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The fact that the Arctic, more than any other populated region of the

world, requires the collaboration of so many disciplines and points of view

to be understood at all, is a benefit rather than a burden.

Bruce Jackson (1936 – )

Blue, green, grey, white, or black; smooth, ruffled, or mountainous; that

ocean is not silent.

H.P. Lovecraft (1890-1937)

Excerpts from ‘Apostrophe to the Ocean’

There is a pleasure in the pathless woods,

There is a rapture on the lonely shore,

There is society where none intrudes,

By the deep Sea, and music in its roar:

I love not Man the less, but Nature more,

From these our interviews, in which I steal

From all I may be, or have been before,

To mingle with the Universe, and feel

What I can ne’er express, yet cannot all conceal.

And I have loved thee, Ocean! and my joy

Of youthful sports was on thy breast to be

Borne like thy bubbles, onward: from a boy

I wantoned with thy breakers–they to me

Were a delight; and if the freshening sea

Made them a terror–’twas a pleasing fear,

For I was as it were a child of thee,

And trusted to thy billows far and near,

And laid my hand upon thy mane–as I do here.

Lord Byron (1788-1824)
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Abstract

Phytoplankton Community Structure, Photophysiology and Primary

Production in the Atlantic Arctic.
Thomas Jackson, St Edmund Hall, Oxford

Trinity Term, 2013

The Arctic is a region undergoing unprecedented and unequivocal climate change. The

seas of this extreme region form a major component of the oceanic thermohaline con-

veyor and natural carbon cycle. Using a combination of recent and historical datasets

this study examines the distribution, diversity, photophysiology and primary productiv-

ity of phytoplankton in the Atlantic sector of the Arctic Ocean. CHEMTAX analysis re-

veals a diverse phytoplankton community structure in the Greenland Sea comprising six

main phytoplankton groups. The influence of sea-ice and water column stratification are

key factors in the presence or absence of groups such as haptophytes and prasinophytes.

Group-specific differences are observed in spectral absorption and photophysiological

parameters. However, the influence of environmental factors has a stronger influence

than taxonomic composition on photophysiology. A clear division between the pho-

toacclimatory response of algal communities beneath sea-ice and those of open-ocean

stations is predominantly due to ‘Ek independent’ photoacclimation beneath sea-ice.

This occurs due to the combined effect of sea-ice decreasing irradiance entering the

water column and a positive correlation between PB
m and temperature. This variation

in photophysiology is important for primary production models as a sensitivity anal-

ysis shows that errors in these parameters propagate to give the largest final errors in

primary production values. The importance of other model parameters varies with the

level of biomass in the water column and the presence or absence of sea ice. Acceler-

ated ice-melt and an increase in open water due to climate change are likely to increase

primary production in the Atlantic Arctic alongside an altered distribution of phyto-

plankton groups, with an increase in the importance of prasinophytes or haptophytes.
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Extended Abstract

Phytoplankton Community Structure, Photophysiology and Primary

Production in the Atlantic Arctic.
Thomas Jackson, St Edmund Hall, Oxford

Trinity Term, 2013

The Arctic is undergoing the most rapid climate change of any region in the world. The

changes in the physical environment will have important repercussions for the distribu-

tion and growth of Arctic phytoplankton. These single-celled autotrophs form the base

of the marine ecosystems and play a key role in the carbon cycle of the high latitude At-

lantic, which is a critical component in the global carbon cycle and is one of the major

oceanic CO2 sinks. This thesis focusses on the Atlantic sector of the Arctic and investi-

gates the phytoplankton community structure (Chapter 2), photophysiology (Chapter 3)

and primary production (Chapter 4) in relation to the physical and chemical properties

of the water column, which in turn are governed by the presence sea ice.

Chapter 1 introduces the importance of marine primary production on regional and

global scales. The methods used to divide the oceans into ecosystems relevant for the

modelling of biogeochemistry and primary production are then described. The current

hydrographic conditions for phytoplankton growth in the Arctic Ocean are summarised

and the reasons for the increased interest in Arctic marine ecosystems in recent decades

are discussed. Chapter 1 also introduces the diversity of phytoplankton and methods

used for grouping them in relation to their taxonomic class, size or biogeochemical

function. The basic requirements for primary production models are explained and the

problem of model complexity is considered.

In Chapter 2, phytoplankton accessory pigments measured using High Performance Liq-

uid Chromatography were analysed using cluster analysis and CHEMTAX. The pigment

data showed that the region was host to six major phytoplankton taxonomic groups. Di-

atoms, cryptophytes, prasinophytes, haptophytes, dinoflagellates and chrysophytes were
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each estimated to contribute>50 % of the biomass in a number of samples. Microscopy

data was used to validate the CHEMTAX estimation of group-specific biomass prior to

interpretation of the relationships between taxonomy and environmental variables. The

correlation between phytoplankton community structure and environmental variables

was investigated using principle component analysis (PCA). The results from the PCA

and the spatial distribution of pigment clusters demonstrated that the presence of sea-

ice plays a key role in controlling many properties of the water column that govern

phytoplankton growth in the surface ocean, such as water temperature and light. The

implications of a changing Arctic climate are discussed in light of the relationships iden-

tified and increased summer ice-melt is likely to lead to an increase in the importance of

haptophytes or prasinophytes, depending upon the future strength of stratification and

water temperature of Atlantic Arctic surface waters.

While Chapter 2 analysed the diversity and distribution of phytoplankton groups in the

Atlantic Arctic, Chapter 3 assesses the variability of bio-optical and photophysiological

parameters, in relation to both taxonomic group and environmental conditions. Group-

specific differences in the shape of phytoplankton absorption spectra were observed

which have important implications for both the identification of Phytoplankton Func-

tional Types and the estimation of phytoplankton biomass from remotely-sensed data.

Despite the diversity and heterogeneity observed in phytoplankton community struc-

ture, there were a number of persistent patterns seen in the photophysiology of the

phytoplankton assemblages. There was a strong relationship between temperature and

maximum photosynthetic rate (PB
m ), which was consistent with historical data cover-

ing much of the Western Atlantic Arctic. Vertical profiles of αB between sea-ice and

open-ocean stations: samples collected beneath sea ice exhibited less variation in αB

with depth due to the reduced light levels in the near surface and the limitation of max-

imum growth rate at low water temperatures. Irrespective of the phytoplankton groups

present, an increase in surface temperatures led to an increase in the maximum photo-

synthetic rate of phytoplankton in these polar waters and a reduction in the extent of

sea-ice may lead to a much greater variability in photosynthetic parameters. Culture
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studies of Arctic phytoplankton grown over a range of temperatures also supported the

field data reported in Chapter 2, that climate warming may favour prasinophytes and

haptophytes over dinoflagellates and cryptophytes.

In Chapter 4 the impact of incorrectly estimating the photophysiology of phytoplankton

on modelled primary production estimates was examined as part of a detailed sensitiv-

ity analysis. Prior to the sensitivity analysis, the validity of PAR data sources available

for input into the model were examined. The BIRD radiative transmission model was

used in the modelling study due to its high temporal resolution and good performance

at low zenith angles. The results from the sensitivity analysis show that for both open-

ocean and under-ice stations an incorrect assignment of the photophysiological param-

eters is the largest potential source of error in the final estimates of production, which

is consistent with modelling studies from other regions. Factors such as the absorp-

tion efficiency of phytoplankton, absorption by CDOM, cloud cover, and the biomass

profile can all cause errors of >30 % if incorrectly estimated for input into the model.

When using parameters measured in situ, the model gave a range of oceanic primary

production estimates of ≈25 - 2250 mg m−2 day−1. A non-spectral primary production

model routinely used for both regional and global studies consistently overestimated

primary production. The primary production model results support the hypothesis that

an increased area of open water could significantly increase primary production in the

Atlantic Arctic.

This study has determined that there is a distinct shift in the phytoplankton community

structure, phytoplankton photophysiology and primary production across the sea-ice

boundary in the Arctic Atlantic. The analysis of HPLC pigment and photophysiology

data suggests that a declining summer sea-ice extent may lead to a shift in the domi-

nant phytoplankton groups across a broad region alongside greater photophysiological

variability and increased marine primary production. Results from this body of work

raise key problems that should be addressed in future Arctic research. Firstly, although

all open-ocean waters encountered in this study could be modelled optically as Case-I

waters, the relationship between phytoplankton and CDOM absorption appears to be
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influenced by sea ice. Analysis of vertical structure in the biomass profiles showed that

the presence of sub-surface maxima is predominantly a feature of under-ice stations in

the Atlantic Arctic during the summer, but assignment of the parameters describing the

shape of the biomass profile in this heterogeneous environment remains a challenge,

though with a larger combined dataset a nearest neighbour method may prove fruitful.
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Chapter 1

Introduction

1.1 Overview

This chapter begins by introducing the concept of primary production and the pivotal

role that phytoplankton play in the global carbon cycle. It goes on to cover phytoplank-

ton diversity and the details of algal photosynthesis. The requirements and details of

modelling marine primary production are explained, first at a local scale and then on

regional scales. The partitioning of the global ocean into biogeochemical regions based

on differences in biological forcing factors (Section 1.4), is then discussed. To con-

clude, I focus on the Arctic Ocean (Section 1.5), covering its geography, climate, and

seasonality. The increased interest in Arctic marine ecosystems in recent decades is also

discussed (Section 1.5.3).

1



2 CHAPTER 1. Introduction

1.2 Marine photosynthesis and primary production

Primary production is the fixation of carbon from the atmosphere or ocean into complex

organic molecules through photosynthesis. Photosynthesis is often simplified to the

equation

2nCO2︸ ︷︷ ︸
Carbon dioxide

+ 2nDH2︸ ︷︷ ︸
electron donor

+ photons︸ ︷︷ ︸
energy source

→ 2(CH2O)n︸ ︷︷ ︸
carbohydrate

+ 2nA︸︷︷︸
oxidized electron donor

(1.1)

In aquatic photosynthesis the electron donor is water and the simplified equation is

2nCO2 + 2nH2O + photons→ 2(CH2O)n + 2nO2 (1.2)

The process of photosynthesis is a complex series of reactions within a photosynthetic

cell to achieve carbon fixation (Kirk, 1994). These reactions are often considered in

two groups, light and dark. The light reactions remove hydrogen from water and com-

bine it with nicotinamide adenine dinucleotide phosphate (NADP) to form NADPH2,

which liberates oxygen as a bi-product. During the transport of the hydrogen, adenosine

diphosphate (ADP) is converted to adenosine triphosphate (ATP). In the dark reactions

NADPH2 is used to reduce CO2 into a carbohydrate through repeated Calvin cycles.

The energy for this reaction is provided by breaking down ATP back into ADP, and the

enzyme Ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO) is an essential

enzyme for carbon fixation in all phytoplankton (Tabita et al., 2008). An illustration of

the Calvin cycle is shown in Figure 1.1.

The carbohydrates formed in this reaction are then used for a number of functions within

2



1.2 Marine photosynthesis and primary production 3

Figure 1.1: An illustration of the details of the Calvin cycle by Mike Jones. Atoms
are colour coded where black is carbon, white is hydrogen, red is oxygen and pink is
phosphorus.

3



4 CHAPTER 1. Introduction

the cell. From an ecological perspective, the carbohydrates formed by phytoplankton

are a source of energy for the rest of the oceanic food chain. Thus the process of aquatic

photosynthesis in the ecological literature is often referred to as primary production.

1.2.1 Global estimates of production

The process of marine photosynthesis takes place at the individual cellular level, but

photosynthetic phytoplankton occur in such numbers across all the oceans of the world

that changes in marine primary production are of global importance. When phytoplank-

ton grow in sufficient numbers they can change the optical properties of the sea, making

their presence detectable from air- or spacecrafts.

Global primary production estimates of the past 20 years (Longhurst et al., 1995; Field

et al., 1998; Geider et al., 2001; Behrenfeld et al., 2005; Uitz et al., 2010) have con-

verged on a value of around 50 GT of carbon fixed through oceanic photosynthesis per

year. These estimates include phytoplankton size-specific estimates, chlorophyll-based

models, and carbon-based models, and all used remotely-sensed fields of chlorophyll

biomass. An integrated value of 50 GT for the World Ocean is approximately equal to

that of the terrestrial biosphere (Field et al., 1998). The average water-column produc-

tion in the oceans is around 140 g C m−2 yr−1, but values can range from near zero to

> 500 g C m−2 yr−1 depending on geographic location (Field et al., 1998). The fact

that primary producers in the ocean are as productive as their terrestrial counterparts is

made more impressive when one considers that the total biomass of oceanic primary

producers is thought to be around 1 GT (Antoine et al., 1996), compared to hundreds

of GT in the terrestrial forests. The low relative standing stock of biomass compared

4



1.2 Marine photosynthesis and primary production 5

to annual primary production is explained by the rapid turnover time of phytoplankton

growth. Terrestrial plants and trees live from months to centuries whereas phytoplank-

ton can double their numbers in less than a day under favourable conditions. A rapid

life cycle makes it difficult to map phytoplankton abundances on large scales, as they

can respond rapidly to local changes in environmental conditions. Remote sensing has

recently allowed us an unprecedented temporal resolution of observation of the oceans,

but interpreting the data is complex. It is noteworthy that the region of the ocean where

current primary production models are least certain is the Arctic ocean (Carr et al.,

2006).

The fate of the carbon fixed through marine primary production is important for biogeo-

chemical processes and ocean/atmosphere carbon budget calculations. The biological

carbon pump is defined as the export of carbon from the sea surface to the deep ocean

through the sinking of organically-bound carbon. This could be particulate organic car-

bon or organically-secreted CaCO3 from sources such as coccolithophores. The strength

of this carbon pump can depend upon factors such as the taxonomy of the phytoplank-

ton, the local and regional mixing dynamics, the water temperatures and the temporal

variability in the primary production (Laws, 1991; Falkowski, 1992; Buesseler, 1998;

Laws et al., 2000; Sarmiento and Gruber, 2004). In general, systems that support blooms

of large phytoplankton such as diatoms will export a higher fraction of the organic car-

bon than those that maintain uniform biomass through the year and have a food web

centred around smaller cells, which favours respiration and nutrient recycling (Bues-

seler, 1998).

5



6 CHAPTER 1. Introduction

1.2.2 Phytoplankton classification and functional types

An understanding of the importance of different phytoplankton with respect to primary

production and biogeochemical cycles requires a system to differentiate and group phy-

toplankton, for which there are a number of methods. Phytoplankton can, for example,

be grouped according to taxonomy, size, or biogeochemical function.

Phytoplankton are incredibly diverse and have representatives from the Bacteria and

Chromista kingdoms. Most phytoplankton, however, fall within a small number of

phyla: cyanobacteria, heterokonts, haptophytes, cryptophytes, and dinoflagellates and

these phyla have within them thousands of species. To assess phytoplankton diversity

at the species level requires the use of conventional light microscopy for larger cells,

or molecular techniques for cells less than a 3 µm (Simon et al., 1995; Tilstone et al.,

2003; Soares et al., 2011).

Another way of dividing up the phytoplankton community is by cell size. Larger cells

tend to have lower maximum specific growth rates, though this relationship is more

complicated when we compare different phytoplankton groups of equal size (Chisholm,

1992). Larger cells also have a smaller surface area to volume ratio, so are not as effi-

cient at diffusive uptake of nutrients. However, larger cells tend to be less susceptible to

predation and can store larger pools of nutrients during times of plenty to survive times

of poor nutrient supply. The utility of a size-based classification scheme is highlighted

in work of Sieburth and Smetacek (1978). Phytoplankton cell sizes can vary over many

orders of magnitude, from less than 1 µm to over 1 mm (figure 1.2). Common classes

used are micro- nano- and pico-plankton with size ranges of >20 µm, 2-20 µm, and≤2

µm, respectively.

6



1.2 Marine photosynthesis and primary production 7

Figure 1.2: Phytoplankton size range relative to human scale objects, from (Finkel
et al., 2010).

Phytoplankton perform a number of biogeochemical roles, some of which are confined

to specific groups. This has led to the approach of classifying phytoplankton taxa into

various Phytoplankton Functional Types (PFTs) (Steffen, 1996; Quere et al., 2005). For

example, some marine cyanobacteria are diazatrophs and as such can fix nitrogen (N2)

into ammonia (NH3). Some functional groups are associated with biomineralisation: for

example diatoms are one of the primary producers of biogenic silica in the oceans, while

coccolithophores produce calcium carbonate. The presence of nitrifying and silicifying

phytoplankton affect the cycling and availability of macronutrients at local and global

scales. The concept of PFTs is very useful for biogeochemical modelling, as it allows

the key metabolic/biogeochemical processes of organisms to be modelled in the absence

of detailed information on phytoplankton taxonomy at the species level (Quere et al.,

2005).
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1.2.3 Phytoplankton blooms

Much of the primary production by marine phytoplankton takes place during brief peri-

ods of rapid cell growth referred to as blooms. The onset of phytoplankton blooms are

usually triggered by an increased supply of the resource that is limiting phytoplankton

growth, which could be a macronutrient such as phosphorus, a micronutrient such as

iron, or light. In the open ocean an increased supply of nutrients to the sea surface is

usually due an upward flux of nutrient rich deep waters. This can be through deep sur-

face mixing due to wind and tidal forcing or through large-scale upwelling. Upwelling

occurs when winds, the Coriolis effect and Ekman transport cause water to diverge at

the surface, drawing water from below and can occur along sea-ice boundaries.

Ice-edge blooms of phytoplankton frequently occur in the Arctic during spring and

summer (See figure 1.3). Unfortunately due to the scarcity of data from the Coastal

Zone Color Scanner (CZCS) sensor, early remote-sensing studies were to unable quan-

tify total production of ice-edge blooms and hence assess their ecological significance

(Mitchell et al., 1991). More recent studies (Perrette et al., 2011) that use data collected

from modern ocean-colour sensors such as SeaWiFS and MODIS have shown that ice-

edge blooms are significant contributors to annual primary production and hence are

important to maintaining food-webs.

1.2.4 Phytoplankton pigments

Marine phytoplankton can be detected through remote sensing due to their spectral in-

fluence on the absorption of light in ocean waters. This influence is predominantly

controlled by the pigments contained within phytoplankton cells. All phytoplankton

8



1.2 Marine photosynthesis and primary production 9

Figure 1.3: Ice edge blooms can be detected by remote sensing and shown is an example
from Baffin Bay. The image on the left is taken from a Canadian ice-chart for the 5th of
August 1980 and on the right is a Coastal Zone Color Scanner (CZCS) image from the
7th of August 1980. Hot colours indicate increased chlorophyll concentration, the blue
cross is at the same location in both images.
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contain chlorophyll-a which absorbs strongly in the red and blue regions of the visi-

ble spectrum. It is usual for additional pigments, known as accessory pigments, to be

present in phytoplankton cells alongside chlorophyll-a (Roy, 2011). The accessory pig-

ments can perform two functions, either increasing the amount of light energy absorbed

and directed to photosynthetic reaction centres (photosynthetic accessory pigments) or

absorbing light and dissipating it as heat to protect the photosynthetic reaction centres

from being damaged by excess irradiance (photoprotective accessory pigments). While

some accessory pigments are common to many phytoplankton groups, others are diag-

nostic of particular phytoplankton groups, leading to the development of pigment based

taxonomic estimates (Vidussi et al., 2004; Roy, 2011).

1.3 Modelling phytoplankton production

1.3.1 Basic requirements

When modelling phytoplankton primary production, mathematical representations of

both biological processes and the physical environment are required. Remotely-sensed

models of marine primary production estimate the amount of carbon that is fixed into

organic matter over a given unit of time for a given concentration of biomass within a

given area or volume. There are a number of primary variables that are required. For

autotrophic phytoplankton the external energy source is irradiance (E) from the sun,

needs to be described. The amount of autotrophic biomass (B) contained in the water

column is another key variable that is required to convert the external energy source into

chemical energy, through photosynthesis. Photophysiological parameters are then used

10



1.3 Modelling phytoplankton production 11

to describe how efficiently a unit of biomass (B) uses a unit of incoming energy (E).

Phytoplankton photophysiology is often described through a number of parameters. A

common set of parameters is the maximum photosynthetic rate per unit biomass (PB
m ),

the low light photosynthetic efficiency (αB) and the photoadaptation parameter (Ek)

which are derived from P -E experiments, where phytoplankton growth during a short

incubation time is measured under a range of growth irradiances.

1.3.2 Model complexity

The complexity of primary production models can increase as the secondary factors

controlling photosynthesis, are taken into account. An increase in model complexity

often results in an increase in the number of state variables and the parameters used to

describe them. For example, the photophysiology may be parameterized such that the

production varies non-linearly with varying irradiance. Parameters can also be assigned

to describe the biomass profile and how phytoplankton biomass attenuates light. In

spectral models of photosynthesis, the irradiance field can also be resolved with respect

to wavelength.

The work of Platt and Sathyendranath (2002) provides an in-depth explanation of the

process of modelling primary production. Figure 1.4 shows how more complex models

have developed and progressively eliminated assumptions about, and simplifications of,

the system being modelled. The model used in this study (section 4.2.6) is at the more

complex end of this spectrum. It is an available-light spectral model with non-uniform

biomass, and uses a non-linear response of photosynthesis to irradiance. The effect of

model complexity on estimates of production will be examined by comparing model

11



12 CHAPTER 1. Introduction

Figure 1.4: A figure from Platt and Sathyendranath (2002) illustrating various levels
of complexity in primary production modelling. Models get more complex from left to
right and top to bottom.

outputs from wavelength dependent, depth-resolved models of primary production, to

those using non-spectral models with a uniform biomass (Section 4.3.4).

1.3.3 Scaling up primary production models

To progress from modelling the production of a water column to estimating the primary

production over a large region, even the most simple models of marine primary produc-

tion require estimates of surface biomass, irradiance and photophysiology. There are

two sources of information used to assist in assigning model inputs over large spatial

scales. The first of these is remote-sensing data and the second is global circulation

models (GCMs). Remote sensing provides a dataset with high spatial and temporal res-

olution that provides synoptic coverage of environmental and biological variables (Platt

and Sathyendranath, 1999). Remote sensing data relies on good instrument calibration,

12



1.4 Dividing up the oceans 13

robust data product validation and sufficient geographic coverage. By contrast, GCMs

have no issues with factors such as loss of signal due to cloud cover and instrumental

drift, but may fail to capture the full variability of a dynamic marine environment. The

data products from GCMs must also be validated against large in situ datasets (including

satellite data) to ensure that the results are not spurious. A review of global primary pro-

duction estimates derived from both of these data sources (Carr et al., 2006) highlights

the need for more studies focussing on Arctic primary production as these cold, high-

latitude waters are the regions of the global ocean where there is the most disagreement

between model estimates.

Although oceans cannot be considered homogeneous, some regions share a common

set of physical and ecology characteristics which may aid in the estimation of primary

production on basin scales (Longhurst et al., 1995; Sathyendranath et al., 1995). The

partitioning of the oceans into distinct regions based on their biological, chemical and

physical properties can be done using different criteria, as described below.

1.4 Dividing up the oceans

In terrestrial ecology, geographical divisions are based on large physical boundaries

such as mountain ranges or rivers. However, to partition the ocean basins into large-

scale ecosystems requires a different set of criteria. One approach is based on the chem-

ical and physical forcing factors that drive ocean productivity (Longhurst et al., 1995).

Another way is to divide the oceans based on the optical properties of the surface ocean

which are directly related to chlorophyll estimates retrieved by ocean-colour satellites

(Smith et al., 1978). The first approach is useful for the assignment of parameters in pri-

13
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mary production models and the second is key to the assignment of fields of biomass.

1.4.1 Biogeochemical ocean provinces

There has been over 150 years of work on the biogeography of the oceans (Longhurst.A,

1998) and the partitioning of the global ocean into ecological regimes can be performed

over a range of spatial scales. The largest scale partition separates the oceans into

biomes: regions that are defined by a similar set of climate conditions and biological

forcing.

Biome boundaries and type are predominantly determined by nutrient dynamics, pri-

marily the supply mechanism (Sarmiento et al., 2004). The supply of nutrients, in turn,

will depend upon physical forcing factors such as wind-driven mixing and upwelling,

processes which can be monitored by remote-sensing. Biomes are the coarsest parti-

tioning of the ocean and can be further subdivided into smaller ocean provinces. The

subdivision of the oceans into biogeochemical provinces allows us to tackle the issue

of non-linearity in the biological responses to forcing factors in the oceans (Sathyen-

dranath et al., 1995). Moreover, the photophysiology of one group of phytoplankton is

likely to differ from that of another (Platt and Sathyendranath, 1988). If we assume only

a selection of algae are known to exist within a province at a given time, it becomes sim-

pler to describe their physiological response based on geographic location by assuming

it is constant over the province in question.

In the work of Longhurst et al. (1995) there are four principle biomes which are then

subdivided into 57 ocean provinces. For the sake of brevity and relevance, we will

discuss only those provinces pertinent to the Atlantic Arctic. Longhurst assigned one

14



1.4 Dividing up the oceans 15

biome (Polar Biome) to cover both the Arctic and Antarctic with three provinces as-

signed for each. The Polar Biome is defined as a marine domain that is influenced by

the brackish waters produced during the melting of winter sea ice and snow. The three

Arctic provinces encompass all the oceans north of the polar front. The Arctic Polar

provinces according to Longhurst are:

BPLR-Boreal Polar.

Comprises the Arctic Ocean, Baffin Bay and the Canadian archipelago, and

the coastal Greenland and Labrador Currents. It is dominated by permanent

ice cover which opens significantly during summer only in some coastal and

archipelagic regions.

ARCT-Atlantic Artic.

This province lies between the Polar Front, lying seawards of the Green-

land coastal currents, and the oceanic Polar or Subarctic Front, which often

cannot be traced at the sea surface.

SARC-Atlantic Subarctic.

Comprises the poleward limb of the polar gyre, characterized by warm At-

lantic water as it is carried north across the Iceland-Faroes ridge and thence

by the Norwegian Offshore Current into the Barents Sea.

Longhurst’s criteria suggest that even at province level, a range of ocean conditions can

occur over an annual cycle. When assigning province boundaries, a balance must be

struck between the upper and lower limits used to define the geographical boundaries

of the province and that the province size is sufficiently large to be of use in global

studies of primary production. While the boundaries of the biogeochemical provinces

of Longhurst et al. (1995) were originally rectilinear and held constant, recent studies
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Figure 1.5: A compilation of province boundary estimates from (Devred et al., 2007) for
the North-west Atlantic Ocean and Labrador Sea. Provinces defined using Longhurst
(A), cluster analysis (B) and dynamical definition of ecological province borders based
on the static classification (C). The province abbreviations are: Arctic (ARCT), Boreal
Polar (BPLR), N. Atlantic Drift (NADR), NW Atlantic Shelves (NWCS), Gulf Stream
(GFST), N. Atlantic Subtropical Gyral Province (East) (STGE), N. Atlantic Subtropical
Gyral Province (West) (STGW), Continental Shelf province/Atlantic Drift (CS/AD),
and Warm Oligotrophic Waters (WOW).

have used a dynamic assignment of province boundaries through the use of remotely-

sensed data fields (Devred et al., 2007, 2009).

1.4.2 Bio-optical water types

Although the Longhurst provinces serve as a useful tool for partitioning the global

oceans depending on physical forcing factors, the oceans have also been classified based

on their bio-optical properties (Morel and Prieur, 1977). The reason behind this parti-

tioning is not to assign parameters for use in models of primary production, but to aid in

16
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the retrieval of chlorophyll biomass from satellite. In optical oceanography the simplest

partitioning divides the oceans into two categories: Case-I and Case-II waters. In Case-

I waters, optical properties are dominated by phytoplankton and their derived products

(Morel, 1988). Case-II waters are those for which sediments, or dissolved yellow sub-

stances, contribute significantly to, or dominate the optical properties. Since the seminal

work on the subject by Morel and Prieur (1977), there has been a number of models and

algorithms developed based upon this classification scheme (Prieur and Sathyendranath,

1981; Gordon and Morel, 1985; Morel, 1988; Mobley et al., 2004). The bio-optical

category of a body of water will influence biomass and primary production estimates

derived from remotely-sensed data due to both the chlorophll retrieval algorithm used

and the parameterization of light attenuation in the primary production model. Much

of the Arctic is often considered to be Case-II waters, with optical properties domi-

nated by coloured dissolved organic matter (CDOM). Therefore, chlorophyll-retrieval

algorithms for the Arctic using ocean colour satellite data have tried to account for this

CDOM influence (Mustapha et al., 2012).

1.5 The Arctic region

1.5.1 Defining the Arctic

The Arctic covers a large geographical area comprising a number of environments in-

cluding kilometre thick ice-sheets, vast expanses of frozen tundra, mountainous glacial

regions, large rivers, thick multi-year sea ice, and open-ocean waters. To analyse the

diversity and primary production of phytoplankton in the Arctic we must define the

17
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boundaries of the Arctic Ocean.

A simple definition is that everything above the Arctic circle (66◦33’N) is classified

as the Arctic. The Arctic circle is set by the tilted axis of the Earth’s rotation, which

means that above a latitude of 66◦33’N both polar night and polar day take place. The

ocean to the north of this latitudinal boundary comprises an area of a little over 14

Million km2. Another common criterion used to define Arctic waters is based on sea-

surface temperature, where the mean warmest monthly temperature does not exceed

10 ◦C. Predicted ocean warming, resulting from climate change, will therefore lead

to a shrinking of Arctic waters in the future if they are defined by mean sea-surface

temperature. It is also worth noting that the 10 ◦C isotherm shows a much greater

latitudinal range in the oceans that it does on land. This is due to the large transport of

heat by surface currents, especially the Gulf Stream in the North Atlantic.

A comparison of these two methods for marking the boundaries of the Arctic is shown

in figure 1.6. Although the first approach is simple to implement, it bears little value for

the modelling of Arctic primary productivity as it has no relation to ecological regimes.

