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Summary

Upward mixing of remineralized nutrients is essential for photosynthesis in

the upper ocean. Weak vertical mixing, which restricts nutrient supply, and

sea ice, which leads to low light levels, conspire to severely inhibit marine

primary productivity in the Arctic Ocean. However, little has been known

about their relative contributions. No large-scale quantitative estimates

of the vertical nutrient supply had previously been presented, which has

impeded an understanding of its role in shaping the ecology and carbon

cycle of the Arctic Ocean.

In order to estimate the vertical flux of nitrate into the surface layer

in contrasting hydrographic and dynamic regimes, profiles of turbulent

microstructure and nitrate concentrations were measured as part of a number

of cruises and ice camps in the area extending from eastern Fram Strait into

the Nansen Basin. These have been supplemented with obervations of the

seasonal nutrient cycle at a mooring in the same area, and a reanalysis of

available data on nitrate concentrations and turbulent mixing in other parts

of the central Arctic Ocean.

Hydrography was found to be the biggest driver of variability in nitrate

fluxes. Strong stratification, wherever encountered, restricted nitrate supply,

often in concert with concurrently weak turbulent mixing, both in the

seasonal nitracline (0.3–0.7 mmol N m−2 d) and the deep basin (0.01–

0.2 mmol N m−2 d). Thus deep winter mixing supplies the bulk of the nitrate

pool on the relatively productive shelves (e.g. 2.5 mmol N m−2 d in the inflow

of Atlantic Water during winter), but in the strongly stratified Canadian

Basin, fluxes are low year-round (on the order of 0.01 mmol N m−2 d) and

place a tight limit on new production. Only the weakly stratified Atlantic

derived water in the Nansen Basin close to Fram Strait seems to have a

certain potential to support future increases in new production under a

seasonal ice cover.
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1
Introduction and

Background

1.1 Vertical fluxes and primary production

The growth of marine phytoplankton is confined to the uppermost layer

of the ocean called the euphotic zone. Organic matter has a tendency to

sink and thus exports essential nutrients to depth. This flux is called export

production. In this way, the world ocean is partitioned into a photic, nutrient

poor surface layer and the aphotic, nutrient rich deeper layers. Without any

further exchange processes between these two pools, nutrients would be

quickly buried in the sea floor and not support photosynthesis. An upward

flux of nutrients is therefore crucial for maintaining primary production in

the ocean (Margalef, 1978). The new production is limited by the net

community production, i.e. the net increase in primary producer’s biomass

that can then be exported (see text box below).

Especially in the oligotrophic ocean, the vertical supply of inorganic

nutrients constrains new production. Lewis et al. (1986) showed that the

upward flux of nitrate matched its uptake by primary producers. Christian

et al. (1997) found that the slower remineralization of carbon with depth

matched the stoichiometry of carbon, nitrogen and phosphorus in the upward

fluxes. The export of particulate matter thereby helps removing carbon from

the surface layer and thus the atmosphere. Upward mixing of deeper water

and its nutrients provides the lever on this process dubbed the biological

pump, which represents the oceanic buffering capacity of atmospheric levels

of carbon dioxide. The present and future of the nutrient supply to the photic

zone in the world ocean has also received considerable attention regarding

the future of marine ecosystems, since changes in the nutrient loading will

have the ability to drive marked changes in the marine community structure

(e.g. Li et al., 2009; Peter and Sommer, 2013; Sommer et al., 2016).

The upward flux can be both advective (like coastal upwelling or Ekman

1



1. Introduction and Background

The many measures of primary production

Net primary production (NPP) is all assimilation of inorganic nutrients
into organic matter, adjusted only for autotrophic respiration, that is,
respiration by the primary producers themselves. The production that is
based on allochthonous nutrients (i.e., nutrients not formed locally; in
practice taken to be nitrate) is termed “new production” (NP), while
the remainder is “regenerated production”, generally taken to result from
uptake of ammonium (Dugdale and Goering, 1967). In this framework,
only new production can contribute to vertical export of nutrients when
the budget is balanced over several years. The net community production
(NCP) is the primary production adjusted for all respiration, both by
autotrophs and heterotrophs. NCP is then the upper limit of export
production (Eppley and Peterson, 1979).

pumping) or diffusive (like turbulent mixing). In the absence of conditions

consistently favourable for upwelling (such as coastal upwelling zones, sub-

polar gyres, and cyclonic eddies), turbulent (diapycnal) diffusion accounts

for most of this upward transport. Importantly, strong stratification reduces

the vertical mixing coefficient (Section 2.3), which in the Arctic Ocean (AO)

restricts the nitrate flux into the photic zone.

