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Abstract

Climate change, caused by anthropogenic emissions of carbon dioxide (COz) and
other greenhouse gasses into the atmosphere, is producing profound impacts on
ecosystems. The Arctic Ocean is one of the most vulnerable regions of the world
and is experiencing the most substantial effects of climate change. This region is
characterized by strong seasonality with highly productive episodes, called
phytoplankton blooms, that together with the entrance of ice-melt, reduce the CO>
concentration in seawater (from about 370 to 130 patm). During spring and
summer, the low CO; concentrations might limit the photosynthesis of marine
plants and algae. However, during these periods the increase of atmospheric and
oceanic COz may stimulate the primary productivity in the Arctic Ocean.

Increased atmospheric COz is directly related with Arctic warming and the
consequent acceleration of glaciers and sea-ice melting. During spring and
summer, the ice cover retreat increases the light irradiance in submersed areas
and ice-free areas become more frequent. An increase of ice-free waters may
probably favour the expansion of marine vegetation into the Arctic and the
migration of subarctic species to northern regions, characterized by long day
length in summer.

Since pelagic and benthic ecosystems contribute largely to the primary
productivity of the Arctic Ocean, in this thesis I investigate the experimental effects
of two abiotic factors: increased COz and long day length. These effects have been
tested on planktonic communities in surface waters and benthic macrophytes in
subarctic and Arctic ecosystems. In parallel, I investigate the relationship between
planktonic primary production rates estimated with three different methods: the
02 mass balance, the 180 method and the *C method. This comparison of methods
has been carried out for the first time in the Arctic Ocean, specifically in the north
and northwest of the Svalbard shelf, and we conclude that the *C method, with
incubations of 24 h, underestimate the gross primary productivity measured with
the O2-based methods, although the relationships change seasonally. In spring, the
Oz-based methods are the most appropriate methods to estimate the gross
primary productivity while in summer both C and O2-based method are adequate.
Therefore, the 0Oz-based methods were applied to investigate the possible
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limitation of CO; in planktonic communities in two regions of the Arctic Ocean.
With this aim, we carried out experiments of CO2 additions in spring and summer
in the west and northwest of the Svalbard shelf and observed that the stimulation
was restricted to highly productive episodes, when CO2 concentrations were
already low and nutrients concentrations were low but still present in seawater.

To determine the periods of CO; limitation, I carried out weekly experiments of
increased CO; during the development of a phytoplankton bloom, from March to
late May in 2016 in Godthdbsfjord, southwestern of Greenland. We observed that
during approximately two weeks after the bloom reached its maximum
production, called the peak bloom stage, the phytoplankton community was limited
by the low COz concentrations. During this window of time the net primary
production rates increased with increasing CO2 concentrations in presence of
dissolved inorganic nutrients.

Additionally, we experimentally evaluated the effects of long day length,
characteristic of Arctic summers, and the effect of increased CO:. on three
subarctic macrophytes species: Ascophyllum nodosum, Fucus vesiculosus and
Zostera marina. We observed that their photosynthetic activity, measured as the
electron transport rate, were highest at long day length. Increased CO; also had a
positive, though non-significant effect on the macroalgae species A. nodosum and
on the seagrass Z. marina. Therefore, these species will benefit from increased day
length as they expand in the Arctic and migrate poleward with decreasing ice
cover.

The results of the present thesis suggest that present and future increases of CO>
concentrations are likely to enhance the contribution of the spring bloom to the
annual primary production budget in Arctic and subarctic waters. Moreover, long
day length will benefit the expansion and poleward migration of the subarctic
species investigated. In this thesis, I present experimental evidence of the effects of
climate change in pelagic and benthic ecosystems in two regions of the Arctic
Ocean, contributing to the field of climate change ecology in the marine
environment. Besides, the comparative study of primary production
methodologies contributes to the field of Arctic oceanography by which aids in
developing further investigation and expectations conducive to forming
conclusions on how climate change will affect the Arctic Ocean in the future.
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Resumen

El cambio climatico, causado por la emisidén antropogénica de diéxido de carbono
(CO2) y otros gases de efecto invernadero a la atmésfera, esta produciendo grandes
cambios en los ecosistemas. El Océano Artico es una de las regiones mas
vulnerables del mundo y por ello en esta regidon se estan produciendo cambios
sustanciales. El Artico se caracteriza por una fuerte estacionalidad con episodios
altamente productivos, llamados floraciones o blooms de fitoplancton, que, junto
con la entrada de agua de deshielo, reducen la concentracion de CO; en el agua de
mar (de 370 a 130 patm aproximadamente). Durante primavera y verano, las bajas
concentraciones de COz pueden limitar la fotosintesis de plantas y algas marinas.
Sin embargo, durante estos periodos, el aumento global de CO2 atmosférico y
oceanico podria estimular la produccién primaria en aguas articas y subarticas.

El aumento de CO; atmosférico esta directamente relacionado el calentamiento del
Artico y la consecuente aceleracién de la pérdida de glaciares y hielo marino. El
retroceso de la cubierta de hielo en primavera y en verano esta aumentado la
entrada de luz en zonas sumergidas, y las zonas libres de hielo son mas frecuentes.
El aumento de aguas sin hielo marino podria favorecer la expansion de vegetacion
marina en el Artico y la migracién de especies subarticas hacia el norte, donde las
horas de luz diaria alcanzan las 24 h.