In this work I will adopt the latter method of defining the Arctic region.

For more detailed study of primary production dynamics, the Arctic Ocean is often fur-

ther subdivided into regional seas. There are eight such regions distinguished inside

the Arctic Circle (Baffin Bay, Greenland Sea, Barents Sea, Kara Sea, Laptev Sea, East

Siberian Sea, Chukchi Sea and the Beaufort Sea) and three regions further south (Nor-

wegian Sea, Davis Strait and Bering Strait/Sea) (Pabi et al., 2008).

18
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Figure 1.6: Adapted from an NSIDC map of the Arctic (based upon a map in the The
Perry-Castaeda Library Map Collection). The tree-line was added by NSIDC based on
information from National Geographic 1983, Armstrong et al. 1978, and Young, 1989.
Here the Arctic circle is further highlighted.
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1.5.2 Physical conditions and extremes of the Arctic

The Arctic Ocean has a drainage basin that is larger than the ocean itself (Fasham,

2003). The freshwater flux from the runoff is estimated at 3300 km−3yr−1, much of this

entering via the Yenisei (603 km−3yr−1), Ob (530 km−3yr−1), Lena (520 km−3yr−1) and

Mackenzie (340 km−3yr−1) rivers (Aagaard and Carmack, 1989). These rivers are not

only a source of buoyant freshwater to the Arctic Ocean but also of nutrients, sediments

and dissolved organic matter (Macdonald et al., 1998). The annual cycle in sea ice also

has a strong influence on salinity fluxes and mixing. During the summer, melting sea

ice acts to stratify the upper water column, whereas in the winter, sea ice formation and

brine rejection lead to deep mixing. The sinking of cool salty water in the Arctic is a

key component of the thermohaline conveyor and the major ocean currents of the Arctic

are shown in figure 1.7. It has been suggested that changes in the Arctic region could

affect the strength of the Meridional Overturning Circulation, the poleward transport of

heat and, therefore, the global climate (Vellinga and Wood, 2002).

As seen in figure 1.7, the deep waters of the Arctic originate from two sources. The

fresher Pacific waters sit above the saline Atlantic waters and a strong front separates

the water masses at depth near the Losomonov Ridge. It is believed that this front has

recently moved towards the Alpha-Mendeleev Ridge (Pabi et al., 2008). The Pacific-

sourced waters are richer in macronutrients (phosphate in particular) than Atlantic-

sourced waters (Jones et al., 1998) and should be able to support greater phytoplankton

productivity (Pabi et al., 2008).

The presence of sea ice influences the upwelling and mixing of nutrients from subsur-

face waters in two ways. First, sea ice isolates surface waters from wind stress (Carmack

20



1.5 The Arctic region 21

Figure 1.7: A diagram from Jack Cook (WHOI) showing the currents and circulation
within the Arctic Ocean. Warm, saline, water from the Atlantic penetrates into the
Arctic region but remains partially trapped beneath cold fresh waters, preventing the
melting of sea ice. Water from the Pacific is colder and fresher than that from the
Atlantic and, after entering through the Bering Strait, pass into the Beaufort Gyre.
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and Chapman, 2003) which prevents the mixing of surface waters and the replenishment

of nutrients from depth. Along the ice edge, however, there is the potential for increased

upwelling when water is blown away from the ice edge (Mundy et al., 2009). This is

similar to coastal upwelling through Ekman transport, driving an increase in nutrient

supply along the ice edge. The formation of large open water areas within the sea ice,

called polynyas, can occur where the ice is pushed away from a landmass. These areas

are also regions of upwelling and increased nutrient supply to surface waters.

The Arctic is characterized by freezing winters and cool summers with a low level of

precipitation. Air temperatures can reach approximately -70 ◦C in the winter but less

extreme temperatures are seen in oceanic regions due to a net heat flux from the ocean

to the atmosphere. Sea ice also acts to insulate the surface waters from the freezing

atmospheric temperatures above. In addition to acting as a barrier between atmosphere

and surface ocean, sea ice forms an optically-thick layer between the sun’s rays and

the ocean waters below. Cloud cover, fog and re-suspension of snow in strong winds

are common which produce a high range of incident irradiance conditions even before

light is transmitted through sea ice. With increasing latitude the seasonal variation in

irradiance becomes more extreme. At the North Pole the sun remains above the horizon

from March to September before setting for 6 months. The sun will however only reach

a maximum zenith angle of 23.5◦ in midsummer. Combining low sun angles with a

highly reflective (high albedo) surface can produce unique light environments.

Due to the extreme annual variation in light and temperature, phytoplankton bloom dy-

namics in the Arctic are characterised by a strong summer peak in biomass, primary

production and carbon export (Kahru et al., 2011). Data from the Arctic Ocean sug-

gest integrated annual primary production is controlled by nutrient availability, as post
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Figure 1.8: Variation in daily solar orbit from different latitudes at Earth’s surface,
reproduced from Stein and MacDonald (2004). The orbit can be regarded as fixed for
a given latitude and seasons arise from vertical movements of the horizon (horizontal
line) due to declination. Position (A) represents the Winter solstice (23.5◦ above B) and
(C) the Summer solstice (23.5◦ below B).
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bloom waters show levels of nitrate, phosphate and silicic acid close to the limit of de-

tection (Stein and MacDonald, 2004). The North Atlantic is known to be depleted in

phosphorus relative to nitrate (N:P ratio greater than 16), whereas the opposite is true in

the Pacific (Wu, 2000). As the Arctic Ocean waters include Pacific, Atlantic and fluvial

sources, we would expect a range in N:P ratios. Generally the N:P ratio varies from

around 11-16:1 (Stein and MacDonald, 2004), showing that most of the Arctic appears

to be nitrate limited.

1.5.3 Climate change

Over the past 30 years there has been a dramatic reduction in the summer extent of the

Arctic sea ice (Figure 1.9). The volume of ice has decreased even more dramatically

as a larger fraction of the ice present in winter is now thinner first-year ice, rather than

thicker multi-year ice. The onset of melting is beginning earlier in the year and the

freeze up is becoming later, giving an increased period of open water. In the last 3-4

years there has been a reduction in the maximum extent of the winter ice, which until

2005 had remained relatively constant (Comiso, 2006).

Though there is a wealth of observational evidence to show warming of the climate in

the Arctic region, the question arises as to whether recent observations are depicting an

enhanced greenhouse-warming signal or merely natural decadal and multidecadal vari-

ability (Polyakov and Johnson, 2000; Polyakov et al., 2002). Nevertheless, there is an

overall consensus within the scientific community that the dramatic changes observed

are a response to anthropogenic forcing (Johannessen et al., 2004). With each passing

year the trends in sea-ice extent become more pronounced and the warming signal be-
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comes stronger and better constrained (Comiso et al., 2008). Not only is current climate

change more rapid in the Arctic than any other region, small changes in temperature

have the potential to induce a greater response due to the ubiquity and importance of

ice in the region. In addition to temperature, changes in ice distributions are one of the

most obvious manifestations of climate change and have important consequences for

the local biota. It has been predicted that the Arctic may be completely free of sea ice

in the summer by 2050 if current trends continue (Overland and Wang, 2007). These

changes will lead to an increased growing season and recent estimates from satellite data

suggest this may lead to an increase in annual primary productivity in the Arctic (Ar-

rigo et al., 2008). However, estimates of pan-Arctic primary production have converted

satellite detected chlorophyll fields into productivity rates using a model that assigned

photosynthetic parameters based on field measurements made in the Southern Ocean.

Though both regions have a light-limited winter these two polar regions differ in many

important respects, such as nutrient supply (both micro and macro), mixing dynamics

and dominant phytoplankton species. As a result, adopting physiological relationships

from the Southern Ocean may lead to errors in the productivity estimates for the Arctic.

Moreover, these estimates assume productivity beneath sea ice is negligible, which is in

contradiction to recent observations of large under-ice blooms (Arrigo et al., 2012).

1.5.4 The Arctic and the carbon cycle

Though the Arctic Ocean is around 1 % of the global ocean volume, 53 % of the Arctic

seas are on continental shelves, giving a favourable environment for carbon burial. This

means that the Arctic will punch above its weight with regard to it importance for global

climate change. Approximately 1,000,000 tonnes of CO2 dissolve into the global oceans
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Figure 1.9: Minimum sea-ice area per year from the National Snow and Ice Data Center
(NSIDC) as detected by Defence Meteorological Satellite Program (DMSP) the Special
Sensor Microwave Imager/Sounder (SSMIS). The linear trend is 12% per decade.
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every hour and it is estimated that the Arctic may be up to three times more important for

CO2 sequestration than its area implies (Fasham, 2003). It is estimated that the ocean-

atmosphere CO2 exchanges in the Arctic currently sum to a net flux from the atmosphere

to the ocean of ≈ 66-199 Tg C yr−1 (Bates and Mathis, 2009). Some fraction of the

carbon dioxide that dissolves into the surface ocean is fixed into organic carbon through

primary production. The carbon cycle in the Arctic is influenced by a number of organic

and inorganic processes. The various pathways of carbon transport are covered by Bates

and Mathis (2009), but the biological carbon pump is of particular relevance to this

study. A recent study combining remote sensing data and a mechanistic food-web model

estimated global export production as ≈ 6 Pg C yr−1 (Siegel et al., 2014), though this

excluded the high latitude seas. Though large uncertainties are attached to estimated

rates of Arctic new and export production, ≈ 135 Tg C yr−1 (Macdonald et al., 2009),

it is clearly of a similar order of magnitude to the regional ocean-atmosphere flux and is

> 2% of the global export estimate. Increased Arctic primary productivity in a warming

Arctic (Arrigo et al., 2008) will likely lead to an increase in the importance of the Arctic

for carbon export. Without a strong understanding of the variability of phytoplankton

physiology and the resulting distribution of primary production in the Arctic we cannot

accurately predict the coming changes in the regional carbon cycle.

1.6 Summary and aims of work

In summary, the Arctic seas are extreme environments that are challenging for biolog-

ical monitoring and modelling. They are responding rapidly to climate change and the

biological response to a changing environment will have important feedbacks on the
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global carbon cycle. It is essential that we continue to monitor this system and im-

prove our ability to understand and predict its state under future climate scenarios. The

following chapters aim to contribute towards this goal.

Chapter 2 aims to investigate the distribution of phytoplankton taxa in the Atlantic Arc-

tic, with a focus on the transition across the ice-edge boundary. This will involve the

following tasks:

1. Analyse the pigment assemblage and distribution of phytoplankton pigments in

the Greenland Sea.

2. Compare estimates of cell abundance/taxonomy using CHEMTAX methods with

cell count data.

3. Investigate the biogeography of phytoplankton taxa and its relationship to envi-

ronmental variables.

Chapter 3 aims to scrutinise the relationships between environmental variables and pho-

tophysiological parameters to explore the possibility of using estimates of environmen-

tal conditions to inform the modelling of primary production. This will require:

1. An examination of the variability in bio-optical and photophysiological parame-

ters of Arctic phytoplankton using field and culture data.

2. An assessment how the bio-optical and photophysiological properties of Arc-

tic phytoplankton relate to the primary factors governing phytoplankton growth

(light, nutrients and temperature).

3. Determination of whether relationships between environmental variables and pho-

tophysiology are consistent across the Atlantic Arctic and if they differ from other
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oceanic regions.

Chapter 4 aims to improve modelling of Arctic primary production by considering the

importance of variability in each of the parameters used to model primary production in

an Arctic setting. To achieve this goal we:

1. Estimate marine primary production in the Greenland Sea using a combination of

modelling and in situ data.

2. Analyse the sensitivity of a spectral primary production model to variations in

input parameters and determine which parameters are most significant.

3. Discuss the level of model complexity required for Arctic waters.

4. Propose ways of improving estimates of primary production for the Arctic region.

29



30 CHAPTER 1. Introduction

30



Chapter 2

Phytoplankton community structure in

the Greenland Sea: validation and

interpretation of CHEMTAX analysis

in relation to environmental forcing

Abstract: The distribution of different phytoplankton groups is a result of competition

for resources under a given set of environmental conditions. Shifts in the phytoplankton

community structure can serve as an indicator of environmental change and alter the

bio-optical and photophysiological properties of the phytoplankton. In this study phy-

toplankton pigment concentrations are used to estimate the distribution of taxa in the

Greenland Sea, through the utilization of CHEMTAX (CHEMical TAXonomy) anal-

ysis. The CHEMTAX MATLAB subroutine was used iteratively and the results were

stable within a range of seed matrices. Biomass estimates from microscope counts were
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in general agreement with the group-specific estimates of major phytoplankton classes

using CHEMTAX. Six algal classes were shown to dominate within the study area:

diatoms, haptophytes, cryptophytes, prasinophytes, chrysophytes and dinoflagellates.

Multivariate statistical analysis (cluster and principle component analyses) revealed that

patterns in the distribution of phytoplankton groups were related to environmental forc-

ing and sea ice presence. Cryptophytes, chrysophytes and prasinophytes were dominant

groups under sea ice. Haptophytes dominated many of the open ocean stations where

stratification was weak due to the presence of warm Atlantic waters lying beneath the

surface mixed layer and reduced melt-water input. Diatoms were ubiquitous in the study

region, and dominated in both sea-ice and open-ocean samples. Across the study region

phytoplankton populations were generally mixed at depth and tended to be dominated

by a single taxonomic group in the near surface, possibly a result of the presence of

strong environmental gradients within the surface layer.

2.1 Introduction

In recent decades our understanding of phytoplankton diversity and abundance has in-

creased due to methodological advances in microscopy (Roy et al., 1996), flow cytom-

etry (Zubkov et al., 2000), genetic (Dı́ez et al., 2001; Not et al., 2009) and chemical

(Mackey et al., 1996; Stuart et al., 1998; Uitz et al., 2006) analyses. It has been sug-

gested that phytoplankton diversity in the Arctic may not be as high as other ocean

regions (Baldwin et al., 2005). Yet recent identification of endemic or undersampled

taxa in the Arctic Ocean (Lovejoy et al., 2007; Mock and Thomas, 2008) highlights

the need for further study. Arctic marine ecosystems are characterised by large annual

32



2.1 Introduction 33

variations in irradiance, low temperatures, strong salinity-driven stratification and the

physical barrier of sea ice separating the ocean from the atmosphere. These conditions

create a number of distinct ecological niches within the euphotic zone and necessitate

strong physiological acclimation (Bursa, 1963; Gradinger, 1996). Arctic sea-surface

temperatures are rising, sea ice is retreating, and terrestrial run-off and permafrost melt

is increasing, all of which have important repercussions for biology in the region. As

the Arctic is undergoing significant climate change, it is essential to understand how

environmental change will alter phytoplankton biogeography (IPCC, 2007), as different

groups of phytoplankton play different biogeochemical and ecological roles in Arctic

marine systems.

Snow and ice cover of Arctic terrestrial systems, combined with a large fraction of the

Arctic being ocean, means that much of the primary production in the Arctic is due

to aquatic photosynthesis (Field et al., 1998; Geider et al., 2001; Mock and Thomas,

2008). The response in Arctic phytoplankton communities to climate change is of in-

terest for two reasons. Firstly, phytoplankton respond rapidly and non-linearly to subtle

changes in local conditions and therefore can act as sentinels of environmental change

(Newton, 2007; Li and Harrison, 2008). Secondly, changes in phytoplankton commu-

nity structure will have a series of important feedbacks on the local environment. These

may include changes in the rate and fate of carbon fixed through primary productivity

due to the shifts in the dominant phytoplankton groups (Buesseler et al., 2003; Quere

et al., 2005; Tamelander et al., 2009). There is some evidence of a waning in the domi-

nance of diatoms and an increase in the abundance of prymnesiophytes (Harrison et al.,

2013) and picoeukaryotes (Li et al., 2009) in Arctic regions. In highly productive wa-

ters, carbon export decreases rapidly as temperatures cross the 10 ◦C threshold, in less
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productive waters this threshold is at even lower temperatures (Laws et al., 2000). Also

warmer water temperatures favour smaller celled phytoplankton (Daufresne et al., 2009;

Li et al., 2009), which also promotes a reduction in the biological pump. Rising temper-

atures and shifting phytoplankton communities could promote a shift from classical to

microbial food webs (Legendre and Rassoulzadegan, 1995). To understand and predict

the changes in phytoplankton community structure we must first understand the current

biogeography and the primary factors influencing it. This requires detailed estimation of

group specific phytoplankton abundances and an understanding of the primary factors

controlling the distribution of groups that serve important biogeochemical and ecologi-

cal functions in the Arctic Ocean.

Phytoplankton groups that are important in Arctic and Subarctic seas include diatoms,

chrysophytes, prymnesiophytes, dinophytes, cryptophytes and green flagellates (prasino-

phytes + chlorophytes) (Stein and MacDonald, 2004). Phytoplankton diversity is nor-

mally greatest in the summer, when a transition from a few diatom species to a diverse

assemblage of (small) flagellates takes place (Booth and Jr., 1997; Stein and MacDon-

ald, 2004; Harrison et al., 2013). However, seasonal and geographical changes in com-

munity structure are also observed in Arctic seas. What follows is a summary of our

current understanding of the distribution of phytoplankton taxonomic groups in relation

to particular environmental conditions.

Diatoms are abundant in both the water column and sea-ice algal mats (Vincent, 2010)

and are known to form ice-edge blooms in polar seas (Coupel et al., 2012). Diatoms

also have an additional nutrient requirement for silica, and thus the availability of sili-

cate is believe to play an important role in controlling their distribution. Chrysophytes

are nanoplankton predominantly found in lower salinity waters (Stein and MacDonald,
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2004). Prymnesiophytes are also mainly nano-plankton and some (e.g. Pheocystis)

produce Dimethyl-sulphide (DMS) which is an important atmospheric aerosol (Bec-

quevort et al., 2005). Prymnesiophytes have been found to be more common in open

and mixed polar waters (Wright and van den Enden, 2000). Coccolithophorids, a prym-

nesiophyte sub-group present in the Arctic, have calcium-carbonate tests which give

them significantly different optical and biochemical properties compared to other phy-

toplankton (Ackleson et al., 1994). Coccolithophores are typically found in temperate

and Subarctic waters, but are thought to be encroaching further north with warming sea

temperatures (Smyth et al., 2004). Dinoflagellates can be found as both autotrophs and

heterotrophs in the Arctic. Some dinoflagellates can even combine the two life modes,

becoming mixotrophic (Jones, 2000). In addition to being mixotrophic, dinoflagellates

can be either armoured (thecate) or naked (athecate), the latter normally being found in

waters influenced by sea ice (Stein and MacDonald, 2004). Cryptophytes are usually

found in environments influenced by melt waters, be those melt-ponds, within-sea-ice

or near-ice surface waters. The Arctic green flagellates are endemic picoplankton whose

small size allows them to compete in very low-light conditions, even persisting through

the long, dark Arctic winter (Lovejoy et al., 2007). A notable absence from the list

of common phytoplankton are cyanobacteria. Due to low temperatures cyanobacteria

are only found in minimal concentrations in the Greenland Sea region (Marchant et al.,

1987; Gradinger and Lenz, 1995; Cottrell and Kirchman, 2009).

Each of the techniques used to measure phytoplankton community structure has a num-

ber of advantages and disadvantages. Although microscopic identification of phyto-

plankton provides information on phytoplankton taxonomic composition to the species

level, it is extremely time-consuming, requires a high level of skill and may be ineffec-
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tive at detecting the presence of smaller cells (Claustre, 1994). Preservation of samples

for microscopy counts can also lead to the destruction of some cells (Hill et al., 2005).

Phytoplankton pigments are frequently used as biomarkers and provide information on

the community structure of phytoplankton. Chlorophylls and carotenoids are typically

used as indicator pigments (Wright and Jeffrey, 2006), since they are present in all

photosynthetic algae. Those pigments which are restricted to particular classes are re-

ferred to as diagnostic pigments (Jeffrey, 1997). The determination of phytoplankton

groups from pigment data is complicated by the presence of pigments that are found

in more than one class and by the intra-specific plasticity of pigment composition with

changes in growth conditions. One approach that attempts to address these problems

is the CHEMTAX iterative pigment factorisation method developed by Mackey et al.

(1996). CHEMTAX has been utilized across a variety of oceanic domains, including

in high-latitude waters (Wright et al., 1996; Wright and van den Enden, 2000; Vidussi

et al., 2004; Coupel et al., 2012). To optimally use CHEMTAX as a method of partition-

ing chlorophyll-a biomass into various phytoplankton taxa requires prior knowledge of

the dominant phytoplankton groups, their associated pigment complement and relative

pigment concentrations. To date, most Arctic studies have assigned input pigment matri-

ces based on Antarctic studies which has led to errors such as overestimation of diatoms

and underestimation of prymnesiophytes (Coupel et al., 2012). To apply CHEMTAX to

a new region, microscopic cell counts should be used to validate the model outputs of

group-specific biomass (Havskum et al., 2004). In addition, pigment data from strains

isolated from a particular location can aid the development of a region-specific pigment

ratio matrix that may be used to interpret pigment datasets from the same hydrographic

area (Hill et al., 2005).
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The primary goal of this study is to examine the variation in phytoplankton community

structure in the Greenland Sea region using a combination of High Performance Liq-

uid Chromatography (HPLC) pigment concentrations and cell counts by conventional

microscopy. HPLC pigment data are analysed and interpreted using both cluster anal-

ysis and CHEMTAX. Group-specific biomass estimates from the CHEMTAX analyses

are validated using ancillary microscopy cell count data. The physio-chemical drivers

governing the distribution of phytoplankton groups are then examined using Principal

Component Analysis (PCA).

2.2 Methods

2.2.1 Study area

Samples were collected during the ICE CHASER 2010 (IC2010) research cruise on-

board the RRS James Clark Ross (NERC/BODC cruise ID JR219). The cruise track

covered a transect from the North Sea to the Greenland Sea between Svalbard and the

Greenland Shelf. This region is influenced by Atlantic water moving northwards and

Arctic waters returning south (see figure 2.1). Twenty three stations were sampled be-

tween the 14th of June and the 11th of July, from 56.7◦N to 80.7◦N and from 5.6◦W to

8.3◦E. Sampling stations covered a sea-ice gradient from the open ocean to 75 km into

the sea ice (Figure 2.2).
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Figure 2.1: The ocean currents in the North, Norwegian, Greenland and Barents Seas.
The major currents/water masses relating to this Greenland Sea study are (from west to
east): the cold, southward moving East Greenland Current, the relatively warm, north-
ward moving Norwegian Arctic Current, and the cold northward moving West Svalbard
Current. Map sourced from the Norwegian Institute of Marine Research (of Marine Re-
search, 2002).
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Figure 2.2: The geographical distribution of the stations sampled during the ICE
CHASER 2010 cruise. Station names are offset for clarity when stations are in prox-
imity to one another. White shaded region shows approximate extent of sea ice dur-
ing research cruise.Station names: C/NNS = Central/North North Sea , S/C/NNWS =
South/Central/North Norwegian Sea, I2-10 = Ice station 2-10, GS = Greenland Shelf,
GM = Greenwich Meridian, KF = Kongsfjorden
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2.2.2 Environmental data

Seawater samples were taken at 4-5 depths using 10 litre Niskin bottles, mounted on

a CTD rosette. Sample depths were chosen to capture the vertical variability in the

biomass profile through the photic zone. Samples were always collected from the near

surface and the chlorophyll maximum which was determined using profiles of in vivo

fluorescence measured using a Chelsea fluorometer. In addition to in vivo fluorescence,

profiles of salinity (using two 4C conductivity sensors), temperature (two 3P tempera-

ture sensors) and downwelling irradiance (Biospherical Li-Cor PAR sensor) were mea-

sured and used to calculate mixed-layer depths (MLD), stratification index (SI) and

euphotic depth (Zeu).

Various methods exist for calculating the depth of the mixed layer from density pro-

files. The methods can be classified into three categories: density offset, least squares

regression and integral methods (Thomson and Fine, 2003). The most commonly used

method is density offset. This approach uses the depth at which the potential density is

offset from the surface ∆σθ(z) = σθ(z)−σθ(z0) by a threshold value (∆σTθ ), usually in

the range 0.005 to 0.5 kg m−3. In this study, the density offset method was used with a

modification allowing three different thresholds, depending on the density range of the

water column. Values for ∆σTθ were 0.05, 0.125 or 0.3 kg m−3 depending upon the total

profiles density range ∆ρ:

∆σθ(z) =


0.05 ∆ρ ≤ 0.25

0.125 0.25 < ∆ρ ≤ 1.4

0.3 1.4 < ∆ρ.

(2.1)
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The stratification index (kg m−3) is calculated using density profiles and defined as the

density difference between the surface and a reference depth. The reference depth used

was 50 m, since much of the density variation occurred above this depth and increasing

the reference depth further did not make a significant difference in the stratification

index values and excluded profiles that did not extend beyond 60 m.

CTD downwelling irradiance profiles were used to calculate euphotic depths. The eu-

photic depth is defined as the depth at which downwelling irradiance was equal to 1 %

of surface irradiance (I0). To estimate the I0, an exponential decay equation was fitted

to light profiles in the upper 10 m and extrapolated to the surface (z = 0 m). For most

stations Zeu coincided with an absolute irradiance of 1-5 µeinsteins m−2s−1.

From a biological perspective, a useful definition of a stratified water column is one

in which the euphotic depth is greater than the mixed-layer depth (Uitz et al., 2006).

Therefore, information from both density and irradiance profiles were used to determine

whether a given water-column was classed as ‘stratified’ or ‘mixed’.

2.2.3 Phytoplankton pigment analysis

For each sample depth, 0.2-1 L of seawater was filtered onto 25 mm GF/F filters (What-

man Inc.) at a pressure of <200 mm Hg. Filters were then placed in cryovials and

flash frozen in liquid nitrogen prior to storage at ≤-80 ◦C. Samples were analysed us-

ing reverse-phase HPLC as described in Barlow et al. (1997) after sonication in 90%

acetone (Vibracell probe, Sonics and Materials, Newtown, CT, USA) for 30 s and cen-

trifugation. The mobilised pigments were syringe filtered through a 0.2 µm nylon filter.

Chlorophylls and carotenoids were detected by absorbance at 440 nm. Data collection
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and integration utilized the Chromquest 3.0 software (Thermo Finnigan, CA, USA).

Further confirmation of pigment identity was provided through on-line diode array spec-

troscopy. Multi-pigment standards were run at the beginning and end of batches of 24

samples and a chlorophyll-a standard was inserted between each subset of 6 samples

to ensure there was no significant drift in pigment elution times and response factors.

Measured marker pigments and their associated algal groups are shown in table 2.1.

To provide information on phytoplankton bulk pigment biomass during the cruise, flu-

orometric measurements of chlorophyll-a were made in triplicate using the method of

Holm-Hansen et al. (1965). Sub-samples of 100 ml were filtered onto 25 mm GF/F fil-

ters and chlorophyll-a was extracted in 90 % acetone for 24 hours in the dark at -20 ◦C.

The chlorophyll-a concentrations were then measured using a Turner Designs Trilogy

fluorometer.

2.2.4 Interpretation of pigment data

Photosynthetic and photoprotective pigments

Phytoplankton accessory pigments can be separated into photosynthetic pigments (PP)

and non-photosynthetic pigments (NPP). This distinction is important as the relative

contribution of PP and NPP to total accessory pigments (TP) provides information

on photoacclimation and energy transfer within the phytoplankton cells (Eisner et al.,

2003). The photosynthetic accessory pigments detected were Chl-b, Chl-c2,3, Perid, 19′-

But, 19′-Hex, Fucox, and Pras. The measured non-photosynthetic accessory pigments

were Diad, Zeax, Viol, Allox, and Lutein (Bricaud et al., 1995; Stuart et al., 2000; Eisner

et al., 2003; Barlow et al., 2007).
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Table 2.1: Details of pigments detectable during HPLC analysis of samples and the
groups in which they are found (Jeffrey, 1997).

Pigment Abbreviation Retention Relevant
time (minutes) algal groups

Chlorophyll-c3 Chl-c3 2.2 Haptophytes,Chrysophytes
Cryptophytes, Diatoms,

Chlorophyll-c2 Chl-c2 3.08 Dinoflagellates,
Haptophytes,Chrysophytes

Peridinin Perid 3.73 Dinoflagellates
19′-Butanoyloxyfucoxanthin 19′-But 4.56 Haptophytes,Chrysophytes
Fucoxanthin Fucox 4.86 Diatoms, Haptophytes,

Chrysophytes
19′-Hexanoyloxyfucoxanthin 19′-Hex 5.53 Haptophytes
Prasinoxanthin Pras 5.77 Prasinophytes
Violaxanthin Viol 5.85 Chlorophytes,Prasinophytes
Diadinoxanthin Diad 6.92 Diatoms, Dinoflagellates

Haptophytes, Chrysophytes
Alloxanthin Allox 7.74 Cryptophytes
Zeaxanthin Zeax 9.34 Chlorophytes
Lutein Lut 9.88 Chlorophytes, Prasinophytes
Chlorophyll b Chl-b 18.14 Chlorophytes, Prasinophytes
Chlorophyll a Chl-a 23.87 All phytoplankton

Cluster analysis

Cluster analysis was used to compare the major accessory pigments and identify any

trends in the distribution of similar assemblages. Cluster analysis was conducted on

pigment data using Euclidean distance in m-dimensional space, where m is the num-

ber of accessory pigments under consideration. The analysis was performed using the R

statistical analysis software with functions from the ‘stats’ package. Unlike CHEMTAX

analysis, cluster analysis makes no assumptions about group-specific pigment content or

ratios. Pigments that are found in many groups, such as diadinoxanthin, were excluded

from the cluster analysis dataset due to their poor diagnostic capabilities. All acces-

sory pigment concentrations were normalised to chlorophyll-a concentration. Through
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examining the resulting dendrogram and the change in the group sum of squares with

changing cluster number, six major clusters were identified and k-means analysis was

performed using the six clusters.