1.2 Hydrographic setting

The Arctic Ocean’s hydrography is dominated by the input of three distinct

water masses: Warm, Atlantic Water through Fram Strait and the Barents

Sea, relatively fresh Pacific Water through Bering Strait and river freshwater

runoff, mainly through the Siberian and (to a smaller extent) the Canadian

shelf (e.g. Dickson et al., 2007; Woodgate, 2013). The relatively weakly

stratified Atlantic-derived water spreads along the eastern margins of the

deep basin, while strongly stratified Pacific derived water masses spread

into the western parts of the deep basin (e.g. Rudels et al., 2004, 2015).

Thus deep winter mixed layers prevail in the East, and strong perennial

stratification in the West (Fig. 1.1). On top of that comes the seasonal

progression of sea ice melt derived freshwater input into the upper ocean,
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which is presented in Section 1.3. The seasonal pycnocline forms only in the

summer months and does not significantly influence the overall shape of the

nitrate gradient across the deeper, perennial pycnocline that is evident for

the Nansen and Amundsen Basin profiles in Fig. 1.1.

As we will see in Section 3, the distinction between seasonal and perennial

stratification gives rise to two distinct types of nitraclines, seasonal and

perennial. A discussion of the implications of the hydrography for vertical

and lateral gradients of nutrient concentrations can be found in Section 3.

1.3 The seasonal cycle

Due to the seasonal cycle of sunlight, photosynthesis at high latitudes is

concentrated around a few summer months. Accordingly, concentrations

of both phytoplankton and nutrients in the upper ocean vary mainly with

seasons. In the spring, the nutrient pool is rapidly depleted, often aided by an

explosive spring bloom. Throughout summer, nutrient concentrations remain

low and the ecosystem switches to a recycling state, relying on regenerated

nutrients (e.g., ammonium, NH+
4 ). In fall, primary production ceases again,

and the mixed layer nutrient pool is replenished to the concentrations it had

at the end of the previous winter.

The abundance of nutrients in this pool is an important factor in spring

blooms, but exactly what is responsible for the timing of the spring bloom,

remains controversial (see e.g. Behrenfeld and Boss, 2014). A recurring

theme are however intensities and depths of mixing, often related to the

restratification of the water column (e.g. Sverdrup, 1953; Huisman et al.,

1999). In the Arctic Ocean, phytoplankton blooms are often associated

with retreat of the ice cover (Perrette et al., 2011). As ice melt implies

both an increase in the amount of photosynthetically available radiation and

an increasingly stable stratification, it is not straightforward to distinguish

between light or mixing as triggering mechanisms in the field.

1.4 Approach and objectives

Dissolved inorganic nitrogen is, in most instances, the limiting nutrient in

the Arctic Ocean (Tremblay and Gagnon, 2009, and references therein),

3



1. Introduction and Background

so nitrogen is usually used as the base “currency” of biogeochemical models

of the Arctic Ocean (see e.g. Popova et al., 2012; Slagstad et al., 2015).

In addition, availability of high-quality optical nitrate sensors (Johnson and

Coletti, 2002, and subsequent publications by this group) makes it possible

to autonomously record high-resolution nitrate concentration data without

the need for wet chemistry. This allowed us to measure nitrate concentration

and gradients at a much greater vertical, lateral and temporal resolution

than could be afforded by traditional bottle samples. The quantification of

vertical nitrate fluxes can serve as a means to study the effects of turbulence

and hydrography on primary production because organic matter is often

found to follow a fixed stoichiometry, the so-called “Redfield ratio” (see

the seminal paper by Redfield et al., 1963). While the importance of

the vertical nitrate flux for Arctic marine ecology and nutrient cycling is

frequently stressed, it has largely remained unquantified so far (Tremblay

et al., 2015, but see Bourgault et al. (2011) for an exception).

