 2019 MHW. While 

light availability may have increased during the MHW, surface dissolved [NO3] and [Si(OH)4] 

were also higher at P26 than all other Line P stations in 2019. This likely allowed primary 

production and biomass to remain higher at the end of the summer when sampling occurred. The 

overall effect of the 2019 MHW was similar to other historical ocean warming events that have 

been recorded in the NE Pacific.  

2.5 Conclusions 

When comparing oceanic conditions during the summers of 2018 and 2019, some 

differences in physical, chemical, and biological characteristics will undoubtedly be due to 

natural variation in the system and short sampling windows. However, trends become more 

robust when they are compared to previous MHW events. While 2019 alone may not provide a 

complete picture, similarities to conditions in 1997/1998 and 2013-2015 suggest that there are 

some processes that are affected by these extreme MHW events. Increased stratification, changes 

in phytoplankton assemblage composition, and dissolved nutrient concentrations seem to be 
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commonalities between all MHWs in the NE Pacific. It should also be considered that apart from 

these extreme events, average ocean temperatures are continuing to rise, meaning that even non-

MHW years are much warmer than pre-industrial averages. So, while MHWs are extreme events, 

they are also an indication of potential “new normal” states for many areas of the ocean.   

The overall effects of the 2019 MHW on phytoplankton are somewhat straight forward; a 

warm and stratified water column led to a nutrient-depleted surface ocean that appeared to 

produce less primary producer biomass while not significantly affecting instantaneous uptake 

rates. However, there were several anomalies, particularly at P4 and P26 that were more 

pronounced. P4 had a considerable decrease in both primary producer biomass and new 

productivity that coincided with low nutrients and very warm euphotic zone waters. P26, 

conversely showed an increase in bSiO2, chl-a derived from large cells, and new productivity. 

The mechanisms that led to the observations in August 2019 are important to interpreting the 

measurements and assessing potential impacts. For example, was nutrient depletion simply due 

to decreased mixing, or was there increased biological drawdown earlier in the growing season, 

or both? Both have implications for the magnitude of C export as well as secondary production 

in the region, but, the latter may have more severe implications for the match-mismatch 

dynamics of trophic interactions in the region (Cushing, 1990; Durant et al., 2019). Simply, 

zooplankton and larval fish populations may sharply decline if they are not able to respond to 

earlier changes in prey abundance (Durant et al., 2019). The similarities that were evident 

between the 2019 MHW and warming events such as the 1997/1998 ENSO event (Whitney et 

al., 1998; Harris et al., 2009) and the 2015 blob (Peña et al., 2019) are a good indication that 

observed changes in nutrient concentrations, water column properties, productivity and biomass 

may be associated with warming events. These commonalities will likely be features of future 
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MHWs and should be studied in more detail. Specific attention should be given to stations at 

opposite ends of the transect, P26 and P4, where the magnitude of change appears to be most 

severe during these events.   
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Chapter 3: Kinetics of nitrate and silicon uptake rates in 

phytoplankton from the subarctic NE Pacific Ocean during the 2019 

marine heatwave 

3.1 Introduction 

3.1.1 Kinetics of nutrient use by phytoplankton 

 

All phytoplankton must take up dissolved nutrients from their environment for growth 

(Bristow at al., 2017). The rate and quantity of nutrient uptake is affected by many 

environmental and physiological parameters such as the concentration of the nutrient in the 

environment, the number of cellular transporters, the size and surface area to volume ratio of the 

cell, and the affinity of the transporter for the nutrient (Shuter, 1978; Button, 1983; Lindemann et 

al, 2016). If phytoplankton cells relied on passive diffusion alone, any increase in dissolved 

nutrients would lead to an increase in uptake due to increases in the chemical gradient over the 

cell membrane. However, nearly all microbes, including phytoplankton, employ active cellular 

transport in order to acquire enough essential nutrients to facilitate growth and reproduction. In 

this case, the “uptake rate” will not only be limited by the concentration of the nutrient but also 

by the number and efficiency of cellular transporters that facilitate uptake into the cell. The 

“uptake rate” can be viewed as a product of the nutrient concentration and affinity (Fisken at al. 

2013; Lindemann at al. 2016). While both concentration and affinity may change, affinity is 

bounded by physiological parameters; usually, this is a functionally constant value for a 

particular organism or group. So, for phytoplankton with a set affinity, there will be some 

concentration of nutrient at which the “uptake rate” will be saturated (Michaelis and Menten, 

1913; Lobban & Harrison, 1994; Lindemann at al, 2016).  
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Phytoplankton that have a higher affinity for nutrient uptake will reach this saturation more 

rapidly (i.e. steeper slope) at lower nutrient concentrations. This affinity can be estimated by 

calculating the substrate concentration that results in half the maximum uptake rate (1/2 Vmax). 

This is referred to as the half saturation constant (Ks). Both absolute and specific uptake rates as 

a function of substrate concentration can be expressed by the Michaelis-Menten (MM) equation 

(3.1) (Michaelis and Menten, 1913; MacIsaac & Dugdale, 1969). For example, for specific 

uptake rate: 

𝑉 =  
𝑉𝑚𝑎𝑥∗𝑆

𝐾𝑚+𝑆
                                             (3.1) 

Where V is the measured specific uptake rate (expressed in units of inverse time, e.g. h-1,day-1), 

Vmax is the maximum specific uptake rate, S is the substrate or nutrient concentration, and Km is 

the half saturation constant. When used as part of the MM equation, Km is often referred to as the 

Michaelis-Menten (MM) constant. By measuring ambient uptake rates at various substrate 

concentrations, the parameters Km and Vmax can be calculated from the MM equation. In the 

equation, specific uptake rate (V) can also be substituted with the absolute uptake (ρ, expressed 

in units of concentration per unit volume per time, e.g. µmol L-1 day-1). While Vmax is related to 

cellular specific uptake (or the intrinsic ability of a cell to take up a nutrient) in 1/time units; ρmax 

is reflective of the total amount of a nutrient taken up by unit volume/mass (e.g. by an entire 

assemblage) and per unit time, and can be more useful for in-situ measurements. 

Low Km values are usually associated with high nutrient affinity (Button, 1983) and 

uptake rates that are saturated at lower concentrations. High Km values indicate the 

phytoplankton have lower affinity for the nutrient and reach their Vmax at a higher nutrient 

concentration. Often, Km values are used to compare physiological differences in uptake affinity 
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(and hence growth) among phytoplankton species (Edwards et al., 2013; Fiksen et al., 2013; 

Lindemann et al., 2016). In addition, Km of a natural phytoplankton assemblages can be used as a 

way to compare the affinity of nutrient uptake by assemblages in different oceanographic 

environments (Krause et al., 2012; MacIsaac & Dugdale, 1969; Nelson & Brzezinski, 1990). 

Phytoplankton assemblages with overall low Km will reach maximum uptake at lower substrate 

concentrations and will be more efficient at using dissolved nutrients in the environment. In 

contrast, assemblages with a high Km show less affinity for a nutrient and will only reach 

maximum uptake during times when dissolved nutrients in the water column are high. The latter 

assemblages will become nutrient limited sooner if nutrients fall below optimal concentrations. 

Additionally, assemblages with a higher Vmax may result in higher overall biomass than those 

with lower Vmax, assuming that other nutrients and environmental variables are optimal for 

growth. Like Km, Vmax is useful when comparing production of phytoplankton assemblages 

across different oceanographic regimes. 

3.1.2 Nitrogen use by phytoplankton 

 

Nitrogen (N) is a key element for phytoplankton in marine systems but it is often a limiting 

nutrient that can inhibit the growth of phytoplankton (Bristow et al., 2017). The extent to which 

N is limiting differs depending on both the physiological traits of the phytoplankton assemblage 

as well as the concentration of N in the water column. Although phytoplankton can use many 

different forms of oxidized and reduced N (Carpenter et al., 1972; Fisher & Cowdell, 1982), 

nitrate (NO3
-) is often the most readily available and utilized N source. In systems with high 

nutrient turnover rate, regenerated forms of N such as ammonium (NH4
+) and Urea (CH4N2O) 

may also play a significant role. Primary production that is derived from NO3
- utilization is 

referred to as “new production” while production that used reduced forms of N is “regenerated 
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production”. Measuring new production can be specifically useful as it has traditionally been 

used as a proxy for C export from a system (Eppley & Peterson, 1979). Assemblages with higher 

new production will, normally, export C from the surface waters much more effectively than 

those that rely on regenerated N, and so are particularly important for removing C from the 

atmosphere via the biological C pump.  

The ratio of NO3 uptake to total N uptake is referred to as the f-ratio; the higher the f-ratio, the 

more new production in a system. When the f-ratio is low, it indicates that phytoplankton are 

more dependent on regenerated forms of N such as NH4
+ and urea. For these systems, processes 

such as grazing, decomposition, and bacterial activity will be important determining factors for 

how N is delivered to the system. 

In plants and phytoplankton, N uptake is highly mediated by the enzyme nitrate reductase 

(NR) which reduces NO3 to NO2, a crucial step for N to be incorporated into cellular proteins. 

The activity of NR is thought to highly influence the efficiency of N uptake for most 

phytoplankton groups. Thus, even in NO3-replete waters, sub-optimal conditions for NR can lead 

to overall lower kinetic efficiency and uptake of NO3 (Beevers & Hageman, 1969; Lomas & 

Glibert, 2000; MacIsaac & Dugdale, 1969). For example, the activity of NR is highly influenced 

by bioavailable Fe concentrations as catalytic Fe is required for the reduction of both NO3 and 

NO2 (Salisbury and Ross, 1978; Morel, 1986, Raven, 1988). Under Fe limitation, NR activity in 

phytoplankton can be reduced by up to 50 percent (Timmermans et al., 1994). Additionally, 

factors such as temperature are important for enzyme activities and studies have shown NR 

activity increases with higher temperatures in cultures (Berges et al., 2002; Coyne et al., 2021; 

Gao et al., 2000; Lomas & Glibert, 2000) but the implications of this during MHWs are not well 

shown.  
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3.1.3 Silicon use by plankton 

Diatoms (Bacillariophycea), silicoflagellates (Dictyochales), and even some 

cyanobacteria (Synechococcus) are algal groups that utilize Si. However, in most modern marine 

environments, diatoms are by far the dominant users of Si, predominantly by uptake of the 

dominant dissolved form, silicic acid (Si(OH)4)  (Stumm & Morgan, 1996; Kristiansen & Hoell, 

2002; Martin-Jezequel et al, 2003;). Due to their obligate Si requirement, to build their silica 

(SiO2) frustules, diatom growth can become limited if concentrations of Si(OH)4 are low (Lewin, 

1962). In the world’s oceans, [Si(OH)4] in the euphotic zone can vary by up to three orders of 

magnitude (Levitus et al., 1993) but Si uptake rates (ρSi) are nearly always undersaturated 

(Kristiansen & Hoell, 2002). However, these observed undersaturated ρSi rates may not always 

indicate limitation. Diatoms can alter their acquisition of Si and their silicification to 

accommodate low [Si(OH)4], therefore, decreases in ρSi that correspond to low [Si(OH)4] are not 

necessarily the result of Si limitation (Krause et al., 2012). Additionally, the V and Ks values for 

Si(OH)4 (as well as other nutrients) can be altered significantly in response to the availability of 

micronutrients such as iron (Fe) and zinc (Zn), which is particularly important in HNLC regions 

where trace metals are limiting (Rocha et al., 2000; Laynaert et al., 2004).  