Debido a la importante contribucion de ecosistemas pelagicos y benténicos a la
productividad primaria del Océano Artico, en esta tesis he investigado los efectos
experimentales de dos factores abioticos: el aumento de CO; y largos fotoperiodos.
Estos efectos han sido evaluados en comunidades plancténicas de aguas
superficiales y en macroéfitos benténicos de ecosistemas subarticos y Articos. De
forma paralela, he investigado la relacion de las tasas de produccién primaria
plancténica estimadas a través de tres métodos diferentes: el método de balance
de oxigeno, el método de 180 y el método de *C. Esta comparacién se ha realizado
por primera vez en el Océano Artico y concluimos que el método de 14C, con
incubaciones de 24 h, subestima la producciéon primaria bruta medida con los
meétodos basados en oxigeno, aunque las relaciones cambian estacionalmente. En
primavera, periodo de alta produccion, los métodos basados en oxigeno son los
mas apropiados para estimar de la produccién primaria bruta mientras que en
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verano ambos métodos, basados en carbono y en oxigeno, son adecuados. Por ello,
estos métodos se emplearon para investigar la posible limitacién de CO2 en
comunidades plancténicas del Océano Artico. Con este objetivo realizamos
experimentos de adicion de COz en primavera y en verano en el oeste y noroeste
de Svalbard y observamos que la estimulacidn estaba restringida a episodios de
alta productividad, cuando las concentraciones de CO; ya habian bajado y los
nutrientes inorganicos seguian presentes en el agua a bajas concentraciones.

Para determinar el periodo de limitacién de CO2, realicé experimentos semanales
de aumento de CO2 durante el desarrollo de una floracién de fitoplancton, desde
Marzo hasta finales de Mayo de 2016 en Godthabsfjord, al suroeste de Groenlandia.
En estos experimentos, observamos que durante dos semanas aproximadamente y
después de que la floracién alcanzase su maxima produccion, el llamado peak
bloom stage, la comunidad fitoplancténica estd limitada por las bajas
concentraciones de CO2. Durante este periodo de tiempo, las tasas de produccion
primaria neta aumentaron con el aumento de la concentracion de COz en presencia
de nutrientes inorganicos disueltos.

Ademas, hemos evaluado experimentalmente el efecto de largos fotoperiodos,
caracteristicos de la temporada de verano en el Océano Artico, y el efecto del
aumento de CO; en tres especies de macréfitos subarticos: Ascophyllum nodosum,
Fucus vesiculosus y Zostera marina. Hemos observado que la actividad fotosintética,
medida como la tasa de transporte de electrones, era mayor en el fotoperiodo de
luz continua. El aumento de CO; también tuvo un efecto positivo, pero no
significativo, en la especie de macroalga A. nodosum y en la faner6gama Z. marina.
Por ello, estas tres especies se beneficiaran del aumento de horas de luz a medida
en que se expandan y migren hacia el norte, siguiendo el retroceso de la cubierta
de hielo.

Los resultados de esta tesis sugieren que el presente y el futuro aumento de las
concentraciones de COz incrementan la contribucion de la floracion de fitoplancton
primaveral al balance de la produccién primaria anual en aguas Articas y
subarticas. Ademas, el fotoperiodo de luz continua favorecera la expansion y la
migracion hacia el norte de tres especies de macrofitos subarticos. En esta tesis
presento evidencias experimentales sobre los efectos del cambio climatico en
comunidades plancténicas superficiales y en tres especies de macréfitos
benténicos en dos regiones del Océano Artico, contribuyendo al conocimiento de la
disciplina de la ecologia del cambio climatico en el medio marino y contribuyendo
a la disciplina de la oceanografia artica con el estudio comparativo de las
metodologias de produccion primaria en esta region, fomentando el desarrollo de
futuros estudios y predicciones de los efectos del cambio climatico en el Océano
Artico.
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Image 1: Frazil ice and coastline at the NW of the Svalbard Archipelago aboard the R/V
Helmer Hanssen. Photo credit: M. Sanz-Martin.
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1. Introduction

1.1 Global climate change in the Arctic Ocean

Anthropogenic greenhouse gases (GHGs) emission has increased since the
beginning of the industrial revolution due to the large economic and population
growth (IPCC, 2014). Concentrations of carbon dioxide (COz), methane (CH4) and
nitrous oxide (N20) have risen (Canadell et al., 2007; IPCC, 2014) with larger
increases between 2000 and 2010, in spite of the growth of climate change
mitigation policies (IPCC, 2014) (Figure 1). GHGs are affecting the climate system
and are causing the increase of global temperatures, the retreat of glaciers and
sea-ice melting as well as the rise of global mean sea level during the last decades
(IPCC, 2014). Atmospheric COz concentrations have increased from 240 ppm in
1750 (Zeebe, 2012) to more than 400 ppm in 2017 (http://scrippsco2.ucsd.edu).
Between 1750 and 2011, 2040 + 310 GtCOz have been emitted (IPCC, 2014).
About 55 % of these emissions has been transferred to land and oceans and 45 %
have remained in the atmosphere (Ballantyne et al,, 2012; IPCC, 2014). Oceans
have absorbed ~30 % of the anthropogenic CO2 emitted, although predictions
about how the ocean CO; sink will change as the earth warms are not accurate
(Sarmiento & Gruber, 2004).
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Figure 1: Atmospheric concentrations of the greenhouse gases carbon dioxide (CO,
green), methane (CH4, orange) and nitrous oxide (N0, red) determined from ice core data
(dots) and from direct atmospheric measurements (line) (IPCC, 2014).