CHEMTAX initialization and processing

The relative contribution of phytoplankton groups to chlorophyll-a biomass was calcu-

lated using the MATLAB version of the CHEMTAX program. For CHEMTAX matrix

factorization an initial pigment ratio matrix must be assigned, known as a seed matrix.

To constrain the values used in the input matrix, pigment data from Arctic phytoplank-

ton cultures were used and compared to previous CHEMTAX studies (Mackey et al.,

1996; Wright et al., 1996; Jordan and Chamberlain, 1997; Vidussi et al., 2004).

HPLC measurements were made on Arctic phytoplankton cultures from six phytoplank-

ton groups: Bacillariophyceae, Chlorophyceae, Cryptophyceae, Dinophyceae, Prasino-

phyceae and Prymnesiophyceae. These cultures were sourced from the National Centre

for Marine Algae and Microbiota (NCMA), Bigelow Laboratory, Maine. Details of

cultured species are given in table 2.2. All strains were cultured in a Sanyo MLR-352

incubator using a cool-white fluorescent light source. Cultures were incubated with

a 16:8 light:dark cycle, at 5 ◦C, to represent Arctic summer growth conditions. With

the exception of Micromonas, all cultures were exposed to an irradiance of 100 µmol

quanta m−2 s−1. The irradiance for Micromonas was modified to represent conditions

deeper in the water column, as it was isolated from a depth of 55 m. For Micromonas

growth flasks a combination of neutral-diffusing and blue filters reduced irradiance to

35 µmol quanta m−2 s−1. Samples were taken for HPLC analysis during exponential

growth phase by filtering cells onto 25mm GF/F filters.
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Table 2.2: Details of species cultured. Cell sizes are means from 15 cell measurements
per species. Biovolumes are calculated using the species-specific equations of Hille-
brand et al. (1999). Sample depths refer to the depth of the sample from which the
culture was originally isolated.

Species Group Cell Biovolume Sample Growth Media
size(µm) (µm3) depth (m)

Cylindrotheca sp. Bacillariophyceae 70x7µm 1800 6m f/2
Rhodomonas sp. Cryptophyceae 13x9µm 275 11m f/2(no Si)+soil sol.
Unidentified sp. Prymnesiophyceae 10x9µm 450 11m f/2(no Si)+soil sol.
Polarella Glacialis Dinophyceae 12x10µm 630 11m f/2(no Si)
Chlamydomonas sp. Chlorophyceae 14x8µm 470 ice core f/2(no Si)+soil sol.
Micromonas sp. Prasinophyceae 2x2µm 5 55m f/2(no Si)

The CHEMTAX seed matrix used in this study followed recommendations put forward

by Mackey et al. (1996): that the number of pigments were greater than the number of

groups by at least two and that no group was assigned a single non-zero pigment ratio

(table 2.3). The matrix defined a total of seven algal classes using thirteen accessory

pigments. To confirm that the CHEMTAX output was not significantly biased by the

seed matrix, CHEMTAX analyses were also performed using seed matrices with twice

and half the initial matrix ratio values (table 2.3).

For the seven algal classes, further subdivisions were required to discriminate between

members of the same algal class that possess significantly different pigment assem-

blages (Jeffrey and Wright, 1994). The prasinophyte group was split into two sub-

groups; those that contain prasinoxanthin and those that do not, such as Micromonas

puscilla (Vidussi et al., 2004). Prasinophytes that do not contain prasinoxanthin also

tend to have higher concentrations of other accessory pigments(Vidussi et al., 2004).

The haptophytes were also split into two subgroups: type 3 contain 19′-Hex and fu-

coxanthin, such as Chrysochromulina (Barlow et al., 1993), and type 4 contain 19′-But,

19′-Hex, and fucox (Vidussi et al., 2004). This gave a total of nine algal functional
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groups, based upon pigment content.

Since factors such as nutrient concentration and growth irradiance can result in signif-

icant variations in accessory pigment/chl-a ratios (Vidussi et al., 2004), samples were

grouped into surface and deep samples based on irradiance profiles. Samples 2 m above

the euphotic depth (Zeu−2) and below were classified as deep. The depth horizon Zeu-2

was chosen to allow for small discrepancies between the downward CTD profiles (used

to calculate Zeu) and upward CTD profiles (which correspond to when samples were

collected). Using this approach, 24 samples were classified as deep and 59 as shallow.

CHEMTAX ratio limits were set to a default value of 500 %, which allowed the initial

pigment ratio, r, to vary from r/5 to 5r. As in Mackey et al. (1996) the data were

weighted according to the reciprocal of the mean pigment concentration in the sample

subset being analysed to ensure the residual is a measure of relative rather than absolute

fit to the data, thereby increasing the relative fit to the minor pigments at the expense

of the major pigments. CHEMTAX was run iteratively as in (Latasa, 2007) to allow

CHEMTAX to correctly adjust pigment ratios. The iterative process consisted of using

the output pigment matrix from the previous CHEMTAX run as a new input matrix

for the same set of samples until the pigment matrix stabilised (maximum change in

pigment ratio between iterations is <10 % of previous ratio).

2.2.5 Cell counts used for CHEMTAX validation

At four stations, cell counts were conducted by light and epifluoresence microscopy to

validate CHEMTAX estimates of group-specific biomass. The four stations covered a

range of sea-ice conditions: under-ice, transitional and open-ocean waters. Microscopy
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samples were taken from multiple depths coincident with the samples collected for

HPLC pigment analysis and preserved using Lugol’s iodine solution. Cell counts by

both light and epifluorescence microscopy provided taxonomic identification up to the

species level. A complete description of the microscopy techniques used to identify

and enumerate phytoplankton cells is given in (Davidson et al., 2007). Preserved cell

volumes were converted to cell biovolumes using the equation of Menden-Deuer et al.

(2001). The cell abundances were converted into carbon biomass estimates by multiply-

ing the cell abundance by group-specific carbon conversion factors (Montagnes et al.,

1994; Menden-Deuer and Lessard, 2000; Montagnes and Franklin, 2001). The conver-

sion for diatoms is (Montagnes and Franklin, 2001):

C = 100.850(log(V))−0.420, (2.2)

for dinoflagellates (Menden-Deuer and Lessard, 2000),

C = 100.819(log(V))−0.119, (2.3)

and for cryptophytes and haptophytes (Montagnes et al., 1994)

C = 0.109(V 0.991), (2.4)

where C is carbon (pg) per cell and V is cell biovolume (µm3).

To allow comparison to the CHEMTAX estimation of phytoplankton biomass, we summed

the carbon biomass estimates determined by microscopy for each of the major au-

totrophic phytoplankton groups: diatoms, dinoflagellates, cryptophytes and haptophytes.
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2.3 Results

2.3.1 Environmental conditions

The surface water temperatures in the study region ranged from -1.52 to 11.85 ◦C, al-

though the majority of stations were in waters of 7 ◦C or less (figure 2.3 and table 2.4).

Surface salinity varied from 31.04 to 35.24 PSU and was strongly dependent upon prox-

imity to the ice edge. The mixed-layer depth ranged from 6.2 to 25.8 m, with over half

the stations having a mixed layer of <10 m. The stratification index exhibited a large

range, varying between 0.069 and 2.26 kg m−3. Much of this density change took place

in the upper 20 m of the water column and was predominantly related to the presence

of low salinity ice melt rather than thermal forcing. Two water-column structures were

observed beneath sea ice; 1) a shallow surface layer above warmer Atlantic water and

2) a cold halocline layer up to a depth of 80 m, observed at IS 6, IS 7 and IS 8 (figure

2.4).

Surface irradiance varied from 53 µeinsteins m−2s−1 beneath sea ice to 1280 µeinsteins

m−2s−1 in the open waters. The majority of surface irradiance values (> 85 %) were

less than 400 µeinsteins m−2s−1. The mean euphotic depth in the under-ice and ice-edge

stations (50.2 ± 20.2 m) was nearly twice that of the open ocean stations (32.5 ± 9 m).

This is due to a tendency for lower values of integrated biomass in the euphotic zone

beneath sea ice than for open ocean stations. Using the Uitz et al. (2006) criteria for a

stratified water column, 95 % of stations were classified as stratified, which implies that

the phytoplankton within the mixed layer are much more likely to be nutrient limited

than light limited (Yentsch, 1981).
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Table 2.4: Station details for the IC2010 research cruise. Chlmax represents the highest
chlorophyll-a concentration detected in the station profile and ZCmax is the depth at
which that maximum concentration was located. Sea surface temperature (SST) and
surface salinity values are averaged from the upper 5 m of the water column. Mixed-
layer depth (MLD) is calculated according to equation 2.1 and euphotic depth (Zeu)
estimation is covered in section 2.2.2.

Station Latitude Longitude Chlmax ZCmax SST Surface MLD Zeu
(North) (East) (mg/m3) (m) (◦C) salinity (m) (m)

CNS 56◦24.73’ 001◦18.85’ 1.13 28 11.85 35.07 19.0 31.5
NNS 60◦44.59’ 002◦43.67’ 1.64 17.5 11.20 33.63 8.1 20.5
SNWS 65◦02.42’ 004◦24.02’ 1.39 17.5 9.96 34.31 18.1 28.5
CNWS 69◦20.46’ 006◦22.42’ 1.73 11 7.28 35.24 23.1 37.0
NNWS 72◦45.21’ 008◦15.93’ 0.81 12 5.90 35.19 25.8 44.0
EGS 77◦09.42’ 011◦17.53’ 3.88 20.5 5.75 35.03 31.7 21.0
I2 80◦44.48’ 004◦39.05’ 0.31 15 -0.78 32.98 13.0 56.5
I3 80◦41.50’ 004◦19.09’ 0.24 26.5 -1.13 32.79 15.4 51.5
I4 80◦35.10’ 004◦18.29’ 0.51 58 -1.10 32.65 11.3 50.0
I5 80◦31.09’ 004◦09.87’ 0.61 54.5 -1.35 32.55 9.9 52.0
I6 80◦27.32’ 003◦43.04’ 0.25 21.5 -1.52 33.10 6.2 100.5
I7 80◦18.98’ 003◦19.39’ 0.25 20 -1.52 33.06 7.7 76.0
I8 80◦15.98’ 002◦55.15’ 5.48 32 -1.32 32.46 9.6 36.0
I9 80◦13.78’ 002◦29.79’ 3.86 25 -1.18 32.20 8.0 36.0
I10 80◦13.19’ 002◦09.94’ 3.56 30 -1.13 32.18 7.7 32.5
KF3 79◦01.00’ 010◦42.05’ 0.26 18 4.51 33.79 9.7 50.0
KF3 79◦00.91’ 010◦41.28’ 2.97 29 2.32 33.93 9.9 34.0
KF4 78◦58.52’ 006◦42.39’ 3.85 21.5 6.38 35.07 22.9 27.0
KF4 78◦58.51’ 006◦42.38’ 3.21 28 6.45 34.61 9.2 28.5
GS 77◦46.63’ -005◦35.77’ 1.31 14.5 -1.01 31.04 7.8 35.0
GS 77◦36.05’ -005◦11.43’ 0.47 6 -0.93 31.21 9.0 41.0
GM 78◦17.00’ 000◦00.02’ 7.15 20 -0.64 33.51 7.4 35.0
KF5 78◦56.85’ 005◦17.30’ 2.82 19.5 7.42 35.00 9.6 36.0
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Figure 2.3: Monthly composite SST map of Greenland sea from MODIS, night-time
11µm data from July 2010. Study stations were sampled between the 14th of June and
the 11th of July so this map represents an upper temperature estimate.

Nitrate concentrations were observed from below the limit of detection (0.01) to 12.55

µM, though concentrations above 8 µM were only seen in waters below 30 m. Phos-

phate concentrations varied from below the detection limit to 1.13 µM. The N:P ratio

was generally close to 16:1 (Redfield ratio), although stations on the Greenland Shelf

exhibited N:P ratios indicative of nitrate limitation at depths of up to 30 m (figure

2.5). Silicate concentrations ranged from 0.02 to 4.72 µM and correlate with nitrate

(r2 = 0.6) with an N:Si ratio of 3.3:1, indicating that silicate may be limiting diatom

growth (Gilpin et al., 2004).
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Figure 2.4: Temperature and salinity profiles for the northern ice-stations. For stations
IS 1-5 and IS 9-10 a shallow surface water layer lies above warm saline Atlantic water.
Stations IS 6, 7 and 8 exhibit a cold halocline layer beneath the surface layer, increasing
water column stability. Black lines are single CTD casts used for each station in this
study.
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Figure 2.5: NO3 + NO2 concentrations plotted against the PO4 concentrations and
coloured according to sample depth. The line shows the Redfield ratio (16:1). Points
circled below the Redfield ratio are all from samples taken at the two Greenland Shelf
stations.

2.3.2 Phytoplankton pigment distribution

Surface chlorophyll-a concentrations varied from 0.12 to 2.3 mg m−3 with higher con-

centrations primarily found in open-ocean waters. Inspection of chlorophyll-a profiles

revealed that chlorophyll-a concentrations at depth were often greater than surface val-

ues and subsurface chlorophyll-a concentrations reached a maximum of 7.15 mg m−3.

Subsurface maxima were also present in a number of accessory pigments (figure 2.6).

A strong correlation was observed between concentrations of chlorophyll-a and total
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accessory pigments (r2 =0.83) with the majority of Chl-a:TP lying close to 1. Photopro-

tective pigment to photosynthetic pigment ratios ranged from 0.04 to 1.3, with a mean

of 0.4 in the upper 10 m of the water column and mean values below 0.2 for each 10 m

increment below this. The accessory pigments chl-c2,3, 19′-But, fucox, 19′-Hex, viol,

diad, allox, and chl-b were all detected in surface waters (figure 2.8).

Fucoxanthin showed the strongest correlation with total chlorophyll-a (r2=0.81). There

is a poor correlation for peridinin (figure 2.7), but a strong correlation exists for 19′-

Hex. Therefore, in this region phytoplankton biomass, and thus primary production,

correlates with diatom and haptophyte abundance rather than diatom and dinoflagellate

abundance.

Fucoxanthin was present at all stations and is the dominant accessory pigment, consti-

tuting between 10 % and 91 % of the TP. The next most prevalent pigment was diadi-

noxanthin, detected in 97 % of samples. This photoprotective pigment is present in four

algal groups and its concentration is strongly correlated to the summed concentration

of fucoxanthin and its derivatives (r2=0.75). The next most prevalent photosynthetic

pigments were 19′-Hex and 19′-But. Over 95 % of samples contained one of these two

pigments and 70 % contained both. A higher proportion of the samples contain 19′-

But (88 %) but at most it constituted 31% of the TP. Samples containing a significant

proportion of 19′-But tended to be at depths around 15-20 m. The pigment 19′-Hex

was detected in 78 % of samples and contributed up to 54 % of TP. This pigment also

showed a peak in concentrations in the subsurface but the maxima is 3-5 m shallower

than 19′-But and surface concentrations were much greater. Alloxanthin was observed

in 86 % of samples and constituted up to a quarter of TP in some samples. The highest

average alloxanthin concentrations were observed in surface waters (5 m) and contrasts
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Figure 2.6: Mean concentrations of major pigments with depth, as determined by
HPLC. Data from cruise samples containing each pigment were combined and binned
to produce mean profiles.
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Figure 2.7: Comparison of accessory pigment concentration to the chl-a concentration.
Linear regression and correlation coefficients shown for each accessory pigment.

56



2.3 Results 57

profiles of the other accessory pigments, which showed a peak in average concentrations

at depths around 10-20 m (figure 2.6). Peridinin, a pigment marker of dinoflagellates,

was present in 70 % of samples, usually making up less than 10 % of TP, but reaching

maxima of 40 % of TP. Chlorophyll-b was only present in 22 samples, but was detected

at high absolute and relative concentrations (up to 40 % TP). Prasinoxanthin (present 37

samples) only constituted up to 22 % of TP. Average profiles for both of these pigments

have a subsurface maxima at around 17 m. Zeaxanthin was only detected in a small

number of samples (15 %) and never contributed more than 6% of TP. For stations

were zeaxanthin was present, peak concentrations tended to fall between 15-17 m. A

comparison of pigment composition (% total pigment) and concentrations at the surface

and subsurface chlorophyll maximum (SCM) is shown in figure 2.9 and full profiles

of pigment fractions are shown in figure 2.10. It should be noted that the cyanobac-

teria Synechococcus contain zeaxanthin, alongside phycobiliproteins (Waterbury et al.,

1986), but were assumed to not be present for this study. Although the phycobiliproteins

were not quantified during the HPLC analysis, co-incident absorption spectra measure-

ments (Chapter 3) show no significant absorption peaks in field samples in the 545-565

range (absorption maxima for Synechococcus phycobiliproteins (Moore et al., 1995)).

If this group were present then the effect would be minimal as only a small number of

samples contain zeaxanthin, and never dominated the accessory pigments.

2.3.3 Cluster analysis

Cluster analysis identified six pigment clusters, as highlighted in the dendrogram shown

in figure 2.11. Average cluster pigment composition, as separated by k-means analysis,

are given in table 2.5 and plotted in figure 2.12. The clusters are shown in relation to
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Figure 2.8: Pigment composition (pie chart) and chlorophyll-a concentrations (Green
Bar) plotted in relation to the ice edge (Dashed contour). The ice edge is defined as ice
concentrations > 30 %. Data shown are from the shallowest sample at the respective
station.
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Figure 2.9: Pigment assemblages for samples closest to the surface and the chl-a maxi-
mum for each station of the cruise. Sample names are composed of the station name and
sample depth. Bars show accessory pigment concentrations and pie charts show fraction
of total accessory pigments. Chlorophyll-a concentrations are overlain in black.
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Figure 2.10: Profile of pigment composition profiles for each station with the mixed-
layer depth indicated by a blue dashed line and the euphotic zone shown as a black
dashed line.

60



2.3 Results 61

depth and salinity (a proxy for sea-ice influence) in figure 2.13 and geographic location

in figure 2.14.

Almost all clusters contained a significant portion of fucoxanthin (≥20 %) and 19′-

Hex, which indicates the presence of both diatoms and haptophytes in most samples.

All clusters apart from cluster 5 also contain a small fraction of peridinin, probably

representing a background presence of dinoflagellates. Small fractions of zeaxanthin

and chl-b are seen in clusters 1 and 3 with a zeax/chl-b ratio of around 0.5 or less, which

suggests the presence of chlorophytes (Schlüter et al., 2000; Hill et al., 2005).

Table 2.5: Mean accessory pigment fractions of diagnostic pigments for each cluster.
For each cluster the two highest fractions are highlighted in bold.

Cluster Chl-c3 Allox Chl-b 19′-Hex 19′-But Fucox Pras Perid Lutein Zeax
1 0.008 0.155 0.010 0.070 0.081 0.527 0.062 0.080 0.000 0.006
2 0.004 0.034 0.018 0.213 0.106 0.559 0.019 0.046 0.000 0.002
3 0.060 0.025 0.019 0.419 0.086 0.312 0.018 0.052 0.002 0.006
4 0.017 0.008 0.057 0.094 0.054 0.738 0.024 0.007 0.000 0.000
5 0.000 0.012 0.000 0.044 0.006 0.887 0.000 0.000 0.013 0.039
6 0.026 0.041 0.399 0.075 0.121 0.166 0.130 0.032 0.000 0.009

Examination of the pigment composition of each cluster provided further detail on the

groups of phytoplankton that were present in each cluster. The geographic distribution

and environmental conditions that coincided with those samples could then be examined

from an ecological perspective and provide an insight into the major drivers of Arctic

phytoplankton biogeography.

Cluster 1

Cluster 1 encompassed around a fifth (22 %) of the samples analysed. The cluster was

characterized by a high proportion of alloxanthin, indicating cryptophytes. It was also
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the cluster that contained the largest proportion of peridinin, a diagnostic pigment of

dinoflagellates. The cluster was primarily found in the near surface and at intermedi-

ate depths beneath sea ice, particularly in the extreme north-east, these waters may be

influenced by the cold West Svalbard Current.

Cluster 2

Cluster 2 contained the greatest number of samples (27) and had the most diverse pig-

ment assemblage, which implied a mixed population. High proportions of fucoxan-

thin, 19′-Hex and 19′-But were present alongside lesser contributions of alloxanthin,

prasinoxanthin, chl-b and peridinin. The carotenoid 19′-But is often used as an indica-

tor of type 4 haptophytes. However these samples typically had low Chl-c3/Chl-a and

Fuco/19′-Hex ratios (table 2.6), which makes the presence of type 4 haptophytes in suf-

ficient numbers to account for the observed 19′-But concentrations unlikely. A more

likely explanation for the relatively high concentrations of 19′-But is the presence of

chrysophytes. Therefore, this cluster is best described as a mixed phytoplankton pop-

ulation with a significant fraction of diatoms, haptophytes and chrysophytes. Cluster

2 occurred under sea ice and in open-ocean waters and, with the exception of a single

brine sample, contained no surface (≤5 m) samples. The cluster was most abundant

at depth, especially in the north-east of the study area, lying in the path of the warm,

northward moving Norwegian Arctic Current.
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Figure 2.11: Dendrogram representation of cluster analysis of pigment samples based
upon the photosynthetic accessory pigments contents normalised to chlorophyll-a. Sim-
ilarity was defined as Euclidean hierarchical distance in m-dimensional space, where m
is the number of accessory pigments.
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Figure 2.12: Average diagnostic pigment assemblage of samples from each cluster
separated by the k-means analysis.

Cluster 3

Comprising thirteen samples, this cluster contained significant quantities of 19′-Hex,

chl-c3 and fucoxanthin, suggesting the presence of a large proportion of haptophytes in

the population (Hill et al., 2005). The 19′-Hex/Fucox ratio in cluster 3 is indicative of

type 3 haptophytes. The relatively minor contribution of 19′-But may be from type 4

haptophytes, or a small population of chrysophytes. Only a single sample from >30

m was present in this cluster and the remaining members were from the surface waters

and intermediate waters of the open ocean stations in the Norwegian Arctic Current

influenced waters to the south-east.
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Cluster 4

The fourth cluster contained seven samples with a mean depth of 28 m. They were found

in open ocean and under-ice stations from intermediate depths up to 75 m. This cluster

contained 19′-But and chl-c3, which suggested the presence of haptophytes. However,

high Fucox/19′-Hex and Fucox/19′-But ratios implies a large proportion of the popu-

lation were diatoms. There is also a small contribution of Chl-b and prasinoxanthin

and the pras/chl-b ratio shows this may be from type 1 prasinophytes (Schlüter and

Møhlenberg, 2003).

Table 2.6: Informative accessory pigment to chlorophyll-a and pigment to pigment
ratios for each cluster.

Pigment ratio Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6
Allo/Chl-a 0.0788 0.0248 0.0252 0.00926 0.0246 0.0358
Peri/Chl-a 0.0409 0.0338 0.0525 0.00797 0 0.0282
Chl-c3/Chl-a 0.00393 0.00269 0.0605 0.0198 0 0.0226
Fuco/Hex 7.54 2.63 0.745 7.82 20 2.22
Fuco/But 6.49 5.27 3.63 13.6 157 1.38
Hex/But 0.862 2.01 4.87 1.74 7.86 0.62
Pras/Chl-b 6.5 1.02 0.936 0.419 NA 0.326
Lut/Chl-b 0 0.026 0.116 0 NA 0
Zeax/Chl-b 0.665 0.0826 0.33 0 NA 0.0233

Cluster 5

Containing only two samples, cluster 5 was the smallest cluster. The accessory pigments

were almost exclusively fucoxanthin. It is therefore likely that these samples were di-

atom dominated. The presence of trace concentrations (<5 %) of 19′-Hex may suggest

a small fraction of haptophytes, however chlorophyll-c3, another diagnostic pigment of

haptophytes was absent from these samples, perhaps because the levels were below the
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limit of detection. These assemblages were only seen in extremely fresh surface waters

in under-ice samples on the Greenland Shelf.

Cluster 6

Cluster 6 showed a dominance of Chl-b in the accessory pigments (≈40 %) with ad-

ditional prasinoxanthin. There are three Chl-b containing phytoplankton groups which

are found in Arctic marine systems; the chlorophytes contain Chl-b alongside Lut and

Zea, type 1 prasinophytes contain both Pras and Chl-b, and type 2 prasinophytes con-

tain Chl-b with little else (Hill et al., 2005). The ratio of Pras/Chl-b for this cluster

was 0.33, which is within the range found in type 1 prasinophytes cultures (Schlüter

and Møhlenberg, 2003). There was no Lutein to indicate the presence of chlorophytes,

but there were trace levels of zeaxanthin, which can be found in type 2 prasinophytes.

Based on the pigment profile of this cluster, it likely contains a mix of type 1 and 2

prasinophytes. Spatially these samples were distributed in the middle and upper water

column of the under-ice stations in the middle of the northern ice transect. These sta-

tions were characterized by a unique water column structure; a strong cold halocline

layer was present to depths of 80 m. The salinity structure of these stations differed

from the other northern under-ice stations which had a thin, fresh, surface-water layer

above warm saline Atlantic waters.
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Figure 2.13: Pigment clusters distributed by depth and salinity. Average salinity profiles
are shown for open (dashed) and sea-ice (dotted) stations. Lower salinity values in
the near surface are due to the increasing influence of sea-ice melt and are strongly
correlated with the strength of stratification.
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Figure 2.14: Geographic distribution of phytoplankton pigment clusters. Samples are
separated into three subgroups based on depth: (A) surface samples from 5 m or less,
(B) samples from intermediate depths (6-30 m), and (C) samples from >30 m.
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2.3.4 CHEMTAX: successive iterations and pigment ratios

The cluster analysis highlighted regional differences in the distribution of phytoplankton

groups with depth and proximity to sea ice. For a more quantitative assessment of

the relative contribution of individual phytoplankton groups to phytoplankton pigment

biomass, CHEMTAX analysis was used.

To achieve reasonable estimates of phytoplankton community structure, seed values

should fall within 25 % of the output pigment ratios (Mackey et al., 1996). To check

this, CHEMTAX was run in an iterative mode (Latasa, 2007). Multiple initial seed

matrices were also used to estimate the effect of varying seed values on CHEMTAX

estimates. A convergence of pigment ratios from differing initial seed matrices (figure

2.15) provides evidence that the initial seed matrix used is appropriate for the study

area. The final pigment ratios (figure 2.16) were reduced relative to seed values for

most pigments. A significant difference between the pigment ratios was observed be-

tween deep and shallow subsets in some accessory pigments and phytoplankton groups.

This difference suggests that CHEMTAX is capturing photo-acclimatory changes in

photosynthetic pigment composition with depth. Although the analysis was terminated

after ten iterations, little change in the pigment ratios occurred after the sixth iteration.

2.3.5 CHEMTAX: comparison to microscopy taxonomy estimates

Since CHEMTAX biomass estimates are expressed as a chlorophyll-a concentration

per group, and microscopy biomass estimates in carbon, natural variation in the C:Chl-

a ratio of phytoplankton will result in some discrepancies between the two methods.

Arctic phytoplankton C:Chl-a ratios (χ) can vary from around 10 to over 250, with
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Figure 2.15: Plots of selected pigment ratios through successive iterations of CHEM-
TAX for major pigments in various phytoplankton groups. Deep and shallow subgroups
are distinguished. The three seed matrices are those shown in table 2.3.
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Figure 2.16: Initial and final pigment ratios for chemo-taxonomic groups following
CHEMTAX analysis. The initial ratios are shown in black, with the final ratio for the
deep subset shown to the left (in blue) and for the shallow subset to the right (in green).

average values around 65 (Booth and Jr., 1997), where lower values are associated with

higher growth irradiance (Stein and MacDonald, 2004).

A strong, positive correlation (r2=0.86, p-val < 0.001) is observed between the CHEM-

TAX and microscope estimates of haptophyte biomass. The slope of the linear regres-

sion gives a χ of 51, which is physiologically reasonable. Initial estimates of diatom

biomass using microscopy and HPLC methods are weakly correlated (r2=0.2, p-val

< 0.05) and resulted in low values of χ (45). Four samples were identified diatom-

dominated by CHEMTAX, whereas microscopy counts yielded low estimates of diatom

biomass. Three of the four samples are from a single station (5, 10 and 18 m at station
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GM) and if one excludes this station as anomalous then the r2 increases to 0.52 (p-val<

0.001) and χ increases to 92. The cryptophytes also show a poor correlation (r2=0.18,

p-val < 0.05) between the two biomass estimates. A reason for this discrepancy may

be the presence of Mesodinium rubrum, a photosynthetic ciliate which contains the

carotenoid alloxanthin (Parsons and Blackbourn, 1968). The microscopy cell counts

provide data on Mesodinium rubrum carbon biomass and when the Mesodinium rubrum

and cryptophyte biomass estimates are summed and compared to the CHEMTAX cryp-

tophyte estimate the r2 increases to 0.29 (p-val< 0.05). There is no apparent correlation

between the two biomass estimates for dinoflagellates. This result is not surprising as

there is no correlation (r2=0.01, p-val > 0.3) between the microscopy dinoflagellate

biomass estimates and the HPLC peridinin measurements. Some high latitude dinoflag-

ellates from the genera Gymnodinium, Gyrodinium and Peridinium contain fucox-

anthin and its derivatives instead of peridinin (Roy et al., 1996). Cell count data show

the presence of Gymnodinium and Gyrodinium species, but these were not included

in the microscope carbon comparison estimates as they were classified as heterotrophic.