While Si limitation does not affect all phytoplankton groups as N limitation does, in areas 

where diatoms are the dominant group, Si limitation often occurs before N limitation. Therefore, 

in these systems, the overall primary production can be limited by Si(OH)4 rather than by NO3
- 

(Bristow et al., 2017). This is particularly true for the HNLC regions of the NE Pacific, where Fe 

and Si(OH)4 limitation have been previously assessed ( Brzezinski et al., 2022; Rocha et al., 

2000; Whitney et al., 2005). In order to determine whether Si limitation is occurring in natural 

assemblages, Krause et al. (2012) suggested using a ratio of ambient (Vamb) to maximum (Vmax) 

uptake rates, in which Vamb is the uptake rate measured at the ambient concentration of Si(OH)4. 
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A Vamb <25% of Vmax (i.e. Vamb:Vmax <0.25) indicates Si limitation (Krause et al., 2012). This 

proxy can be used to assess the extent of Si limitation in the oceanic subarctic NE Pacific, where 

diatoms are also under trace metal limitation that affects ρSi. 

While enzymes such as NR and its effect on N incorporation are well studied in 

phytoplankton, transporters involved in the uptake of Si(OH)4 are somewhat less well 

understood. A group of membrane associated proteins are thought to mediate Si(OH)4 uptake in 

diatoms (Hildebrand et al., 1997; Thamatrakoln & Hildebrand, 2008). However, there is much 

less research on the potential effects that temperature will have on Si(OH)4 uptake and 

incorporation. In some freshwater and marine diatoms, Si(OH)4 uptake rates become greater at 

warmer temperatures (van Donk & Kilham, 1990) as does the extent of silicification (Blank et 

al., 1986). However, other studies with marine polar diatoms have found that Si uptake will 

decrease with temperature (Durbin, 1977). Therefore, it is probable that any response of Si 

uptake to changes in temperature will be region or species-specific and examination of in-situ Si 

uptake and incorporation will be useful in determining potential changes to Si kinetics and the Si 

cycle.   

In August of 2019, I conducted on-board incubation experiments to measure NO3
- and 

Si(OH)4 uptake rates at increasing nutrient concentrations at ten locations from the Vancouver 

Island coast seaward to Ocean Station Papa (P26) in the Alaskan Gyre. From these experiments, 

I estimated Vmax and Km for NO3
- and Si(OH)4, which were used to assess the extent of nutrient 

limitation and efficiency of uptake during the 2019 MHW over a large area in the NE Pacific. 

Ambient nutrient concentrations, biological particulates and ambient C uptake rates were also 

measured at the same stations. Data that was collected during the summer 2019 Line P research 

cruise is also discussed in chapter 2 of this thesis.  
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3.2 Materials and Methods  

3.2.1 Sampling and hydrography  

 

Field work was conducted as part of the Department of Fisheries and Oceans’ (DFO) La 

Perouse and Line P Oceanographic research programs. Sampling was conducted at five major 

stations along the Line P transect during August 2019, and at six stations on the West coast of 

Vancouver Island during the La Perouse cruise in September 2019 (Table 3.1). Stations are 

categorized as “on-shelf” if the bottom depth was <200 m, “off-shelf” if the water depth was 

between ~200-2000 m and “oceanic” if the bottom depth was >2000 m (Table 3.1). A complete 

suite of samples was collected at each station except at LB01 where uptake rate experiments 

were not conducted due to time constraints 
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Table 3.1. Station locations, sampling dates, and physical characteristics of stations sampled in 

2019 during the summer Line P and La Perouse cruises.  

 

 

La Perouse and Line P cruises were conducted back-to-back and are therefore referred to 

as August-September 2019 cruise. For both regions, sampling was conducted aboard the CCGS 

John P Tully using a conventional rosette system equipped with 24 ten-litre Niskin bottles and a 

SeaBird SBE 19-Plus conductivity, temperature, depth (CTD) probe. 

At each station, seawater samples were collected from the mixed layer (5 m; 

approximately 50% optical depth) and the chl-max depth. All samples were collected in clean 

containers, processed immediately after sampling and stored appropriately until analyses were 

performed at UVic.  

Station Latitude Longitude Date Sampled Bottom Depth MLD Station setting  

 N W DD-MM-YY m m   

P4 48.65 -126.67 16-08-19 1300 19 Off-shelf  

P12 48.97 -130.67 17-08-19 3300 18 Off-shelf  

P16 49.28 -134.67 19-08-19 3550 21 Oceanic  

P20 49.57 -138.67 20-08-19 3890 23 Oceanic  

P26 50.00 -145.00 24-08-19 4300 29 Oceanic  

LB01 48.67 -124.99 30-08-19 35 8 On-shelf  

LB15 48.07 -126.14 31-08-19 1559 27 Off-shelf  

LC06 48.61 -125.95 01-09-19 92 13 On-shelf  

LG09 48.92 -127.22 02-09-19 2075 13 Off-shelf  

LBP3 50.05 -127.92 03-09-19 168 10 On-shelf  

CS02 50.69 -129.47 05-09-19 1896 6 Off-shelf  
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3.2.2 Dissolved nutrients concentrations 

Samples were collected, processed, and analyzed following the same procedure outlined 

in section 2.2.2.  

3.2.3 Biological particulate concentrations 

 

Samples were processed and analysed following the same procedure outlined in section 

2.2.3 (Chlorophyll-a), 2.2.4 (Biogenic Silica), and 2.2.5 (Particulate carbon and N).  

Particulate phosphorous (PP) was also measured during August-September 2019. A volume of 

2.8 L of seawater was collected from the Niskin sampler into a clean, acid-washed polycarbonate 

bottle. The entire seawater sample was gently vacuum filtered onto a pre-combusted, 47 mm, 0.7 

µm (nominal porosity) glass fibre filter and rinsed with sodium sulphate (NaSO4) to prevent 

retention of dissolved phosphate onto the filter. Filters were placed into foil envelopes and kept 

at -80 ˚C until analysis. Particulate phosphorous was processed following the ash-hydrolysis 

digestion described by Lomas et al. (2010) to convert all particulate phosphorous to dissolved 

PO4. Concentrations of dissolved PO4 were measured by the dissolved phosphate colorimetric 

method described by Parsons et al. (1984) and Strickland & Parsons (1972). 

Chl-a data are presented as both depth-discrete values (i.e. concentration at the 5 m 

depth), and depth-integrated values. Integration was done between the 5 m depth and the chl-max 

depth for both the <5 µm and the >5 µm size fractions.  
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3.2.4 Ambient carbon and nitrate uptake rates 

 

Ambient C and NO3
- uptake were measured at all stations except for LB01 where only 

particulates were measured. Samples were collected, incubated and processed following the 

same procedure outlined in section 2.2.6.  

3.2.5 Ambient silicon uptake rate 

 

At each station, except LB01, seawater samples were collected directly from the Niskin 

into ~300 mL clear, acid-washed, polycarbonate bottles. To each bottle, an aliquot of the 

radiotracer Si-32 (as 32Si(OH)4) was added to achieve an activity of 0.01 µCi/mL. Samples 

were incubated in the shipboard incubator following the same process as section 2.2.6.  

After 24 h, samples were removed from the incubator and immediately filtered onto a 0.6 

µM polycarbonate filter. All filters were dried for 24 h on a Teflon planchette before being 

covered with protective Mylar (polyethylene terephthalate) foil. Planchettes were then placed in 

plastic petri dishes and stored in a acrylic container until analysis. Samples were allowed to rest 

for a minimum of 120 days before analysis to allow for secular equilibrium between 32Si and its 

daughter isotope 32P (Krause et al., 2011)  

Uptake rates of Si were determined by measuring the activity of 32Si in particles on the 

filters using a Risø low-level gas flow beta multi-counter system, following the method outlined 

by Brzezinski & Phillips (1997) and Krause et al. (2011). Si production rates (ρSi) were 

calculated using the following equations from Brzezinski & Phillips (1997):  

[bSiO2new
] = (μCi Si32

PSi/ μCi Si32
tot) ∗  [Si(OH)4]                             (3.2) 

                   ρSi =  [bSiO2new
]/t                                                                               (3.3) 



67 

 

Where µCi 32SiPsi is the activity of particulate 32Si measured on the filter at the end of the 

incubation, µCi 32Sitot is the total activity of 32Si added to the sample at the start of the 

incubation, [Si(OH)4] is the concentration of silicic acid at the start of the incubation (this is the 

ambient value plus any addition or enrichment to the sample), and t is the incubation time. 

3.2.6 Nitrate kinetics 

  

Seawater samples were collected directly from the Niskin bottles into seven separate 580 

mL acid-washed, clear polycarbonate bottles. Samples were enriched with a solution of sodium 

nitrate (Na14NO3) to achieve 1, 2, 3, 4, 8, 12, and 20 µM NO3 above the ambient NO3 

concentration. To each of the bottles, the stable isotopic tracer Na15NO3 was added to achieve 

approximately 10% of ambient (or ambient +enriched) NO3. Samples were incubated following 

the procedure outlined in section 2.2.6 and uptake rates were also calculated following the same 

procedure as section 2.2.6. The maximum ρNO3 (ρmax) and the MM constant (Km) were 

calculated by fitting the experimental data to the Michelis-Menten equation (MacIsaac & 

Dugdale, 1969) using RStudio v4.2.1 (R Core Team, 2022).  

3.2.7 Silicon kinetics  

 

Seawater samples were collected into seven ~300 mL clear, acid-washed, clear 

polycarbonate bottles. Samples were enriched with a Si(OH)4 solution to achieve 1, 2, 3, 4, 8, 12, 

and 20 µM Si(OH)4 above the ambient Si(OH)4 concentration. To each bottle, an aliquot of the 

radiotracer Si-32 (as 32Si(OH)4) was also added to achieve an activity of 0.01 uCi/mL. Samples 

were incubated following the same procedure as section 2.2.6.  

After 24 hr, samples were processed and uptake rates calculated following the same procedure as 

section 3.2.5.  
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The maximum ρSi (ρmax) and the MM half-saturation constant (Km) were calculated by fitting the 

experimental data to the Michelis-Menten equation (M. Brzezinski et al., 1998; MacIsaac & 

Dugdale, 1969; Nelson et al., 2001) using RStudio v4.2.1 (R Core Team, 2022).  

3.3.7 Taxonomic composition of phytoplankton assemblages 

 

Seawater samples were collected directly from the Niskin bottles into clean 250 mL 

amber glass or plastic containers. Samples were spiked with a 1:1 mixture of buffered 

formaldehyde and Lugol’s potassium iodine solution, and stored at 4° C until analysis. The 

Utermöhl method (Lund et al., 1958) and brightfield microscopy were used for identification and 

quantification of main phytoplankton groups. Between 50 mL and 100 mL were settled for each 

sample. Identification and counts were performed using an Olympus IX-71 inverted 

epifluorescence microscope. Phytoplankton cells were identified to the lowest possible taxon, 

and grouped into taxonomic categories. The categories were diatoms, dinoflagellates, ciliates and 

other flagellates, and coccoid cells <5 µm. Coccoid cells were those that were too small to be 

reliably identified and may represent a mix of several taxa.  