(ppm)

\

N,O (ppb)

Surface temperature on land and ocean has increased 0.85 °C on average from
1880 to 2012 and further increases are predicted by the end of the 21st century
(IPCC, 2014). In the Arctic atmosphere, temperature has increased almost two
times more than the global average in the last 100 years (ACIA, 2004; Trenberth et
al, 2007) and will continue to warm more rapidly than global mean (IPCC, 2014).
Arctic warming is causing accelerated sea-ice and glacier melting, particularly in
spring and summer (Maslanik et al., 2007; Duarte et al, 2012b). The Arctic region
is experiencing the most substantial effects of climate change and for that, it is one
of the most vulnerable regions (Duarte et al.,, 2012a,b).
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The European Sector of the Arctic Ocean is characterized by a warm Atlantic
current call the West Spitsbergen Current (WSC) which flows northward through
the Fram Strait (more details in section 3.1 Study areas). The warming of this
region is causing the reduction of the transport of sea ice from the Arctic Ocean
into the Barents Sea, probably promoting an effect of “atlantification” that leads to
changes in heat transport and vertical mixing (Sundfjord et al., 2008). The intense
warming across the Arctic has lead into a decreased annual sea-ice extent and the
reduction of its thickness at a rate of 3.5-4.1 % per decade (Vaughan et al, 2013).
In some Arctic regions, the period of ice-free waters has increased around 90 days
between 1972 and 2011 (Vaughan et al.,, 2013). Climate models suggest reductions
in Arctic sea ice but the worst scenario forecasts a high Arctic largely free of sea ice
for the summer of 2037 (Wang & Overland, 2009; IPCC, 2014). Increased
temperatures, reductions of sea ice and increased global mean sea level, among
other factors, are expected to cause declines and redistribution of global rates of
the net primary production (NPP) by 2100 in the open ocean, while increases in
NPP are expected at high latitudes (IPCC, 2014). In the Arctic Ocean annual NPP,
estimated based on satellite chlorophyll concentrations, has increased by 30 %
since 1998 (Arrigo & van Dijken, 2015) and further increases are predicted across
much of the Arctic Ocean with regional contrasts (Arrigo et al.,, 2008; Arrigo & van
Dijken, 2015; Slagstad et al,, 2015).

1.2 Therole of CO: in Arctic waters

The increase of atmospheric CO; is producing oceanic CO; absorption due to the
air-sea imbalance (Wolf-Gladrow et al, 2007; Zeebe, 2012; IPCC, 2014). When the
partial pressure of a gas is increased in the atmosphere, the gas enters by diffusion
in the water mass through the air-water interface, producing an input flux into the
water until both partial pressures are equilibrated. After the equilibrium between
partial pressures is stablished (Eq. 1), seawater has about the same concentration
of COz as the atmosphere:

CO2 (atmospheric) = CO (dissolved) (Eq. 1)

Most of the carbon (C) in seawater is dissolved in four inorganic forms: free CO:
(hereafter COz), bicarbonate ion (HCO-3) and carbonate ion (CO273). The sum of the
dissolved carbonate species is usually expressed as total dissolved inorganic
carbon (DIC). HCO3- is the major component of DIC in the ocean, at a typical pH of
8-8.1. DIC consists of 90 % HCO3~, 9 % CO2-3 while only 1 % is CO2 (Wolf-Gladrow
et al, 2007; Zeebe, 2012). Carbonic acid (H.COs) concentration is commonly
included in the measurements of CO; since it is less than 1 % of the CO: pool.
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The equilibrium of DIC is also called the carbonate buffering system:
CO2z + H20 = H2C03 = HCO3~= CO3?- (Eq. 2)

By increasing the CO: concentration (Eq. 2), the concentration of HCO3~ and
protons (H*) will increase and the concentration of CO32- will decrease, causing a
decrease in pH, generally called acidification. According to predictions, after 2100,
the pH in the surface ocean will approach 7.8 although this pH is above 7, which is
not technically “acidic (Wolf-Gladrow et al., 1999). During photosynthesis, CO2 and
HCO3~ are consumed and the DIC levels decrease, yielding CO3%- as a by-product
and increasing the pH. Respiration increases CO2, which binds with CO3%- lowering
its concentrations, forming HCO3~ and lowing the pH. Henry's law in
thermodynamic equilibrium relates gaseous CO2 and CO: concentrations trough
the following equation:

Ko= [COz]/COz(g) (Eq 3)

Where Ko is the solubility coefficient of CO: in seawater, which is highly dependent
on temperature and, to a lesser extent, on salinity (Weiss, 1974). The solubility
coefficient increases with decreasing temperature and increasing salinity (Eq. 3).
For instance, the solubility of CO is practically double when the temperature
decreases from 20°C to 0°C (Sakshaug et al., 2009). The cooling of Atlantic waters
flowing into the Arctic Ocean increases COz solubility and decreases pCO (Kaltin;
etal, 2002). Together with the biological CO; uptake, that decreases further pCO>
in the surface, the capacity of the Arctic Ocean to absorb large quantities of
gaseous CO; increases (Kaltin; et al,, 2002). In this thesis, the capacity of the Arctic
Ocean as CO: sink has been evaluated through the relationship between air-sea
fluxes and the productivity of the planktonic community in during certain periods
within the sections Results 4.2 & 4.3.