A shortcoming of the comparison of pigment- and cell-based estimates of phytoplank-

ton biomass is that enumeration of picoplankton cells was undertaken by analytical flow

cytometry which cannot discriminate between most phytoplankton groups. Given the

large diversity within this size class (Not et al., 2009), using microscope-based cell

counts to infer the taxonomic structure of the entire phytoplankton community can lead

to significant errors, especially in oligotrophic waters where small cells dominate.
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Figure 2.17: Comparison of the biomass estimates from CHEMTAX and microscopic
methods. Solid lines show linear regression through data. Anomalous Greenwich
Meridian (GM) data highlighted for diatoms. Dashed lines show linear regression after
correction for anomalous station (diatoms) or Mesodinium rubrum presence (Crypto-
phytes).
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2.3.6 CHEMTAX: distribution of microalgal classes

If one defines a mixed population as a sample in which no single phytoplankton group

contributes more than 50 % of the biomass, then just over a third of the samples were

classified as mixed using CHEMTAX (table 2.7). The mixed assemblages were un-

evenly distributed between surface and deep samples. Just over 29 % of the deep sam-

ples were dominated by a single group, whereas 78 % of surface samples had dominant

groups.

As expected from the ubiquity of fucoxanthin within the field samples, diatoms were

present throughout the water column at nearly all stations (figure 2.19). On average,

diatoms contributed around 40 % of total biomass when present (figure 2.18), and when

they dominated (> 50 % of biomass), it was often in surface waters. Geographically,

the samples dominated by diatoms were from waters around the sea-ice waters on the

Greenland Shelf and the open-ocean waters of the North Greenland Sea.

According to CHEMTAX, type 3 haptophytes were the next most significant group

contributing to phytoplankton biomass. The haptophytes were more common in open-

ocean waters than under-ice waters and their contribution to biomass peaked in the near

surface and at around 20-30 m. When present, type 3 haptophytes constituted 35 % of

the biomass on average.

Cryptophytes and type 2 prasinophytes were equally important, with both groups being

significant contributors to total pigment biomass (>25 %). Prasinophytes were more

prevalent in shallow samples and only dominated assemblages near the sea surface.

When present, prasinophytes had a very high average biomass contribution, close to

54 %. The prasinophytes were also the only group, other than diatoms, to account
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for 100 % of the pigment biomass according to the CHEMTAX output. Prasinophytes

were almost exclusively seen in ice-influenced stations (IS6, IS7, GS and GM). The

mean contribution from the cryptophytes was around 27 % of biomass and they most

often constituted < 20% of total biomass. Cryptophytes were prevalent in both open-

ocean and under-ice waters. They were present throughout the water column and were

especially dominant in a number of near surface samples beneath sea ice.

Chrysophytes were significant in 16 % of samples and were a common but minor (<20

%) contributor to biomass (figure 2.18). Chrysophytes were never observed in sam-

ples shallower than 10 m and were only detected above the MLD at a single station.

Dinoflagellates appear to be another ubiquitous group, and although being a minor-

contributor to total biomass in many of the samples, these cells did dominate a small

number of samples. Unlike prasinophytes, dinoflagellates were observed to dominate

deeper in the water column; some of the highest fractions of dinoflagellates were ob-

served close to the euphotic depth in ice-covered stations (IS7 and GS). Chlorophytes

and type 4 haptophytes were only present in a small number of samples and were in-

significant in terms of regional biomass.

The CHEMTAX results show a diverse and complex distribution of phytoplankton

groups in the study region. To understand the relationship between the observed biolog-

ical variability and the physical environment, Principle Component Analysis (PCA) was

performed on the six major CHEMTAX group biomass contributions and biologically-

relevant physio-chemical variables (figure 2.20).

The PCA showed a correlation between the three major macronutrients (silicate, phos-

phate, bio-available nitrogen) and these were anti-correlated to irradiance, highlighting

the depletion of nutrients in illuminated surface waters. The distribution of diatoms
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Figure 2.18: Histogram of the fraction of biomass assigned to each algal group. Only
samples where the group are classified as contributing >1 % of the population were
included in each histogram.
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Figure 2.19: Phytoplankton groups as identified by CHEMTAX for each cruise station.
Mixed layer and euphotic depth shown as in fig 2.10.
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Table 2.7: Summary of CHEMTAX biomass assignment to algal groups. The total
number of samples analysed was 83, split into 24 deep and 59 shallow samples. For
each taxonomic group the number of samples in which they were significant (>25 %
biomass) and dominant (>50 % biomass) are shown. The maximum % is the highest
biomass contribution in any sample. Mean % and standard deviation (sd) were calcu-
lated from samples where the group are classified as contributing >1 % of the popula-
tion.

CHEMTAX Samples >25 % (and 50 %) Biomass Max % of mean % sd
Group All samples Deep Shallow community
Prasino 1 3(1) 1(1) 2(0) 52 15.2 14.7
Prasino 2 15(9) 1(0) 14(9) 100 53.7 34.2
Chloro 0(0) 0(0) 0(0) 62.7 37.7 35.4
Dinoflag 8(5) 1(1) 7(4) 72.7 19.7 20.2
Crypto 16(10) 4(1) 12(9) 73.8 26.8 20.4
Hapto 3 23(7) 14(2) 9(5) 73.9 34.3 17.3
Hapto 4 0(0) 0(0) 0(0) 20.6 15.8 4.6
Diatom 63(16) 16(2) 47(14) 100 39.8 19.1
Chryso 13(5) 5(0) 8(5) 88.8 25.4 22.8

was weakly correlated with water temperature or salinity as their vectors are almost

orthogonal, but was strongly positively correlated with irradiance and negatively cor-

related with macronutrient concentrations. The cryptophyte fraction is also positively

correlated with irradiance and is negatively correlated with ammonium concentration.

The population fraction of type 3 haptophytes correlates well with the MLD and salinity,

which is anti-correlated with the stratification index. The depth at which haptophytes

were most abundant was close to the mixed layer depth seen at the open ocean stations

and they clearly prefer well-mixed, open waters.

By contrast, the type 2 prasinophytes dominated in the coolest waters, showing lit-

tle correlation with irradiance or nitrate, but there appears to be some correlation be-

tween prasinophytes and phosphate. The N:P ratios from all the samples dominated by
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prasinophytes were below the Redfield ratio, reaching N:P values as low as 6.2. The

stations where prasinophytes dominated throughout the water column were the same

stations possessing a cold halocline layer. The chrysophytes showed a strong correla-

tion with nutrients explaining why they are predominantly found at 15-25 m, similar to

the nutricline depths.

Table 2.8: Summary statistics for the principle component analysis of the CHEMTAX
groups and environmental variables. Correlating variables are those who have a cor-
relation coefficient magnitude greater than 0.6 (positive or negative) with the principle
component.

Principle Eigenvalue Proportion Cumulative Correlating
component Explained Variables
PC1 3.649 0.243 0.243 salinity, strat ind, NO3+NO2, SiO4

PC2 2.781 0.185 0.429 temperature, PO4

PC3 1.748 0.117 0.545 NH4

PC4 1.422 0.095 0.640 Crypto
PC5 1.309 0.087 0.727 Diatom
PC6 1.240 0.083 0.810 Pras2, Dino
PC7 0.835 0.056 0.866 Chryso
PC8 0.511 0.034 0.900
PC9 0.473 0.032 0.931
PC10 0.358 0.024 0.955
PC11 0.293 0.020 0.975
PC12 0.166 0.011 0.986
PC13 0.103 0.007 0.993
PC14 0.086 0.006 0.998
PC15 0.025 0.006 1.000
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Figure 2.20: Ordination plot of the CHEMTAX phytoplankton group fractions and bi-
ologically relevant physical forcing factors. Samples are depicted for sea-ice and open-
ocean stations. Only the six phytoplankton groups that were significant contributors to
biomass were included.
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2.4 Discussion

2.4.1 The use of pigment analysis for phytoplankton taxonomy in

the Arctic

To understand how phytoplankton taxonomic distribution and physiology respond to

environmental forcing in the Arctic requires a robust and consistent method for estimat-

ing group-specific biomass from routine sampling. Recent investigations in the Arc-

tic have used microscopic taxonomic analysis (Ardyna et al., 2011), size fractionation

(Gosselin et al., 1997), and pigment-based size classes (Huot et al., 2013) to identify

phytoplankton groups. Yet to relate diagnostic pigments to phytoplankton taxa requires

a careful comparison of both pigment and microscopy field data (Coupel et al., 2012).

In this study the comparison between microscopy and CHEMTAX estimates of group-

specific biomass provides encouraging results. For haptophytes and diatoms, which

constitute the majority of the biomass in the region, there is good agreement between

the two biomass estimates, apart from one anomalous station (Figure 2.17). Any com-

parison of chlorophyll-a (CHEMTAX) and carbon (microscopy) biomass estimates will

include innate discrepancies due to variations in χ, which is known to differ between

species and under changing growth conditions (Falkowski and Raven, 1997; Vidussi

et al., 2004). Although microscopy data allowed validation of CHEMTAX using an

independent dataset, it alone does not provide a complete picture of the phytoplankton

composition. Conventional microscopy techniques often do not account for the smallest

cells (Roy et al., 1996), whereas pigment-based approaches account for the biomass of

the entire community simultaneously without the need for assumptions about carbon-

biovolume relationships (Mackey and Higgins, 2001).
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Photoacclimation of natural assemblages may lead to variations in pigment ratios as

cells adjust their pigment complement to the prevailing light conditions (Moore et al.,

2006). By using euphotic depth to account for changes in the attenuation of light be-

tween sampling stations, CHEMTAX was able to capture the variation caused by pho-

toacclimation (figure 2.15). The ratio between euphotic depth, Zeu, and MLD has been a

useful predictor of photoacclimation (Kozlowski et al., 2011) in the natural environment.

For most stations in the study area Zeu >MLD, which suggests that phytoplankton pop-

ulations are contained within well-lit waters, leading to cells within the surface ocean

acclimating to high light conditions (Kozlowski et al., 2011). The shallow mixed-layer

depths observed in this study resulted in strong vertical changes in photoacclimation, as

evidenced by the increase in the light-harvesting pigment ratios in samples from near

the base of the photic zone (figure 2.9). Therefore by binning samples by light environ-

ment allowed us to account in part for the strong vertical changes in photoacclimation

present in the Arctic, especially below sea ice where even summer surface irradiance

can be low (Tremblay et al., 2006).

This study also supports the work of Latasa (2007), which shows that CHEMTAX

should be run iteratively, even in cases where additional information on the taxonomy of

the phytoplankton populations is available to assign initial pigment ratios. Figure 2.15

shows that the change in pigment ratios after the first CHEMTAX iteration is insuffi-

cient to reach a stable output. It is also important to note that the iteration process is not

currently automated within the CHEMTAX MATLAB subroutine and needs to be done

manually by the user (Latasa, 2007).

The agreement between the CHEMTAX and cluster analysis methods means that clus-

ter analysis could be used to highlight the essential groups to be considered during the
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construction of a CHEMTAX seed matrix. The clusters identified from the pigment

data can be directly associated with the dominant taxonomic groups identified using

CHEMTAX analysis (Figure 2.21). These results suggest that cluster analysis can be

used to aid in the construction and refinement of CHEMTAX input matrices, alongside

evaluation of pigment ratios from culture studies (Schlüter and Møhlenberg, 2003). The

CHEMTAX analysis then allows a greater level of insight into the diversity and distri-

bution of phytoplankton groups across the region than the cluster analysis, especially

for stations aggregated into a ‘mixed’ cluster.

The estimation of the contribution of phytoplankton groups such as dinoflagellates,

cryptophytes and chrysophytes to total phytoplankton biomass requires further work,

as there is a disparity between the microscope and pigment estimates that cannot be

explained by changes in χ or the presence of small cells which are not included in con-

ventional microscope counts. There are eight samples for which microscopy methods

estimated a dinoflagellate biomass > 1 mg C m−2 and CHEMTAX was unable to detect

any dinoflagellate biomass. Some of the disparity between biomass estimates may be

the results of some of these groups only forming a very low and relatively constant frac-

tion of the total pigment biomass compared to diatoms and haptophytes. The highest

cryptophyte biomass estimated by microscopy is < 5 mg C m−3, whereas for diatoms

it is > 100 mg C m−3. Low group-specific biomass concentrations can lead to a low

signal to noise ratio.

The presence of photosynthetic ciliates in some of the samples also complicates the

comparison between cell count and pigment data. Mesodinium rubrum cells were present

at a number of stations and should be accounted for alongside other autotrophic cells.

However Mesodinium rubrum cells could not be accounted for using CHEMTAX as de-
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tailed information on variability in the intracellular pigment composition of this ciliate is

lacking. As more pigment data of Arctic assemblages becomes available and our under-

standing of the intra- and intergroup variation in phytoplankton pigments evolves, large

datasets may be revisited to improve composition estimates (Kozlowski et al., 2011).

2.4.2 Phytoplankton variability and distribution

An increase in water column stability results in the creation of a number of ecological

niches (Qian et al., 2011). In a stratified water column strong gradients in nutrients,

light and temperature are often accompanied by vertical changes in cell abundance, cell

pigment content and phytoplankton diversity. Stratified waters are frequently character-

ized by a subsurface chlorophyll-a maxima, which are well documented in Arctic waters

(Martin et al., 2010; Hill and Zimmerman, 2010).

Based on pigment markers, a group-level increase in assemblage diversity with depth

was observed across most stations (figures 2.13 and 2.19) with samples more frequently

dominated by a single phytoplankton class near the sea surface. Although this trend was

not observed in the microscopy data, stations KF4 and GS did show very low species

diversity in surface samples (top 25 m). This vertical pattern in community structure

is likely due to phytoplankton cells being exposed to greater physical stresses (variable

salinity, high UV, low nutrients, low temperature) at the sea surface, promoting the

growth of phytoplankton specialized to these extreme environments

Pigment analysis identified six phytoplankton groups as contributing significantly to the

regional phytoplankton biomass (table 2.7). Diatoms were ubiquitous and dominated

in both low salinity, under-ice surface waters and well-mixed open-ocean waters. The
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haptophytes were most abundant at depths of 5-30 m in the open ocean waters, of-

ten close to the MLD, and absent in low temperature and low salinity surface waters,

especially beneath sea ice. These results are consistent with those of Arrigo and co-

workers (Arrigo et al., 1998) in the high latitude waters of the Ross Sea, which found

that diatoms dominate in the marginal ice zone and prymnesiophytes dominate in more

unstable waters. The agreement between these two high latitude studies suggests that

there may be common group-specific physiological differences allowing prymnesio-

phytes to out-compete other groups in less stratified waters and diatoms to flourish in

the ice influenced waters. The observation that diatom dominance negatively correlated

with macronutrient concentrations is likely a result of diatom growth rapidly consuming

all available macronutrients.

Other taxa are seen to dominate phytoplankton biomass and this must be due to pos-

session of a competitive advantage under a certain set of circumstances. One strategy

for out-competing other phytoplankton groups is to utilise a different nutrient. Crypto-

phytes were negatively correlated with ammonium concentration. This group has been

shown to prefer ammonium over nitrate, especially at cold temperatures and under low

irradiance (Cloern, 1977; Dortch, 1990; Berg et al., 2003). Ammonium uptake is sup-

pressed under photoinhibition (Muggli and Smith, 1993), meaning it is harder to utilize

this nitrogen source in high-light environments. Low irradiance beneath sea ice may al-

low cryptophytes to increase their ammonium uptake, favouring their growth over other

algal groups in nitrate depleted surface waters.

Prasinophytes dominated phytoplankton populations throughout the water column at a

select number of stations. These cells were linked with the occurrence of surface wa-

ters lying above waters other than warm Atlantic water. This water-column structure
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is associated with highly-stratified shallow mixed layers, with limited entrainment of

nutrients from depth (Björk, 2002) and hence, favours the presence of small cells with

high nutrient uptake efficiencies. These observations fit with our current understand-

ing of Micromonas ecophysiology. Both culture and field studies show that these small

prasinophytes have a narrow thermal niche and are found to dominate at cold tempera-

tures (Hochachka and Somero, 2002; Lovejoy et al., 2007). Autotrophic dinoflagellates

were only detected in small concentrations, possibly due to heterotrophic dinoflagel-

lates being better suited to the oligotrophic, stratified conditions that prevailed during

the summer. Microscopy cell count data showed that heterotrophic dinoflagellates were

an order of magnitude more abundant than their autotrophic counterparts in a number of

samples. Although these cells are not identified by pigment-based methods, they play

an important role in the Arctic carbon cycle (Nielsen and Hansen, 1999).

The importance of vertical mixing and nutrient inputs in governing the distribution

of phytoplankton communities is well documented for temperate and tropical regions

(Margalef, 1978; Cullen et al., 2002). In this polar dataset, stratification also plays

a key role in governing the distribution of phytoplankton groups. Yet the distribution

shown here differs from that reported for the Canadian high Arctic (Ardyna et al., 2011),

where mixing promoted the growth of diatoms and stratification favoured flagellates.

In this study, haptophytes and diatoms co-dominated open waters, with haptophytes

out-competing diatoms in more mixed waters, away from the ice edge. In stratified,

under-ice waters prasinophytes, cryptophytes and diatoms co-dominated.
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2.4.3 Implications for a changing climate

Phytoplankton biogeography is believed to be primarily controlled by a combination of

bottom-up factors, such as temperature, irradiance and nutrient concentrations (Boyd

et al., 2010). In the Arctic, these factors are largely dictated, on a regional scale, by

the flow of large water masses and the location of the marginal ice zone. The transi-

tion between ice cover and open ocean waters is ecologically significant as it provides

a sharp horizontal transition in environmental conditions. Crossing the relatively nar-

row band of water into ice-influenced waters involves rapid changes in stratification,

irradiance and nutrient supply. It has been hypothesised that a warming Arctic may

experience increased water column stability, leading to an increased importance of pi-

coplankton (Li et al., 2009). Our results support the view that increased stratification

would promote the growth of prasinophytes, but in addition to increased sea-ice melt,

the distribution of regional water masses at depth may also be important. The waters

dominated by prasinophytes were also those with the lowest contribution from diatoms,

which suggests that prasinophyte-dominated waters may represent a distinct ecological

niche.

The distribution of water masses, regional stratification and mixing dynamics may dic-

tate the fate of prasinophytes, haptophytes and diatoms. Diatoms were ubiquitous (table

2.7) and it is likely that they will remain a major group in this region as they can domi-

nate assemblages in stratified open and under-ice waters (figure 2.19), allowing them to

form large ice-edge blooms that begin beneath the sea ice. The haptophytes were more

prevalent in open waters but their fate will be dictated by the competing influences of

stratification (both salinity and temperature driven) and wind mixing in an open Arc-

tic Ocean. If stratification increases, due to increased summer melt-water generation,
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this group may become a minor contributor to biomass. If a greater period of open

water allows more wind mixing then the haptophytes could move north into the Arctic

Ocean. Our observations suggest that if a larger region of the Arctic becomes ice-free

in summer, there would be a significant decrease in the abundance of cryptophytes and

chrysophytes as these groups were much more common beneath sea-ice. A decrease in

phytoplankton diversity has been suggested as having direct detrimental effects on both

the quantity and predictability of aquatic primary production (Ptacnik et al., 2008).

2.5 Conclusions

The goal of this study was to assess the variability in the community structure of phyto-

plankton in the Greenland Sea in relation to environmental forcing to provide an insight

into drivers of phytoplankton biogeography. A prerequisite to using pigment markers

to assess phytoplankton distribution is the validation of CHEMTAX using microscopy-

based biomass estimates.

Six major phytoplankton groups were observed to dominate the algal biomass. The

diatoms and haptophytes contributed the largest fraction of pigment biomass. Other

groups which occasionally dominated the phytoplankton population were cryptophytes,

prasinophytes, chrysophytes and dinoflagellates. The distribution of each phytoplankton

group appears to be controlled by the structure of the water column and the presence

of sea ice, which together control the light and nutrient availability. Correlation be-

tween CHEMTAX- and microscope- estimates were poor for both dinoflagellates and

cryptophytes due to the presence of peridinin-lacking dinoflagellates and alloxanthin-

containing Mesodinium rubrum.
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Results from this study suggest that the taxonomic structure of phytoplankton commu-

nities is strongly influenced by the presence of sea ice, due to its influence on water-

column stratification, irradiance and water temperatures. Although this dataset is con-

fined to a given region and season, the distribution patterns reported here are consistent

with several other Arctic studies and we can begin to speculate on how a changing Arc-

tic Ocean may lead to shifts in the taxonomic structure of phytoplankton communities.

A loss of sea ice may result in a decrease in populations of cryptophytes and chrys-

ophytes, in favour of haptophytes. The fate of prasinophytes is uncertain as ice melt

could produce a set of environmental conditions (strongly-stratified, cold surface layer)

in which these cells are known to flourish, or an ice-free ocean may lead to increased

wind-driven mixing favouring other algal groups. The ubiquity of diatoms across a

range of oceanographic conditions in this dataset, suggests that this group could remain

an dominant member of Arctic communities.
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Chapter 3

Variation in phytoplankton bio-optical

and photophysiological properties in

the Atlantic Arctic

Abstract: The Arctic is an extreme environment and marine phytoplankton undergo

strong acclimation in order to optimise their light-harvesting efficiency and productive

potential. Understanding the bio-optical and photophysiological properties of phyto-

plankton is of key importance to the modelling of marine primary production. Rela-

tionships between the parameters of photosynthesis and physical variables that can be

remotely-sensed, such as sea-surface temperature, can allow parameter estimation on

large spatial scales. During the ICE-CHASER cruise of 2010, photosynthesis-irradiance

(P -E) and spectral absorption measurements were taken to allow the estimation of pho-

tophysiological and bio-optical properties of marine phytoplankton, alongside local en-

vironmental variables in the Norwegian and Greenland Seas. This new data is combined
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with data from the wider Atlantic Arctic and the regional variation in measured photo-

physiological parameters and phytoplankton absorption is considered in relation to envi-

ronmental variables and community structure. Measurements were also taken on culture

samples representing six major Arctic phytoplankton taxonomic groups for comparison

with the field observations. Group-specific differences in the spectral shape of phyto-

plankton absorption were observed in both culture and field measurements. However,

the relationship between increasing absorption efficiency with decreasing chlorophyll-

a concentration for samples collected in the Atlantic Arctic was found to be invariant

across taxa. Group-specific differences in photophysiology were seen in culture ex-

periments but taxa-based variability in the photosynthetic parameters observed in field

samples are likely the result of physiological responses to variations in temperature. A

strong relationship between maximum photosynthetic rate (PB
m ) and temperature was

observed, with values of PB
m being significantly lower than those predicted using global

models. Photosynthesis-irradiance data from this and other studies of the Atlantic Arc-

tic suggest that the magnitude of low-light photosynthetic efficiency (αB) is largely

constrained by low assimilation numbers. Due to the strong control of sea ice on irra-

diance and water temperature in the Arctic region, changes in sea-ice cover will likely

lead to pronounced changes in the photosynthetic efficiency of phytoplankton in the At-

lantic sector of the Arctic. This work demonstrates the need to understand the response

of phytoplankton physiology to the primary local forcing factors, in addition to global

trends and relationships.
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3.1 Introduction

Change in the spatial extent of sea ice has been used as an indicator of large-scale cli-

mate change (Perovich et al., 2008). Decades of satellite observations show a decrease

in sea-ice cover during both summer and winter (Comiso, 2006) across the Arctic Basin

(Lindsay et al., 2009). Reinforcing feedbacks and continually rising CO2 mean the re-

treat in ice cover is likely to increase in the near future (Maslanik et al., 2007). The

summer/autumn of 2012 was the lowest recorded sea-ice extent on record (figure 3.1)

and a downward trend in ice cover was seen in all months (Stroeve et al., 2012). Septem-

ber showed the strongest trend and the rate of decline appears to be increasing with time.

The latest estimate of decline for September is around 13 % per decade, meaning a loss

of over 30 % since 1980. In addition to the reduced areal extent of the sea ice it is also

thinning (Kwok, 2007; Maslanik et al., 2007).

Changes in sea-ice dynamics influence the environmental factors (e.g., sea-surface tem-

perature, stratification, and irradiance) controlling phytoplankton primary production

(Wassmann et al., 2011). In addition to consistently low water temperatures year round,

the variation in the Arctic light environment is also extreme. Solar geometry causes

annual transitions from 24-hour darkness to 24-hour daylight. The presence of sea ice

and shallow mixed layer depths result in a wide range in irradiance within the surface

mixed layer. On short time scales, the underwater light field can undergo rapid changes

due to melting or migration of sea ice. Alongside low temperatures and rapid changes

in light, Arctic phytoplankton must also overcome strong salinity gradients and large

seasonal variations in nutrient concentrations.

Such strong variability in the growth conditions of Arctic phytoplankton is reflected in
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the seasonal cycle of marine primary production. An increase in both water-column

stability and the light penetration in the surface ocean result in the formation of ice-

edge blooms, which follow a retreating sea-ice front (Sakshaug and Slagstad, 1992;

Engelsen et al., 2002; Perrette et al., 2011). These blooms begin as soon as the ice thins

and can be extensive (Gradinger, 1996; Arrigo et al., 2012). Where perennial ice cover

is not present, the North Atlantic experiences a spring bloom as temperature-driven

stratification begins to reduce the mixed layer depth (MLD) and the mean light received

by phytoplankton in the mixed layer increases (Sverdrup, 1953; Smetacek and Passow,

1990).

In addition to changes in the gross phytoplankton biomass, shifts in phytoplankton com-

munity structure also depend upon light history, water-column stability, nutrient avail-

ability, and temperature (Coupel et al., 2012). Given that unicellular autotrophs form the

base of the pelagic food chain, changes in sea-ice cover and the co-variables it governs

may cause a subsequent shift in the structure and function of marine primary producers

that will cascade to higher trophic levels(Smetacek and Nicol, 2005).

There are contrasting theories as to how a large-scale reduction in sea ice will affect

primary production in the Arctic. As the fraction of open water in the Arctic increases,

wind-driven surface mixing will become enhanced, leading to a higher supply of nutri-

ents from depth, and consequently increased productivity (Arrigo et al., 2008; Zhang

et al., 2010). A reduction of ice cover will also provide more light in the surface ocean,

and may result in a longer growth season. However, this enhancement of light within the

surface layer will only hold true if wind-driven mixing does not lead to light limitation.

A competing hypothesis is that fresher surface waters, created by the accelerated melting

of sea ice and increased fluvial input from thawing tundra, may lead to a stronger buoy-
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Figure 3.1: Pan-Arctic sea-ice extent over the past six years compared to historical
average. Figure created using data and software from the National Snow and Ice Data
Centre (NSIDC).

ancy gradient and very shallow surface mixed layers. Increased salinity-driven stratifi-

cation would limit nutrient fluxes to surface waters and promote the growth of smaller,

more nutrient efficient phytoplankton (Li et al., 2009). It is likely that either hypothesis

may hold true for different regions (Wassmann and Reigstad, 2011) and changes in pri-

mary production will not necessarily correlate with changes in open water in all sectors

of the Arctic Basin (Pabi et al., 2008). Unfortunately, a scarcity of data (Wassmann

and Reigstad, 2011) means that current estimates of marine primary production in the

Arctic Ocean remain uncertain. Moreover, our inability to provide a definitive baseline

of marine primary production means that we cannot confidently predict the productivity
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potential under a future climate scenario. This view is supported by a recent inter-model

round robin comparison of primary production, which found poor agreement between

model estimates for the Arctic (Carr et al., 2006).

Primary production depends upon three main factors: (1) the phytoplankton biomass

present, (2) the light and nutrient resources available to those phytoplankton, and (3)

the efficiency with which the phytoplankton biomass can utilise light energy, which in

turn depends on the optical and photophysiological characteristics of the phytoplankton

cells. The bio-optical characteristics of phytoplankton can vary spatially and tempo-

rally according to the species present, nutrient availability and light history (Cullen and

Lewis, 1988; Bidigare et al., 1989; Sakshaug et al., 1997; Huot et al., 2013). Photoac-

climation of phytoplankton occurs through a number of mechanisms. These include

changes in pigment content, pigment composition, and the number of photosynthetic

units per cell (Richardson et al., 1983). These cellular strategies of photoacclimation can

influence the spectral absorption efficiency, the optimum irradiance for photosynthesis,

the efficiency of light harvesting and ultimately the CO2 utilization under light limita-

tion of phytoplankton (Platt and Jassby, 1976; Falkowski and Owens, 1980; Richardson

et al., 1983; Platt and Sathyendranath, 2002). To model marine primary production in

the Arctic using satellite data, it is essential that we fully understand the primary fac-

tors governing variability in the bio-optical and photosynthetic characteristics of polar

marine phytoplankton. It is also essential to determine whether robust relationships be-

tween the photophysiological parameters and environmental variables, especially those

accessible by remote sensing, can be established on regional to basin scales. Obtain-

ing such information will improve models of marine primary production for the current

Arctic state and aid predictions of change for the future.
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In this chapter I will examine the variation in the absorptive and photosynthetic proper-

ties of natural phytoplankton assemblages in the Atlantic Arctic and Subarctic (Green-

land and Norwegian Seas) and compare them to culture experiments on strains isolated

from the Canadian Archipelago with the aim of gaining an understanding of the nat-

ural variability and primary forcing factors on phytoplankton photophysiology in this

region. If strong relationships to environmental variables are observed then it may be

possible to estimate the photophysiology of phytoplankton in this region through the use

of a proxy or remotely measured variable. Results of this study show that variability in

the photosynthetic parameters is related to environmental conditions, geographical loca-

tion, and water-column structure. Patterns observed in this dataset are compared to data

from Baffin Bay and the Labrador Sea to ascertain if the trends are consistent across

the Atlantic Arctic and can be used in remote-sensing algorithms of marine primary

production.

3.2 Materials & Methods

3.2.1 Description of the study area and data sources

The Atlantic sector of the Arctic covers a number of sub-regions that experience similar

annual cycles in light, nutrients and species succession. The hydrographic region ex-

amined in this study encompasses a subset of Longhurst’s provinces (Longhurst et al.,

1995): ARCT, the Atlantic Arctic Province; SARC, Atlantic Subarctic Province; and

a part of BPLR, Boreal Polar Province. The in situ photophysiological parameter data

are sourced from a series of cruises conducted by the Marine Environment Laboratory
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(MEL) at the Bedford Institute of Oceanography (BIO) during the periods 1978 to 1983

and 1996 to 2000, and the 2010 ICE CHASER expedition. Only data north of 55◦N

were used from the BIO dataset. These datasets provide over 600 sets of photophysi-

ological parameters and environmental co-variables collected from a number of ocean

environments (ice edge, under ice, open ocean and coastal regions) as shown in figure

3.2.