Although not all dinoflagellates, other flagellates, and ciliates are strictly 

photoautotrophic, they were counted as part of the phytoplankton assemblage as many genera 

observed in the samples are known to be mixotrophic and contribute to nutrient uptake, 

photosynthesis and particulate concentrations at the phytoplankton trophic level (Dagenais-

Bellefeuille & Morse, 2013; Stoecker et al., 1989).  
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3.3 Results 

The following results focus on samples collected from the mixed layer (at 5 m) where 

kinetic experiments were performed. Full data sets which include all chl-max depth data are 

presented in Appendix II (Table A6). Data from summer 2019 along Line P is the same data 

discussed in chapter 2 of this thesis.   

3.3.1 Temperature and dissolved nutrient concentrations  

 

Seawater temperatures at 5 m reached a maximum of 17.7 °C at P4 in August-September 2019 

(Figure 3.1). The temperatures were highest in the region between P4 and P16. This includes 

high temperatures measured at LG09 and LB15 which are at similar locations to P4. Stations on 

the southern Vancouver Island coast (LB01, LC06) had the lowest temperatures (12-13 °C) of all 

the stations sampled in August-September 2019.  

 

Figure 3.1. Seawater temperatures (°C) measured at 5 m for Line P and La Perouse stations in 

August-September 2019.  
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Dissolved NO3, Si(OH)4 and PO4 followed similar patterns of distribution in August-

September 2019 (Figure 3.2). NO3 was highest (0.98 µM) at P26 and was low (<0.6 µM) but 

detectable at most on-shelf stations. NO3 was below the LoD (0.1 µM) at LB15 and all Line P 

stations from P4-P20. Si(OH)4 had a slightly more variable pattern of distribution compared to 

NO3, and reached the highest levels (>40 µM) at LC06 and LB01. [Si(OH)4] were lower, but 

above the LoD at P26, P4, and CS02 (7.7, 1.2, and 9.2, respectively). All other stations had 

[Si(OH)4] below the LoD (0.3 µM). [PO4] were very similar (0.2-0.4 µM) at all stations except 

at LB01 and LC06 were concentrations were elevated (1.6-1.7 µM).  
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Figure 3.2. Dissolved A) NO3, B) Si(OH)4, and C) PO4 from the mixed layer (5 m) at Line P and 

La Perouse stations in August-September 2019. 
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3.3.2 Biological particulate concentrations 

 

All biological particulates in the mixed layer had similar patterns of longitudinal 

distribution over the study area. Total Chl-a, PC, and bSiO2 were higher at the on-shelf stations, 

were comparatively lower between P4-P20, and then increased slightly at P26. This increase in 

biological particulates is not usually seen at P26 and represents an anomalous event. Total chl-a 

measured at 5 m was highest at LB01, LC06, and CS02 (2.88, 1.88, and 1.3 µg L-1, respectively). 

P4 and P12 had the lowest chl-a observed in the entire study area at 0.09 and 0.1 µg L-1, 

respectively (Figure 3.3 A).  

PC and PN had nearly identical distributions (Figure 3.3 B and C) with more elevated 

concentrations of PC and PN at La Perouse stations compared to most Line P stations. CS02 had 

the highest PC (364.8 µg L-1) and the second highest PN (0.9 µM). PC and PN had a somewhat 

variable longitudinal distribution along Line P. PC was very low at P4, P12 and P20 (97.1, 85.2, 

and 90.1 µg L-1, respectively) and PN was similarly low (0.45, 0.39, and 0.39 µM, respectively). 

P16 and P26, had higher PC than other Line P stations (136.2 and 177.5 µg L-1, respectively). 

P26, specifically, had the highest PN of all Line P and La Perouse stations at 0.97 µM. 
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Figure 3.3. Biological particulates in August-September 2019 measured at 5 m at stations along 

Line P and La Perouse. Data presented are A) total chl-a (µg L-1), B) Particulate Carbon (µg L-1), 

C) Particulate Nitrogen (µmol L-1), D) Biogenic silica (bSi) (µmol L-1), and E) Particulate 

Phosphorous (µmol L-1). 

 

Ambient [bSiO2] at 5 m depth were much higher at the La Perouse than the Line P 

stations overall (Figure 3.3 D) reaching maximum values of 1.40 µM at LC06. [bSiO2] were 

similarly high at LB15 (1.10 µM) and LG09 (0.98 µM). Of all the Line P stations, P26 had the 

highest [bSiO2] at 0.54 µM which is anomalous in the region based on historical data. The on-
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shelf stations , inland of P4, normally have the highest biomass and production rates while P26 

remains at relatively low concentrations of biological particulates.  

Cells smaller than 5 µm contributed the majority of chl-a at most stations. Depth-

integrated size- fractionated chl-a data (Figure 3.4) showed that cells <5 µm in diameter were 

much more dominant at all stations, including on-shelf stations, but contribution from cells >5 

µm was nearly equal at oceanic stations P20 and P26. LBP3 was the only station where chl-a 

was significantly higher in the fraction of cells >5 µm.  

 

 

Figure 3.4. Depth-integrated size fractionated chl-a (mg m-2) data from Line P and La Perouse 

stations in August-September 2019. Values are depth-integrated from 5 m to the chl-max depth 

of each station. On-shelf stations are LBP3, LC06, amd LB01, off-shelf stations are P4, P12, 

CS02, LG09, and LB15, oceanic stations are P16, P20, and P26.  
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3.3.3 Ambient carbon, nitrate and silicon uptake rates 

 

Carbon uptake rates (ρC) in the mixed layer were highest at LC06, LBP3, and P26 

reaching 59.3, 25.6, and 24.2 µg C L-1 day-1, respectively (Figure 3.5 A). At all other stations, ρC 

was very similar (~8-12 µg L-1 day-1) expect at CS02 where ρC was <1 µg L-1 day-1.  

                   

Figure 3.5. Ambient uptake rates of A) carbon (ρC), B) nitrate (ρNO3), and C) silicon (ρSi) from 

5 m at major Line P and La Perouse stations in August-September 2019.  
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Ambient ρNO3 in the mixed layer was highest at LC06, LG09 and P26 where rates were 

0.66, 0.47 and 0.21 µM day-1, respectively (Figure 3.5 B). LB15 and LBP3 had similar rate of 

ρNO3 (0.135 and 0.104 µM day-1, respectively) and all other stations had very low NO3 uptake 

<0.1 µM day-1. Ambient ρSi was highest at La Perouse stations LC06 and CS02 (0.61 and 0.56 

0.18 µM day-1, respectively). The next highest ambient ρSi was measured at P26, while rates 

were considerably lower than LC06 and CS02 at 0.18 µM day-1. Ambient ρSi rates were <0.1 

µM day-1 at 5 m at all other stations in the Aug-Sep 2019 (Figure 3.5 C).  
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3.3.4 Nitrate uptake kinetics  

 

Results from kinetic experiments conducted at La Perouse stations from the Vancouver 

Island coast indicated that ρNO3
- increased with NO3

- enrichement only at CS02 and LBP3 

(Figure 3.6). All other La Perouse stations did not have any considerable increase in NO3 uptake 

at any level of enhancement. Increases in ρNO3 with enhancement (ie. the difference between 

ambient ρNO3
- and maximum ρNO3

-) ambient were large (> 0.5 µM day-1) at CS02 but not at 

LBP3. Although ambient dissolved NO3
- was below the LoD at all Line P stations, the only 

station that showed an increase in ρNO3 with enhancement was P20. All other stations did not 

show a response to NO3 enrichment (Figure 3.7).  

The Km and ρmax for NO3 uptake were calculated at all stations for both regions, except 

LG09 where uptake rates were not suitable for the fitting of a MM model (Table 3.2). La Perouse 

stations LC06 and CS02 had the highest Km values of 4.68 and 0.83 µM, respectively. Similarly, 

most La Perouse stations had generally higher ρmax values reaching 1.6, 0.8, ad 0.67 µM day-1 at 

LBP3, CS02, and LC06, respectively. Line P stations had lower Km and ρmax values with P12 

having the lowest ρmax for any station (0.08 µM day-1) while the lowest Km values (0.01 µM) 

were observed at P4, P16, and P26 (Table 3.2). The ratio of ρamb:ρmax at all stations except CS02 

was above the 25% , suggesting no significant NO3 limitation (see section 3.1.3). CS02, 

however, had a ρamb:ρmax of 10.45% which indicates that phytoplankton in the mixed layer at 

CS02 were NO3 limited.  
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Figure 3.6. Results from nitrate uptake (ρNO3) kinetic experiments at La Perouse stations during 

September 2019. Plots show NO3 uptake rates (µM day-1) at ambient value (red marker), all 

levels of enhancement (µM) (black markers) and modeled Michaelis-Menten curves fitted to the 

data (red lines; units of µM day-1).  



79 

 

 

Figure 3.7. Results from nitrate uptake (ρNO3) kinetic experiments at Line P stations during 

August 2019. Plots show NO3 uptake rates (µM day-1) at ambient (red marker), all levels of 

enhancement (µM) (black markers), and modeled Michaelis-Menten curves fitted to the data (red 

lines; units of µM day-1).  
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Table 3.2. Maximum NO3 uptake rate (NO3 ρmax), half saturation constants (NO3 Km) and 

ambient to maximum uptake ratios (ρamb:ρmax) calculated from the MM-models fitted to the 

experimental data at La Perouse and Line P stations in August-September 2019. The station for 

which kinetic parameters could not be calculated is marked with NC (not calculated).  

Station NO3 ρmax NO3 Km ρamb:ρmax Response to enhancement 
 

µmol L-1 day-1 µmol L-1 % 
 

P26 0.28 0.01 114.18 No increase 

P20 0.14 0.053 130.12 Increase 

P16 0.12 0.01 5961.27 No increase 

P12 0.08 0.13 301.14 No increase 

P4 0.15 0.01 148.58 No increase 

CS02 0.80 0.83 10.45 Increase 

LG09 NC NC NC No increase 

LB15 0.16 0.02 1088.12 No increase 

LBP3 1.57 0.21 437.13 Increase 

LC06 0.67 4.68 108.27 No increase 

 

3.3.5 Silicon uptake kinetics 

 

All La Perouse stations showed some increase in ρSi with Si enhancement to varying 

degrees. LB15, LG09, and LBP3 all appeared to be Si limited and had considerable increases in 

ρSi up to the 20 µM enhancement (Figure 3.8). These stations had very low ambient Si(OH)4 and 

MM curves of both LB15 and LBP3 suggest that further Si enhancement would have resulted in 

further increases in ρSi. Although ambient [Si(OH)4] in the mixed layer at LC06 were already 

>40 µM, there was some increases in ρSi with further enhancement (Figure 3.8). Station CS02 

also had high dissolved [Si(OH)4] >10 µM and although data allowed for fitting of the MM 

model, there was no substantial increase in ρSi between ambient (9 µM) and maximum (29 µM) 

concentrations of Si(OH)4.  
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Figure 3.8. Results from Si(OH)4 uptake kinetic experiments at La Perouse stations during 

summer 2019. Plots show Si(OH)4 uptake at ambient values (red markers), all levels of 

enhancement (black markers), and modeled Michaelis-Menten curves (red lines).  
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Along the Line P transect, stations had a variable response to Si enhancement (Figure 

3.9). P4 and P16 had no considerable increase in ρSi with enhancement except at the 20 µM 

concentration level. At both stations, ρSi was low and relatively consistent from ambient 

concentrations to the 12 µM enrichment, only increasing after an addition of 20 µM (Figure 3.9). 