1.3 Primary productivity and its methods in the Arctic Ocean

Photosynthesis is the basic process that produces energy for all the organisms of
the food web and the rate at which the photosynthesis occurs is called primary
production (PP) or primary productivity rate (Beer et al., 2014). Marine vegetation
provides approximately half of the global PP (Woodward, 2007; Falkowski &
Raven, 2013). Phytoplankton is responsible for nearly all the PP that occurs in the
pelagic ecosystems of the Arctic Ocean while macrophytes have a fundamental role
as primary producers in the Arctic coastline (Sakshaug et al, 2009). In near-shore
areas of the high Arctic, the photosynthetic activity of phytoplankton contributes
65 % to the primary productivity, benthic macrophytes contributes 21 %, benthic
microphytes 13 % and the contribution of sea-ice algae is less than 1 % (Glud &
Rysgaard, 2007). Although recent studies indicate that the contribution of sub-ice
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phytoplankton might double previous annual estimates in some regions of the
Arctic Ocean (Fernandez-Méndez et al., 2015) and they seem to become more
common in a future Arctic (Assmy et al., 2017). Nevertheless, this thesis focuses on
the productivity of plankton communities and benthic macrophytes, excluding the
study of benthic microphytes and sea-ice algae.

During photosynthesis, the photosynthetic-pigment molecules, principally
chlorophyll a, absorbs part of the radiant energy from sunlight providing chemical
energy to reduce CO; to carbohydrates, hydrolyse water, release Oz and create
organic matter. Chlorophyll reaction centres become chemically excited and
electrons are moved to a higher energy state from photosystem (PS) I to II by
absorption of light quanta, resulting in a photosynthetic electron transport rate
(ETR) that leads consequently to rates of Oz production and C assimilation during
photosynthesis in the light (Ralph & Gademann, 2005; Falkowski & Raven, 2013).

Because photosynthesis is a fundamental process, affecting either directly or
indirectly the functioning of marine ecosystems, from their capacity to take up
atmospheric CO; to the distribution and breeding success of higher trophic levels,
quantification of PP has long been a core measurement in biological oceanography
(Robinson et al., 2009; Regaudie-de-Gioux et al., 2014). Measurements of PP over
the last decades, both remote and in situ, have provided critical insight into the
spatial and temporal variability of phytoplankton growth in the Arctic. Although
the Arctic Ocean is strongly seasonal, some of its regions rank among the most
productive in the oceans (Gosselin et al., 1997; Tremblay et al, 2002; Vaquer-
Sunyer et al., 2013), directly related with pelagic and benthic higher trophic levels
(Grebmeier & Mcroy, 1989; Grebmeier et al., 2006, 2013). While recent modelling
and remote sensing studies have also suggested climate-driven changes in Arctic
PP (Pabi et al, 2008; Slagstad et al, 2015), methodological differences in PP
measurements nevertheless introduce uncertainty in these future projections. To
evaluate PP responses, appropriate estimations and evaluations of PP based on
comparable methods are fundamental.

Three primary methods have historically been used to estimate planktonic PP,
each with different underlying assumptions and shortcomings. However, the
reporting of method is often unspecific. Gross photosynthesis or gross primary
production (GPP) is an estimate of total photosynthetic rate before any losses, like
respiration, take place. GPP has been quantified using two oxygen-based methods
as the photosynthetic production of 180 from 180-labelled water additions (GPP-
180) (Bender et al., 1987) as well as using the 0z mass balance method (Carpenter,
1995). The determination of GPP-180 through mass spectrometry measures the O
produced during 24-h incubation (Bender et al., 1987) and has been identified as
the best approach to estimate GPP-180 (Regaudie-de-Gioux et al.,, 2014). However,
not all the oxygen-producing metabolic processes measured with the 180 method
are directly related to carbon assimilation (i.e. the Mehler reaction,
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photorespiration and mitochondrial respiration) (Bender et al, 1999; Laws et al,
2000; Dickson et al, 2001; Marra, 2002), potentially leading to biased estimates.
The O2 mass balance method (Carpenter, 1995), on the other hand, measures the
change in dissolved oxygen in light/dark incubations over 24 h subject to a natural
photoperiod. GPP, (hereafter GPP-DO) is derived by summing the rate of change of
oxygen in dark bottles (an estimate of community respiration, CR) and that in clear
bottles subject (an estimate of net community production, NCP) (Carritt &
Carpenter, 1966; Duarte et al, 2011). However, this procedure assumes that
respiration in the dark is the same as that in the light. Recently, this has been
shown to be particularly incorrect in the Arctic Ocean during spring and summer,
with 24-h daylight increasing respiration rates (Mesa et al., 2017).

The third and most widely used method to resolve planktonic PP is the 14C method
(Steemann-Nielsen, 1952) which traces the incorporation of inorganic carbon into
particulate organic carbon (1*C-POC), and can also be used to track the release of
14C incorporated as dissolved organic carbon (14C-DOC), by subtracting the total
organic carbon production (1*C-TOC) from 14C-POC. Whereas estimates based on
02 mass balance consistently incubate the communities over 24 h in estimating
GPP, high variability in incubation times have resulted of significant uncertainty as
to how to interpret 14C rate measurements. If incubations are long enough to
account for COz losses due to algal respiration, then this method reflects net
primary production (NPP) (Marra, 2002, 2009), which may account for a minimum
of ~35 % of GPP (Bender et al., 1996; Duarte & Cebrian, 1996). As a consequence
of losses due to algal respiration and DOC production, particulate C-based
production (*C-POC) underestimates GPP by about 48 % (Del Giorgio & Duarte,
2002).

Comparison of estimates derived from these various methods have led to
conflicting results. In previous studies in the North Pacific (Grande et al, 1989b),
the Oz mass balance and the 80 methods provided similar estimates of
productivity, while the 180 estimates were higher than O estimates for the Arctic
Ocean (Mesa et al., 2017), similar to large-scale comparisons (Robinson et al,
2009; Regaudie-de-Gioux et al., 2014). In contrast, 180 values can be significantly
lower than O2 rates in nutrient-rich areas with low oxygen concentration (Gazeau
etal, 2007). This large variability indicate that the performance of the methods to
estimate PP are based on environmental conditions and the use of multiple
methods to estimate PP is recommended (Robinson et al., 2009).