The main objective of this dissertation is precisely to fill that gap, that is

to quantify the vertical turbulent nitrate supply to the photic zone, both on

a seasonally stratified inflow shelf (the Barents Sea shelf slope area) and in

the perennially stratified deep Arctic Ocean. The hydrography and mixing in

the seasonally stratified upper Arctic Ocean will be of particular importance

to understand the physical environment in which marine primary producers

grow. Along the way, I describe both large-scale patterns and the seasonal

distribution of NO−3 concentrations around the Barents Sea shelf slope, and

place these in a pan-Arctic context.
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2
Methods

2.1 The What and How of turbulent nitrate fluxes

To my knowledge, the direct measurement of turbulent nitrate fluxes has

so far not been attempted because sampling frequency and instrument

accuracy of currently available sensors are not sufficient to measure small-

scale turbulent fluctuations in nitrate concentrations. A convenient method

for ship-based campaigns is the combination of vertical profiles of velocity

microstructure and nitrate concentrations (N ). This method relies heavily on

parameterizing the vertical eddy diffusivity Kρ (the proportionality constant

between flux and mean-field gradient of a quantity, units of m2 s−1) from the

dissipation of turbulent kinetic energy ε (W kg−1 ≡ m2 s−3) and mean-field

stratification, using an empiric formula (see Section 2.3). Then, combining

Kρ with the vertical gradient of nitrate concentration (µM m−1), the vertical

turbulent nitrate flux is

FN = Kρ
∂N
∂z

(2.1)

in units of mmol N m−2 d. As mentioned previously, we can convert

between carbon and nitrogen units by assuming a constant fixed ratio

between the constituting elements of organic matter. Although the Redfield

ratio (see Section 1.4) seems to depend on type of the organic matter

and environmental conditions (e.g. Sterner et al., 2008; Tamelander

et al., 2013; Frigstad et al., 2014), such disputes concern relatively small

corrections to the C:N ratios published in the literature, certainly smaller than

the uncertainties in the estimation of turbulent fluxes. Giving the nitrate

flux in units of g C m−2 yr−1 (1 g C m−2 yr−1 ≈ 0.035 mmol N m−2 d),

our studies I, II and IV put the vertical nitrate flux into the context of other

estimates of primary production.

2.2 Field work and data sets

Data for this thesis were collected during a total of five different campaigns

associated with three different projects: Carbonbridge, N-ICE2015 and
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2. Methods

TransSIZ (Table 2.1 and Fig. 2.1). All of them had a strong component

focused on various aspects of the biogeochemical regime of physical-biological

interactions in the Atlantic Arctic.

Figure 2.1: Overview map indicating areas

where individual projects where conducted.

Details about seasonal and regional cover-

age of campaigns other than NPEO/BGEP

(North Pole Environmental Observatory, Beau-

fort Gyre Exploration Project) are presented

in Table 2.1. The latter indicate only a reanal-

ysis of existing data collected by projects the

author is not affiliated with.

For the Carbonbridge

project, data were collected

on three different cruises in

January, May and August

2014, covering the Marginal

Ice Zone in Fram Strait and

the shelf slope area north

of Svalbard with a combi-

nation of cross-shelf slope

transects and 24-hour pro-

cess stations. The field mea-

surements conducted for the

N-ICE2015 project were dis-

tributed over successive ice

camps in the period January

till June 2015 in the pack ice

north of Svalbard. From the

TransSIZ campaign, only a

single transect of NO−3 con-

centration profiles was used

to supplement the discus-

sion of large-scale patterns

in NO−3 distribution (IV).

.

2.3 Turbulent microstructure

Microstructure shear, conductivity and temperature were measured using a

loosely tethered microstructure profiler MSS-90L (IWS Wassermesstechnik,

Germany) with two airfoil shear probes, falling freely at a constant rate

between 0.55 and 0.85 m s−1. Using the small-scale shear, one can infer

8
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2. Methods

the vertical eddy diffusivity, Kρ, used in calculation of nutrient fluxes. The

microstructure sampling was usually made in sets of at least three consecutive

repeat profiles at any given station.