Figure 3.2: The station locations of the combined BIO (+) and ICECHASER 2010 (x)
datasets. Background colours show the distribution of Longhurst’s provinces at a 1◦

resolution.

98



3.2 Materials & Methods 99

3.2.2 Sampling procedures

The ICE CHASER 2010 (IC2010) cruise took place from the 14th June to the 21st July

2010 aboard the RRS James Clark Ross. Seawater samples were collected at 23 sta-

tions covering sea-ice, transitional-zone, and open-ocean conditions. Sampling depths

were selected based on in vivo chlorophyll-a fluorescence profiles to capture the ver-

tical structure in phytoplankton biomass. Seawater samples were collected in 10 litre

Niskin bottles and sub-sampled for bio-optical, pigment and photophysiological mea-

surements. Measurements included accessory pigment concentrations, using High Per-

formance Liquid Chromatography (HPLC), fluorometric determination of chlorophyll-

a, spectral absorption by phytoplankton cells, and 14C-based photosynthesis-irradiance

(P -E) incubations. At each station, profiles of temperature, salinity, and downwelling

irradiance were recorded using a Sea-Bird 9plus CTD equipped with two 3P temperature

sensors, two 4C conductivity sensors, a dissolved oxygen sensor, a Chelsea fluorome-

ter sensor and a Biospherical Li-Cor PAR sensor. Underway measurements of salinity,

sea-surface temperature (SST), air temperature, and fluorescence were taken using an

Oceanlogger system and photosynthetically available radiation (PAR) and windspeed

were continuously measured using the ships meteorological instruments.

The BIO dataset is a compilation of data from the Canadian Archipelago and the Labrador

Sea. The sampling depths, size of Niskin bottles used and suite of measurements taken

varied slightly from cruise to cruise. A more detailed description of the data collec-

tion procedures for the Canadian Archipelago is provided in Harrison and Platt (1986).

The Labrador Sea data is from six cruises which took place from 1996 to 2000 (Sathyen-

dranath et al., 2004). The Canadian Archipelago data provides additional measurements

of photophysiology and physical conditions, but not spectral absorption or HPLC pig-
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ment markers, whereas the Labrador Sea dataset provides measurements of photophys-

iology, spectral absorption and concentrations of phytoplankton accessory pigments.

3.2.3 Determination of phytoplankton spectral absorption aph(λ)

Seawater samples were filtered onto Whatman 25 mm GF/F filters, flash frozen in liq-

uid nitrogen and stored at -80 ◦C until analysis. The optical density of total particulates

(ODT ) and bleached detritus (ODd) were determined following the method of Tassan

and Ferrari (1995) using sodium hypochlorite (NAClO, 1% active chloride) as a pig-

ment extraction agent. Spectral measurements of optical density were made using a

dual-beam Perkin Elmer Lambda 800 spectrophotometer equipped with a spectralon

coated integrating sphere. Scans were performed from 750 nm to 350 nm. To esti-

mate the optical density of cells in suspension (ODs) from samples concentrated onto

glass fiber filters (ODf ) requires the application of a β-correction factor (Hoepffner and

Sathyendranath, 1992) to account for pathlength amplification by the filter. In this study

an empirically-derived β-correction factor was used (Hoepffner and Sathyendranath,

1992):

ODs = 0.31ODf + 0.57OD2
f (3.1)

To calculate absorption in suspension (as), optical densities were divided by geometric

pathlength and multiplied by 2.3 (conversion from decimal to natural logarithm):

as = 2.3ODs
S

V
, (3.2)
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where S is the absorption cross section area of the filter and V is the volume of filtered

seawater. The in vivo absorption coefficient of phytoplankton aph(λ) was then calcu-

lated by subtracting ad(λ) from aT (λ). The mean absorption value between 735 and

740 nm was used as a baseline and subtracted from the values at all other wavelengths.

The rationale for using these wavelengths is that phytoplankton pigments do not absorb

in this region of the visible spectrum ((Sathyendranath et al., 1987)).

To compare the relative shapes of phytoplankton absorption spectra, phytoplankton ab-

sorption coefficients in the visible range (400 to 750 nm) were normalised to the value at

440 nm, which corresponds to the absorption peak of chlorophyll-a (Cleveland, 1995).

3.2.4 Photophysiological measurements

Photosynthesis-irradiance (P -E) curves were obtained for samples collected at multiple

depths at each station using an incubator design similar to that of Tilstone et al. (1999)

(see Figure 3.3). For each P -E curve, 14 sub-samples of 60 ml were taken from a Niskin

bottle and poured into polycarbonate bottles, inoculated with 200 µl NaH14CO3 stock

solution under low light conditions and placed in the linear incubator. We maintained

In situ temperatures using a circulating water bath and for sub-zero water temperatures,

ethylene glycol was added to the water bath to prevent freezing. The bottles were sub-

jected to a light gradient with intensities ranging from 0 (dark bottle) to≈ 1500 µE m−2

s−1. Light measurements were taken before and after each experiment at each bottle

position using a Li-Cor Biospherical PAR sensor. After an incubation time of 90-120

minutes, samples were filtered onto Whatman 25 mm GF/F filters, under a vacuum of

<200 mm Hg. Filters were placed in a desiccator with fuming acid to drive off adsorbed
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carbon from the filter or cells. Scintillation cocktail was added to fumed filters and dis-

integrations per minute (DPM) were determined using a shipboard liquid scintillation

counter (Tri-Carb 3100, Perkin Elmer, Shelton, USA). For each set of incubations, 20 µl

of stock solution were pipetted into vials with scintillation cocktail (4 ml) and carbosorb

(1 ml) to estimate the total activity added to the sample bottles.

Biomass-normalised primary production (PB) was calculated for each bottle with cor-

rections for alkalinity, dark radiocarbon uptake and isotopic discrimination;

PB =
1.05(DPMlight −DPMdark)TIC

N(DPMadd)Chl
, (3.3)

where DPMlight is the count in a given light bottle, DPMdark is the count in the dark

bottle, TIC is the total inorganic carbon, 1.05 is the isotope discrimination factor,

DPMadd is the amount of radiocarbon added, N is the duration of the incubation in

hours and Chl is the chlorophyll concentration in mg m−3.

P -E curves were then fitted with the equation of Platt et al. (1980)

PB = PB
s (1− exp(−α

BI

PB
s

))exp(
−βBI
PB
s

), (3.4)

where PB
s is the maximum photosynthetic rate in the absence of photoinhibition, αB

is the initial slope and βB is the photoinhibition parameter. The biomass-normalised

maximum photosynthetic rate PB
m was derived using the following equation:

PB
m = PB

s (
αB

αB + βB
)(

βB

αB + βB
)
β
α . (3.5)
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Figure 3.3: A schematic diagram (A) and image (B) of the P-E incubator set up used
in this study. The diagram is adapted from (Babin et al., 1994). Water-column temper-
atures were maintained using a circulating water bath.
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Values of αB retrieved from the incubations are biased due to the emission spectra of the

light source (Stuart et al., 2000), and therefore were corrected using the phytoplankton

absorption spectrum for each sample (Kyewalyanga et al., 1997). The correction is

performed by multiplying each αB value by a factor X , derived from the unweighted

mean absorption spectra (āp) and the weighted mean absorption spectra (āT ) of the

phytoplankton,

X =
āp
āT
, (3.6)

and,

āp =

∫ 700

400
ap(λ)∫ 700

400

dλ, (3.7)

āT =

∫ 700

400
ap(λ)IT (λ)∫ 700

400
IT (λ)

dλ, (3.8)

where IT (λ) is the spectral irradiance from the tungsten halogen light source.

The photoadaptation parameter (Ek) is a measure of the irradiance to which the phy-

toplankton population is acclimated and is the projection of αB to its intersection with

PB
m :

Ek = PB
m/α

B (3.9)

Measurements of phytoplankton absorption were used to determine the maximum quan-
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tum yield (φm) of photosynthesis. According to the equation of Tilzer et al. (1985) φm

is calculated as;

φm =
0.0231αB

āph
, (3.10)

where āph is the mean spectral absorption coefficient of phytoplankton in the range of

400-700 nm, and 0.0231 is used to convert mgC h−1 to µmol C s−1.

3.2.5 Determination of phytoplankton pigment concentrations

Fluorometric chlorophyll-a measurements were made in triplicate using the Holm-Hansen

et al. (1965) method after filtering 100 ml of seawater onto 25 mm GF/F filters. Samples

were immediately placed in 90 % acetone under dark conditions maintained at -20 ◦C

for 24 hours. Measurements were taken using a Turner Designs Trilogy fluorometer.

Samples for HPLC pigment analysis were also filtered onto GF/F filters, flash frozen

in liquid nitrogen and stored at -80 ◦C until analysis. Filter volumes varied between

200 and 1000 ml depending upon the level of biomass in the water sample, with high

biomass samples requiring a lower filtration volume. Pigments were quantified using

reverse-phase HPLC after sonication and centrifugation to separate the pigments into

solution. The solvent, mobile phase mix and elution times are covered in the paper of

Barlow et al. (1997).
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3.2.6 Pigment-based determination of phytoplankton community

structure

To compare the bio-optical and photophysiological properties of different phytoplank-

ton groups, a method was required to ascertain the taxonomy of samples. This was done

using CHEMTAX analysis of HPLC pigment data, as covered in section 2.2.4. A sam-

ple was classified as being dominated by a particular group if it contributed > 50 % of

the total chlorophyll-a biomass as determined by CHEMTAX.

3.2.7 Culture experiments using Arctic strains

Six Arctic phytoplankton cultures were sourced from the National Center for Marine

Algae and Microbiota (NCMA), Bigelow Laboratory, Maine. Details of the strains and

growth media are shown in table 2.2 in section 2.2.4. The strains were selected to cover

the range of phylogenetic groups encountered in the Atlantic Arctic. Incubation tem-

peratures were varied from 2.5 to 7.5 ◦C and phytoplankton were acclimated over two

growth cycles prior to maximum growth rate determination. Cell concentrations were

measured using a Beckman coulter counter at 1-3 day intervals. During the exponential

growth, phase counts were made daily and the growth rates (µ) were calculated from the

daily change in cell counts. Coulter counter cell counts were checked against haemo-

cytometer measurements and this method was found to perform slightly better than the

spectrophotometric method of Lovejoy et al. (2007) which utilizes optical density at 750

nm (see Figure 3.4). Given the accuracy and precision of cell counts using the coulter

counter method, especially at low cell densities, these data were used to derive growth

rates.
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Figure 3.4: A comparison of cell count estimates for prasinophyte cultures from coulter
counter and optical density measurements against haemocytometer counts. Correlation
is slightly better for coulter counter data, especially at low cell densities.

Samples for phytoplankton absorption coefficient, HPLC and fluorometric pigment con-

centration and cell carbon measurements were taken during the exponential growth

phase when cell counts reached a cell density threshold sufficient to allow organic

carbon measurements. The threshold was different for each species; for example, the

threshold for Micromonas was 3,000,000 cells ml−1, for the Cylindrotheca it was 40,000

cells ml−1. Carbon content measurements were made by electrolytic titration using a

Coulomat 702 Analyser.

Variation of culture PB
m between groups and with temperature was estimated by com-

bining the µ and C:Chl (χ) data, as covered by Saux-Picart et al. (2012):

PB
m = χµ

1

∆t
. (3.11)

Alternatively, if we wish to account for respiration we can re-arrange the empirical
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equation of Cloern et al. (1995):

µ = 0.85× PB(
1

χ
)− 0.015, (3.12)

to give

PB = (µ+ 0.015)× χ

0.85
× 1

∆t
, (3.13)

where ∆t is the time increment over which growth has occurred.

3.3 Results

3.3.1 Absorption spectra and absorption efficiencies

Group-specific variation in the spectral shape of absorption

The mean absorption spectra for field samples dominated by each of the six major phy-

toplankton groups detected are shown in figure 3.5. The normalised absorption spectra

for cultured Arctic taxa are shown for comparison in figure 3.6. Though the field sam-

ple spectra do not show as striking differences in their spectral shape when compared

to the cultures, similarities can be seen between culture and field spectra for samples

representing prasinophytes, dinoflagellates, prymnesiophytes, and diatoms.

Variability in the spectral absorption shape for the dominant phytoplankton groups is

greatest within the 460-500 nm and 560-610 nm wavebands. The group-specific ab-

sorption spectra from the field samples show three main features within the 400-550
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Figure 3.5: Average absorption spectra for field samples dominated by phytoplankton
groups from IC2010 data. Means for each group were calculated from samples that were
estimated to have > 50 % of biomass being contributed by a particular class according
to CHEMTAX analysis. Spectra were normalised to aph(440) prior to averaging.

nm region: a chl-a absorption peak centred around 440 nm, a narrow peak around 465

nm and a shoulder of a broad peak in the range of 510 to 550 nm. These features led to

variability in the spectral gradient from 465 to 550 nm, with diatoms having the shallow-

est gradient, followed (in increasing order) by cryptophytes, chrysophytes, haptophytes,

dinoflagellates and prasinophytes.

Group-specific mean spectra also show variation in absorption ratios between absorp-

tion maxima and minima; the aph(490):(555) ratio was significantly different for the

prasinophytes but remarkably similar for the diatoms, haptophytes and chrysophytes

(Table 3.1). The difference between diatoms and prasinophytes was not as significant

for the ratio between chlorophyll absorption peaks, aph(443):(676). The largest differ-
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Figure 3.6: Culture species absorption spectra normalised to absorption at 440 nm. As
for figure 3.5 spectra were normalised prior to averaging.

ence in aph(443):(676) ratios was between cryptophytes and haptophytes.

Absorption efficiency

The chl-a-specific absorption coefficient of marine phytoplankton at 443 nm (aBph(443))

for the IC2010 cruise ranged from 0.026 to 0.105 m2 mgChl-a−1 with the highest values

observed at low chl-a concentrations (see Figure 3.7). The range of specific absorption

coefficients is smaller than that observed in the Labrador Sea data (<0.008 to 0.126 m2

mgChl-a−1). However, the IC2010 data lie close to the lower limit of the Labrador Sea

absorption efficiencies at low chl-a concentrations (< 0.3 mgChl m−3), especially for

samples from mixed phytoplankton communities.

No significant difference in the relationship between specific absorption coefficient and
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Table 3.1: Group-specific mean absorption coefficients from field samples collected
from the IC2010 expedition. Group identification was performed by CHEMTAX pig-
ment analysis.

Pras(10) Dino(1) Crypto(7) Hapto(6) Diatom(10) Chryso(4)

mean sd mean sd mean sd mean sd mean sd mean sd

aBph(443) 0.063 0.026 0.066 NA 0.066 0.016 0.035 0.0055 0.051 0.021 0.074 0.019

aBph(676) 0.026 0.0078 0.026 NA 0.025 0.0028 0.018 0.0022 0.021 0.0043 0.034 0.0085

aph(490):(555) 5.59 1.49 4.61 NA 3.17 0.88 3.81 0.656 3.81 1.58 3.81 1.52

aph(443):(550) 7.33 1.88 6.07 NA 4.1 1.23 4.75 0.743 5.21 1.87 5.39 2.75

aph(443):(676) 2.45 0.672 2.55 NA 2.66 0.426 2.02 0.0974 2.48 0.675 2.22 0.174

chlorophyll-a concentration was found between the phytoplankton groups. Haptophyte-

dominated samples possess a much lower mean aBph(443) but this is a consequence of

haptophyte samples being from waters with higher chlorophyll-a concentrations.

The relationship between chlorophyll-a concentration and absorption has been described

by a number of linear and non-linear equations (Prieur and Sathyendranath, 1981; Lutz

et al., 1996; Bricaud et al., 1998; Sathyendranath et al., 2004). The IC2010 data is

compared to the global equation of Prieur and Sathyendranath (1981), the equation of

Bricaud et al. (1998) for case-I waters and the regional (Northwest Atlantic) equations

of Sathyendranath et al. (2004) in figure 3.8.

A majority of the IC2010 data lies below the global equation of Prieur and Sathyen-

dranath (1981) with points falling between the curves of Sathyendranath et al. (2004)

which describe the relationship between chlorophyll and phytoplankton light absorp-

tion at 440 nm for both diatom-dominated and mixed population samples. The IC2010

samples dominated by diatoms were not systematically closer to the Atlantic diatom

equation, probably owing to the large range in cell sizes observed within the diatom
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group over the sampling period. Mean species cell volumes within the diatoms identi-

fied ranged from 20.1 µm3 (Pseudo-Nitzchia delicatissima) to >47,000 µm3 (Coscin-

odiscus sp.). The global equation given by Bricaud et al. (1998) is a better fit to the

IC2010 data than that of Prieur and Sathyendranath (1981) but is still too high at low

chlorophyll-a concentrations. A two-part linear equation was fitted to the IC2010 data,

whose coefficients are shown in equation 3.14:

aph(440) =


0.005 + 0.043B B≤ 1

0.026 + 0.022B B> 1.

(3.14)

Figure 3.7: Biomass-normalized absorption coefficient for marine phytoplankton at 443
nm for the IC2010 samples. Also shown are data from the Labrador Sea (BIO dataset).
Grey points show IC2010 data that were classified as mixed (i.e not dominated by a sin-
gle phytoplankton group according to pigment analysis). Points are marked differently
for IC2010 samples that were from ice-covered and open-ocean stations.
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Figure 3.8: Absorption coefficients for marine phytoplankton plotted against
chlorophyll-a concentration for the IC2010 cruise. Best fit of two-part linear equa-
tion to IC2010 data is shown along with equations used in the studies of Prieur and
Sathyendranath (1981), Bricaud et al. (1998), and Sathyendranath et al.(2004).

3.3.2 Variation in photophysiological parameters

PB
m values for IC2010 varied from 0.54 to 12.27 mg C (mg chl-a)−1 h−1, which is

well within the range of values reported by Sakshaug and Slagstad (1991) for polar

phytoplankton (0.1-15 mg C (mg chl-a)−1 h−1). The IC2010 data also shows good

agreement with the BIO dataset (0.1-12.84 mg C (mg chl-a)−1 h−1), see figure 3.9(A).

The dependence of αB and Ek on the emission spectra of the light source utilized for

the P -E incubation makes it difficult to directly compare these parameter values from

multiple datasets (Sakshaug and Slagstad, 1991; Huot et al., 2013). Both the IC2010
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and BIO incubations used a tungsten halogen light source, but the light source for the

range of values cited by Sakshaug and Slagstad (1991) is unknown. Values of αB from

IC2010 samples varied between 0.009 and 0.069 mg C (mg chl-a)−1 h−1 (µ mol quanta

m−2 s−1)−1 and were also in agreement with values reported by Sakshaug and Slagstad

(1991) )(0.001-1 mg C (mg chl-a)−1 h−1 (µ mol quanta m−2 s−1)−1) and were of similar

magnitudes to the BIO data (0.0039-0.56 mg C (mg chl-a)−1 h−1 (µ mol quanta m−2

s−1)−1), see figure 3.9(B). The IC2010Ek values were between 22 and 261 µmol quanta

m−2 s−1 with most values in the range of 20-150, which is in good agreement with the

30-200 µ mol m−2 s−1 given by Sakshaug and Slagstad (1991) for polar waters and

those reported for the Labrador Sea (Stuart et al., 2000). The BIO dataset showed a

range of 2-299 µ mol m−2 s−1 for Ek with most values between 5 and 185 µ mol m−2

s−1 with a skewed distribution towards lower values, see figure 3.9(C).

Having established that the IC2010 values are consistent with other high-latitude stud-

ies, the relationship between photophysiological parameters and phytoplankton taxo-

nomic composition and environmental variables is examined. Using the same assign-

ment of samples to taxonomic groups as for absorption, the group-specific variation in

photophysiological parameters was assessed (table 3.2, figure 3.10).

The mean P -E parameters differ between the various phytoplankton groups, especially

Ek and φm (Welch t-test p-val ≤ 0.05). Diatoms have the highest PB
m and Ek values,

while prasinophytes and chrysophytes have low values of PB
m . The standard devia-

tions highlight the overlap in the photophysiology between groups as the phytoplankton

acclimate to local forcing factors. To ascertain if the observed group-specific differ-

ences are taxonomic or a response to changes in temperature we used the growth rates,

carbon:chlorophyll-a and irradiance data from the algal cultures (equations 3.12 and
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Figure 3.9: Ranges of measured PBm (A), αB (B), and Ek (C) for samples collected
during the IC2010 cruise. Also shown are ranges from the BIO dataset and the review
of polar phytoplankton photophysiology by Sakshaug and Slagstad (1991). Note that
some of the BIO data is included in the pan-Arctic review of Sakshaug and Slagstad
(1991).
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Table 3.2: Group-specific mean photophysiological parameters for samples collected
during the IC2010 cruise. The number of samples contributing data to the average value
for each group is shown in parentheses. The minimum p value for a Welch t-test between
any two groups is shown for each parameter.

Pras(10) Dino(1) Crypto(7) Hapto(6) Diatom(10) Chryso(1) t-test

mean sd mean sd mean sd mean sd mean sd mean sd min p

αB 0.0170 0.0060 0.0384 NA 0.0206 0.0149 0.0312 0.0118 0.0275 0.0148 0.0228 NA 0.10

PBm 0.988 0.178 3.20 NA 2.18 1.62 1.19 0.116 3.88 4.45 0.746 NA 0.08

Ek 63.5 19.7 83.4 NA 110 31.4 40.6 9.74 124 106 32.7 NA 0.05

φm 0.0251 0.0192 0.0392 NA 0.0259 0.0274 0.0577 0.0144 0.0433 0.0296 0.0190 NA <0.01

3.13), to calculate the maximum photosynthetic rate, as direct measurements of PB
m

from 14C incubation experiments were not available.

Estimates of PB
m for the Arctic cultures ranged from 1.5 to 6.0 mg C (mg chl-a)−1 h−1

depending on species, temperature, and equation used to estimate PB
m (see table 3.3).

Group-specific differences are apparent with assimilation numbers varying by a factor

of three between taxa at 7 ◦C (see table 3.3). The culture data also clearly illustrates

the influence of temperature on PB
m through changes in both growth rates and χ. The

response in µ to incubation temperature varied between the different phytoplankton

groups (Figure 3.11) but each species showed a consistent response between culture

replicates. For Micromonas, µ increased with increasing temperature, which is consis-

tent with the work of Lovejoy et al. (2007), although the values of µ measured here are

slightly higher. For example the µ was 0.55 at 6 ◦C in the Lovejoy (2007) study and

0.73 for this study. The elevated µ observed in this study may be due to a longer pe-

riod of illumination than that of the work by Lovejoy et al. (2007), although differences

in growth media (F/2 vs K) or acclimation times between the studies cannot be ruled
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Figure 3.10: Average photophysiological parameters for IC2010 samples dominated
by key phytoplankton taxonomic groups. Group values determined from a single ob-
servation are those which have no reported standard deviation (values shown in table
3.2).

out. The prymnesiophyte strain exhibited a temperature-growth relationship that is very

similar to that of Micromonas, and its larger size may explain the lower absolute µ.

The cryptophyte and dinoflagellate cultures show a strong decrease in µ with increasing

temperature. Diatoms and chlorophytes exhibited little change in µ with temperature.

The culture results highlight that in addition to group-specific differences, local forcing

factors such as temperature must also be considered. Correlations between the photo-

physiological parameters and environmental variables for the IC2010 cruise are shown

in figures 3.12 and 3.14.

For PB
m , the strongest correlation was found with temperature (r2=0.45, p-val < 0.001).
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Table 3.3: Culture photophysiology data. Growth rate calculated from daily cell counts.
PB
m estimated according to Saux-Picart et al. (2012) and Cloern et al. (1995).

ID Temp(◦C) χ µ Saux-Picart PBm Cloern PB

3◦ 86 0.60 3.24 3.91
Diatom 5◦ 87 0.64 3.50 4.21

7◦ 87 0.66 3.60 4.33
3◦ 55 0.53 1.82 2.20

Cryptophyte 5◦ 55 0.43 1.49 1.81
7◦ 288 0.27 4.83h 6.00h

3◦ 106 0.39 2.61 3.18
Prymnesiophyte 5◦ 106 0.55 3.61 4.37

7◦ 106 0.67 4.45 5.35
3◦ 82 0.80 4.11 4.91

Dinoflagellate 5◦ 82 0.51 2.59 3.14
7◦ 160 0.27 2.73h 3.39h

3◦ 40 0.71 1.78 2.13
Chlorophyte 5◦ 40 0.55 1.36 1.65

7◦ 40 0.60 1.48 1.79
3◦ 60 0.52 1.94 2.35

Prasinophyte 5◦ 60 0.69 2.57 3.09
7◦ 60 0.78 2.94 3.52

h species increased C:Chl at high temperatures, raising PB

The open-ocean stations of the IC2010 data exhibit a clear decrease in PB
m with depth,

a pattern not seen in the under-ice data. The PB
m data were also compared to nutrient

concentrations (nitrate, phosphate, silicate and ammonium), but correlations were weak.

To determine if the PB
m -temperature relationship observed in the IC2010 data is consis-

tent with other measurements made within the Atlantic Arctic region, the IC2010 mea-

surements were combined with P -E data from the Canadian Archipelago and Labrador

Sea. The combined dataset was then binned by temperature (see Figure 3.13) and a

steady rise in PB
m from sub-zero to temperatures around 10◦C is observed.

Figure 3.13 shows that at temperatures above 2 ◦C, the mean of the field observations
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Figure 3.11: Variation of growth rate with temperature for six cultured Arctic algal
groups. Growth rates were determined from daily cell counts and averaged between
duplicate cultures grown at each temperature.

lies between the maximum photosynthetic rate predicted using the 7th order polynomial

of Behrenfeld and Falkowski (1997b) and the Eppley (1972) growth curve, normalised

as per Behrenfeld and Falkowski (1997b), such that production at 20 ◦C is 4.65 mg C

(mg chl-a)−1 d−1. Below 2◦C, the majority of data points fall below both curves.

Values of αB decreased with latitude from 65◦N to 80◦N (Figure 3.14). Values of αB

also show a positive relationship with temperature. Clear differences in the depth pro-

files of αB were observed between the IC2010 under-ice and open-ocean stations. The

open-ocean profiles show an increase in αB with increasing depth, whereas no clear

vertical trend is present for samples collected beneath the sea ice. The αB values are

also consistently lower for the under-ice samples when compared with those collected

in open-ocean waters. Similar to PB
m , αB showed little correlation with any of the

macronutrients measured, regardless of whether samples were collected at ice-covered

or ice-free stations.
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Figure 3.12: Correlation between PB
m and environmental co-variables for the IC2010

cruise. Both under-ice (N) and open-ocean (•) stations are shown.

The IC2010 dataset also showed a high number of samples that exhibited photo-inhibition.

In a review of Arctic phytoplankton photophysiology, Sakshaug and Slagstad (1991)

noted that the majority of βB values in pan-Arctic samples were less than 0.0003. Half

the IC2010 samples had βB values greater than this, and most of these were from open-

ocean samples collected from below 10 m.

Quantum yield (φm)

φm was calculated for IC2010 samples using matched measurements of phytoplankton

spectral absorption (aph(λ)) and light-limited photosynthetic rates (αB) using equation

3.10. φm values ranged from 0.005 to 0.096 µmol C(µmol photons)−1 with most values

falling within the range of 0.02 to 0.08 µmol C(µmol photons)−1. All estimates of φm
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Figure 3.13: Variation of PB
m with temperature for the combined IC2010 and BIO

dataset. Only data from stations above 55◦N and with water temperatures < 11◦C
were included. Equations plotted are a linear fit through the data, the Behrenfeld and
Falkowski (1997b) PB

opt, and Eppley equations. Also shown are the 95 %, 75 %, 25 %
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Figure 3.14: Comparison of αB to environmental variables for the IC2010 data. Under-
ice (N) and open-ocean (•) stations are indicated separately.

fell below the theoretical maximum (0.125 (µmol C)(µmol photons)−1) and the lowest

values were within the lower range of reported values (Sakshaug and Slagstad, 1991).

Of the six values of φm below 0.0125 (10 % theoretical maximum) observed in this

study, four are from beneath sea ice and one is from a brine sample (the lowest value of

φm in the dataset).

3.4 Discussion

Optical measurements are critical to remotely-sensed estimates of phytoplankton biomass

and primary productivity using ocean colour data. Therefore it is critical that the sources

of variation in the bio-optical and photophysiological properties of phytoplankton within
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and between different ocean regions are understood to ensure our estimates are accurate.

3.4.1 Sources and implications of variation in phytoplankton ab-

sorption

The largest variations in phytoplankton spectral absorption of the IC2010 samples were

seen in two wavebands (460-500 nm and 560-610 nm) as seen in culture studies, and

field data from the Atlantic and Pacific oceans (Sathyendranath et al., 1987; Lutz et al.,

1996; Stuart et al., 2004).