P12 had no considerable increases with Si enhancement. P20 and P26 both had significant 

increased ρSi with enhancement (up to an order of magnitude at P20) and showed clear signs of 

Si limitation.  

Maximum uptake (ρmax) could be calculated at all stations except P20 and P4 because ρSi 

was not saturated at these two stations (Table 3.3). The measured ρmax was highest at LC06, 

reaching levels of 1.65 day-1 but this may not represent the true ρmax as uptake increased between 

the 40 and 60 µM Si(OH)4 and no additional measurements was made with >60 µM Si(OH)4. La 

Perouse stations had much higher ρmax values compared to Line P stations overall. Of the Line P 

stations, P26 had the highest ρmax measured at 0.38 µM day-1. Half saturation constant (Km) from 

the MM models could not be calculated at three stations, LC06, P4, and P20. LG09 and CS02 

had the lowest Si Km (2.33 and 2.34 µM, respectively) while LB15 and P26 had the highest (18.3 

and 16.4 µM, respectively). For stations where ρmax could not be calculated from the MM model, 

the ρSi from the 20 µM enrichment was used as ρmax for the calculation of ρamb:ρmax (Krause et 

al., 2012).  
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Figure 3.9. Results from Si(OH)4 uptake kinetic experiments at Line P stations during summer 

2019. Plots show Si(OH)4 uptake at ambient values (red marker), all levels of enhancement 

(black markers), and modeled Michaelis-Menten curves (red lines).  
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Table 3.3. Silicon (Si) kinetic parameters calculated from the Michaelis-Menten models fitted to 

the experimental data at La Perouse and Line P stations in August-September 2019. Stations 

where either kinetic parameter could not be calculated are marked with NC (not calculated).  

Station Si ρmax Si Km ρamb:ρmax Response to enhancement 
 

µmol L-1 day-1 µmol L-1 % 
 

P26 0.38 16.04 34.5 Increase  

P20 0.11* NC 1.90* Increase 

P16 0.06 15.4 3.24 Increase  

P12 0.06 15.5 5.81 No increase 

P4 0.08* NC 57.69* Increase  

LG09 0.62 2.33 8.60 Increase 

LB15 0.95 18.3 2.26 Increase 

CS02 0.64 2.34 102.63 No increase  

LBP3 0.88 4.75 3.30 Increase 

LC06 1.64* NC 47.62* Increase 

* for stations where ρmax could not be calculated from the MM function, ρ at the 20 µM enrichment was 

used for ρmax (Krause et al., 2012). 

 

3.3.6 Abundance and taxonomic composition of phytoplankton assemblage  

 

Total phytoplankton abundance was highest at station LC06 at 4.9 x 106 cells L-1 and 

lowest at station P4 at 1.9 x 106 cells L-1 (Figure 3.10). On average, the off-shelf and on-shelf 

stations had higher contribution of diatoms and dinoflagellates than oceanic stations with LG09 

having the highest number of diatoms per liter (Figure 3.10). Most Line P stations (P4-P20) had 

very low contribution of diatoms and were dominated by small coccoid cells (<5 µm). However, 

P26 was the only station with a higher numbers of diatoms (59% of the total assemblage), when 

compared to all other Line P stations, showing high contributions from both Thalassiosira sp. 

and Nitzschia sp. 
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Figure 3.10. Abundance (cells L-1) of major phytoplankton groups along Line P and La Perouse 

stations at 5 m during August-September 2019. On-shelf stations are LBP3, LC06, amd LB01, 

off-shelf stations are P4, P12, CS02, LG09, and LB15, oceanic stations are P16, P20, and P26. 

 

Dinoflagellates were present in all samples with Gyrodimium Protocentrum, Ceratium, 

and Alexandrium as the most dominant genera. Dinoflagellates usually contributed between 0-

15% of the total assemblage except at LB01, LC06, and CS02 where they made up 72%, 36%, 

and 35% of the total assemblage, respectively.Coccoid cells <5 µm, which may represent several 

taxa, were more numerous from P4-P20 where they contributed ~85-93% of the total 

assemblage. The contribution of ciliates and other flagellates was between 0-20% of the 

assemblage at all stations. The most common ciliate genus was the mixotrophic Myrionecta. 
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3.4 Discussion  

3.4.1 Summary of results 

 

In August-September 2019, temperatures in the mixed layer were high along Line P and 

the west coast of Vancouver Island compared to historical averages. The maximum temperature, 

~18 °C, was recorded at P4 but temperatures were similarly high (17.5-18 °C) at surrounding 

stations LG09 and LB15 and these high temperatures extended offshore up to P16. For all 

stations, Km values for NO3
- were low (0.01-4.68 µmol L-1 ), suggesting affinity for NO3

- was 

high. Additionally, ρmax was not considerably different from ambient ρNO3
- at most stations. In 

contrast, most stations did show an increase in uptake rates with enhancement of Si(OH)4 and Km 

values were substantially higher (2.33-18.3 µmol L-1 ) than those of NO3
-. Phytoplankton 

assemblages along most of Line P were dominated by coccoid cells <5 µm, whereas La Perouse 

stations had a higher contribution from diatoms, ciliates and dinoflagellates. Notably, biological 

particulates and uptake at P26 was anomalously high compared to previous studies in the region. 

There was also a large contribution of diatoms and other cells >5 µm to the total chl-a and the 

phytoplankton abundance.   
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3.4.2 Temperature and nutrient distributions in the NE Pacific in summer 2019 

 

During August-September 2019, the temperatures in the mixed layer along both Line P 

and La Perouse were above 12 °C at all stations. Temperature anomalies in the mixed layer at 

Line P stations were all positive and were up to 3°C at P4 compared to the 1981-2010 climatic 

averages at all stations (Crawford et al., 2007; Fisheries and Oceans Canada, 2019; see section 

2.4). Temperatures were particularly high between P4 and P20 where they reached a maximum 

of 18 °C at P12. In addition to being warmer, water in the mixed layer at all stations along Line P 

was less saline, and less dense compared to the 1951-1991 averages (Fisheries and Oceans 

Canada, 2019; see section 2.4). These physical parameters all suggest that during late summer 

2019, ocean waters were warm and stratified in regions of the NE Pacific Ocean, similar to 

conditions observed during other MHWs (see section 2.4). Seawater temperatures were similarly 

high over most of the La Perouse region. Mixed layer temperatures at all La Perouse stations, 

except LC06 and LB01, were between ~15-17 °C. Although these temperatures are not 

unprecedented on the west coast of Vancouver Island, these values are considered to be in the 

high end of the temperature range. Records from the British Columbia Shore Station 

Oceanographic Program monitoring on Vancouver Island (Iwabuchi & Gosselin, 2019) show 

that the maximum SST recorded between 1935 and 2016 on the west coast of Vancouver Island 

was 16.78 °C when averaged between the two observation stations on Amphirite Point 

(48°55.272´ N 125°32.468´ W) and Kains Island (50°26.559´ N 128°01.998´ W). These warm 

temperatures are typical of MHW conditions and are consistent with observations made during 

other NE Pacific warming events (Amaya et al., 2020; Di Lorenzo & Mantua, 2016; Ross et al., 

2021). The overall increase in SST on the west coast of Vancouver Island (Iwabuchi & Gosselin, 
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2019) coupled with an increase in severity and frequency of MHW events (Oliver et al., 2019) 

could result in more frequent and higher extreme SSTs around Vancouver Island.   

 When ambient dissolved nutrient data is plotted for stations from summer 2019, there is 

an inverse correlation between measured SST and dissolved [Si(OH)4] (R
2=0.85) and [PO4] 

(R2=0.81) in the mixed layer (Figure 3.11). This correlation was weakly observed with [NO3] but 

was not significant (R2=0.15).  

     .  

Figure 3.11. Correlation between measured seawater temperature (SST) and dissolved silicic 

acid (Si(OH)4) and phosphate (PO4) at major Line P and Le Perouse stations at 5 m in August-

September 2019. Dashed grey line is linear regression of PO4 data and solid line is linear 

regression of Si(OH)4 data. R2 value show correlation between nutrient concentration and 

temperature for Si(OH)4 (black box) and PO4 (grey box).  

 

The stations that had the lowest temperatures, LC06 and LB01, also had the highest 

dissolved [Si(OH)4] and [PO4] of all stations. Similarly, stations with high temperatures had very 

low [Si(OH)4] and [PO4]. Stations with colder, nutrient rich water closer to the coast may have 

had a stronger signal of surface runoff while warmer, low nutrient waters had a signal more 

typically seen in subtropical oligotrophic oceans (Harris et al., 2009; Frank A. Whitney et al., 
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2005). While there was a clear relationship between these two dissolved nutrients and 

temperature, it is unclear why NO3 did not show the same relationship. It is well known that NO3 

concentrations have an inverse relationship to temperature in the world’s oceans (Strickland, 

1970; Suess & Thiede, 1983; Dugdale et. al, 1989) but in 2019 it appeared to be decoupled from 

SST. However, because the relationship between temperature and nutrients is mediated by 

biological consumption, changes in primary production can break down this relationship quite 

easily (Henson et al., 2003). Additionally, it has been previously observed that specifically 

during spring and summer, the linear relationship between NO3 and T may not hold (Henson et 

al., 2003). Thus, during 2019, variations in this relationship may be due to decoupling of the T-

NO3, relationship.  