MSS data were processed following Fer (2006) for all data sets included

in I-IV. Briefly, assuming local small-scale isotropy (Yamazaki and Os-

born, 1990), dissipation of turbulent kinetic energy was estimated from the

measured microscale shear as

ε = 7.5ν〈
(
∂zu′

)2〉, (2.2)

where ν is the molecular viscosity of sea water and ∂zu′ the turbulent

shear. Combining turbulent microstructure with stratification, the eddy

diffusivity of mass is estimated as

Kρ = Γ
ε

N2
(2.3)

following Osborn (1980), where N2 = −g
ρ
∂ρ
∂z defines the buoyancy fre-

quency N using gravitational acceleration g and water density ρ. The

magnitude of the factor Γ and its dependence on other parameters is the

subject of current research (e.g. Salehipour et al., 2016), but the work

presented in this thesis employs the canonical value of 0.2 put forward by

Osborn (1980), which represents the upper bound of an average over long

spatial and temporal scales. Drawing on the Reynolds analogy for fully

turbulent flows, it is then generally assumed that this eddy diffusivity is the

same for all scalar tracers such as mass, heat, and dissolved salts like nitrate.

2.4 Sensor-based nitrate measurements

Vertical profile of nitrate concentrations (N ) were measured using the ISUS

V3 (In-Situ Ultraviolet Spectrophotometer; Satlantic). The ISUS was used

in various configurations based on campaign and setting. When deployed

from one of the large vessels, it was mounted on the shipboard SBE911+

(Sea-Bird Electronics, USA) CTD (conductivity-temperature-depth) rosette

system logging the analog output voltage of the unpumped ISUS. During

the N-ICE2015 drift, the ISUS was deployed from a tent through a hole in

10



the ice. Again, it was used in an unpumped configuration, mounted on a

frame together with an SBE19+ system that was programmed to sample

the analog output voltage of the ISUS. On the mooring array described in II,

the ISUS was mounted 1 m below an SBE16plusV2 instrument (SeaCAT).

The simultaneous acquisition of temperature and salinity data is crucial to

all deployments in order to subtract seawater absorption from the absorption

spectra following Sakamoto et al. (2009). A detailed account of ISUS and

CTD data processing and quality screening is given in the Appendix of IV.
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3
Findings

3.1 Patterns across the Arctic Ocean

In the Atlantic sector, a striking pattern in the lateral distribution of nitrate

is the contrast between the shelves and the deeper basins. While the central

Arctic Ocean is perennially stratified and thus has a perennial nitracline (I,

IV), the upper shelf slope and the Barents shelf themselves are seasonally

stratified (IV), with no or very weak stratification during the winter (Loeng,

1991). In fact, replenishment and complete vertical homogenization of

the surface nitrate pool in the Atlantic inflow already happens by early

winter around November/December (II). This means that in the shelf slope

area around Svalbard, the annual NCP is supported mostly by the vertical

homogenization during fall and winter, likely aided by increased wind mixing

in fall and thermal convection in the weakly temperature-stratified Atlantic

Water (II).

Across the central Arctic Ocean, there are large-scale patterns in hydrog-

raphy and turbulent mixing. Going from the Yermak Plateau via the Nansen,

Amundsen and Makarov to the Canada Basin, stratification strengthens and

dissipation decreases. Accordingly, also FN decreases from the eastern (FN

equivalent to as much as 7.0 g C m−2 yr−1 close to the Yermak Plateau)