Group-specific differences in the spectral shape and efficiency of phytoplankton ab-

sorption are important for ocean-colour remote sensing (Stuart et al., 2000), as the 440,

490, 510 and 555 nm wavebands are used to estimate chl-a concentrations from water-

leaving radiance (Reilly et al., 1998). Thus, regional variability in the spectral shape of

absorption caused by shifts in the community structure of marine phytoplankton may

cause errors in estimates of both chlorophyll-a biomass (Gordon and Morel, 1983) and

primary production from space. Taxonomic differences in the absorptive properties of

phytoplankton have been shown to influence the performance of ocean-colour algo-

rithms at high latitudes (Stuart et al., 2000; Sathyendranath et al., 2001). In addition

to variation in spectral shape, taxonomic differences in the chlorophyll-specific absorp-

tion coefficient of marine phytoplankton can lead to significant errors in estimates of

surface chl-a concentration (Stuart et al., 2000; Sathyendranath et al., 2001). The re-

trieval of phytoplankton functional groups using satellite data also relies on exploiting

differences in both the shape and magnitude of aB(λ). Since the Arctic is a region of

rapid environmental change, understanding the sources of variability in the absorptive
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properties of Arctic phytoplankton assemblages will improve our ability to use the bio-

optical properties of marine phytoplankton as a tool to monitor shifts in the distribution

of Phytoplankton Functional Types that play key ecological and biogeochemical roles

in Arctic marine systems (Nair et al., 2008; Hirata et al., 2008).

Two primary factors govern group-specific differences in the spectral shape and magni-

tude of aB(λ). The first is the package or flattening effect, which reduces the absorption

efficiency of pigments contained within a cell (Kirk, 1976). The package effect is great-

est at the absorption maxima (Morel and Bricaud, 1981; Bouman et al., 2000), acting

to dampen the spectral variability in an absorption spectrum, thus “flattening” the spec-

trum. The second factor governing both the shape and efficiency of phytoplankton ab-

sorption is the composition of the accessory pigment assemblage. In the spectral region

centred around 465 nm the non-photosynthetic carotenoids (alloxanthin, zeaxanthin, di-

adinoxanthin) and chlorophylls -b and -c1,2 absorb strongly. Accessory pigments that

absorb light significantly in the spectral region of 525 to 550 nm are the photosynthetic

carotenoids peridinin, fucoxanthin, 19′-Hex and 19′-But (Figure 3.15). The influence

of the phytoplankton community structure on variation in spectral absorption in field

samples collected during the IC2010 cruise is indicated by changes in the spectral gra-

dient of absorption between 465 and 550 nm, with the prasinophytes (small cells with

high relative concentrations of chlorophyll-b) possessing the steepest gradient and the

diatoms (large cells with high relative concentrations of the photosynthetic carotenoid

fucoxanthin) possessing the shallowest gradient. Note, the largest difference in the ratio

of chlorophyll-a absorption peaks, aph(443):(676), is not between prasinophytes and di-

atoms, but between haptophytes and cryptophytes, which highlights the importance of

accessory pigments rather than pigment packaging in driving variations in the shape of
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the absorption spectra. Increased absorption at 676 nm due to the presence of a chl-b

absorption shoulder would act to decrease the aph(443):(676) values for prasinophytes

relative to phytoplankton lacking chl-b.

Figure 3.15: Weight-specific in vivo absorption spectra of major accessory pigments,
a∗sol,i(λ) (m2 mg−1), as given in Bricaud (2004). Absorption spectra of photosynthetic
and non-photosynthetic carotenoids are shown in red and blue.

Cell size, intracellular pigment concentration, and the presence of various auxiliary

pigments can also influence absorption efficiency (Morel and Bricaud, 1981; Sathyen-

dranath et al., 1987). A comparison of absorption efficiency for Greenland Sea and

Labrador Sea data (Figure 3.7) shows a relationship of decreasing chl-a specific ab-

sorption at 440 nm with increasing chl-a concentration, a trend consistent with other

global datasets (Bricaud et al., 1995, 1998). The greater range in absorption efficien-

cies in the Labrador Sea data, compared to the IC2010 data, is likely due to the BIO

dataset covering a larger range of oceanographic conditions, as the data were acquired
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over a larger range of the seasonal cycle (May to October) and over multiple years. The

relationship between the absorption coefficient at 440 nm and chlorophyll-a concentra-

tion (Figure 3.8) is non-linear due to the common association of smaller cell sizes with

low chlorophyll-a concentrations (Bricaud and Stramski, 1990; Bricaud et al., 1995;

Lutz et al., 1996), both of which promote increased absorption efficiency (Kirk, 1976).

Though the Labrador Sea and Greenland Sea datasets show a consistent trend in ab-

sorption efficiency with chl-a concentration, the best fit two-part linear equation of ab-

sorption to chl-a, compared to the equations of Prieur and Sathyendranath (1981) and

Bricaud et al. (1998), highlight the need to consider regional differences in absorption

efficiency, since these parameters are used in remote-sensing estimates of chlorophyll-a

concentration (Astoreca et al., 2006) and solar-induced fluorescence (Behrenfeld et al.,

2009).

Despite significant differences in cell size and pigment assemblage observed across the

sampling region, no group-specific changes in specific absorption coefficient at 440 nm

were found, although samples identified as mixed assemblages tended to have lower

aBph(443) values at low chlorophyll-a concentration. The lower absorption efficien-

cies for mixed assemblages could be explained by the persistence of diatoms in the

mixed populations. Surprisingly, the diatom-dominated samples are not distinguished

by especially low absorption efficiencies, which may suggest that bloom forming cells

were smaller in size, a hypothesis supported by cell count data showing small diatoms

(cell volumes <750 µm3) contributing >50 % of diatom biomass in samples from four

stations. The majority of samples with low chlorophyll-a concentrations and higher

aBph(443) in the Greenland Sea data were collected from ice-covered stations. The al-

gal class that commonly dominated under sea-ice was the prasinophytes. Despite their
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small cell size (<2 µm), the prasinophytes do not possess absorption efficiencies sig-

nificantly greater than other dominant groups encountered during IC2010. One reason

for the similarity in absorption efficiencies across communities of varying size structure

could be that the low light beneath sea ice leads to cells increasing their pigment con-

tent. This increase in intracellular pigment concentration may offset the effect of cell

size on pigment packaging, resulting in a population dominated by small cells having an

unusually low absorption efficiency. This supports the theory that prasinophytes such as

Micromonas can out-compete other phytoplankton due to both their high growth rates

in cold waters, especially when nutrient supply is low, and their ability to increase their

pigment content to harvest more light to support photosynthesis (Lovejoy et al., 2007).

3.4.2 Sources and implications of variations in photophysiology

Field and culture data reported here support previous studies that report a relation-

ship between phytoplankton taxonomic structure and photophysiology (Suggett et al.,

2009; Huot et al., 2013) with higher estimates of PB
m for microphytoplankton, such

as diatoms and prymnesiophytes, than picophytoplankton, such as prasinophytes and

chlorophytes. However, our field observations illustrate that in natural assemblages,

such group-specific differences are difficult to distinguish from variations in physi-

ology resulting from light and temperature effects, which may explain why in some

datasets, diatoms show lower PB
m values than smaller cells (Bouman et al., 2005). Thus,

the physiological plasticity of Arctic phytoplankton may confound establishing global

group-specific photophysiological parameter values from field observations alone. Only

through the use of mechanistic models of phytoplankton physiology (Geider et al., 1996)

will we be able to reconcile trends between the P -E parameters we observe in the field
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with metabolic processes we examine through controlled culture studies.

Due to its influence on PB
m , predominantly through enzyme kinetics, temperature has

been used to predict PB
m in some global primary production models (Antoine and Morel,

1996; Behrenfeld and Falkowski, 1997a). The exact nature of the relationship, however,

is not the same for all oceanic regions. Eppley (1972) originally limited the applica-

tion of his temperature-dependent model for phytoplankton growth to shallow coastal

and estuarine waters, which may be considered to be nutrient replete. The influence

of multiple factors means that regional variability in the physiological rates of marine

phytoplankton is likely embedded in all single-factor correlations, such as that between

PB
m and temperature(Platt and Sathyendranath, 2002).

In the Atlantic Arctic, as in other regions of the global ocean (Sathyendranath and Platt,

1993; Bouman et al., 2005), temperature is the strongest environmental predictor of

PB
m . At low temperatures, PB

m is low and shows little variability. A strong reduction

in PB
m at low temperatures irrespective of phytoplankton group calls into question some

measurements of photophysiology in the Arctic where PB
m values of > 10 have been

reported from waters below 2 ◦C (Cota et al., 1994). The relationship between PB
m

and temperature observed is consistent across datasets spanning different geographical

regions and years, yet differs from global empirical models derived from data collected

at lower latitudes (Behrenfeld and Falkowski, 1997b). The 7th order polynomial that

is commonly used in primary production studies is close to the quantile regression of

the 75th percentile of the Arctic data and would produce an overestimate of primary

production if used in the Arctic region.

As a result of the control of temperature on PB
m and different temperature profiles be-

tween under-ice and open-ocean stations we observe a different correlation between PB
m
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and depth in the two regimes. Open-ocean stations showed a decrease in temperature

(and therefore a decrease in PB
m ) with depth while under-ice waters often exhibited very

little variation, or even an increase in temperature at depth due to the presence of a cold,

low-salinity surface layer overlying a warmer saline Atlantic layer, which led to low

variability in PB
m values.

Variation is expected in photophysiological parameters as phytoplankton acclimate their

photosynthetic machinery to achieve optimal growth rates at a particular light level.

Observed variations in photophysiological parameters can be classed as ‘Ek-dependent’,

leading to a change in Ek, or ‘Ek-independent’, where Ek remains unchanged due to

simultaneous changes in both αB and PB
m (Behrenfeld et al., 2004). Variation in αB

is a function of changes in accessory pigment concentrations and modification of the

PSI:PSII ratio while PB
m is predominantly altered by changes in enzyme kinetics and

electron transport rates (Behrenfeld et al., 2004). Thus if phytoplankton are trying to

optimise their photosynthetic performance for a particular light level, ‘Ek-dependent’

variation is observed (photoacclimation). An example of ‘Ek-dependent’ variation is

correlation between depth and αB for the IC2010 open-ocean stations. However, limited

variability in both P -E parameters, leading to a low variation in Ek, and relatively low

values of αB are seen at the sea-ice stations. This pattern has also been reported for

the Canadian Arctic (Palmer et al., 2011). A decrease in light-limited photosynthetic

efficiency may seem counter-intuitive, since the sea ice creates a lower surface light

level than in open-ocean waters and one would expect phytoplankton cells to respond

by increasing their photosynthetic efficiency at low light intensities.

The limited variability in αB may be related to the restricted range in under-ice light

levels. As Arctic water temperatures are consistently low, and this will result in a re-
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duction in enzyme kinetics and thus low PB
m values, in order for cells to acclimate to a

given Ek (PB
m /αB) i.e‘Ek-independent’ variation, the cells must also exhibit low values

of αB. This also explains the temperature-dependence of αB, where the light-limited

photosynthetic rates are lower in the cold Greenland Shelf waters than in the warmer

waters of the Norwegian Sea, as shown schematically in figure 3.16. Using CTD PAR

and density profiles from IC2010, the average light in the upper 15 m of under-ice sta-

tions was estimated to be around 40-50 µ mol quanta m−2 s−1. The PB
m for the under

ice stations was around 1 mg C (mg chl-a)−1 h−1, which means that in order for cells to

acclimate to a growth irradiance (Ek) of 40-50 µmol quanta m−2s−1 would require an

αB of around 0.02-0.025 mg C (mg chl-a)−1 h−1 (µmol quanta m−2 s−1)−1, which is the

value observed in this dataset. These magnitudes of Ek reported here are also consistent

with those measured under sea ice in the Beaufort Sea (Palmer et al., 2011). An alter-

native explanation for consistently low αB values beneath sea ice is that normalising

α to chlorophyll can result in low values for shade-acclimated communities due to the

strong packaging effect caused by high intracellular pigment concentrations (Sakshaug

et al., 1997; Harrison et al., 2013). However, if an increased chlorophyll-a content was

responsible for low αB values, one would expect that these samples would also have

lower absorption efficiencies. Yet no consistent pattern between absorption efficiency

and sea-ice cover was observed. The remaining cause that could explain the correla-

tion between αB and temperature is the influence of mixed-layer depth on light history.

Cold melt waters lead to the formation of a shallow mixed layer that will confine the

phytoplankton cells to a high-light environment, resulting in a decrease in light-limited

photosynthetic efficiencies (Richardson et al., 1983). This mechanism may be responsi-

ble for the latitude-dependent variation of αB, as day-length increased and mixed-layer

depth decreased. However, this photoacclimatory mechanism fails to explain the low-
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temperature, low-αB data observed beneath sea ice where the near surface irradiances

are low.

Irradiance
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Figure 3.16: A schematic diagram showing the effect of cold temperatures on the mag-
nitude of αB assuming an Ek-independent relationship (Behrenfeld et al., 2004).

Our data therefore support the view that the likely dominant environmental control on

polar algal photophysiology is water temperature (Palmer et al., 2011). The low tem-

peratures place a strong constraint on PB
m , which leads to a suppression of αB. Con-

sequently samples taken beneath, or proximal to, sea ice have markedly less depth-

dependent variability in αB compared to open-ocean samples. A shift from under-ice to

open-ocean conditions will likely lead to an increase in PB
m , Ek and αB as sea surface

temperature and irradiance increase.
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By combining information on the absorptive and photophysiological characteristics of

the natural assemblages, estimates of φm were derived. The magnitudes of φm were in

agreement with previous data from the Arctic region (Sakshaug and Slagstad, 1991),

however a number of samples exhibited extremely low values. The theoretical max-

imum quantum yield for phytoplankton is 0.125 mol C (mol quanta)−1 and estimates

of φm from carbon uptake experiments are usually lower than those using O2 release

(Sakshaug and Slagstad, 1991). Bannister and Weidemann (1984) proposed that values

greater than 0.1 mol C (mol quanta)−1 for carbon-based measurements of φm are likely

caused by methodological error. There are three reasons why φm falls below the theoret-

ical maximum (Babin et al., 1996). First, the transfer of absorbed energy to the reaction

centres of photosynthesis may be less efficient within high-light acclimated cells due to

the presence of photoprotective pigments (Dubinsky et al., 1986; Bidigare et al., 1989).

Second, the number of healthy photochemical reaction centres can change in response to

environmental factors such as light (Vassiliev et al., 1994), nutrients (Sosik and Mitchell,

1991; Falkowski, 1992) and temperature (Sosik and Mitchell, 1994). Third, the cycling

of electrons through either PSI or PSII expends absorbed energy in the absence of car-

bon fixation (Slovacek et al., 1980). Unfortunately, this dataset can only examine the

light harvesting efficiency by looking at the proportion of photosynthetic to photopro-

tective pigments.

Low values of φm could be due to a large fraction of the light harvested by phytoplank-

ton cells being dissipated as heat by photoprotective pigments. The importance of pho-

toprotection has been raised before for Arctic estimates of φm by Sakshaug and Slagstad

(1991). A decrease in the proportion of photoprotective carotenoids with increasing φm

is shown by the IC2010 data in figure 3.17. However, the presence of photoprotective
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pigments is insufficient to explain all of the variability in φm, as some samples have both

low relative concentrations of photoprotective carotenoids and low values of φm. Three

of the lowest φm samples were found under sea ice and exhibit low levels of photopro-

tection with NPC: NPC+PPC ratios of less than 0.3 (samples 45,47 and 63). Sample 63

had extremely low NO3 + NO2 and phosphate concentrations, and the remaining two

have phosphate concentrations around 0.3 µM and NO3 + NO2 concentrations around

2 µM which may suppress maximum growth rates (Tyrrell, 1999), so nutrient limita-

tion may explain the low value of φm for these samples. However, samples 46, 48 and

49 have relatively high macronutrient concentrations yet low corresponding values of

φm and NPC:NPC+NPP ratios. Therefore, these under-ice assemblages are limited by

an unmeasured micronutrient, such as iron, or have a very high proportion of cyclic

electron transport.
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Figure 3.17: Relationship between quantum yield (φm) and relative contribution of
photoprotective carotenoids to accessory pigments. Points are numbered for ease of
reference. Under-ice (N) and open-ocean (•) stations are also indicated separately.
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3.4.3 Projections for a changing Arctic

Since the decrease in sea-ice extent during the Arctic winter is not as large as in the sum-

mer months, the region of the Arctic Ocean that undergoes a transition from ice-covered

to open waters is increasing (table 3.4). This means that improving our understanding

of the photophysiological response of marine phytoplankton across sea-ice gradients is

critical.

Table 3.4: Perennially ice-covered Arctic ocean area. Data sourced from the NSIDC
(http://nsidc.org/cryosphere/sotc/)

September March Perennially
September/March Average Extent Average Extent Covered Region

(minimum/maximum) (millions of km2) (millions of km2) (millions of km2)

19792000 mean 7 15.7 8.7
1999/2000 6.2 15.3 9.1
2000/2001 6.3 15.6 9.3
2001/2002 6.8 15.4 8.6
2002/2003 6 15.5 9.5
2003/2004 6.2 15.1 8.9
2004/2005 6.1 14.7 8.6
2005/2006 5.6 14.4 8.8
2006/2007 5.9 14.7 8.8
2007/2008 4.3 15.2 10.9
2008/2009 4.7 15.2 10.5
2009/2010 5.4 15.1 9.7
2010/2011 4.9 14.6 9.7
2011/2012 4.6 15.2 10.6
2012/2013 3.6 15 11.4

The presence of sea ice influences underwater light, temperature and stratification.

Hence a change in the extent and thickness of sea-ice cover will likely lead to significant

changes in the physiological status of Arctic phytoplankton assemblages. Here we re-
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port clear differences in the photophysiology of the phytoplankton growing beneath the

sea ice and in open-ocean waters. With the Arctic predicted to be ice free in the summer

within 50-100 years, temperature and light in the surface of ocean is set to increase.

The combination of warmer waters and greater penetration of light will lead to higher

values of PB
m and greater depth-dependent variation in αB. The culture experiments re-

ported here also show that warmer waters are likely going to effect phytoplankton taxa

in different ways and lead to shifts in the taxonomic structure of Arctic communities,

reducing cryptophyte and dinoflagellate distributions and increasing the distribution of

prasinophytes and prymnesiophytes.

If some species are exhibiting low φm due to micronutrient availability, understanding

how the distribution of both micro and macronutrients may shift in an ice-free Arctic

Ocean may be fundamental to knowing how Arctic ecosystems may respond in a chang-

ing climate. Although it is beyond the scope of this thesis to estimate these changes,

modelling studies predict that riverine fluxes of micronutrients to the Arctic could dou-

ble under a warming climate (Pokrovsky et al., 2012).

3.5 Conclusions

Group-specific differences in the shape of the phytoplankton absorption spectrum ob-

served in this study may be used in remote sensing algorithms to detect Phytoplankton

Functional Groups in the Atlantic Arctic using both earth-orbiting satellites and in situ

optical platforms. The non-linear relationship between chlorophyll concentration and

phytoplankton absorption at 440 nm obtained in this dataset showed lower absorption

for a given chlorophyll concentration than for global estimates (Prieur and Sathyen-
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dranath, 1981; Bricaud et al., 1998). Since it is widely known that regional differences

in the relationship between chlorophyll concentration and absorption caused by changes

in phytoplankton community structure can lead to the poor performance of global algo-

rithms at high latitudes(Stuart et al., 2000; Sathyendranath et al., 2001), there should be

an increased emphasis on developing regional optical algorithms for the Arctic.

By combining P -E parameter data from studies across the Atlantic Arctic (Greenland

Sea, Baffin Bay, Labrador Sea) spanning a period of 30 years, relationships between

temperature and the photophysiological parameters were observed. At very low tem-

peratures the variation in and magnitude of PB
m was low, and could be explained by the

temperature-dependent constraints on enzyme-mediated dark reactions of photosynthe-

sis. There is, however, a trend of increasing PB
m with rising temperatures. Although

this relationship between temperature and PB
m has been exploited in remotely-sensing

models of primary production, our results show that models parameterized using global

datasets will likely overestimate primary production at low temperatures, which are

characteristic of Arctic Seas. Data collected in the Greenland and Norwegian Sea show

that a reduction of PB
m , that we believe to be caused by low temperatures, restricts the

variability in αB, through ‘Ek-independent’ variation (Behrenfeld et al., 2004).

Variation in φm appears to be strongly influenced by the presence of photoprotective pig-

ments, although this mechanism could not explain some samples which displayed ex-

tremely low φm values. Macronutrients explained some of this additional variability in

φm, and another limiting factor, possibly micronutrient availability, must be responsible

for the remaining low values of φm. Group-specific variation in phytoplankton growth

and photosynthesis was also examined using culture and field experiments, respectively.

Culture experiments showed varying responses in the temperature-dependent changes
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in growth rates across the taxonomic groups studied. Although the field data revealed

some differences in the photosynthetic characteristics of Arctic communities dominated

by different taxa, the strong influence of physical factors on the physiology of the nat-

ural assemblages, in particular temperature and light history, make the interpretation of

these differences complex.

It is likely that different biogeographic regions of the Arctic may respond independently

to climate change (Ardyna et al., 2011). Here we have shown that variation in the bio-

optical and photosynthetic properties of phytoplankton is consistent across the Atlantic

Arctic, but that this region can be divided into at least two distinct domains. In the

under-ice domain, depth-dependent variation in the P -E parameters is markedly re-

duced when compared to the open-ocean domain. This has important implications for

the geographical and vertical distribution of primary production in the Atlantic Arctic.

The limited range in P -E parameters may allow a simple physiological model of phy-

toplankton production to perform well for under-ice conditions, provided the vertical

biomass and irradiance profile are correctly estimated.

These results highlight the need to measure bio-optical and photophysiological mea-

surements in the grossly undersampled marginal ice zone, as understanding variability

across the sea-ice boundary will provide insight into a region of spatial heterogeneity

in terms of both phytoplankton biogeography and water-column structure. The group-

specific differences in the shape of phytoplankton absorption spectra are encouraging

for the identification of Phytoplankton Functional Groups from remote sensing in this

region. If we can disentangle the photoacclimation response of phytoplankton from

the group-specific photophysiological variation then we may be able to create a robust

group-specific primary production model for Atlantic Arctic waters.
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Chapter 4

Modelling of Primary Production in

the Greenland sector of the Arctic

Ocean.

Abstract: Modelling of primary production in the Arctic is challenging due to a num-

ber of factors. These are predominantly focused around few validation studies of remote

sensing at high latitudes, due to a scarcity of both in situ and remote sensing data, and

the optical complexity of the environment. This is partly compounded by potential er-

rors associated with ocean colour data at high latitudes due to low sun angle, continuous

daylight and highly variable above and below water irradiance. This study first exam-

ines the quality of input data sources and the assumptions necessary for the utilisation

of a high-latitude spectral primary production model. Remote sensing estimates of pho-

tosynthetically available radiation (PAR) are shown to have a time dependent error and

poor coverage, whereas modelled PAR estimates miss extreme values but otherwise
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provide useful data for primary production modelling. A positive correlation between

chlorophyll-a and light attenuation in the open ocean stations suggests the optical prop-

erties of the water column for the study region can be modelled using modified Case-I

assumptions, i.e spectral attenuation of light is proportional to phytoplankton biomass

concentration. We then investigate the sensitivity of a spectral model of primary pro-

duction to input parameters, such as phytoplankton absorption spectra, phytoplankton

absorption efficiency, CDOM contribution to total absorption, vertical biomass profile

parameters and photophysiology. Modelled primary production errors range from 0.5

% to >80 % depending on the parameter and water column characteristics. It is also of

note that common features of the chlorophyll-a in vivo fluorescence profiles were near

surface quenching and a sub-surface maximum. The sub-surface maxima was an impor-

tant contributor to the primary production beneath sea ice, but its current contribution to

annual integrated production may be less significant.

4.1 Introduction

Global ocean productivity estimates of the past 20 years have converged on a value of

around 50 GT of carbon fixed through oceanic photosynthesis per year (Longhurst et al.,

1995; Field et al., 1998; Geider et al., 2001; Behrenfeld et al., 2005; Uitz et al., 2010).

Although these estimates have been derived using different approaches (chlorophyll-a-

based, carbon-based, and phytoplankton group-specific models) all have utilized satel-

lite observations of ocean colour. However, these models are reported to under-perform

in high latitude waters (Carr et al., 2006). Satellite ocean colour data has shown that the
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high, sub-polar latitudes have one of the largest and most variable annual phytoplankton

growth cycles, especially the North Atlantic (Harrison et al., 2013). Cold water temper-

atures, strong pulses of algal growth and convective mixing make this region one of the

fundamental oceanic carbon sinks (Bates and Mathis, 2009). It is therefore essential

that our modelling of primary production is accurate for this region as it plays an im-

portant role in the global carbon cycle and will be significantly altered by future climate

warming.

In its most basic form, a one-dimensional primary production model will require three

key inputs: 1) the concentration of phytoplankton biomass present in the water column

at a given depth; 2) the amount of light available at a given depth; and 3) the efficiency

with which the light energy absorbed by phytoplankton pigments is converted into or-

ganic carbon (Behrenfeld and Falkowski, 1997b; Sathyendranath and Platt, 2001). The

level of model complexity may increase as more parameters are added to represent the

vertical structure of light and biomass as well as the spectral nature of the underwa-

ter light field and phytoplankton absorption (Sathyendranath et al., 1989a; Morel and

Berthon, 1989; Antoine and Morel, 1996; Sathyendranath et al., 2007). One can also

introduce carbon fixation by different phytoplankton size classes or functional groups

(Uitz et al., 2010). Due to the high latitude, the Arctic light environment shows strong

variability throughout the year. There is a long-term (annual) cycle in solar irradiance

from 24-hour darkness in the winter to 24-hour daylight in the summer. Local surface

conditions can vary from clear skies and ice-free waters to thick sea mist, cloud, and

sea-ice covered. These elements combine to produce a large range in instantaneous and

daily integrated irradiance values throughout the year (Curry et al., 1996).

Recent estimates of pan-Arctic primary production have been based on subdividing the
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Arctic Ocean into smaller geographical regions (Pabi et al., 2008), including eight re-

gions inside the Arctic Circle (Baffin Bay, Greenland Sea, Barents Sea, Kara Sea, Laptev

Sea, East Siberian Sea, Chukchi Sea and the Beaufort Sea) and three regions further

south (Norwegian Sea, Davis Strait and Bering Strait/Sea). This geographical division

is related to the annual sea-ice dynamics, source water inputs and regional ocean cur-

rents. The waters of the Arctic can be considered to have four main sources of nutrients:

the Pacific Ocean; the Atlantic Ocean; fluvial input from North America; and fluvial

input from Eurasia. These source regions will input water of differing nutrient content,

salinity, and concentration of dissolved organic compounds. The boundaries assigned

for this study region were set to select surface waters influenced by one of these sources,

the Atlantic Ocean (Jones et al., 1998). This study focusses on the regions that border

onto the eastern Atlantic Ocean, encompassing two of the previously mentioned regions

(Greenland Sea and the Barents Sea) which together run from 40◦ W to 55◦ E. This

region shall be referred to as the ‘Atlantic Arctic’.

Significant regional differences in phytoplankton production dynamics across the Arc-

tic are related to the spatial heterogeneity in macronutrient concentrations, the presence

of sea ice and shallow mixed-layer depths (Wheeler et al., 1997; Gosselin et al., 1997;

Mock and Thomas, 2008). A large portion of the Atlantic Arctic experiences perennial

cover by sea ice that melts back in the spring/summer leading to open-ocean conditions

(Comiso, 2006). Ice-edge blooms often follow a retreating sea-ice front (Sakshaug and

Slagstad, 1992; Engelsen et al., 2002; Perrette et al., 2011) due to the increase in the

water-column stability and irradiance level experienced by phytoplankton in the upper

water column. Such ice-edge blooms can begin as soon as the ice thins and can be ex-

tensive beneath thin ice regions (Gradinger, 1996; Arrigo et al., 2012). Where perennial
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ice cover is not present, the high-latitude Atlantic experiences a spring bloom driven by

thermal-stratification which reduces the mixed-layer depth and increases the mean light

received by phytoplankton within the surface ocean (Sverdrup, 1953).

A recent study of error propagation in primary production models (Milutinović and

Bertino, 2011) concluded that the main sources of the error in primary production es-

timates are the assignment of parameters that describe vertical structure in the biomass

profile and the photophysiology of the phytoplankton. This agrees with the earlier work

of Platt et al. (2008) which concluded that incorrect assignment of physiological param-

eters could introduce errors up to 27 %, even when using data from a single biogeo-

chemical region, and incorrect estimation of the vertical biomass profile led to errors

of up to 20 % in primary production estimates (Platt et al., 1991). The assignment of

other input variables, such as coloured dissolved organic matter (CDOM) absorption

and photosynthetically available radiation (PAR) estimates, are also known to cause is-

sues in the Arctic region (Stuart, 2011). As covered in section 2, the distribution of

algal pigments with depth in the study region is non-uniform, so it is likely this will be

an important factor in modelling primary production for this region. The phytoplankton

photophysiology is also unique for high latitudes as shown in section 3, which means

this will likely be significant for primary production estimates.

This chapter aims to elucidate the sensitivity of a spectral primary production model to

input parameters for high latitude seas and estimate, as accurately as possible, the pro-

duction in the ice edge area of the Atlantic Arctic during the summer months. As many

primary production models require an input of irradiance, we also examine the validity

of multiple PAR data sources by comparing them to in situ datasets and considering the

accuracy, quality and coverage of the data. The spectral primary production model is
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initially parameterized using field observational data, as covered in the chapters 2 and

3. The parameters are then varied with the aim of answering the following questions: 1)

what level of error is introduced if we incorrectly parameterize the bio-optical proper-

ties of the water column (spectral phytoplankton absorption, phytoplankton absorption

efficiency and CDOM contribution to total absorption)? 2) what is the effect of using

different mathematical models for the vertical biomass profile on primary production

estimates? 3) what is the error associated with incorrectly assigning photophysiologi-

cal parameters? The spectral-model primary production estimates are also compared to

those of a non-spectral model to ascertain the level of discrepancy between simple and

complex models.