In turn, comparisons between the C-based method and the 0z-based methods have
indicated lower rates of *C incorporation than Oz production (Robinson et al,
2009; Regaudie-de-Gioux et al, 2014). These discrepancies are likely due to
variability in the assumed photosynthetic quotient (PQ), a critical parameter
quantifying the amount of oxygen evolved per unit of photosynthetically carbon
fixed into organic matter. PQ values range widely, from 1.0 to 1.8, with values 1.0
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to 1.4 in non-polar oceanic areas (e.g. Bender et al., 1987; Grande et al, 1989a;
Laws et al., 2000; Dickson et al,, 2001) and from 1.1 to 1.8 in the Southern Ocean
surrounding Antarctica (i. e. Williams et al., 1979; Aristegui et al., 1996; Robinson
etal, 1999). No PQ value has been derived for the Arctic Ocean, so the most widely
applied PQ, 1.25 proposed by Williams et al. (1979), has been applied in this region
(i. e. Vaquer-Sunyer et al., 2013).

Historically, 1#C-PP measurements have primarily been collected across the Arctic
Ocean, with Oz -based rates collected only in select regions (Matrai et al., 2013).
Average 1*C-PP rates in surface waters derived from estimates compiled over 50
years (1954 to 2007) across this region in summer are 70 and 21 mg C m3 d-! in
spring and summer, respectively (Matrai et al, 2013). Oz-based estimates,
collected in the European sector of the Arctic between 2007 and 2011, report
average rates of GPP-DO in surface waters of 168 and 55 mg C m-3 d-! in spring and
summer, respectively (Vaquer-Sunyer et al, 2013), two-fold higher than those
derived for 14C-PP rates measured in summer across all the Arctic regions (Matrai
et al, 2013). Whether these differences are due to spatial gradients or temporal
changes in the system, or a result of bias in the methods of measurement remains
unknown due to a lack of comparison between concurrent C-based and Oz-based
measurements of PP in Arctic waters.

An appropriate understanding of gross and net PP measurements is fundamental
for marine biogeochemical research but a definitive estimate of PP remains
uncertain in oceans globally given the differences between methods and their
underlying assumptions. This is particularly relevant in the Arctic Ocean, where
recent modelling and remote sensing studies suggest changes in rates of PP
(Arrigo et al, 2008; Pabi et al, 2008; Arrigo & van Dijken, 2015; Slagstad et al.,
2015) although estimations with different methods are sparse (Matrai et al., 2013).
In order to reconcile PP estimations and facilitate future studies in this rapidly
changing region, my co-authors and I have assessed the relationships between C
and Oz-based PP rates in the Arctic Ocean (Results 4.1).

1.4 Arctic seasonality: drawdown of CO: and reduced ice cover

The Arctic Ocean is characterized by extreme seasonal changes in solar radiation
and sea-ice cover. During spring and summer, the sun is above the horizon from 21
h to 24 h of daylight depending on the latitude. In winter and early spring, the sun
is under or low over the horizon following the same pattern of hours of darkness.
The presence of snow and ice cover in this region has prevented vegetation growth
in both pelagic and benthic ecosystems (Krause-Jensen & Duarte, 2014). However,
current reductions in ice cover particularly in spring and summer will have
important consequences in these ecosystems (Krause-Jensen et al, 2016). During
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this period, the increase of day length and increased irradiance stimulate
photosynthesis of both pelagic and benthic autotrophs, consuming DIC and leading
to low CO: levels that might become limiting in coastal and shelf areas. In this
thesis, I focussed on the community-level responses of plankton in pelagic
ecosystems (Results 4.2 & 4.3) and physiological-level responses of macrophytes
in benthic ecosystems in the Arctic Ocean (Results 4.4) to increased CO:

concentrations and increased day length.

1.4.1 Planktonic productivity in the Arctic Ocean

The deep Arctic Ocean basin is poorly productive along the whole year due to the
presence of ice while the surrounding seas are highly productive in spring and
summer (Wassmann, 2008), such as the western and central European Arctic
Corridor, that currently supports the highest GPP, and also in the Chuckchi Sea and
the Bering Strait GPP is relatively higher (Slagstad et al,, 2015). On an annual scale,
the European Arctic is likely net autotrophic, given the high productivity of intense
blooms of phytoplankton while in winter and summer it is likely net heterotrophic
(Vaquer-Sunyer et al., 2013). The Arctic spring blooms are generally triggered by
increased solar radiation from longer days together with increased temperature,
melting ice and the consequent stratification (Sakshaug & Skjoldal, 1989; Niebauer,
1991), along with increased underwater irradiance due to the large sea-ice loss
(Reigstad et al, 2002; Hodal et al., 2012; Juul-Pedersen et al, 2015). In presence of
abundant nutrients, the stabilization of the water column from melting induced
stratification, and high pCO2, blooms of phytoplankton develop across the Arctic
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Ocean following three stages: prebloom, bloom and postbloom phases (Figure 2)
(Sakshaug & Skjoldal, 1989; Platt et al., 1991; Berreville et al, 2008). A spring
bloom of phytoplankton depletes dissolved inorganic nutrients (Figure 2) and
draws down CO: in surface waters (Rysgaard et al, 1999, 2009; Tremblay et al,
2006; Bates & Mathis, 2009; Meire et al., 2015). Spring blooms are usually
considered to be terminated by nutrient depletion and grazing with the export of
particulate organic matter, but secondary blooms can be produced by wind-driven
events that break down the weak stratification and supply nutrients to the
euphotic zone (Sakshaug & Skjoldal, 1989; Niebauer, 1991; Wassmann et al., 1999;
Tremblay et al., 2006; Fransson et al., 2017).