to the western (≈ 0.5 g C m−2 yr−1, an order of magnitude less than what

Lewis et al. (1986) inferred for the oligotrophic North Atlantic) regions

of the central Arctic Ocean. We calculated the Redfield-equivalent of the

area-weighted average turbulent vertical nitrate supply to be in the range

1–2 g C m−2 yr−1 (I). Factoring in a range of other processes like horizontal

advection, winter convection, and nitrogen fixation, we estimate the overall

new production in the central Arctic Ocean that is exported across the

nitracline to be in the range 1.5–3.0 g C m−2 yr−1. The magnitude of

these export fluxes is still extremely small relative to other areas of the

world ocean (e.g. Honjo et al., 2008). Our estimates suggest that FN

is more important than previous comparisons of vertical (diffusive) with

the lateral (advective) fluxes had suggested for the central Arctic Ocean

13



3. Findings

(Anderson et al., 2003). More importantly, our methodology makes it

possible to not only estimate the present-day FN , but also the maximum

fluxes that a given stratification and mixing scenario could support, all other

factors permitting. These maximum fluxes correspond to a scenario where

enhanced light input, seasonal (summertime) mixing and the export effi-

ciency act to make all nitrate in the Polar Mixed Layer accessible to export

production. This provides a quantitative handle on the issue of nutrient vs.

light limitation. Using our formalism, we concluded that the Amundsen and

Canadian Basins are nutrient-limited, and only close to the Atlantic inflow

around the Yermak Plateau and the shelf break is light currently a limiting

factor for new production.

3.2 Seasonal stratification and upper-ocean mixing

Summertime upper-ocean hydrography in the seasonal ice zone is dominated

by the formation of freshwater layers deriving from sea ice melt (III). In

general, directly wind driven dissipation is restricted to the uppermost

parts of such meltwater layers, below which dissipation scales with buoyancy

frequency in a manner consistent with the dissipation of narrow-band internal

waves, possibly near-inertial. Thus, effectively, the nitracline is decoupled

from the enhanced mixing of the surface layer throughout later parts of

the melt season. Based on hydrographic considerations, we expect these

mechanisms to extend to other areas of the Arctic that are only seasonally

stratified.

Across the data sets considered in this thesis, it was found that upper

ocean nitrate drawdown was strongly linked to the onset of stratification

(IV, Fig. 5). This was demonstrated clearly as we encountered a pre-bloom

situation in the core of the inflowing Atlantic Water in Fram Strait in May,

while freshwater-induced stratification further west was directly coupled

to waters where nitrate had been consumed. Nitrate fluxes through the

summertime nitracline in the Atlantic sector were found to depend primarily

on the presence of ice cover, where fluxes under sea ice were measured to

be half as large as in open water (IV). However, the reason is not reduced

dissipation in ice covered conditions due to suppression of surface waves,
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Langmuir circulation etc, but rather that stratification is enhanced under

sea ice due to continued input of meltwater (III). Although stratification in

the Marginal Ice Zone in late summer is generally stronger than in spring

when melt has just started, this difference is hardly noticeable in the nitrate

fluxes. The reason is that as the season progresses, the nitracline migrates

downward to below the pycnocline (IV), which itself remains shallow due to

continued ice melt (III).

3.3 Conceptual framework

Because the turbulent nitrate flux depends on the magnitude of the gradient

in NO−3 concentrations, the seasonality of the nutrient concentrations is also

reflected in the seasonality of the turbulent nutrient fluxes. However, due

to the vertical structure in both mixing and nitrate gradients, one has to

pay attention to the vertical level at which fluxes are computed in order to

interpret them correctly.

The deep nitraclines of the central Arctic Ocean are removed from the

direct influence of (potentially ice mediated) wind forcing, and thus the

associated nitrate fluxes act with a similar magnitude year-round (Fig. 3.1 C,

bottom). This maintains the interannually steady concentration of nitrate in

the Polar Mixed Layer. A slight seasonality in fluxes could potentially stem

from seasonally varying input of near-inertial energy due to changing ice

concentrations (Rainville and Woodgate, 2009), or deep winter mixing

reaching the perennial pycnocline (Polyakov et al., 2013).