4.2 Methods

4.2.1 Sampling strategy

The cruise track for the ICE-CHASER 2010 cruise (organised by the Scottish Asso-

ciation of Marine Sciences (SAMS)) is shown in Figure 4.1. Along this transect, 23

stations were occupied. Profiles of downwelling light, temperature, salinity, and flu-

orescence were recorded at each station using a Sea-Bird CTD instrument package

equipped with a Biospherical Li-Cor PAR sensor, two temperature sensors, two con-

ductivity sensors, and a Chelsea fluorometer. The temperature and salinity data were

used to calculate mixed-layer depths and the fluorescence data was used to describe ver-

tical biomass profiles. Seawater samples were collected using 10 litre Niskin bottles,

which were sub-sampled for photosynthesis-irradiance (P -E) incubations and optical
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measurements. Sampling depths were chosen to capture the vertical structure in the

phytoplankton biomass profile, usually requiring between four and eight sample depths.

Analysis of algal pigments by both high performance liquid chromatography (HPLC)

and fluorometry were performed and phytoplankton in vivo absorption spectra were

measured. The 23 stations were chosen to cover a range of environments, such as be-

neath sea ice, in recently-melted waters, and open-ocean (ice-free) waters.

4.2.2 Fluorometric chlorophyll-a measurement

For chlorophyll-a measurements, 100 ml of seawater were filtered onto 25 mm GF/F

filters at vacuum pressures of 6200 mm Hg and immediately placed into 10 ml of 90

% acetone. These were stored in the dark at -20 ◦C overnight. Chlorophyll-a concen-

trations were then measured using a Turner Designs Trilogy fluorometer, fitted with a

chlorophyll-a acidification module, following the method of Holm-Hansen et al. (1965).

4.2.3 Photophysiological parameters

A full description of the determination of photophysiological parameters from photosynthesis-

irradiance (P -E) experiments is given in section 3.2.4 but a summary is given here

for ease of reference. A linear temperature-controlled incubator containing 14 poly-

carbonate bottles was used to quantify carbon fixation in a light gradient from dark

to around 1500 µEinsteins m−2 s−1 during a period of 90 minutes. Each bottle was

then filtered through a 25 mm Whatmann GF/F filter and exposed to concentrated HCl

fumes overnight to remove inorganic carbon. Radiocarbon activity was then analysed

using a Perkin Elmer Tri-Carb 3100 liquid scintillation counter. Final PB
m , αB and βB
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Figure 4.1: ICE-CHASER 2010 cruise track and bathymetry of the study area with
sampling stations shown by black points.
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values were determined after corrections for the spectral emission of the lamp and phy-

toplankton absorption spectra, following the method of Kyewalyanga et al. (1997) using

equations 3.6 to 3.8.

4.2.4 High-latitude PAR data sources

At high latitudes, the accuracy of satellite-derived PAR data used in primary produc-

tion models is uncertain (Stuart, 2011). Long day-lengths, high zenith angles, and

sea ice can affect the accuracy of modelled and remotely-sensed PAR estimates. To

assess this problem, we compared the underway data to the SeaWiFS PAR data prod-

uct to see if the remote sensing product was a valid source for PAR to input into pri-

mary production models on a large scale. The underway data was recorded using a

Kipp and Zonen PAR LITE quantum irradiance sensor and provided a near-continuous

record of surface irradiance during the 38 day cruise. The remote-sensing data used

in this work are SeaWiFS level 2 daily products provided by NASA GSFC/DAAC at

http://oceancolor.gsfc.nasa.gov/. This SeaWiFS product provides an estimate of daily

PAR based on an image capturing conditions at a particular time of day. PAR data was

extracted on a pixel-by-pixel basis for comparison to the ICE-CHASER 2010 underway

data to allow a very high temporal and spatial resolution for match-up. The SeaWiFS

data used was from the valid pixel closest to the ship position at the time of satellite

overpass and had to be within 0.1◦ of the ships position. To calculate the reference un-

derway measurement from the underway data, we averaged the data from a ten-minute

period centred at the time of the satellite overpass.

To assess the suitability of using modelled PAR in primary production models at high
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latitudes, a comparison is also made between the Bird Model (Bird and Riordan, 1986)

estimate of PAR and surface PAR data taken during the ICE CHASER 2010 expedition.

4.2.5 Light attenuation coefficients

Two datasets collected during the ICE CHASER 2010 expedition were used to cal-

culate the attenuation of light within the water column. The first of these was from an

upward-looking downwelling PAR (Biospherical Li-Cor) sensor attached to the CTD in-

strument package. Since the CTD irradiance measurements are not spectrally resolved,

surface deck measurement and vertical profiles of spectral irradiance were recorded at

a number of stations on the third leg of the cruise. Direct measurements of underwater

downwelling spectral irradiance were made with RAMSES ACC-VIS hyperspectral ra-

diometers (TriOS Mess and Datentechnik GmbH) and were carried out prior to, or just

after, CTD casts. The RAMSES radiometer consists of sensors with an advanced cosine

collector performing in a range of 320-950 nm with a spectral resolution of ≈3.3 nm.

A simultaneous use of two sensors allowed tracing of major changes in incident solar

radiation due to changing cloud cover. The surface sensor was placed in front of the

research vessel, whilst the underwater sensor attached to a frame designed to minimize

inclination and was lowered with a side crane 4-5 m away from the hull of the vessel to

minimize shadowing effects. Observations were always performed on the illuminated

side of the vessel. Depth increments of scans for underwater profiles ranged from≈1 m

in the subsurface layer to ≈0.5 m in the uppermost layer to obtain a better vertical reso-

lution. Profiles were taken up to 40 m, unless the light level dropped below detection at

a shallower depth. The limit of detection was 0.5 mW m−2 nm−1, below this the signal

to noise ratio became too low. Irradiance data was quality checked and then interpolated
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into a 1 nm grid with vertical steps of 0.5 m. Underwater profiles were then normalised

by dividing each value at depth by the coincident surface reading, giving a fraction of

surface irradiance at depth. These in situ measurements of the underwater light field

allowed us to ascertain whether the spectral light profiles generated in the primary pro-

duction model were representative of the true underwater irradiance profiles.

4.2.6 Modelling primary production

The primary production model used in this study is based on the spectral model of

Sathyendranath et al. (1989a) including the modifications made in Sathyendranath et al.

(1995). The transmission of light was resolved at 61 wavelengths from 400 nm to 700

nm, every 5 nm, and all calculations were computed with a model temporal resolution

of one hour.

Inherent optical properties and the underwater light field

The spectral radiative transfer model used was developed for Case-I waters where ab-

sorption in the water column is dominated by phytoplankton and pure water, with a small

proportional contribution to total absorption by non-algal substances such as CDOM and

particulates, which co-varies with algal biomass,

a(z, λ) = aw(λ) + a∗c(λ)C(z) + a∗y(λ)Y (z). (4.1)

where aw(λ) is the absorption coefficient of pure water (Pope and Fry, 1997), a∗c(λ)

is the specific absorption of chlorophyll, C is chlorophyll concentration, a∗y(λ) is the
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specific absorption of CDOM and particulates, Y is the concentration of CDOM and

particulates and z is depth. CDOM absorption was scaled to chlorophyll-a absorption

such that,

a∗y(440)Y (z) ∝ aw(440) + a∗c(440)C(z). (4.2)

These inherent optical properties (IOPs) were modified during the sensitivity analysis

to better fit in situ measurements of light attenuation and absorption spectra.

Chlorophyll biomass profiles

Several models of marine primary productivity that use satellite ocean-colour data re-

quire an equation to describe the vertical distribution of chlorophyll-a in the water col-

umn (Platt and Sathyendranath, 1988; Sathyendranath and Platt, 1993). Different equa-

tions have been proposed to describe the chlorophyll-a profile (Platt and Sathyendranath,

1988; Morel and Berthon, 1989; Longhurst et al., 1995; Antoine and Morel, 1996; Ar-

rigo et al., 2008; Mignot et al., 2011). Some profile descriptions are very simple, such

as uniform chlorophyll-a irrespective of depth (Antoine and Morel, 1996), but when a

pronounced subsurface peak exists, a more complex equation that better describes the

profile using as few parameters as possible would be more suitable (Arrigo et al., 2008).

In this study, we tested four ways of modelling the vertical biomass profile and their

effects on estimating primary production (PP). The following section summarises the

models used.

Uniform Profile

The simplest representation of the depth dependence of chlorophyll-a would be to set
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the chlorophyll-a biomass (B) to be constant from the surface to the depth of the photic

zone (Antoine and Morel, 1996). This approach works well in regions with deep mixed

layers, within which the phytoplankton biomass is homogeneously distributed. The

chlorophyll-a concentration within the mixed layer and photic zone could, for example,

be set to the value at the surface. If the chlorophyll-a value is based on a satellite-derived

estimate then this is equivalent to using the weighted mean value within the first optical

depth (B̄sat) such that in the model

B(z) = B̄sat. (4.3)

Uniform mixed layer followed by exponential decay profile

A slightly more complex representation of the chlorophyll-a profile proposed by Pabi

et al. (2008) maintains the chlorophyll-a biomass as uniform in the near surface and

then chlorophyll-a decreases exponentially to zero with increasing depth. The depth

dependence of chlorophyll-a can be described using three parameters: the concentration

in the uniform section (B̄ML); the depth of the uniform section (MLD) and the rate of

decrease with depth below the mixed layer:

B(z) =


B̄ML if z ≤MLD,

B̄ML ∗ e0.033∗(z−MLD) if z > MLD.
(4.4)

Pabi et al. (2008) set the upper layer to a uniform value of B̄sat and set the bottom of

the uniform layer to 20 m (an assumed constant mixed-layer depth). Due to the constant

depth of the uniform layer, this model only has one variable, the surface chlorophyll-a

concentration. The biomass profile does not take into account factors such as a variable
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photic or mixed-layer depth. Although this equation is a better description of most

biomass profiles than a constant value, with only one input parameter it cannot capture

the variability in the shape of all biomass profiles.

Shifted Gaussian profile

The shifted Gaussian model provides a more detailed description of the vertical struc-

ture of chlorophyll-a with respect to depth. This Gaussian equation was first used by

Lewis et al. (1983) and was subsequently improved by Platt et al. (1994) and imple-

mented in Sathyendranath et al. (1995); Longhurst et al. (1995) and references therein.

The shifted Gaussian requires four input parameters. The first is the background con-

centration of chlorophyll-a, which is uniform with depth (B0). Superimposed on top of

this background concentration is a chlorophyll peak, which can be described using three

parameters: the peak biomass (h), the peak width (σ) and the depth of the maxima (zm)

B(z) = B0 +
h

σ
√

2π
exp−(z − zm)2

2σ2
. (4.5)

As the peak biomass (h) includes the background concentration, it is beneficial to define

a parameter for the height of the peak above the background (Bm) where:

Bm =
h

σ
√

2π
, (4.6)

therefore, equation 4.5 becomes

B(z) = B0 +Bm exp−(z − zm)2

2σ2
. (4.7)
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The shifted Gaussian fits most profiles and performs well both in regions with sur-

face chlorophyll-a peaks and with deep chlorophyll-a maxima (such as the subtropical

gyres).

Shifted Gaussian with exponential background

Arctic marine ecosystems are sometimes characterised by a complex vertical profile

of chlorophyll-a concentration (Martin et al., 2010; Hill and Zimmerman, 2010), with

many profiles showing a sub-surface maxima (SCM) that is similar to the deep chloro-

phyll maximum (DCM) seen in oligotrophic gyres, but the peak usually occurs at much

shallower depths (20-50 m). This subsurface maximum has been attributed to the unique

environmental forcing seen in sea-ice influenced areas. The light intensity at intermedi-

ate depths (≈40 m) beneath sea ice is similar to that seen at the DCM in the oligotrophic

gyres (Stein and MacDonald, 2004). A key difference between the Arctic SCM and

the DCM in the subtropical gyres is that in the Arctic the SCM corresponds to a peak

in particulate carbon and primary production (Martin et al., 2010; Hill et al., 2013),

whereas in the gyres it is a result of the photoacclimatory response of cells increasing

their chlorophyll-a content (Cullen, 1982). It is also usual that the background biomass

(excluding the SCM) will be higher at the surface compared to that at depth.

Mignot et al. (2011) proposed a set of equations which can be used for profiles with a

biomass peak superimposed upon a non-uniform background profile. The model con-

sists of an exponential decay as the background and then adds a shifted Gaussian, which

allows more complex profiles to be parameterized and gives a better fit to the in situ ob-

servations. This equation requires the same three Gaussian peak parameters and instead

of a single background chlorophyll-a value, a surface value (F0) and a half-saturation

depth (z2) is assigned. The parameter z2 defines where the background exponential has
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reached half of its surface concentration. The chlorophyll-a profile can therefore be

described by the following equation:

B(z) = F0 exp [
−ln2

z2
z] +Bm exp [−(z − zm)2

2σ2
]. (4.8)

Photosynthetically-available radiation (PAR) data

PAR used in the primary production calculations was estimated using the clear-sky

model of Bird and Riordan (1984), corrected following Bird and Riordan (1986). This

model has been shown to reproduce irradiance spectra at low solar elevation angles

(10◦) in previous studies (Bird and Riordan, 1986; Campbell and Aarup, 1989). The

output from the Bird model was then corrected for seasonal variation in incoming so-

lar radiation (Thekaekara, 1977), cloud cover (Platt et al., 1990), sea-surface reflection

(Sathyendranath et al., 1989a) and sea-ice presence. The effect of sea-ice cover on the

light available to phytoplankton in the water column was approximated by passing the

sea surface irradiance through 30 m of clear seawater (Stein and MacDonald, 2004).

Sea ice and snow transform the light field in the surface waters into one which would be

found at 30-100 m in open waters, with pure sea ice and snow being almost spectrally

identical to pure water (Light et al., 1998; Stein and MacDonald, 2004). Though this is

a simplification of the optics of sea ice, it is a starting point which can be adapted once

regional transmission estimates begin to improve through the inclusion of variable ice

thickness, melt pond size and shape distributions (Ehn et al., 2011) and optically-active

substances within the sea ice (Light et al., 1998).
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Comparison to a simple primary production model

All of the model variations described thus far are based around a spectral, non-uniform

biomass model, parameterized using in situ data. It is of interest to compare the es-

timates of a much simpler model to ascertain the benefit of the increased complexity.

The simple model chosen for comparison was the VGPM model of Behrenfeld and

Falkowski (1997a). Two variants of this model were run, both requiring 4 inputs: 1)

surface chlorophyll-a concentration, 2) PAR, 3) sea surface temperature (SST), and 4)

daylength. The surface chlorophyll-a was set to B̄sat, the SST was set to the mean

temperature within the upper 10 m unless a distinct pycnocline was present at a shal-

lower depth. The day-length and daily irradiance were derived from the BIRD model

mentioned previously. For sea-ice stations the optical effect of sea ice was again approx-

imated by 30 m of clear seawater using a non-spectral seawater KPAR
d of 0.042 m−1.

The difference for the two model variants was the equation used to describe the relation-

ship between temperature and PB
opt. The first variant uses the seventh order polynomial

equation of (Behrenfeld and Falkowski, 1997a):

PB
opt =1.2956 + 0.2749T + 0.0617T 2 − 0.0205T 3 + 2.462× 10−3T 4

− 1.348× 10−4T 5 + 3.4132× 10−6T 6 − 3.27× 10−8T 7,

(4.9)

while the second uses the equation of Eppley (1972):

PB
opt = 1.54× 100.0275×(T−0.07), (4.10)

where T is water temperature.
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4.3 Results

4.3.1 Quality of PAR data sources

A comparison of the remotely sensed estimate of daily PAR to both the integrated daily

underway data and the instantaneous underway measurements of PAR are given in Fig-

ure 4.2. For SeaWiFS images there were often multiple passes for a given day, due

to the polar orbit of the satellite, which should increase the accuracy (Frouin et al.,

2003). However, the remotely sensed estimates of daily PAR were consistently higher

for images taken closer to midnight than those taken close to mid-day. The synchronous

underway data show that, as expected, instantaneous measurements of downwelling ir-

radiance were higher closer to noon. To attempt to correct this we applied a weighting

to the remote sensing estimates based on the solar geometry. The remotely sensed es-

timates were weighted by the cosine of the suns zenith angle before being averaged

for each day. This reduced the disparity between the satellite and underway values to

around 30 %, with the weighted satellite result usually being an overestimate.

The remaining variation in satellite estimation of PAR could be explained by rapid

changes in cloud cover, which is not accounted for in the SeaWiFS PAR product, but

is registered in the underway data. The diurnal cloud variability in the Arctic tends to

be characterised by thicker cloud cover around mid-day than in the evenings and early

morning (Tjernström, 2007). Consequently, satellite passes occurring later in the day

are more likely to have reduced cloud cover, which may lead to an overestimate of in-

cident irradiance, whereas the opposite may be true for passes close to local noon. This

is consistent with the results shown in figure 4.2.
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Figure 4.2: A) SeaWIFs PAR estimates separated by day and time of overpass. B) In-
stantaneous underway data at times of satellite overpass. C) Remote sensing composite
estimate weighted by time of overpass compared to daily summed underway data.
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Comparison of the Bird PAR model with the underway data (Figure 4.3) showed a gen-

eral agreement for a large portion of the data, over a wide range of incident irradiances.

At latitudes greater than 70◦N, the range of model values were 100-1000 µEinsteins

m−2s−1, depending on cloud cover. A greater range of values were observed at lower

latitudes, as the sun has a greater diel range in zenith angles. The underway data for lat-

itudes greater than 70◦N varied from 60-1800 µEinsteins m−2s−1, although the highest

observed values were often short fluctuations. These peaks represent a small fraction of

the underway data with 85 % of the measurements in the range of 100-1000 µEinsteins

m−2s−1. The agreement is also better between the modelled and underway data closer

to midnight than midday. This shows that the low zenith angles are probably not the

main source of discrepancy between the model and underway data as this is when the

zenith angles are most extreme.

4.3.2 Chlorophyll profiles and Case-I water assumptions

In vivo flourescence profiles

We compared in vivo fluorescence from the CTD fluorometer with fluorometric mea-

surements of extracted chlorophyll-a in vitro in order to derive profiles of phytoplankton

biomass at a higher depth resolution than our bottle sampling. Figure 4.4A shows that

the CTD in vivo fluorescence usually underestimates chlorophyll-a concentration for

depths less than 15 m, especially at low chlorophyll-a concentrations. This underesti-

mate is due to daytime fluorescence quenching in surface waters, as the 24-hour daylight

and shallow mixed layers lead to a high-light environment at the near surface, which re-

sults in diminished fluorescence yields per unit chlorophyll-a (Cullen and Lewis, 1995;
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Figure 4.3: Comparison of the underway PAR data (shown in black) and the Bird model
PAR output (blue shaded region, upper limit = 1 % cloud cover, lower limit = 99 %
cloud cover).
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Holm-Hansen et al., 2000; Sackmann et al., 2008; Mignot et al., 2011). To correct for

this near-surface underestimate of chlorophyll-a, a linear equation was fitted through the

log-transformed data from ≤15 m depth. This linear equation allows a correction (∆B)

to be added for underestimation due to quenching,

∆B = 1.71189 ∗B(z)0.65 −B(z). (4.11)

Given that this error is greatest at the surface and decreases exponentially with depth

(in the same manner as light transmission), the increase in chlorophyll-a (∆B) was

multiplied by an exponential decay with depth, with a decay constant of 1/20:

B(z) = B(z) + ∆B ∗ e−z/20. (4.12)

The agreement between observed pigment extracts and corrected in vivo fluorescence

using equation (4.12) is shown in Figure 4.4B. The improvement is greatest at shallow

depths and where chlorophyll-a concentrations are low. The overall r2 of regression

between in vivo and in vitro chlorophyll-a fluorescence estimates increased from 0.71

to 0.81 (p-val < 0.0001), the intercept decreased from 0.125 to 0.045 and the slope

increased from 0.68 to 0.92. These corrected fluorescence profiles were then used to

estimate the light transmission through the water column and primary production using

a spectrally-resolved model.

In addition to the diminished fluorescence yields in the near surface, we also observed

high variability in the shape of the chlorophyll-a profiles. The profiles can be split into

two types, those that show a pronounced sub-surface maximum and those that exhibit a
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Figure 4.4: Comparison of the CTD fluorescence and Turner Chl-a estimates before and
after correction factor was applied to correct for near surface saturation.

more uniform profile.

The prevalence of the subsurface biomass peak is apparent when we compare the mean

chlorophyll-a concentration within the surface waters ([Chl]surf ) to that integrated over

the euphotic zone (<Chl>Zeu), where surface waters were defined by the first optical

depth. Although a positive correlation between the two values was found, figure 4.5

shows that the IC2010 data lies above the trends reported by Uitz et al. (2006) for

the global oceans. There is therefore a larger fraction of integrated chlorophyll-a that

does not lie within the first optical depth in these Arctic waters. This is especially

prominent in the stations beneath sea ice and those with lower mean surface chlorophyll-

a concentrations (4.5).
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Figure 4.5: Comparison of Chlorophyll integrated over the euphotic zone and the mean
value within the first optical depth.

Profiles that do not possess a strong subsurface peak show a very strong correlation

between surface chlorophyll-a values and the mean chlorophyll-a in the upper 50 m of

the water column (r2 =0.9, p-val < 0.001), whereas those with a subsurface peak have

a poor correlation between these two variables (r2 =0.27, pval < 0.1). As mentioned

previously, deep chlorophyll maxima in the oligotrophic subtropical gyres are a result

of photoacclimation (Cullen, 1982). However, subsurface peaks in Arctic waters are

usually biomass and productivity maxima (Martin et al., 2010; Hill and Zimmerman,

2010) and are typically not simply a result of changes in the pigment content of phy-

toplankton cells. This is supported by our model results, where chlorophyll-a peaks at
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30 m contributed up to 84 % of the integrated primary production beneath sea ice and

up to 26 % at open ocean stations. This is in very good agreement with the work of

Hill et al. (2013) who estimated that in the Greenland sea production beneath the mixed

layer could account for up to 90 % of integrated primary production.

Sub-surface peaks were present in all the different stages of ice melt (under-ice, tran-

sitional and open-ocean) as well as in some coastal waters (Figure 4.6). A number of

stations had surface chlorophyll-a concentrations (B0) > 1 mg m−3, in addition to a

subsurface chlorophyll-a maxima. Sub-surface peaks were usually located at around

20 m in the water column (figure 4.7) but were seen as deep as 60 m at some stations.

Peak concentrations ranged from 1-5 mg m−3 with a near-normal distribution centred

just below 3 mg m−3. The peaks were usually narrow (σ ≤10 m) though some broad

peaks with σ values of 30 m were observed.

Light attenuation

To derive estimates of marine primary production it is important that the propagation of

light through the water column is accurate. Modelled and measured light profiles were

compared to determine whether the simple light attenuation model for Case-I waters

(Sathyendranath et al., 1989b) was valid for the ICE CHASER 2010 sampling stations.

It is often assumed that much of the Arctic is not Case-I due to its large drainage area

and high proportion of shelf-sea coastline (Kahru et al., 2011). A comparison of down-

welling light attenuation (Figure 4.8) to chl-a, using the CTD PAR data and fluorometric

chlorophyll-a measurements, shows that theKPAR
d is correlated with chlorophyll-a con-

centration. It is expected that the CTD PAR attenuation coefficients will be higher at

the surface than at depth as the strong absorption of red photons by water influences
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Figure 4.6: The comparative fits of the four biomass profile equations to CTD profiles.
This shows the level of performance in a variety of water column situations.
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the spectral distribution of PAR (Kirk, 1994). This is shown in figure 4.8 as a general

decrease in KPAR
d with depth for a given chlorophyll-a concentration. The relation-

ship is non-linear due to reduced absorption efficiencies in high concentration solutions

through self shading (Kirk, 1994).

By comparing the light profiles generated using the Sathyendranath et al. (1989a) model

to the hyperspectral profiles measured during the ICE-CHASER 2010 cruise, we can

assess the accuracy of the model in describing the spectral properties of the underwater

light field and examine whether there is a potential bias due to the assumption that these

waters are Case-I. For the assumption of Case-I waters to hold true, the contribution of

CDOM on the underwater light field should not be independent of the contribution from

chlorophyll-a.

To examine whether adjusting CDOM absorption in proportion to the chlorophyll-a

absorption may lead to a better agreement between the modelled and measured light

profiles, we varied the relationship between CDOM and phytoplankton absorption. The

coefficient of proportionality between aCDOM (440) and aChl(440)+aw(440) was set to

0.2 (baseline model), 0.25, 0.75 and 1.0. The first two station profiles available for

comparison are from coastal waters near to Svalbard and as expected, the attenuation

derived from the hyperspectral radiometer shows a poor agreement with the baseline

Case-I water model (Figure 4.9A). Raising the CDOM absorption relative to phyto-

plankton absorption adjusts the estimates in low Kd waters but is still not high enough

in regions of the water column with a high Kd. This means that the CDOM absorp-

tion is varying independently from the chlorophyll-a concentration and is contributing

significantly to total absorption.

Moving to the open-ocean stations, estimates of Kd for all wavelengths from the Case-
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Figure 4.8: KPAR
d from CTD downwelling irradiance data plotted against chlorophyll-a

concentration.

I light attenuation model are in good agreement with the radiometer profiles when

aCDOM (440)=0.25*(aChl(440)+aw(440)) (Figure 4.9B). The under-ice stations show a

more complex relationship between modelled and measured light (Figure 4.9C). The

strong attenuation of blue light suggests CDOM is contributing significantly to total

light attenuation in these waters. By increasing the contribution of CDOM total absorp-

tion to 50 % (aCDOM (440)=aChl(440)+aw(440) we bring the Kd estimate closer to the

in situ observations.
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Figure 4.9: A comparison of modelled and measured light attenuation at 4 wavelengths
and multiple depths (every 5 m until 40 m or light level below detection limit). Symbol
denotes ACDOM (440) relationship to AChl(440) and the colour denotes the wavelength
of light.
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Although these data point to CDOM as a potential contributor to strong attenuation in

the blue wavebands, attenuation by mycosporine-like amino acids (MAAs) cannot be

ruled out. The presence of high levels of MAA-containing phytoplankton in Arctic

waters near to Svalbard has been reported by Ha et al. (2012). Some of our absorption

samples did show very high absorption in the near UV, supporting the case for MAA

presence but we could not quantify the MAAs as the samples had been frozen (Sosik,

1999).

4.3.3 Sensitivity of primary production estimates to input variables

The initial spectral model of primary production Sathyendranath et al. (1989a) was run

using a generic spectral shape of phytoplankton absorption. The relationship between

phytoplankton absorption at 440 nm (aph(440)) and total biomass was taken from Prieur

and Sathyendranath (1981). The CTD fluorescence profile, corrected for quenching

using equation 4.12, was used as the biomass profile. Each of the input parameters was

then modified and the model was re-run for each of the 19 station profiles to observe

the effect on the estimation of primary production for each water type (open, under ice,

transition etc). The response in integrated primary production for a profile following a

change in model parameters (∆PP) is given as a percentage and calculated as:

∆PP =
PPmod − PPunmod

Punmod
∗ 100, (4.13)

where PPunmod is the primary production estimated prior to the modification of any

parameters and PPmod is the primary production following a parameter change.
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The primary production modelling results can be split into three groups based on in-

tegrated primary production (figure 4.10); 1) under-ice stations with low chlorophyll-

a concentrations, yielding very low values of integrated primary production; 2) open

ocean waters with high chlorophyll-a concentrations, yielding high primary production;

3) waters that are either ice-covered and possess high chlorophyll-a concentrations or

open ocean with low chlorophyll-a concentrations, yielding intermediate primary pro-

duction. A summary of the potential relative errors from the factors discussed is shown

in table 4.2.

The effect of varying IOPs

The first input to be varied was the shape of the phytoplankton absorption spectra

(aph(λ)). It was changed to the mean of the normalised absorption spectra from the

samples taken during the ICE-CHASER 2010 cruise. The resulting difference in inte-

grated production was minimal with a maximum ∆PP of 6.3 %, average ∆PP of 2.5 %

and higher ∆PP in stations with larger initial production estimates. We also ran a model

with a regional relationship between absolute phytoplankton absorption (aph(440)) and

total chlorophyll-a concentration based upon field observations. This allowed us to cor-

rect the absorption efficiency of the phytoplankton. Our data show that the Arctic phy-

toplankton have markedly different absorption efficiencies than proposed by Prieur and

Sathyendranath (1981), with Arctic assemblages having lower absorption coefficients

per unit chlorophyll-a pigment.

Prieur and Sathyendranath (1981) describes aph(440) as a two-part function:
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aph(440) =


0.007 + 0.07B B ≤ 1

0.059 + 0.018B B > 1.

(4.14)

Whereas the best fit to the ICE-CHASER 2010 absorption data gives:

aph(440) =


0.005 + 0.043B B ≤ 1

0.026 + 0.022B B > 1.

(4.15)

Correcting the absorption efficiency had a significant effect on the primary produc-

tion estimates at all modelled stations, consistently resulting in an increase in the in-

tegrated water-column primary production. The average increase using the Arctic equa-

tion (4.15) rather than the global equation (4.14) is 26.2 %, with the highest ∆PP being

47.9 %. The magnitude of ∆PP is not related to the total productivity, as with changing

the shape of the absorption spectra. Instead, the increase is greatest for stations with a

strong subsurface chlorophyll-a maxima, especially if the peak is beneath sea ice.

The model of Sathyendranath et al. (1989a) scales the CDOM absorption spectra such

that the absorption by CDOM at 440 nm (aCDOM (440)) is 20 % of the absorption by

phytoplankton at 440 nm (aph(440)). At some stations this assumption was leading to

the model predicting a deeper penetration of blue light than was seen in the hyper spec-

tral irradiance profiles. By increasing the aCDOM (440) absorption from 20 % of the

aph(440) to 25 %, 75 % and 100 % of the aph(440), we could match different irradiance

profiles (as in section 4.3.2). This led to a decrease in primary production since the

CDOM absorbs light that would otherwise be available for photosynthesis (see figure

4.10). The effect of increasing the aCDOM (440)/aph(440) to 0.25 is minimal and only ef-
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Figure 4.10: The change in the spectral model estimate of primary production when
the optical properties of the phytoplankton and water column are brought in-line with
regional measurements.
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fects production estimates by around 3.5 %. With an increase in aCDOM (440)/aph(440)

to 0.75, primary production decreased by 28 % on average. When aCDOM (440) equals

that of phytoplankton, the ∆PP was around -35 % on average. The ∆PP was higher

for the under-ice profiles and the most extreme reduction of primary production (-60 %)

was seen at a station that also had a strong SCM.