In the summer of 2019, dissolved nutrient concentrations on the west coast of Vancouver 

island were similar to previous years but along Line P they were among the lowest on record 

(Boldt, 2020). This decrease in dissolved nutrients to anomalously low levels is a phenomenon 

that has been observed during warming events in the past (Freeland et al., 1997; Harris et al., 

2009; Peña et al., 2019; Peña & Varela, 2007; Whitney et al., 1998) and has also been observed 

to result in a decrease in both new and total productivity (Harris et al., 2009). During the 2019 

MHW, the kinetic experiments performed provided better insights into the extent of NO3 and 

Si(OH)4 limitation caused by this widespread, spatial decrease in nutrients.  
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3.4.3 Nitrate uptake kinetics in the NE Pacific during the 2019 MHW event 

 

In the HNLC region of the NE subarctic Pacific, essential macronutrients like NO3 are 

not typically thought to be limiting for phytoplankton growth (Cullen, 1991; Yasunaka et al., 

2021). However, observations over the last twenty five years have suggested that dissolved 

nutrients such as NO3, and Si(OH)4 may be decreasing over time due to changes in winter 

mixing and heating of the surface ocean (Freeland et al., 1997; Whitney et al., 1998). This 

nutrient decrease may be exacerbated by an increase in the frequency of MHW events (Oliver et 

al., 2019; Xu et al., 2021). In 2015, the NE subarctic Pacific Ocean experienced the most intense 

MHW of the last 70 years, when stark decrease in dissolved nutrient concentrations and 

phytoplankton biomass were measured compared to established averages over much of the Line 

P transect (Peña et al., 2019). Additionally, there was an increase in abundance of pico-

phytoplankton (0.2 -2 µm), which are efficient nutrient users and tend to outcompete other 

phytoplankton in oligotrophic waters (Agawin et al., 2000). Based on these observations, Peña et 

al. (2019) suggested that phytoplankton assemblages within the nutrient-low zone (~P4-P22) 

were nutrient-limited (probably by NO3 or Fe). While it was evident that NO3 was at 

anomalously low levels during August-September 2019, kinetic experiments conducted during 

this thesis revealed that only assemblages at CS02 responded to addition of NO3. Although 

[NO3] were below the LoD at many of the stations, addition of NO3 to natural assemblages from 

these stations did not result in any increase in NO3 uptake. At all stations except CS02, ρamb:ρmax 

was well above the 25% threshold that would indicate physiological limitation. Furthermore, the 

Km vales that were calculated from kinetic experiments were <0.1 µmol L-1 except at LC06. 

Thus, all evidence collected during the 2019 MHW points to the fact that assemblages were not 

limited by NO3 alone.  
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It is well documented that most oceanic stations along Line P are characterized by higher 

levels of regenerated productivity, relying more heavily on reduced forms of N such as NH4 and 

urea (Varela & Harrison, 1999; Peña & Varela, 2007; Meyer et al., 2022). This is in part due to 

the fact that the uptake of reduced N (such as NH4) requires much less Fe than the uptake of NO3 

(Raven, 1988). Additionally, higher temperatures can also lead to more regenerated productivity 

due to the higher grazing and regeneration of N by zooplankton in warmer waters (Banse, 1995; 

Peña et al., in review). Many of the stations were characterized by a high abundance of small-

celled phytoplankton (<5 µm) which usually dominate when Fe is limiting and preferentially use 

regenerated forms of N (Marchetti et al., 2006). It is likely that high affinity for NO3 by any large 

cells that were present, coupled with the use of recycled N sources allowed assemblages that 

were observed in this study to grow without physiological N limitation. However, it is also likely 

that the decrease in total N, from low mixing, could ultimately result in lower annual biomass, 

even if physiological limitation does not occur (Falkowski et al., 1998). 

Examining NO3 Km and ρmax values more closely allows for a higher resolution look at 

nutrient uptake and physiology of assemblages in the study regions At all Line P stations, Km 

was <0.01 µmol L-1  except P12 (Km = 0.13 µmol L-1  ). At all of these stations, the 

phytoplankton assemblage was dominated by small coccoid cells, which are efficient users of N 

(mostly recycled). At P12, where Km was slightly higher, there was an increase in the amount of 

dinoflagellates, inefficient users of N, and it is possible that their contribution may be the reason 

that Km values increased at P12. Among La Perouse stations, LC06 and CS02 had the highest Km 

values for NO3
- uptake of all the stations (4.68, and 0.83 µmol L-1  respectively). Both of these 

stations, similarly to P12, had a significant contribution from dinoflagellates to the total 
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assemblage. Increases in the abundance of dinoflagellates in an assemblage will likely shift the 

Km of the assemblage higher. 

The ρmax for NO3 had a variable distribution over the study region. Along Line P, ρmax 

varied between ~0.1-0.3 µmol L-1 day-1 but was generally lower than the Le Perouse stations 

where ρmax reached a maximum of 1.57 µmol L-1 day-1. For all stations in summer 2019, ρmax 

seemed to be mostly correlated to lower SST and higher biomass. Previous studies have shown 

that the affinity for NO3 in mixed assemblages (particularly dominated by diatoms and 

dinoflagellates) decreases as a function of temperature and duration of a bloom (Fan et al., 2003; 

Lomas & Glibert, 2000). However, some research has also shown that certain diatoms and 

mixotrophic dinoflagellates increase their NO3 uptake at higher temperatures (Berges et al., 

2002; Coyne et al., 2021), likely due to the activity of NR. Therefore, while there may be some 

positive effects of temperature on NR activity, it is likely that the late summer bloom stage 

contributed to the overall lower observed kinetic efficiency of phytoplankton.   

3.4.4 Silicon kinetics in the NE Pacific during the 2019 MHW event 

 

During August-September 2019, there was a clear relationship between [Si(OH)4], 

ambient ρSi and the degree of Si limitation in the study region. Ambient ρSi was highest at 

stations where [Si(OH)4] were well above detectable concentrations. There was also more 

pronounced limitation (ie. ρamb:ρmax was lower) at stations that already had high ambient ρSi. At 

stations P12, P16, P20, P26, LBP3, LB15, and LG09, there did appear to be some degree of 

limitation from Si(OH)4. At all of these stations the ρamb:ρmax was <25% and there was a 

measurable increase in ρSi even at low levels of enhancement or when there were measurable 

[Si(OH)4] in the mixed layer. Particularly at P20, the Si ρmax (0.1 µmol L-1 day-1) was more than 

an order of magnitude higher than the ambient rate (<0.01 µmol L-1 day-1). At stations where Km 
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could be calculated, the values were nearly always higher than those measured for NO3. Silicon 

Km ranged from 2.33 µmol L-1 at LG09 to as high as 18.3 µmol L-1 at LB15. These values are 

considerably higher than those observed where natural phytoplankton assemblages are growing 

in nutrient-replete waters (Nelson & Brzezinski, 1990; Nelson & Tréguer, 1992) and suggest that 

most assemblages in the NE Pacific had low Si(OH)4 uptake efficiency.  

The low efficiency of Si(OH)4 uptake has implications for how severely future MHWs 

can affect phytoplankton assemblages. Since Si uptake can become limited even while Si(OH)4 is 

present at detectable levels in the water column, the likelihood that physiological limitation will 

occur increases, especially during MHWs when nutrients are not being replenished. So, in these 

areas, further nutrient depletion that may be caused by MHW events will likely lead to 

physiological limitation of diatoms for Si(OH)4 and a switch to smaller phytoplankton that do not 

require Si for growth.  

It is well documented that diatoms growing under Fe limitation are more silicified and 

have a lower affinity for Si (Hutchins & Bruland, 1998; Mosseri et al., 2008; Takeda, 1998). 

There is also considerable evidence that both Si and Fe play a role in the limitation of diatom 

growth in many marine HNLC environments (Dugdale et al., 1995; Brzezinski et al., 2022; 

Hutchins et al., 2001; Mosseri et al., 2008; Rocha et al., 2000). In August-September 2019, 

diatom growth may have been co-limited by both Si and Fe over much of the Line P transect; a 

scenario that has already been described in the NE Pacific (Brzezinski et al., 2022). In these 

areas, Fe limitation would cause affinity for Si to decrease and would also lead to a higher 

cellular demand for Si (Brzezinski et al., 2022; Hutchins & Bruland, 1998b; Marchetti et al., 

2006; Nelson et al., 2001). This increased demand and decreased affinity would mean that Km 

would likely be higher than the ambient [Si(OH)4], which would cause nutrient limitation. Thus, 
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severely low Fe (<0.1 nmol L-1) would limit diatom growth in these areas, which would lead to 

limitation of overall Si(OH)4 uptake. For the La Perouse stations, where Fe is less likely to be 

limiting, limitation from Si alone would likely lead to lower Si uptake rates for diatoms. 

However, for all stations whether Fe limited or not, the consequences of the MHW are similar; 

lower mixing and more stratified waters lead to lower inventories of Si(OH)4 which could cause 

a decrease in large diatoms and proliferation of small-celled phytoplankton in the NE Pacific.  

Kinetic experiments performed during this study indicated that there did not appear to be 

any correlation with SST and either ρmax or Km (Figure 3.12) but both parameters were much 

more closely correlated with ambient Si(OH)4.  

       

Figure 3.12. Silicon uptake kinetic parameters ρmax and Km plotted against seawater temperature 

(°C) at 5 m for all stations in 2019. For stations where ρmax could not be calculated from the 

Michaelis-Menten model, the ρSi measured at the 20 µmol L-1 enrichment was used as ρmax.  

 

This indicates that rate and efficiency of Si(OH)4 uptake are much more closely tied to substrate 

concentration than temperature in the NE Pacific. Although research is unclear as to if there is a 
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relationship between temperature and Si uptake (Blank et al.,1986; van Donk & Kilham, 1990; 

Stapleford & Smith, 1996), it is much more likely that in sub-polar regions where water 

temperatures are usually <20 °C, Si(OH)4 uptake will be primarily limited by Si(OH)4 

concentrations.  

3.4.5 Phytoplankton assemblages and biomass 

 

In August-September 2019, the abundance and taxonomic composition of phytoplankton 

assemblage was spatially variable. Cell abundances were generally >2.5 x106 at the La Perouse 

shelf stations and were dominated by dinoflagellates, cilliates, and diatoms. Stations P4-P20 

(Line P off-shelf and oceanic stations) were dominated by coccoid cells <5 µm and had very low 

diatom abundance. These coccoid cells are likely pico and nanoplanktonic Haptophytes, which 

are generally dominant in the offshore stations of Line P (Peña et al., 2019; Peña & Varela, 2007; 

Royer et al., 2010). However, there was an increase in diatom abundance at P26 that was also 

accompanied by an unusual increase in chl-a, PC, PN, and bSiO2. These increases in diatoms and 

total phytoplankton biomass at P26 have been observed before, during previous MHW events 

(Peña et al., 2019) and also under Fe fertilization in HNLC regions (Marchetti et al., 2006). 

During the 2015 MHW event, natural Fe fertilization was not detected at P26 (Taves et al., 2022) 

and it was suggested that the increase in diatoms may have been influenced by the stability of the 

water column with a concomitant increase in light availability (Peña et al., 2019). Much like 

2015, there was no evidence that natural Fe fertilization occured during summer 2019, and it is 

likely that diatoms were under Fe limitation (Taves et al., 2022; see section 3.4.4). However, as 

discussed above, limitation by both Fe and Si can co-occur in the NE Pacific. So, the relative 

increase of diatoms at P26 may have been the result of higher sustained levels of Si(OH)4 in the 

mixed layer (7.7 µmol L-1) at P26 relative to the other Line P stations.  
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The overall distribution of species and cell sizes of phytoplankton in 2019 is consistent 

with what has been traditionally observed in this region; higher contribution of small-celled 

phytoplankton to total abundance and biomass along most of Line P, and an increased 

contribution of larger (>10 µm) diatoms and dinoflagellates at the “on-shelf” stations. (Harris et 

al., 2009; Harrison et al., 2004; Meyer et al., 2022; Peña & Varela, 2007). However, P26 was 

unusually productive, having both higher chl-a and nutrient uptake rates than usually expected. 