The strength of the Arctic plankton bloom in spring results not only from high
primary production, but also from the very low respiratory demand of the
plankton community due to the low temperatures, among other factors (Vaquer-
Sunyer et al.,, 2013), resulting in low biological CO: recycling. The biological CO>
uptake in shallow stratified layers (Chierici et al, 2011; Yasunaka et al,, 2016)
results in surface values as low as 100 patm of partial pressure of CO2 (pCO2) at the
end of the spring bloom (Fransson et al., 2009), which are among the lowest pCO>
values reported across the open ocean (Takahashi et al, 2009). As a consequence,
several regions of the Arctic Ocean play the role of a CO sink, such as the Eurasian
shelves and the Barents Sea (Fransson et al, 2001, 2009) and the Bering-Chukchi
shelves (Kaltin & Anderson, 2005), rendering it as a sink of atmospheric CO; of
approximately 66 to 199 Tg C yr! during spring and summer (Bates & Mathis,
2009). Although these estimates are based on very limited data and near absence
of wintertime data (Bates & Mathis, 2009).

Spring blooms are key biological events that make the Arctic Ocean responsible for
about 5-14 % of the annual atmospheric CO: uptake (Bates & Mathis, 2009).
During these episodes as much as 60 % of the total annual NCP can take place
(Vaquer-Sunyer et al., 2013). However, the growth of phytoplankton might be
limited not only by low levels of nutrients but also by episodes of low levels of CO>
in highly productive waters (Mercado & Gordillo, 2011), such as those produced in
Arctic spring blooms. Nevertheless, the limitation by COz in the Arctic Ocean has
hardly been evaluated. Changes in NCP in general and specifically during the
spring bloom could influence the oceans capacity to take up atmospheric CO2 thus
creating a potential feedback mechanism in climate change (Slagstad et al, 2015;
Tremblay et al., 2015). Previous experimental studies of COz increases in Arctic
plankton communities suggest positives NPP responses using the *C method
(Engel et al., 2013) as well as increases in GPP using the 02-based methods, but the
greatest CO; effect was observed only at low temperatures and the phenology of
the phytoplankton was inferred (Coello-Camba et al, 2014; Holding et al.,, 2015).
However, decreases in NPP of planktonic communities are also found with high
irradiance (Hoppe et al., 2017). Experimental evidence of CO; limitation has been
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observed in sub-ice blooms in the Baltic Sea (Spilling, 2007) and in the Atlantic
Ocean (Hein & Sand-]Jensen, 1997).

The rate of PP attained during the spring blooms might be limited by CO, as PP
can depend on the CO: influx by diffusion, in presence of nutrients (Engel et al,
2014; Holding et al, 2015). Thus, there may be a window of time of CO2 limitation
of PP that might also slow down the development of a bloom after the decline of
CO2 concentration. This hypothesis has been tested in the section Results 4.2,
where the CO2 limitation was evaluated along different seasons in the Arctic Ocean
as well as in Results 4.3, where a time window of CO limitation has been identified

a subarctic spring bloom.

1.4.2 Benthic macrophytes in the Arctic Ocean

Benthic macroalgae in the Arctic region grow in assemblages at shallow depths
forming intertidal belts (e.g. Ascophyllum nodosum, Fucus sp.) and subtidal kelps
(e.g. Saccharina latissima) (Wulff et al, 2009). Most habitat-forming Arctic
macrophytes have a origin in the North Atlantic and North Pacific regions (Wulff et
al, 2009; Wilce & Dunton, 2014). Only one seagrass species, Zostera marina, is
present forming in eelgrass meadows with a limit at 70° N (Olesen et al., 2015).

The presence of macroalgae assemblages in the Arctic is often limited by extended
sea-ice cover that reduces submersed light penetration (Wulff et al., 2009; Krause-
Jensen et al, 2012; Krause-Jensen & Duarte, 2014). However, a predicted Arctic
largely free of sea ice in summer (Wang & Overland, 2009; IPCC, 2014) may favor
the entrance of new species into the Arctic and the expansion of existing Arctic
vegetation (Krause-Jensen and Duarte, 2014). Arctic warming has already led to
increased Arctic cod fishery due to the poleward expansion of cod habitat (Kjesbu
etal,2014).

The ice cover prevents the availability of suitable habitat such as soft sediments for
seagrass and rocky bottoms for most macroalgae, present along the Arctic coast
(Krause-Jensen & Duarte, 2014). Increasing ice melting in this region is expected to
have large impacts associated with ice as habitat (Duarte et al, 2012a,b).
Reduction of ice cover might facilitate the colonization of subarctic vegetation into
northern regions and the expansion of existing arctic species (Krause-Jensen &
Duarte, 2014).

Marine macrophytes are often limited by CO2 because the boundary layers formed
around the blades limit the entrance of CO2 by diffusion due to its thicknesses
(Hendriks et al., 2017), which together with high primary productivity rates in
dense vegetated areas result in low CO; levels close to the blade surface (Holbrook
et al, 1987; Bowes & Salvuci, 1989; Hurd et al, 2009), which may cause CO:
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limitation, with the risk being particularly likely in vegetated coastal habitats that
represent hot spots of productivity and COz draw down. Krause-Jensen et al
(2016) concluded that day lengths longer than 21 h, characteristic of Arctic
summers, were conducive to sustained up-regulation of pH by photosynthesis of
macrophytes. They also concluded that experimental increase in CO2 concentration
stimulated the capacity of macrophytes to deplete CO; but they did not explore the
species-specific responses. In Results 4.4, we have analyzed the photosynthetic
responses of three subarctic species (A. nodosum, F. vesiculosus and Z. marina) to
longer photoperiods and increased CO; in order to predict the ecological
consequences as they expand into the Arctic region.