Effects of vertical variability in the biomass profile

Primary productivity at the 19 stations was calculated using each of the four profile

types mentioned previously (equations 4.3 4.4, 4.7 4.8). We consider the most accurate

estimate of primary production to be derived using binned data from the calibrated CTD

fluorescence profile. The primary production estimates from the four models are shown

in comparison to this in figure 4.11.

Some stations show good agreement between different representations of the chlorophyll-

a profile (from uniform biomass to exponential Gaussian) with ∆PP values of <10

%. Stations that show a discrepancy between model estimates tend to have low sur-

face chlorophyll-a concentrations and a pronounced subsurface chlorophyll-a peak. At

these stations, estimates can differ by a factor of three between the linear-decay and

exponential-Gaussian models. For most stations, the biomass profile chosen can effect

the estimate by ≈30 %, though in extreme cases it can be higher. Most of the errors in-

troduced by fitting equations to the biomass profiles lead to underestimates of primary

production, though in a couple of cases the estimated primary production does increase.

The largest error (∆PP of -69.2 %) was due to the use of the Arrigo style profile.
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Figure 4.11: The change in the spectral model estimate of primary production when
different equations are used to describe the vertical profile of chlorophyll.
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Effects of photophysiological parameters and irradiance levels

Thus far, all the production model runs have used photophysiological parameters for

each station measured by P-E incubations. If one were to incorrectly assign the P-E

parameters then how much error could be introduced? The model was run using the

extreme photophysiology values from the IC2010 data, PB
m (0.55–9.60 mg C (mg chl-

a)−1 h−1) and α (0.007–0.052 mg C (mg chl-a)−1 h−1 (µmol quanta m−2 s−1)−1). Figure

4.12 shows that errors in the assignment of the P-E parameters can cause the largest

errors in the estimation of integrated primary production (∆PP ± 80 %) of any of the

parameters examined. The range in primary production estimates caused by changes

in αB is greater than those produced by changes in PB
m . The stations beneath sea ice

also showed a stronger sensitivity to variation in αB, likely because the natural range in

values is lower.

As surface irradiance is a modelled variable input to the primary production model, we

can also assess the sensitivity of primary production estimates to varying cloud cover

(incident irradiance).

The model was run under conditions of 1 % and 99 % cloud cover to see the effect

of varying incident light on the different production estimates. As expected, the PP is

decreased with increasing cloud cover. However, the change in the PP caused by in-

creasing cloud cover (16-35 % decrease in PP), is least pronounced for stations with

sea ice. The insensitivity of the sea-ice stations to the quantity of incident irradiance is

related to the adaptation of these phytoplankton communities to low-light conditions.

One way of assessing whether a community of phytoplankton are dark adapted is to use

the photo-acclimation parameter Ek, which is a measure of the optimum light level for
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Figure 4.12: The change in the spectral model estimate of primary production when
photophysiological parameters are set to extreme values.
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Table 4.1: Production model error due to biomass profile equation, relative to baseline
model. Profile equation abbreviations are: Exponential Gaussian (EGa), Gaussian (Ga),
Linear (Lin) and Arrigo (Ar). The Behrenfeld model (Be) and Eppley model (Ep) errors
are also shown. A suffix of 1 or 99 indicates 1 % or 99% cloud cover respectively.

EGa1 EGa99 Ga1 Ga99 Lin1 Lin99 Ar1 Ar99 Be1 Be99 Ep1 Ep99

Mean error 2.8 2.7 -18.5 -18.5 -8.1 -7.8 -16.4 -16.5 156.6 207.4 119.1 158.0
Open error 2.1 2.0 -15.5 -15.4 -6.7 -6.1 -13.7 -13.2 128.7 187.3 60.1 99.2
Ice error 4.1 4.0 -24.1 -24.1 -10.7 -10.9 -21.6 -22.6 208.3 244.8 228.5 267.4

growth of the phytoplankton. The ICE CHASER 2010 data shows that the under-ice

phytoplankton possess a low Ek, most commonly around 50 µEinsteins. The attenu-

ation of light by sea-ice acts to dampen the change in under-ice irradiance variations

associated with large changes in absolute surface irradiance.

4.3.4 Comparison to a non-spectral VGPM model

A comparison of the spectral model estimates to independent deck incubations and the

VGPM is shown in figure 4.13. The modified VGPM models showed a reduced sen-

sitivity to variations in cloud cover, and therefore a reduced sensitivity to incident ir-

radiance (figure 4.13), when compared to the spectral models for open-ocean stations.

The parameterization of Behrenfeld and Falkowski (1997a) consistently overestimates

production and the mean overestimate is 156 % for 1 % cloud cover and 207 % for 99

% cloud cover. Assigning PB
opt using the Eppley temperature response curve resulted in

a lower mean error than the Behrenfeld and Falkowski 7th order polynomial (table 4.1)

but the improvement is exclusively in the open-ocean waters.
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Figure 4.13: Calculated primary production for 19 Arctic stations using adapted a
phytoplankton absorption spectra and absorption efficiency to chl-a relationship derived
from in-situ measurements. The CDOM contribution to absorption(440) was scaled to
0.2 * chl-a(440) plus water(440) absorption in open ocean waters and 0.75 beneath sea
ice. Each station has an estimate for each of the profile types, where the bar depicts
the production range from cloud covered to clear skies. The production using the actual
fluorescence profile is shown in light green and independent deck incubation estimates
are shown in pink.
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4.4 Discussion

4.4.1 PAR data sources

Although there is agreement between the cosine-weighted SeaWiFS PAR and underway

data, the variation in cloud cover and small percentage of days with valid remotely

sensed data (5 days of remote sensing estimates from over 25 days of cruise data) mean

that this data source does not have sufficient coverage for input into primary production

models.

In general the BIRD PAR model reproduces much of the surface irradiance seen at high

latitudes, especially during periods of high cloud cover. The model, however, does not

match the highest light observed near noon under very clear skies. The Bird model

has been previously shown to reproduce irradiance spectra at low solar elevation angles

(Bird and Riordan, 1986; Campbell and Aarup, 1989), with errors of less than 10 %

for the visible spectrum. This work supports the conclusion that the model is suitable

for high latitudes, though it also suggests some adjustment may be needed for clear-sky

conditions.

In summary, the Bird model tends to consistently underestimate the underway observa-

tions at the highest intensities. It does, however, give a high temporal resolution and

describes the majority of the observational data. The SeaWiFS PAR data product pro-

vides a reasonable estimate of daily PAR reaching the sea surface. However our results

suggest that diel variability in the daily PAR estimates should be considered, especially

when only a single valid data point exists for the day of interest, i.e. only one valid

image for a given day.
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4.4.2 Parameterization of IOPS

In all stations, subtle changes in the average phytoplankton absorption spectra does not

produce a significant change in the level of primary production. That is not to say

that specific phytoplankton absorption spectra would not be beneficial in certain light

regimes (Hickman et al., 2010), merely that for modelling purposes a general phyto-

plankton absorption spectra does not introduce errors to the same level as other param-

eters.

The absorption efficiency of phytoplankton is equally important in all stations and is

known to vary due to factors such as cell size and pigment assemblage. A decrease in

absorption efficiency acts to increase total production as PAR propagates further into

the water column.

Increasing the relative absorption by CDOM acts in opposition to decreasing the absorp-

tion efficiency, attenuating light. However, this is not necessary in all environments and

does not mean that we cannot use a model dependent upon chlorophyll concentration.

Beneath sea ice and close to the ice-edge, we observe a high contribution of absorp-

tion by CDOM. Unlike coastal waters, CDOM absorption co-varies with chlorophyll-a

and as such the waters can still considered as Case-I. Thus, our results suggest that we

can model the under-ice and open-ocean waters during the ICE-CHASER 2010 cruise

using a Case-I model, with a higher CDOM contribution to total absorption beneath

the sea ice. There are two possible explanations for the increased CDOM absorption

beneath sea ice. There is either increased production of CDOM or better preservation

of CDOM beneath sea ice. Recent estimates of the distribution of fluvial inputs of

DOM in the Arctic show that there is little input into the Greenland Sea from terres-
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trial sources (Fichot et al., 2013). It is likely that the CDOM is organically produced

(Steinberg et al., 2004), but it is unclear as to why this would preferentially increase the

CDOM contribution to absorption beneath sea ice. Photobleaching and photomineral-

ization can act to reduce CDOM absorption in Arctic waters (Osburn et al., 2009) and

would be inhibited by the presence of sea ice. If the CDOM is predominantly organ-

ically produced and is protected from photobleaching beneath sea ice then this would

explain the correlation of CDOM absorption with phytoplankton biomass and the dif-

ferent coefficients of proportionality between under-ice and open-water stations. The

aCDOM (440)/(aChl(440)+aw(440)) ratio remains variable for coastal waters and a sepa-

rate model is still required for those regions.

4.4.3 Parameterization of the biomass profile

The most complex representation of B(z)(equation with the highest number of parame-

ters) provides the best fit to a given profile (figure 4.6). But is such complexity required

for primary production estimates? The more complex profile gives a similar primary

production estimate to the simple profile under uniform mixed-layer conditions, but for

a complex vertical biomass distribution the simple profiles underestimate water-column

productivity. Examining the magnitudes of integrated water column primary production

across the stations, it becomes clear that the model results can be grouped into pairs. The

linear-profile model and the Arrigo-profile model show the same trend from station to

station and have a nearly identical magnitude at all locations. Similarly, the shifted

Gaussian and the exponential-Gaussian have similar primary production estimates.

The exponential-Gaussian equation provides the best fit to the profile data and shows
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excellent agreement to the estimates using the CTD biomass profiles. The on-deck in-

cubation results show a slightly better agreement with the two Gaussian-based estimates

of primary production than the linear and linear + decay estimates.

The errors associated with an incorrect profile and exclusion of an SCM estimated here

are similar to the estimates of Hill et al. (2013) (up to 90 % of profile production con-

tained in the SCM in the Greenland Sea) and slightly larger than those by Arrigo et al.

(2011).

4.4.4 Parameterization of photophysiology

As found in the work of Milutinović and Bertino (2011) the largest errors in primary

production estimates were due to variation in the parameterization of photophysiology.

Here, however, we see that the effect of αB variation is greater than that produced by

changes in PB
m , particularly for stations beneath sea ice. The values used here were not

outside of the natural variation seen in field samples. Trying to assign these parame-

ters remotely could introduce even larger errors unless the relationship used is robust

and verified for this region. We are most likely to over-estimate production for low-chl

under-ice conditions (which usually have low PB
m and αB) and under estimate produc-

tion for high-chl open-ocean waters.

4.4.5 Assigning model parameters for other locations

The exponential-Gaussian model best describes the variability in the shape of the biomass

profiles over a range of sea-ice conditions in the Greenland Sea and when used in pri-

mary production models provides the most accurate estimates. However, in order to use
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Table 4.2: Importance of primary production model parameters by water type

Input Parameter ∆PP Open Ocean Open Ocean Under Ice Under Ice
range High Chl Low Chl High Chl Low Chl

aph Spectra +0.5 to +6.3% Low Low Low Low
Absorption efficiency +15.1 to +47.8% High High High High
Cloud Cover -16.0 to -35.5% High High High High
Biomass Profile Equation -69.2 to +34% Low High High Low
Photophysiological (PmB ) ± (15 to >80%) High High Low Low
Parameters (αB) ± (15 to >80%) High High High High

(0.25) -2.4 to -7.5% Low Low Low Low
CDOM Scaling with Chl (0.75) -19.2 to -49% Low Low High High

(1.00) -24.9 to -60.1% Low Low High High

this profile equations across broad spatial and temporal scales in conjunction with re-

mote sensing data, the biomass profile parameters need to be assigned in the absence of

in situ data. Assignment of biomass profile parameters has been done using a number of

approaches, including using 1) correlation between biomass parameters and remotely-

sensed variables (Platt and Sathyendranath, 1999), 2) climatologies (Morel and Berthon,

1989), 3) nearest neighbour parameter assignment (Platt et al., 2008), 4) look-up tables

(Antoine et al., 1996) and 5) assignment based on biogeochemical provinces (Longhurst

et al., 1995).

We investigated whether the five parameters required for the exponential-Gaussian pro-

file show any relationship to environmental variables that are accessible using remote

sensing. The surface chlorophyll-a variable Bsurf is strongly correlated with the remote

sensing detected chlorophyll-a concentration. As Bsurf increases, z2 decreases, mean-

ing that for biomass profiles with a high surface chlorophyll concentration, the decrease

of chlorophyll-a with depth is more rapid. This may be due to the strong attenuation
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of light in higher biomass waters. The surface chlorophyll-a concentration, sea-surface

temperature, and salinity (available remote sensing variables) showed no strong corre-

lation with the parameters used to describe the sub-surface peak and do not show any

relationship to water-column ‘type’ (Figure 4.14). One way forward might be to adopt

a nearest-neighbour approach to the assignment of biomass profile parameters (Platt

et al., 2008). However, this approach requires a very large database, which is lacking

in this sector of the Arctic at present. Thus, in the absence of field observations, the

best approach would be to use a simple combination of predictor variables accessible to

remote sensing (such as mixed layer depth) and simpler profile types.
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Figure 4.14: Plots showing the relationship between curve parameters and proxy vari-
ables/province types for the exponential Gaussian curve fits.
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4.5 Conclusions

It is thought that the predictive power of large scale GCMs for the Arctic may decrease

in a warming Arctic ocean due to a decoupling of light and nutrient controls with re-

treating sea ice (Popova et al., 2012). Well parameterized optical models should not be

affected in a similar way, but our ability to assign variable parameters needs to improve

if we are to have confidence in our primary productivity estimates. The most important

parameters to constrain depend upon the conditions of the water column, namely the

presence of sea ice and the level of biomass.

The important sources of error for under-ice low-chlorophyll-a stations deal with factors

relating to light availability and utilization, including the absorption efficiency of phyto-

plankton, attenuation of light by CDOM and cloud cover. The factors can independently

result in errors greater than 30 %. However, due to the low biomass and hence primary

production at these stations during the summer months, errors will likely not lead to

significant changes in the estimation of annual primary production.

Under-ice stations with a significant subsurface peak (Chlorophyll-a >1 mg m−3) can

be subject to large relative errors in primary production. Changes in the phytoplankton

absorption efficiency can increase the production estimates by nearly 50 %, whereas

using simple biomass profiles causes an underestimation of primary production by as

much as 62 %. Correctly estimating the contribution of absorption from CDOM is also

very important under sea ice, since any factor which decreases the availability of PAR

at depth reduces the productive potential of a deeper chlorophyll-a peak.

The open ocean stations show a similar sensitivity to input parameters whether they are

high or low chlorophyll-a. Phytoplankton absorption efficiency and cloud can affect
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primary production estimates by around 25-30 %. Increasing the CDOM decreases

primary production by up to 38 % and shows a stronger effect in the low chlorophyll-a

waters. These waters did not actually have CDOM contents this high and so this factor

is not currently important in non-coastal, open waters. Although a warming Arctic may

increase terrestrial inputs of CDOM to Arctic surface waters, which would significantly

reduce primary productivity. The importance of the profile equation used was generally

low (mean 6 % error for linear profile), but for stations with a subsurface chlorophyll-a

peak the errors were up to 25 % for using a linear model.

The P -E parameter assignment has the largest effect on the production estimates across

all stations. It is of note that αB has a stronger affect than PB
m and was more influential

for under-ice stations.

To consider the importance of the error in input parameters, we must combine the sen-

sitivity of the model with our confidence in our estimates. Some factors such as cloud

cover can cause a significant variation in the estimate of primary production (up to 35

%) but can be quantified or estimated from remote sensing data for regional production

estimates. Other factors such as the photophysiological parameters and biomass profile

types are difficult to assign, yet have a significant impact on our estimate of primary

production.

Despite Arctic marine environments providing a unique set of challenges to modelling

primary production, this study shows that some factors are more important than others

when estimating the primary production across gradients of sea-ice cover. Our results

suggest that accurate assignment of the photophysiological parameters in this region is

critical, especially beneath sea ice. The absorption efficiency of the phytoplankton and

the cloud cover/incident irradiance are also important as they affect all the production
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estimates by around 30 %. The complexity in the vertical profile of chlorophyll-a is less

important in high-production open waters, where biomass is focussed near the surface,

but can be important in under-ice and marginal ice zones as they can exhibit a subsurface

maxima in chlorophyll-a. Although CDOM is clearly important when modelling light

attenuation in Arctic waters, this study shows that the non-coastal summer waters of the

Atlantic Arctic appear to be Case-I waters where the optical properties can be modelled

using chlorophyll-a concentration as the only variable.

It is likely that we currently underestimate summer production, due to the failure to in-

clude subsurface biomass peaks and under ice production. These can act as a significant

contributor to total production in ice-influenced regimes for the post bloom period. The

spring bloom phase in the Arctic can be short and followed by an extended period of

post bloom conditions (Hill and Zimmerman, 2010), so the relative contribution of the

subsurface production when summed over the total growing season is not insignificant.

Moreover, this open-ocean low-chlorophyll-a condition may become more prevalent if

sea ice melts back earlier in the year, causing oligotrophic conditions in the surface

layer.

This study also highlights the need to improve the radiative transmission models in the

Arctic, so that they capture the full range of irradiances observed in the region. In

particular, there is a pressing need to develop models that can estimate spectral light

transmission through various sea-ice conditions.
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Table 4.3: Symbols and units used in the study

Symbol Units Description

αB mgC mgChl−1 h−1(µ mol m−2s−1)−1 Low light efficiency of carbon fixation.
aCDOM (λ) m−1 Absorption by coloured dissolved organic matter

at wavelength λ.
aChl(λ) m−1 Absorption by chlorophyll-a at wavelength λ.
βB mgC mgChl−1 h−1(µ mol m−2s−1)−1 Photo-inhibition of photosynthesis at high

irradiance intensities.
B0 mgChl m−3 Background chlorophyll-a concentration for

shifted Gaussian profile.
B̄sat mgChl m−3 Mean depth weighted chlorophyll-a concentration

(1st optical depth).
∆Chl mgChl m−3 Chlorophyll correction applied for near surface

fluorescence quenching.
∆PP mg C m−2 Change in primary production in response to a

change in model parameters.
Fsurf mgChl m−3 Surface Chlorophyll parameter for Gaussian plus

exponential model.
h mgChl m−3 Magnitude of biomass peak in Gaussian biomass

profile equations.
I µEinsteins m−2s−1 Irradiance
kd m−1 downwelling attenuation co-efficient
PAR µEinsteins m−2s−1 Photosynthetically available radiation (400-700nm).
PBm mg C (mg chl a)1 h1 Maximum photosynthetic rate with photo-inhibition.
σ m Width of chlorophyll peak in Gaussian biomass

profile equations.
z2 m Depth at which background chlorophyll reaches

half Fsurf .
zm m The centre of the peak in Gaussian biomass

profile equations.
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Chapter 5

Summary

The Arctic marine environment plays an important role in global biogeochemical cy-

cling (Bates and Mathis, 2009). Recent observations show a strong physical response to

climate change in the Arctic (Johannessen et al., 2004) but the biological repercussions

of this environmental forcing are poorly understood. Changes in the distribution and

physiology of phytoplankton in the region are important for both geochemical budgets

and regional ecology through their influence on primary production dynamics. This

thesis has aimed to provide an insight into the current variability of phytoplankton com-

munity structure and photophysiology with a view to understand how the ecosystem

might respond under future climate warming. It has also considered the level of com-

plexity required to best model primary production in this region and key variables to

constrain when modelling primary production in the region.

Chapter 2 presented an assessment of the distribution of phytoplankton in the Atlantic

Arctic. Six major phytoplankton groups were seen to dominate phytoplankton assem-

blages in the study region; diatoms, haptophytes, cryptophytes, chrysophytes, dinoflag-
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ellates and prasinophytes. The groups contributing the largest fraction of integrated

biomass were diatoms and haptophytes. Group distributions were correlated with pres-

ence of sea ice, the strength of water-column stratification and nutrient concentrations.

There was a regional trend for phytoplankton populations to be of a mixed taxonomic

composition at depth, with assemblages dominated by single groups in surface waters,

due to increased environmental stress and selection pressure.

During the examination of phytoplankton community variability in Arctic waters, CHEM-

TAX pigment methods were validated against microscopy data. This study demonstrates

that CHEMTAX can correctly identify groups contributing the majority of phytoplank-

ton biomass in the Arctic, using a regionally-tailored seed matrix. Separation of sam-

ples based on optical depth and conducting multiple iterations of the subroutine allowed

CHEMTAX to account for photoacclimatory variation in group-specific pigment ratios.

This work also highlighted issues that may need to be addressed in future work, such as

the presence of photosynthetic ciliates that contains phytoplankton accessory pigments

and dinoflagellates that do not possess the marker pigment peridinin.

Group-specific differences in the shape of phytoplankton absorption spectra and ab-

sorption ratios were observed in both Arctic field and culture samples. The relationship

between absorption efficiency and chlorophyll-a appeared to be consistent across the

Atlantic Arctic, irrespective of dominant phytoplankton group, and was markedly dif-

ferent from the relationship documented at lower latitudes (Prieur and Sathyendranath,

1981; Bricaud et al., 1998). This has important implications for remote sensing stud-

ies of phytoplankton at high latitudes (Stuart et al., 2000; Sathyendranath et al., 2001;

Nair et al., 2008) as regional and group-specific differences in bio-optical properties can

influence both biomass and primary production estimates based on ocean colour data.
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Chapter 3 investigated the sources of variation in photophysiology in the Atlantic Arc-

tic and compared data from the Greenland Sea to other sectors of the Arctic to establish

whether physiological parameter to environmental variable relationships were local or

regional. Our field data agreed with the work of Huot et al. (2013) that larger cells

(diatoms) possess higher PB
m values than other phytoplankton groups, though culture

data highlighted the significance of temperature on photophysiological rates. The pho-

tophysiological parameters measured in the field seem to be primarily controlled by

physical factors rather than inter-group variation. For all waters phytoplankton PB
m was

strongly influenced by temperature and in open-ocean waters αB varied with depth (ir-

radiance). The variation of αB with depth was minimal beneath sea ice due to the con-

straints imposed by low absolute-irradiance variability and suppression of PB
m by low

temperatures. Strong stratification beneath melting sea ice causes stable environmental

conditions. This stability, in combination with the low level of irradiance penetrating

the sea ice and persistent low temperatures, leads to a reduced range in phytoplankton

photophysiology beneath sea ice.

Changes in bio-optical properties, photophysiological parameters and environmental

conditions all influence marine primary production. If the variation in these parameters

is systematic across an area then a single set of equations or relationships may be ap-

plied. Given that the photophysiology seems to be dominated by water temperature and

the presence of sea ice and the absorption efficiency of phytoplankton was relatively

constant across the Atlantic Arctic, it should be possible to treat the Atlantic Arctic as

a single region from the perspective of modelling primary production in relation to the

major forcing factors.

In chapter 4 the measurements of phytoplankton absorptive and physiological proper-
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ties were combined with a spectral primary production model developed by Sathyen-

dranath et al. (1995). The modelling of primary production using multiple biomass

profile equations, measured and estimated photophysiological parameters and spectral

and non-spectral models allowed the importance of different parameters on primary

production estimates to be assessed. This study demonstrated that the most important

parameters to constrain in primary production models in the Arctic depend upon: 1)

the amount of biomass in the water column and 2) the presence of sea ice. In general,

the phytoplankton photophysiology and the vertical structure of biomass in the water

column have the largest influence on primary production estimates, as seen in previous

studies (Platt et al., 1991; Milutinović and Bertino, 2011). However, the equation used to

describe the biomass profile is less important in high-biomass, open-ocean waters since

most of the primary production is concentrated near the surface. Of the bio-optical prop-

erties, phytoplankton absorption efficiency is more important to correctly estimate than

the details of the shape of the absorption spectrum. Chapter 4 also demonstrated that the

optical modelling of some Arctic waters may be possible with a modified Case-I water

type, where absorption by CDOM is higher than in normal Case-I waters but remains

proportional to chlorophyll-a concentration.

The estimates of primary production using a spectral model for Arctic waters ranged

from 21 to 161 mg C m−2 d−1 at under-ice stations and from 80 to 2086 mg C m−2

d−1 in the open-ocean waters. The SCM was a prevalent feature in this region and con-

tributed up 84 % of integrated primary production beneath sea ice. The simplest primary

production models had significant errors in their estimates of primary production. The

Behrenfeld and Falkowski (1997) model, for example, systematically over-estimated

primary production and performed particularly poorly at sea ice stations. This error
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was partially due to an overestimation of maximum photosynthetic rate. These results

mean that we should be wary of interpreting the results of simple models of primary

production in the Arctic as they are unlikely to capture the complexity of the system,

introducing significant error.

The data presented here on community structure, physiology and primary production

highlight that the boundary between sea-ice and open-ocean waters leads to a marked

change in multiple aspects of the marine ecosystem. The dominant phytoplankton

groups, variation in photophysiology through the water column, and average primary

production all change dramatically across this boundary. The formation of sea ice in the

winter and its retreat in the summer is one of the defining features of the Arctic Ocean

and the area of perennially ice-covered Arctic Ocean is increasing under the influence

of climate change.

From our insights into the variability in the distribution and physiology of phytoplankton

in the Atlantic Arctic, we can speculate on about the likely response of phytoplankton

in this region to future climate change.

The key factors likely to influence phytoplankton are: 1) the loss of sea ice in the sum-

mer, both the extent of open water and the timing of the sea-ice retreat, 2) a warming

of ocean surface temperatures, 3) changes in the stratification of surface waters through

increased melt-water input and wind-stress.

Our data shows that the loss of sea ice will likely increase the variation in phytoplankton

photophysiological parameters due to greater light penetration into the water column.

Increasing water temperatures will also raise PB
m values and allow a greater variation

in photoacclimation through variation in αB values. Our data also suggest that a larger
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region of open water in the summer will lead to an increase in primary production,

though under-ice production should be taken into account in these calculations, as sea-

ice covered areas are productive prior to ice retreat (Gradinger, 1996; Arrigo et al.,

2012).

If increased melt-water input and sea-ice melt results in increased Arctic stratification,

we will likely see a widespread and extreme depletion of nutrients in surface waters,

promoting the formation of productive sub-surface biomass maxima in open waters. If

stratified open waters persist for long periods over the summer, the subsurface biomass

peak could be important in relation to integrated annual primary production. If wind

stress increases and overcomes melt-water and thermal stratification, productivity in the

surface layer could increase greatly. Changes in the stratification may also lead to a

transition in the dominant phytoplankton groups. Increased open water mixing and ris-

ing water temperatures may favour the growth of haptophytes in the region but increase

melt-water input may lead to the dominance of prasinophytes in strongly stratified, cold

surface layers. If an increase in production is co-incident with a shift in dominant phyto-

plankton group, away from diatoms, there may not be a synchronous increase in carbon

export, as diatoms are more efficient at exporting carbon than many other phytoplankton

groups (Buesseler, 1998). The extent and boundaries between regional water masses

may also play a large role in the biological response to climate change. Shifts in the

boundaries between Atlantic and Pacific halocline layers below the polar mixed layer

could influence nutrient supply and water column stability due to different temperature

and salinity profiles.

Overall, it appears that primary production will increase in a warming Arctic due to an

increase in the areal extent of open waters and higher maximum photosynthetic rates.
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Alongside this increase there will likely be an altered distribution of phytoplankton

groups, which may lead to changes in ecosystem dynamics and biogeography. The

location of the ice-edge is of great importance, not only as it promotes the upwelling of

nutrients but because of the biological transitions that take place in the ice-edge zone.

5.1 Future directions

The diversity of phytoplankton observed here highlights the need for further high-

resolution investigation of phytoplankton biogeography in the Arctic Ocean. Questions

remain regarding dominance of particular phytoplankton groups, e.g are the prasino-

phytes commonly associated with the presence of a strong halocline layer and is this

association related to regional nutrient and water-mass dynamics?

The routine use of CHEMTAX in the Arctic will aid our understanding of the biological

response to climate forcing. The Arctic-tailored seed matrix used in this study could be

used for larger datasets to assess phytoplankton variability on larger spatial or temporal

scales. It would be of interest to perform a similar analysis of the performance of the

CHEMTAX matrix using pigment and taxonomic data from another Arctic region. In

general the use of CHEMTAX in the Arctic still requires validation against other coin-

cident taxonomic data and the quantification of dinoflagellates and cryptophyte biomass

requires further investigation.

This study has highlighted the unique photophysiology of the Atlantic Arctic with

region-specific relationships between; PB
m and temperature, αB variability and sea-ice

presence, and absorption efficiency with total Chl-a. Future work involving the use of

techniques such as FRRf could allow a greater insight into observations of low quantum
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yields and photoacclimation strategies beneath sea ice. It would also be worth compar-

ing these results to those from the Pacific influenced Arctic.

To improve future estimates of Arctic primary production it is essential that we can

reasonably parameterize the photophysiology and biomass profile for a given water col-

umn. This work has shown that some of these parameters may be estimated from proxy

variables but others may require the use of alternative approaches, such as nearest-

neighbour methods, after the construction of a larger database of measurements. It

would also be of use to integrate a more realistic sea-ice optical layer into the radiative

transmission model, which could account for factors such as melt ponds and changing

snow cover on the underwater light field.
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