In August, diatoms were abundant at P26, accounting for the higher Si uptake and chl-a than at 

other oceanic stations (Boldt, 2020).  

3.5 Conclusions 

High seawater temperatures and shallow mixed layers were characteristics of nearly all 

stations in the NE subarctic Pacific sampled in Aug-Sep 2019. Overall, there was higher mixed 

layer chl-a, bSiO2, and both ρNO3 and ρSi at the on-shelf and off-shelf La Perouse stations than 

at the Line P stations. Kinetic experiments indicated that while most assemblages had high 

efficiency for NO3 uptake, the efficiency of Si(OH)4 uptake was much lower. Additionally, 

enhancement with Si(OH)4 at several stations was not saturated at the 20 µM. This low 

efficiency, and non-saturation at high levels of Si(OH)4 indicate that while many of these 

assemblages have a high capacity for Si uptake, they may easily become Si limited during times 

when nutrient input to the surface waters is low. If MHW events lead to further decreases in 

deep-water injection and lateral mixing, then assemblages will likely shift towards smaller and 

non-Si dependent phytoplankton.  
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Chapter 4: General conclusions 

4.1. Summary of results 

Measured sea surface temperatures were higher and mixed layer depths were shallower at 

the majority of stations sampled in the NE Subarctic Pacific in 2019 compared to 2018. In 2019 

there was also a considerable decrease in dissolved nutrients in the mixed layer when compared 

to 2018. Biomass was reduced at most stations or was concentrated at the subsurface chl-max 

depth instead of distributed through the mixed layer. Overall, NO3 and C uptake did not seem to 

differ considerably between years, however the contribution from new and regenerated sources 

was different. Oceanic stations showed in increase in new productivity in 2019 while P4 had a 

higher contribution from regenerated sources compared to 2018.   

In 2019, P26 was the most anomalous station and was uncharacteristically productive. 

Compared to the off-shelf station P4, P26 had higher chl-a, higher bSiO2, and higher Si, C and 

NO3 uptake rates. Additionally, there was a high contribution from cells >5 µm to chl-a and large 

diatoms were abundant. P26 also had a higher contribution from new productivity (f-ratio = 0.9) 

than is normally measured at this station, even with potential overestimates (up to 40%).  

Kinetic experiments showed very efficient uptake of NO3 at most stations (low Km) but 

much less efficient uptake of Si(OH)4 (high Km). Likely, both Si(OH)4 and NO3 are limiting to 

some extent, with the former becoming limiting at much higher concnetrations. There is also a 

strong likelihood that assemblages are using more regenerated forms of N such as ammonium 

and urea; possibly due to increases in regenerated N sources from zooplankton activity (ie. waste 

excretion in the euphotic zone).  
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Overall, there were several unexpected characteristics of primary productivity in 2019 

that may be linked to the MHW conditions. An increase in regenerated productivity, changes in 

the dominant cell size of the community, and the overall biomass changes are all characteristics 

that have been linked to warming ocean, both globally and locally (Laffoley & Baxter, 2016; 

Peña et al., 2019; Peña pers. comm.). Along the BC continental margin, results from this study 

indicate that there is likely to be a reduction in new productivity, increased limitation from 

Si(OH)4 and changes in the size structure of assemblages. However, even within the study area, 

these changes seem to be very heterogeneous and may only be very localized. For example, 

while P4 was observed to have a higher contribution of regenerated productivity, a decrease in 

biomass, and a decrease in large cells, the opposite was observed at P26. This highlights the 

importance of high resolution studies and models when predicting productivity changes in future 

warmer oceans.   

4.2 MHW effects in the NE Pacific in 2019 

It is well established the MHWs will likely increase in their frequency and severity as 

climate change progresses, but their effects on global primary production are not well established 

(Barkhordarian et al., 2022; Oliver et al., 2019; Ross et al., 2021; Xu et al., 2021). In this study, I 

examined the ecophysiology of primary producers in the subarctic NE Pacific during the 2019 

MHW. I found that while the 2019 MHW did not appear to cause large shifts in the ecological 

paradigms at most stations (e.g. there was limitation by the same nutrients as previously 

observed, there were similar phytoplankton groups present, water column properties were within 

the range previously observed), the establishment of MHW conditions led to an intensification of 

the already well-established ecological processes. In late summer of 2019, there was an overall 

increase in mixed-layer temperatures, a much more stratified ocean, and a shoaling of the mixed 
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layer compared to observations from 2018 and to historical records for the region (Crawford et 

al., 2007; Government of Canada, 2009; Iwabuchi & Gosselin, 2019). Globally, MHW events 

are well known to cause these kind of physical and chemical changes in marine systems, usually 

as the result of changes to atmospheric patterns that lead to decreased wind, heat loss from the 

surface ocean, and mixing (Amaya et al., 2020; Barkhordarian et al., 2022; Di Lorenzo & 

Mantua, 2016; Xu et al., 2021). These effects were accompanied by anomalously low [NO3] and 

[Si(OH)4] in the mixed layer along Line P.  

If we examine the magnitude of Si(OH)4 depletion at P26, there is a clear indication that 

the magnitude of depletion in 2019 was larger than average. In the winter of 2018-2019, Si(OH)4 

was ~20 µM in the mixed layer (Government of Canada, 2009) and decreased to ~8 µM by late 

August. This implies a Si(OH)4 depletion of about 12 µM which is nearly double the average for 

this region (Brzezinski et al., 2022; Peña & Varela, 2007). This increase in the magnitude of 

Si(OH)4 depletion could be the result of increased biological uptake as well as a decrease in 

vertical nutrient injection. The magnitude of NO3 depletion at P26 was similar to that of Si(OH)4 

(~13 µM) and was also nearly double the depletion that was observed at P26 in the previous year 

(~7 µM) (Government of Canada, 2009). This increased drawdown may have been the result of 

two factors; decreased input throughout the growing season from mixing and increased 

biological uptake. It is possible that significant nutrient uptake of both Si(OH)4 and NO3 started 

earlier in the season due to increased temperatures. Increased temperatures earlier in the season 

may result in increased enzyme efficiency and maximum growth rate for many phytoplankton 

(Cross et al., 2015; Rose & Caron, 2007). Specifically, increased activity of NR and RuBisCO 

can stimulate blooms to start earlier in the season (Trombetta et al., 2019), which could deplete 

nutrients in the mixed layer much more quickly and severely than during “typical” blooms.  
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While Si(OH)4 and Fe are well established controls of primary productivity in the oceanic 

NE Pacific (Brzezinski et al., 2022; Roche et al., 1996), NO3 has not traditionally been limiting 

in this HNLC region. The limitation by Si(OH)4 was evident in the kinetic experiments; Si(OH)4 

uptake rates were limited by [Si(OH)4] at the majority of stations, both shelf and oceanic. 

Additionally, the higher than average Si(OH)4 depletion may indicate that Fe limitation led to 

higher Si(OH)4 consumption (see section 1.2). While NO3 limitation did not appear to be 

extreme (i.e. uptake rates were not strongly affected by enhancement), the lower total inventory 

of N in the euphotic zone will ultimately mean that the total potential biomass will be lower 

(Falkowski et al., 1992). Therefore, phytoplankton communities in the NE Pacific in late summer 

of 2019 may have been subject to combined Fe, Si, and NO3 limitation during the MHW. While 

most nutrients become limiting when mixing decreases, Fe is supplied to the NE Pacific by 

several other mechanisms. While Fe input from Asian-derived aerosols is the main supply of 

bioavailable Fe (Boyd et al., 1998), there is also evidence that Fe supply from continental 

margins via eddies is significant to some areas in the NE Pacific Ocean (Lam et al., 2006). The 

atmospheric characteristics that usually precede and accompany MWHs are similar to those of 

ENSO which have been shown to influence global dust cycles (Le & Bae, 2022). Because 

MHWs are usually accompanied by both decreases in mixing and in wind activity, investigating 

how Fe supply may change during these events is important for understanding effects on primary 

production. Changes in the input of Fe, the relative proportion of trace metals, and possible 

increases in the degree of Fe limitation in the future may significantly alter the nutrient cycles in 

the NE Pacific.   

The proportion of new and recycled productivity observed along Line P was similar 

between 2018 and 2019 at all stations except P4 and P26. At P4, there appeared to be a large 
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shift towards favoring recycled forms of N while at P26 the opposite trend occurred and an 

anomalously high contribution of new productivity was observed. It is unclear what may have 

caused this shift and this warrants further investigation. Increases in [NH4] are known to inhibit 

NO3 uptake (Dortch, 1990; Varela & Harrison, 1999), so it is possible that at P4, higher levels of 

recycled N than usual in the mixed layer caused a shift away from NO3-derived production. This 

increase in recycled N sources could have been the result of increased zooplankton growth and 

grazing, which are known to increase under higher temperatures (Sommer & Lewendowska, 

2011; Lewandowska et al., 2014). At P26, it is less clear why new productivity would have 

increased during warmer months. Usually, under Fe limitation, recycled forms of N are more 

favorable so an increase in NO3-derived production is unexpected. Changes in the f-ratio have 

consequences for C export as new productivity (from NO3) is usually associated with increased 

C export from the system. Further investigation should explore both NH4 and urea uptake during 

MHWs to determine potential changes in the relative importance of various N species during 

these events. Additionally, changes in the relationship between primary and secondary 

production will be important for understanding changes in the potential C export by the 

planktonic community.  

4.3 Areas of future research and unanswered questions 

While investigations of biomass, uptake rates, temperature and nutrient distributions 

during the 2019 MHW event have given us greater insights into phytoplankton dynamics, there 

are many questions left unanswered. Particularly, there are two potential changes that will have 

the greatest impact on the function and stability of marine systems in the NE Pacific. Firstly, it is 

important to address whether phytoplankton blooms begin earlier during MHW events and 

whether maximum biomass and rates of productivity occur earlier in the season. If the growing 
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season begins earlier during MHW events, it is likely that secondary production will be effected 

in some way. Decoupling of phytoplankton, zooplankton, and fish maximum growth rates can 

have devastating effects on the populations of zooplankton and fish. Moreover, because primary 

producers are controlled to some extent by microzooplankton grazing (Frost, 1991; Landry et al., 

1993; Makareviciute-Fichtner et al., 2021), changes in grazing could also lead to differences in 

assemblage succession, biomass and stoichiometry of phytoplankton. This could then lead to 

changes in the biological C pump, recycling of nutrients in the mixed layer, and even to higher 

frequency of harmful algal blooms. Physiological processes of zooplankton are sensitive to 

changes in ocean temperature (Richardson, 2008) and MHW conditions seem to favour an 

increase in gelatinous zooplankton such as Pyrosomes and doliolids (Ratnarajah et al., 2023; O’ 

Loughlin et al., 2020; Brodeur et al., 2019). While increasing temperatures have been observed 

to lead to a decrease in zooplankton body size (hence negative effects on community export) 

gelatinous zooplankton can be more efficient grazers on a wider size range of phytoplankton 

(Pauli eta al., 2021) and an increase in these groups may actually increase export efficiency via 

fecal pellets (Ratnajarah et al., 2023). Investigating this question will be crucial for 

understanding future dynamics between phytoplankton and zooplankton.  