1.5 Marine physiological responses to CO: variations

In the 1980s, Badger et al, (1980) and Kaplan et al,, (1980) demonstrated that
cultures of phytoplankton accumulated inorganic C in photosynthetic cells. The
enzyme ribulosa-1, 5-biphosphate carboxylase/oxygenase (Rubisco) can only use
CO2 as inorganic carbon substrate for the carboxylase reaction. COz can diffuse
passively through the cell membrane however, Rubisco shows low-affinity for CO>
(Badger et al, 1998). In seawater there is very little CO2 and the most available
source of dissolved carbon is HCO-3, thus the photosynthetic process of
phytoplankton may suffer from CO2-limitation (Rost et al, 2006). To avoid CO3-
limitation, many autotrophic organisms developed Carbon Concentrating
Mechanisms (CCMs) to increase their intracellular CO: concentration relative to
external concentrations (Rost et al, 2006). Some of these mechanisms involve
active uptake of COz and/or HCO-3 and the conversion HCO-3 to COz catalyzed by
the secretion of the enzyme carbonic anhydrase (Giordano et al, 2005). There is no
consensus in tracing the origin of CCMs despite the general assumption is that
CCMs evolved in response to low CO; availability and maintained in the following
periods of high CO; levels (Raven et al, 2011).

Most of autotrophs present different types of CCMs (Giordano et al.,, 2005; Raven et
al, 2005, 2011; Reinfelder, 2010; Raven & Beardall, 2014) and the presence of
CCMs is most widespread in environments with low CO: concentrations and high
light availability (Maberly & Gontero, 2017). The response of photosynthetic
organisms to increased CO2 seems to depend on the efficiency of CCMs, tending to
species-specific responses (Tortell et al, 2002; Rost et al, 2003; Riebesell, 2004;
Sobrino et al, 2008, 2009). The expression degree of CCMs appears to be a
response to the external DIC concentrations with higher values of DIC leading to a
greater degree of suppression of CCMs activity (Giordano et al, 2005). However,
the use of these mechanisms is energetically expensive and their partial
deactivation or downregulation at increased CO; concentrations could decrease
the energetic demand, reducing the incorporation and synthesis of new metabolic
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components as it has been shown in different algal species (Gordillo et al, 2001;
Sobrino et al, 2008, 2009). At very high DIC, stronger responses such as the
complete loss of CCMs expression have been observed in some eukaryotic
autotrophs (Giordano et al, 2005; Falkowski & Raven, 2013), although some
macroalgae do not show any deactivation of CCMs in response to increased CO:
(Zou & Gao, 2009; Zou et al, 2011). Other environmental factors, such as
temperature, have also been proposed to regulate the efficiency of the CCMs. In
cold waters, such as Arctic waters, the need for CCMs seems to be reduced due to
the increased solubility of CO; and the consequent greater availability of CO:
(Raven, 1991; Raven et al, 2002). Although the efficiency of CCMs has not been
researched in this thesis, species-specific responses that might depend on CCMs
have been taken into account in the section Results 4.2, where the effect of
increased CO2 has been researched in Arctic plankton communities, in Results 4.3
where the effects of increased CO; and long day length were addressed also
plankton community level in subarctic waters, and in the section Results 4.4,
where both effects were studied in three species of subarctic macrophytes, in
order to fulfill the general objective of this thesis.
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Image 2: Crossing the Godthabsfjord in August 2016, Greenland. Photo credit: F. Ugarte.
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2. Aims

Goals and specific objectives

The general goals of this thesis are to assess the effects of increased CO2 and long

day length on planktonic communities and macrophytes, and to evaluate the

relationship between gross primary production estimates measured with three
different methods in the Arctic Ocean.

The specific objectives are three-fold:

1)

2)

3)

To assess estimates of planktonic primary production rates in the Arctic
Ocean using three methods and reconcile C and Oz-based rates, taking into
account their underlying assumptions. By realizing this goal through the
section Results 4.1, we contribute to the field of Arctic oceanography by
facilitating future studies on primary productivity in this region.

To evaluate the planktonic community response to experimental increases
of CO; at different seasonal periods, spring and summer, along the section

Results 4.2, and during the development of a spring bloom in Results 4.3
using in both cases Oz-based rates of primary productivity in order to
identify a windows of time of CO; limitation episodes in the Arctic Ocean.
Thus, we contribute to field of climate change ecology by providing
experimental evidence of the effects of climate change in the Arctic Ocean.