Embedded in the upper layers are seasonal processes: The depth-

integrated drawdown of nitrate is concentrated around the spring bloom

(Fig. 3.1 C, top). The drawdown that happens during the summer is in

theory constrained by the vertical flux through the nitracline (Fig. 3.1 C,

second from top). First with fall and winter mixing, FN becomes large

enough to replenish the surface layer’s nitrate pool. At the lowermost extent

of the seasonal nitracline, fluxes only become noticeable in fall, and stand

for the complete homogenization of the upper ocean (Fig. 3.1 C, third from

top). What all four curves in Fig. 3.1 C have in common is that their annual
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3. Findings

integrals are equal to each other and to the end-of-season nitrate drawdown

(e.g. Codispoti et al., 2013).
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4
Perspectives

4.1 Vertical nitrate fluxes as a framework for study-

ing primary production

Traditionally, primary production is thought of as a composite process whose

magnitude is set by a range of environmental parameters like nutrient

loading, temperature, photosynthetically available radiation, and community

structure, among other things (see e.g. Valiela, 2015). This necessitates

detailed and time-intensive measurements of e.g. nutrient uptake and

primary production rates, all of which can vary greatly in time and space

(e.g. Mackas et al., 1985; Abbott, 1993). However, general circulation-

biogeochemical coupled models fundamentally disagree about the future of

Arctic marine primary production, largely due to different representations

of vertical mixing processes (Vancoppenolle et al., 2013). Constraining

the vertical fluxes of nutrients and organic matter offers the chance to

disentangle the imbalance between vertical supply of nutrients and primary

production that leads to the large discrepancies in upper ocean nutrient

inventories frequently observed in coupled biogeochemical models (Popova

et al., 2012).

Instead of considering the host of biological processes that occur as a

part of primary production in a food web, in this thesis I attempt to constrain

the processes in the euphotic zone by the nutrient input through upward

fluxes. These have to match the output at least approximately if a steady

state is to be maintained. Since turbulent mixing is largely determined by

physical processes, it is easier to estimate and more accessible to quantitative

prediction at larger scales. This gives direct access to seasonal and annual

integrals of nutrient fluxes and thus key terms of budgets in the nutrient

cycle. The approach taken is therefore explicitly bottom-up. Neglecting top-

down effects such as zooplankton grazing or viral mortality is only possible

due to the focus on new production which enforces a strict nutrient budget

perspective on all involved processes.

Hydrographic conditions vary widely across the Arctic Ocean, both in
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4. Perspectives

the annual mean and the seasonal cycle. Vertical homogenization in winter,

wherever occurring, means that NCP has access to the entire nutrient

reservoir in the water column, and thus even though summertime meltwater

induced stratification might be strong and limit nutrient fluxes, annual

integrals of FN are large. It is not the case that the vertical turbulent

nutrient supply to the photic zone in the Arctic Ocean is low because of

strong stratification as such, as is commonly claimed in the literature. As

we showed, FN in the central Arctic is low primarily because of little mixing,

not because of strong stratification (relative to other regions1). This is

a crucial distinction as stratification and mixing are two distinct, albeit

overlapping issues. However, the strong stratification is presumably at least

co-responsible for creating such a quiescent environment (e.g. Lincoln

et al., 2016).

Low nitrate concentrations were associated with low uptakes rates (IV),

estimated by bottle incubations using the N-15 isotope. The incubation

results agree qualitatively with the expectation that strong stratification

reduces nutrient supply. However, the uptake of nitrate (into the pool of

particulate organic nitrogen) was more than one order of magnitude smaller

than the nitrate flux supplied. We put forward several possible explanations

in paper IV, but the one I in hindsight consider most plausible is that

after the spring bloom, most (on the order of 90%) of the new production

contributed to the build-up of the large pool of dissolved organic nitrogen

that was observed in August (Lena Seuthe, pers. comm. 2016). Such a

large shunt of nitrogen into the microbial loop would indicate that most new

production that occurs during the summer months would not be exported,

but instead respired later. This might however not have huge implications

for the annually integrated export since FN was small compared to the

annual nitrate drawdown.

In this context it is worth stressing that the seasonal NCP (the maximum

of which can be estimated e.g. from the end-of-season nutrient drawdown,

see e.g. Codispoti et al., 2013) is not necessarily the same as the export

1In fact, many regions of the world ocean exhibit similar, if not lower, ratios between
nitrate and density gradients across the nitracline, see e.g. σθ-N plots by Omand and
Mahadevan (2015); cf. the methodology employed in I.
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production (EP). The discrepancy is then accounted for by (e.g., dissolved)

organic matter that is not exported, but instead remineralized in the upper

ocean during the following winter. Ideally, this wintertime respiration should

be included in estimates of annual NCP, but observations are few and far

between (e.g., Tremblay et al. (2008) speculated that the N increase

they observed during winter was due to nitrification).