The second question that should be answered is whether the total biomass of primary 

producers during a MHW event is less than that of a typical year. For this question, total annual 

inventories of dissolved N, Si, and Fe should be investigated along with the annual biomass. 

Similarly to changes in timing, changes in total biomass can have deleterious effects on both the 

secondary production and the export of C from surface oceans. While the biomass at any given 

time may be lower for primary producers (Bar-On & Milo, 2019) than for secondary producers, 

the total primary production over the growing season will ultimately be higher. Calculating the 
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total gross and net production, by incorporating more frequent measurements of primary 

productivity, will be integral to understanding changes in ocean ecosystems. Furthermore, if 

there are changes in the dominant size class of phytoplankton, there may be shifts in the trophic 

regimes and the efficiency of C export in the NE Pacific which result in a system with lower net 

primary production (Sarmiento et al., 2004; Chust et al., 2014).  

While this study conducted kinetics experiments of nutrient uptake by phytoplankton 

assemblages during the late summer of 2019, during a MHW, a more thorough investigation, 

during winter, spring, and earlier summer will yield a more complete view on nutrient limitation 

and the efficiency of nutrient uptake for the region. Specifically, an incorporation of NH4 and 

urea into kinetic experiments will provide insight into whether other forms of N are important in 

these systems, and if there is a shift in the relative contribution from each N source during 

MHWs. This will provide a better understanding of how assemblages may be responding to 

changes in temperature and whether a greater stratification of the water column coupled with 

more zooplankton activity is leading to an increase in recycled N use in surface waters in these 

systems.   

MHW events are known to be increasing in both severity and frequency globally and as 

the oceans warm, they will likely become a more common part of future oceanographic systems 

(Barkhordarian et al., 2022; Cheung & Frölicher, 2020; Oliver et al., 2019; Shanks et al., 2020; 

Xu et al., 2021). Additionally, observations that are made during current MHWs could give us 

insight into how biological and chemical cycles might be affected under the warmer ocean 

conditions projected for both climate scenarios ICPP 4.5 and ICPP 8.5. This warrants special 

consideration on how both primary producers and the trophic levels they support will be affected 

during these events. Considering the heterogeneous nature of ocean systems and the diversity of 
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primary and secondary producers, there is a need for much higher resolution observation and 

monitoring. In particular, the development of novel methods to measure primary productivity, 

such as single turnover active fluorometry (STAF) and the fast repetition rate fluorometry 

(FRRf) will be valuable tools for future monitoring programs, particularly when used alongside 

methods to measure secondary production. Large-scale studies that incorporate repeated 

measurements of kinetic parameters, nutrient inventories, biomass, and phytoplankton and 

zooplankton production should prove extremely useful in determining how and why primary 

producers may be impacted by severe oceanic warming in the future, and will help improve 

ocean and climate models.   
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Appendix I 

Appendix I includes additional data that are not presented in the results section (2.4) of Chapter 2 

of this thesis. 

Table A1. Physical properties of the water column from main stations along the Line P transect 

in September 2018.  

Criuse Lat Long Station Depth Temp. MLD Salinity Dissolved Oxygen 
 

N W 
 

m °C m PSU mL L-1 

         

Line P 48.66 -126.66 P4 2 15.34 13 32.2 6.27 

Line P 48.66 -126.66 P4 5 15.32 13 32.2 6.31 

Line P 48.66 -126.66 P4 10 15.14 13 32.2 6.3 

Line P 48.66 -126.66 P4 15 14.6 13 32.2 6.22 

Line P 48.66 -126.66 P4 35 10.25 13 32.4 5.99 

Line P 48.66 -126.66 P4 75 8.6 13 32.9 3.92 

Line P 48.97 -130.66 P12 2 16.6 43 32.3 5.69 

Line P 48.97 -130.66 P12 5 16.6 43 32.3 5.71 

Line P 48.97 -130.66 P12 8 16.6 43 32.3 5.71 

Line P 48.97 -130.66 P12 15 16.6 43 32.3 5.7 

Line P 48.97 -130.66 P12 45 13.6 43 32.4 6.2 

Line P 48.97 -130.66 P12 60 10.1 43 32.5 6.82 

Line P 49.28 -134.67 P16 2 15.7 26 32.3 5.82 

Line P 49.28 -134.67 P16 5 15.7 26 32.3 5.82 

Line P 49.28 -134.67 P16 15 15.7 26 32.3 5.81 

Line P 49.28 -134.67 P16 20 15.7 26 32.3 5.84 

Line P 49.28 -134.67 P16 40 10.9 26 32.4 7.01 

Line P 49.28 -134.67 P16 75 7.21 26 32.4 6.49 

Line P 49.57 -138.67 P20 2 15.2 28 32.3 5.95 

Line P 49.57 -138.67 P20 7 15.2 28 32.3 5.97 

Line P 49.57 -138.67 P20 15 15.2 28 32.3 5.93 
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Line P 49.57 -138.67 P20 25 15.1 28 32.5 5.98 

Line P 49.57 -138.67 P20 65 6.8 28 32.5 6.63 

Line P 49.57 -138.67 P20 80 6.39 28 32.5 6.41 

Line P 50.29 -144.37 P26 2 13.9 33 32.3 6.16 

Line P 50.29 -144.37 P26 5 13.9 33 32.3 6.16 

Line P 50.29 -144.37 P26 15 14 33 32.3 6.13 

Line P 50.29 -144.37 P26 25 14 33 32.3 6.14 

Line P 50.29 -144.37 P26 50 8.74 33 32.4 7.02 

Line P 50.29 -144.37 P26 80 6.38 33 32.5 6.87 
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Table A2. Dissolved nutrients from the euphotic zone at the five main stations along the Line P 

transect in September 2018.  

Station Depth NO3 PO4 SiOH4 NH4 Urea 

 
m µmol L-1 µmol L-1 µmol L-1 µmol L-1 µmol L-1 

P4 2 0.9 0.42 8 0.02039 < 0.1 

P4 5 0.9 0.44 7.9 0.00281 < 0.1 

P4 10 1 0.42 7.7 0.02835 < 0.1 

P4 15 1.8 0.5 7.6 0.26472 < 0.1 

P4 35 7.8 0.95 10 0.72615 < 0.1 

P4 75 15.8 1.35 16 0.00000 < 0.1 

P12 2 <0.1 0.32 1.3 0.00486 < 0.1 

P12 5 <0.1 0.32 1.3 0.00000 < 0.1 

P12 8 <0.1 0.32 1.3 0.00136 < 0.1 

P12 15 <0.1 0.32 1.3 0.00000 < 0.1 

P12 45 0.2 0.43 1.3 0.01534 < 0.1 

P12 60 3.2 0.71 3.6 0.81564 < 0.1 

P16 2 <0.1 0.38 0.1 0.02653 < 0.1 

P16 5 <0.1 0.37 0.2 0.03807 < 0.1 

P16 15 0.2 0.4 0.2 0.03020 < 0.1 

P16 20 <0.1 0.39 0.2 0.03145 < 0.1 

P16 40 2.8 0.66 1 0.53394 < 0.1 

P16 75 11.2 1.15 9.1 0.00000 < 0.1 

P20 2 5.2 0.74 4.8 2.86730 < 0.1 

P20 7 5.2 0.74 4.7 6.26437 < 0.1 

P20 15 5.2 0.74 4.6 0.10572 < 0.1 

P20 25 5.1 0.75 4.8 0.14769 0.13 

P20 65 12.4 1.25 13 0.02220 < 0.1 

P20 80 13.9 1.32 14.9 0.00000 < 0.1 

P26 2 7.9 0.86 16.4 0.05840 < 0.1 

P26 5 8 0.87 16.3 0.05097 < 0.1 

P26 15 7.9 0.86 16.3 0.05466 < 0.1 
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P26 25 8 0.86 16.3 0.06323 < 0.1 

P26 50 10.6 1.08 15.7 0.44659 < 0.1 

P26 80 15.5 1.33 18.7 0.03990 < 0.1 
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Table A3. Particulate data from the euphotic zone at the five main stations along the Line P 

transect in September 2018.  

Station Depth bSiO2 

Chl-a 

Total 

Chl-a >5 

µm 

Chl-a <5 

µm PC 

PC 

PN 

 
m µM µg L-1 µg L-1 µg L-1 µg L-1 µM µM 

P4 2 0.27 1.09 0.07 0.85 381.42 31.75 5.26 

P4 5 0.29 0.94 0.05 0.82 361.99 30.14 4.79 

P4 10 0.28 1.17 0.16 0.96 369.88 30.79 5.05 

P4 15 0.36 1.17 0.09 0.98 290.87 24.22 3.71 

P4 35 0.35 0.47 0.03 0.32 293.21 24.41 3.70 

P4 75 0.11 0.06 0.02 0.05 263.64 21.95 3.27 

P12 2 0.10 0.18 0.03 0.13 100.66 8.38 0.99 

P12 5 0.23 0.99 0.08 0.96 104.48 8.70 1.05 

P12 8 0.07 0.14 0.05 0.10 92.68 7.72 0.92 

P12 15 0.06 0.19 0.05 0.10 227.55 18.95 1.05 

P12 45 0.10 0.65 0.11 0.41 115.20 9.60 1.15 

P12 60 0.09 0.45 0.12 0.27 110.03 9.16 1.24 

P16 2 0.10 0.14 0.03 0.11 101.15 8.42 1.57 

P16 5 0.11 0.16 0.02 0.10 93.89 7.82 2.14 

P16 15 0.12 0.15 
  

108.18 9.01 1.07 

P16 20 0.11 0.15 
  

108.29 9.02 1.16 

P16 40 0.07 0.22 0.07 0.12 112.02 9.33 1.35 

P16 75 0.09 0.15 0.02 0.11 109.71 9.14 2.13 

P20 2 0.39 0.21 0.08 0.09 103.57 8.62 1.55 

P20 7 0.27 0.22 0.09 0.12 99.69 8.30 1.23 

P20 15 0.28 0.22 0.08 0.10 104.03 8.70 1.56 

P20 25 0.31 0.26 0.07 0.11 123.36 10.27 1.17 

P20 65 0.15 0.23 0.04 0.15 108.84 9.06 1.12 

P20 80 0.15 0.17 0.03 0.12 105.49 8.78 1.60 

P26 2 0.57 0.30 0.11 0.17 130.56 10.87 1.99 

P26 5 0.54 0.37 0.09 0.17 133.39 11.11 2.61 
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P26 15 0.29 0.34 0.09 0.16 132.32 11.02 1.80 

P26 25 0.32 0.28 0.10 0.21 133.97 11.16 1.48 

P26 50 0.34 0.24 0.06 0.20 122.78 10.22 1.84 

P26 80 0.44 0.14 0.02 0.13 121.72 10.14 1.50 
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Table A4. Carbon (ρC), nitrate (NO3), ammonium (ρNH4), urea (ρUrea-N ), and silicon (ρSi) 

uptake rates from the euphotic zone at the five main stations along the Line P transect in 

September 2018.  