Similarly, NPP is usually larger than NCP due to reliance on regenerated

nutrients throughout the summer. Importantly, in the framework of Arctic

carbon cycling, the instrumental definition of new production (NP) as equal

to NCP would often preclude a meaningful discussion of the associated

export. It is therefore more precise to define NP=EP, and acknowledge

that the NCP based on nutrient profiles measured in late summer is only an

upper bound for EP. A linear extrapolation from trends or patterns in EP to

NPP or even NCP is not advisable as community respiration is governed by

many additional factors. Both the NPP:EP and NPP:NCP ratios are subject

to the complicated interplay between nutrient loading, turbulence intensity,

temperature, salinity, mortality, grazing, and heterotrophic respiration, that

sets the community structure of marine ecosystems.

4.2 The future of Arctic marine primary production

The work presented in this thesis demonstrates a clear need to distinguish

between annual NCP on one side and (summertime) daily NCP and NPP

on the other side. As the open-water period lengthens, it has been observed

that NPP increases (Arrigo and van Dijken, 2015), but the implications

for EP are not immediately clear. Similarly, enhanced daily NCP during

the summer might not necessarily be a significant fraction of annual NCP

(IV). Predictions of Arctic marine primary production therefore have to be

carefully defined both with respect to their temporal scope and the involved

nutrient pools.

This thesis also indicates that the potential for increased new production

is very limited. The recent Arctic-wide increases in primary production noted

above are therefore likely attributable to enhanced recycling of nutrients.

The fall blooms recently observed by Ardyna et al. (2014), however, might
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4. Perspectives

well be due to entrainment of new nutrients as stratification deepens when

the ice cover is gone (III).

While climate related changes in the strength of stratification alone

have the potential to drive marked changes in regional FN (I), a major

uncertainty is the future of the internal wave field in the Arctic Ocean.

Recent findings suggest that the absence of sea ice enables near-inertial

energy input (Rainville and Woodgate, 2009; Dosser and Rainville,

2016), but other observations suggest that most of this energy is dissipated

in the strongly stratified surface (Lincoln et al., 2016). The hydrographical

contrasts across the Arctic Ocean and seasonal stratification likely also affect

the input and redistribution of near-inertial energy. In the relatively weakly

stratified Eurasian Basin, the near-inertial energy might penetrate deeper,

but uncertainties arise from the unknown future of the shallow meltwater

layers that cover much of the seasonal ice zone in summer.

4.3 Outlook

The vast and shallow Arctic shelves are a large uncertainty in the projections

of future Arctic marine ecosystems and nutrient cycling. This is partially

because they are relatively unexplored, but not the least due to their compli-

cated biogeochemistry dominated by extreme amounts of riverine freshwater

and terrestrial carbon (e.g. Semiletov et al., 2012). An interesting ques-

tion is whether vertical nitrate fluxes can provide a suitable framework for

assessing new production also on the shallow shelves. One condition would

be crucial: That the consumption of nitrate is restricted to an “upper” layer

situated above a “lower” nutrient-rich pool throughout summer, i.e. that

both mixing depth and euphotic zone are restricted to a distinct surface

layer. This is not a given since the shallow topography could potentially

make the entire water column available to mixing and light input.

As we demonstrated in paper III, it is primarily the sea ice melt that

sets the structure of meltwater layers. These in turn affect both wind

driven mixing and potentially deeper mixing due to downward radiation of

near-inertial energy, and thus nutrient supply to the photic zone. Strong

upper-ocean stratification sets the strength of the coupling between a variety
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of surface-dependent processes and the winter mixed layer on a seasonal basis,

which itself is coupled to the ocean underneath via a perennial pycnocline

on interannual time scales. However, future sea ice melt rates (in units of

sea ice volume per area per time) have received relatively little attention

as opposed to trends in sea ice extent and concentration. As the seasonal

ice zone expands, I anticipate that melt rates and surface freshwater layers

become increasingly important in predicting future Arctic Ocean climate.
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