Station Depth ρC ρNO
3
 ρNH

4
 ρUrea-N  ρSi 

 
m 

µmol C L
-1

 

day
-1
 

µmol NO3 L
-1

 

day
-1
 

µmol NH4 L
-1

 

day
-1
 

µmol Urea L
-1

 

day
-1
 

µmol Si L
-1

 

day
-1
 

P4 2 6.23 0.80 0.14 0.46 1.11 

P4 5 6.11 0.81 0.14 0.46 0.85 

P4 10 5.89 0.76 0.15 0.00 0.98 

P4 15 4.82 1.23 0.29 0.40 0.70 

P4 35 0.46 0.09 0.07 0.03 1.29 

P4 75 0.06 0.00 0.01 0.02 1.67 

P12 2 0.48 0.15 0.14 0.14 0.19 

P12 5 0.51 0.15 0.14 0.16 0.07 

P12 8 0.45 0.12 0.15 0.13 0.14 

P12 15 0.41 0.14 0.29 0.12 0.04 

P12 45 0.36 0.02 0.07 0.11 0.04 

P12 60 0.02 0.03 0.01 0.01 0.10 

P16 2 0.84 0.10 0.15 0.13 0.02 

P16 5 0.85 0.09 0.17 0.12 0.03 

P16 15 0.84 0.12 0.15 0.12 0.04 

P16 20 0.73 0.07 0.16 0.10 0.04 

P16 40 0.07 0.03 0.04 0.01 0.21 

P16 75 0.00 0.06 0.01 0.01 1.85 

P20 2 0.83 0.10 1.17 0.09 0.48 

P20 7 0.80 0.11 2.45 0.07 0.50 

P20 15 0.89 0.09 0.11 0.08 0.53 

P20 25 0.80 0.10 0.11 0.06 0.47 

P20 65 0.11 0.05 0.03 0.03 0.86 

P20 80 0.00 0.02 0.01 0.01 0.56 
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P26 2 0.91 0.06 0.08 0.06 3.00 

P26 5 0.89 0.06 0.09 0.06 3.08 

P26 15 0.83 0.05 0.06 0.05 2.25 

P26 25 1.01 0.07 0.08 0.06 4.62 

P26 50 0.09 0.00 0.03 0.01 4.74 

P26 80 0.01 0.00 0.01 0.00 4.40 
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Appendix II 

Appendix II includes additional data that is not presented in the results section (3.3) of Chapter 3. 

Table A5. Particulate carbon (PC) and nitrogen (PN), and carbon (ρC) and nitrate (ρNO3) uptake 

rates from mixed layer at 5 m and at the chl-max depth in August-September 2019. ρC and ρNO3 

are presented as both depth specific (µmol L-1 day-1) and integrated (mmol m-2 day-1) uptake 

rates.  

Stn 

Dept

h PN PC PC ρNO3  

Int. 

ρNO3  ρC 

ρC 

Int. ρC  

 
m µM µg L-1 µM µM day-1 

mmol m-

2 day-1 

µg L-1 

day-1 

µM day-1 mg m-2 

day-1 

P4 5 1.04 97.04 8.07 0.07 1.35 10.18 0.84 265.34 

P4 37 1.31 100.9 8.41 0.02 
 

6.40 0.53 
 

P12 5 0.89 85.20 7.09 0.05 1.83 11.87 0.99 706.03 

P12 39 2.46 196.1 16.35 0.06 
 

29.66 2.47 
 

P16 5 1.47 136.2 11.33 0.06 0.95 8.25 0.69 139.53 

P16 34 2.31 169.1 14.10 0.01 
 

1.37 0.11 
 

P20 5 0.90 90.10 7.50 0.06 1.49 8.04 0.67 300.54 

P20 39 2.08 167.0 13.92 0.03 
 

9.64 0.80 
 

P26 5 2.23 177.5 14.77 0.26 4.09 24.10 2.01 360.00 

P26 35 2.05 160.6 13.4 0.01 
 

0.00 0 
 

LB15 5 1.05 110.2 9.17 0.14 3.14 10.87 0.91 306.20 

LB15 48 0.98 86.78 7.22 0.01 
 

3.37 0.28 
 

LC06 5 3.27 228.19 19.0 0.66 2.47 59.31 4.94 215.95 

LC06 12 1.83 117.9 9.82 0.05 
 

2.40 0.20 
 

LG09 5 1.26 134.4 11.18 0.47 7.68 12.60 1.05 260.85 

LG09 37 1.67 125.1 10.41 0.01 
 

3.70 0.31 
 

LBP3 5 2.14 195.2 16.30 0.10 2.36 25.54 2.13 487.99 

LBP3 25 3.38 266.6 22.18 0.13 
 

23.26 1.94 
 

CS02 5 3.80 364.8 30.35 0.06 3.57 0.00 0 49.94 

CS02 17 4.45 257.4 21.42 0.54 
 

8.32 0.69 
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Table A6. Chlorophyll-a size fractions from stations sampled in August-September 2019. 

Samples were collected from 5 m and the chl-max depth at each station.  

Station Depth 
Chl-a >20 

µm 

Chl-a 5-20 

µm 

Chl-a <5 

µm 

 m µg L-1 µg L-1 µg L-1 

P4 
5 0 0.01 0.07 

37 0.06 0.04 0.19 

P12  
5 0 0.01 0.09 

39 0.03 0.07 0.53 

P16  
5 0 0.01 0.15 

34 0.01 0.07 0.61 

P20 
5 0 0.01 0.13 

39 0.31 0.2 0.44 

P26 
5 0.02 0.06 0.39 

34 0.23 0.25 0.5 

LB01 
5 0.29 0.62 1.46 

0 0.5 1.21 2.62 

LB15 
5 0.03 0.02 0.17 

48 0.052 0.07 0.39 

LC06 
5 0.39 0.24 0.86 

12 0.26 0.11 0.66 

LG09 
5 0.04 0.04 0.22 

37 0.11 0.11 0.52 

LBP3 
5 0.01 0 0.02 

25 3.39 0.23 0.21 

CS02 
5 0.07 0.14 1 

17 0.083 0.2 1.45 
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Table A7. Silicon (Si) and nitrate (NO3) kinetic experiments data. Specific (V) and absolute (ρ) 

uptake rates were measured at ambient nutrient values and at each enrichment level for each 

station.  

Stn-Enrichment V-Si ρSi V-NO3 ρNO3 
 

hr-1 µM day-1 hr-1 µM day-1 

LB15-Ambient 0.001 0.013 0.006 0.135 

LB15-1uM 0.004 0.089 0.005 0.143 

LB15-2uM 0.005 0.122 0.004 0.140 

LB15-3uM 0.006 0.152 0.005 0.142 

LB15-4uM 0.007 0.187 0.005 0.180 

LB15-8uM 0.009 0.236 0.005 0.157 

LB15-12uM 0.014 0.365 0.005 0.191 

LB15-20uM 0.018 0.518 0.007 0.175 

LG09-Ambient 0.002 0.039 0.011 0.660 

LG09-1uM 0.010 0.266 0.008 0.586 

LG09-2uM 0.013 0.343 0.008 0.542 

LG09-3uM 0.011 0.287 0.008 0.581 

LG09-4uM 0.013 0.330 0.007 0.534 

LG09-8uM 0.016 0.416 0.008 0.516 

LG09-12uM 0.019 0.525 0.007 0.596 

LG09-20uM 0.022 0.620 0.008 0.622 

LC06-Ambient 0.027 1.206 0.020 0.470 

LC06-1uM 0.028 1.229 0.009 0.341 

LC06-2uM 0.028 1.206 0.006 0.245 

LC06-3uM 0.031 1.393 0.007 0.246 

LC06-4uM 0.035 1.665 0.005 0.243 

LC06-8uM 0.036 1.596 0.006 0.204 

LC06-12uM 0.034 1.513 0.006 0.221 

LC06-20uM 0.035 1.645 0.006 0.182 

LBP3-Ambient 0.001 0.016 0.002 0.104 

LBP3-1uM 0.010 0.173 0.003 0.143 

LBP3-2uM 0.018 0.317 0.003 0.134 
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LBP3-3uM 0.019 0.359 0.002 0.122 

LBP3-4uM 0.022 0.430 0.003 0.169 

LBP3-8uM 0.028 0.597 0.004 0.190 

LBP3-12uM 0.015 0.276 0.003 0.131 

LBP3-20uM 0.038 0.936 0.003 0.154 

CS02-Ambient 0.026 0.635 0.001 0.059 

CS02-1uM 0.020 0.443 0.007 0.640 

CS02-2uM 0.023 0.559 0.006 0.642 

CS02-3uM 0.019 0.440 0.004 0.570 

CS02-4uM 0.022 0.510 0.007 0.718 

CS02-8uM 0.023 0.549 0.006 0.731 

CS02-12uM 0.029 0.735 0.007 0.700 

CS02-20uM 0.023 0.533 0.008 0.749 

P4-Ambient 0.002 0.008 0.003 0.066 

P4-1uM 0.003 0.010 0.004 0.162 

P4-2uM 0.002 0.007 0.003 0.103 

P4-3uM 0.003 0.013 0.005 0.156 

P4-4uM 0.004 0.015 0.005 0.175 

P4-8uM 0.007 0.027 0.004 0.141 

P4-12uM 0.000 0.001 0.005 0.153 

P4-20uM 0.017 0.079 0.004 0.119 

P12-Ambient 0.001 0.003 0.002 0.049 

P12-1uM 0.001 0.004 0.003 0.077 

P12-2uM 0.001 0.002 0.002 0.070 

P12-3uM 0.000 0.002 0.002 0.071 

P12-4uM 0.005 0.023 0.003 0.068 

P12-8uM 0.001 0.003 0.002 0.073 

P12-12uM 0.012 0.056 0.003 0.077 

P12-20uM 0.005 0.023 0.002 0.110 

P16-Ambient 0.000 0.000 0.002 0.058 

P16-1uM 0.001 0.008 0.002 0.110 
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P16-2uM 0.002 0.018 0.003 0.118 

P16-3uM 0.000 0.002 0.002 0.105 

P16-4uM 0.003 0.022 0.002 0.096 

P16-8uM 0.001 0.007 0.003 0.104 

P16-12uM 0.001 0.004 0.003 0.132 

P16-20uM 0.011 0.100 0.003 0.102 

P20-Ambient 0.002 0.001 0.003 0.061 

P20-1uM 0.015 0.007 0.004 0.128 

P20-2uM 0.032 0.019 0.004 0.142 

P20-3uM 0.034 0.021 0.004 0.146 

P20-4uM 0.037 0.025 0.003 0.123 

P20-8uM 0.061 0.057 0.004 0.136 

P20-12uM 0.067 0.066 0.005 0.139 

P20-20uM 0.086 0.114 0.004 0.089 

P26-Ambient 0.008 0.108 0.005 0.261 

P26-1uM 0.010 0.134 0.005 0.273 

P26-2uM 0.011 0.149 0.005 0.274 

P26-3uM 0.013 0.172 0.005 0.280 

P26-4uM 0.011 0.144 0.005 0.273 

P26-8uM 0.015 0.214 0.005 0.273 

P26-12uM 0.014 0.197 0.005 0.278 

P26-20uM 0.017 0.242 0.004 0.233 

 