To study the photosynthetic responses of three macrophytes species to
increased day length as a consequence of reduced ice cover and increased
COz in order to evaluate an expansion of subarctic macrophytes species into
the Arctic. With the accomplishment of this goal in the section Results 4.4,
we contribute to the field of climate change ecology by providing the
experimental response of subarctic macroalgae species in a future Arctic
Ocean.
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Image 3: Dissolution of the precipitated formed for Winkler titration using the Oz mass
balance method (left). Photo credit: M. Sanz-Martin. Photosynthetic activity analysis on Z.

marina in aquaria, in presence of F. vesiculosus and A. nodosum (right). Photo credit: I.
Hendriks.
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3.1 Study areas

The warm Gulf Stream enters into the Arctic Ocean through the North Atlantic
current, which flows along the west coast of Norway and splits into the North Cape
current heading towards the Barents Sea, and into the West Spitsbergen Current
(WSC) (Figure 3), going across the Fram Strait (Rudels et al, 1996, 2000). The
Fram Strait, situated between Greenland and the Svalbard Archipelago, is the only
deep gateway between the Arctic and subarctic seas. As the Atlantic water flows, it
melts southwards-drifting ice and keeps the water ice free in the north of Svalbard
(Rudels et al, 2000), being the major heat advection of the Arctic Ocean
(Spielhagen et al, 2011). The study areas of Results 4.1 & 4.2 are located in this
region, in the shelf and shelf break of the west and northwest of the Svalbard
Archipelago from 77°N to 81°N (Figure 3).
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shelf (Results 4.1 & 4.2) and the Godthdbsfjord (Results 4.3) and the Kobbefjord (Results
4.4) in SW Greenland (adapted with permission of Woods Hole Oceanographic Institute,
2017).

The North Atlantic current brings warm water much further north than reaches
around Canada and Greenland. The Transpolar current brings cold water from the
Arctic Ocean to the Atlantic Ocean through the Greenland Sea, in the east coast of
Greenland, and through the Davis Strait between the west of Greenland and
Canada (Figure 3). The study area of Results 4.3 is located in the southwestern of
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Greenland, at 64°N below the Arctic Circle (Figure 3), specifically in the fjord Nuup
Kangerlua, known by its colonial name Godthabsfjord. It is a large fjord system
with a length of ~190 Km, influenced by three tidewater outlet glaciers located in
the innermost part of the fjord (Mortensen et al.,, 2011, 2013). Sea-ice conditions
show interannual variability and ice floes and glacier icebergs are present during
spring and summer with variable sizes along the fjord, which were originated from
sea and glacier ice in the inner part of the fjord (Mortensen et al, 2011).
Macrophyte samples used in Results 4.4 were taken from this region, specifically
from Kangerluarsunnguaq, whose Danish name is Kobbefjord (Figure 3). This fjord
is smaller with 17 Km long and from 0.8 to 2 Km wide, reaches 100 m depth and
the innermost part is usually covered by sea ice (Mikkelsen et al., 2008).

3.2 Sampling sites and experimental set-ups

3.2.1 Multi-method assessment of primary production at the NW Svalbard
shelf

Two cruises were conducted in the northwestern part of the Svalbard shelf during
May and August 2014 aboard the R/V Helmer Hanssen (Figure 4). Five stations
were sampled at different depths within the euphotic zone using a rosette sampler
system fitted with Niskin bottles and a calibrated Seabird 911plus CTD
(conductivity, temperature and depth). Samples to measure primary production
(PP) were collected from thirty CTD casts and the results are located in the section
Results 4.1.
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PP rates were measured using three methods: the O; mass balance (Carpenter,
1995), the 80 method (Bender et al, 1987) and the *C method (Steemann-
Nielsen, 1952). Seawater for O;-based PP determination was sampled at the
surface (1 or 3 m), at the deep chlorophyll maximum layer depth (DCM, 20 to 30 m
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depending on stations) and at an intermediate depth (10 or 15 m). Seawater for
14C-based PP determination method was sampled at 1 or 3 m, 10 m, 15 or 20 m, 25
or 30 m, with exact sampling depths varying depending on the vertical
fluorescence distribution. Due to sampling limitations, water for the C-based and
0O2-based methods was sampled from non-consecutive CTD casts, introducing a
time lag between CTD casts. We suspect this may have contributed to differences
between rates derived here (see Results 4.1 for more details).

Samples measured with the 1#C method were incubated in situ for some of the
stations: light and dark bottles were hung from a line anchored to an ice floe, and
deployed for approximately 22 h and later converted into 24 h rates. In other
stations, 14C-labelled samples were incubated on deck for 24 h with UVA/B opaque
methacrylate incubator with in situ water temperatures maintained with flow-
through surface seawater baths to maintain samples close to the in-situ
temperature. All of the samples measured with the Oz-based methods were also
incubated for 24 h on deck in methacrylate tubes with surface seawater baths.

To simulate light attenuation in the water column, screens covered the
methacrylate tubes holding the bottles inside the incubators. Light attenuation
inside each methacrylate incubator was estimated with a Photosynthetically
Available Radiation (PAR) radiometer (Biospherical Instruments Inc. QSL-101).
Light attenuation was simulated using screens as a % of the on-deck PAR with 0
screen, 2 screens, 3 screens, and/or 4 screens, simulating 100 %, 50 %, 25 %
and/or 12 % of surface PAR respectively for the 1*C samples. And using 0 screen, 2
screens, 3 screens, simulating 60 %, 33 % and 25 % of surface PAR respectively for
the Oz-based samples. Light attenuation by the methacrylate incubator (0 screen)
was higher in this case.

3.2.2 Episodic Artic CO; limitation at W Svalbard shelf

Three cruises were conducted in west and northwest of the Svalbard shelf on
board R/V Helmer Hanssen in 2014 and 2015. The localization of the experiments
was heterogeneous, four of the experiments where located in the path of the West
Spitsbergen Current (WSC), that flows northward along the shelf edge at the west
of the Svalbard Archipelago and carried out in May and August 2014, and two of
the experiments were located in the mouth of two western fjords in May 2015
(Figure 5). Results of the experiments were analyzed in Results 4.2. The first
experiment in May 2014 was previously analyzed in Holding et al. (2015).
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In the stations of Figure 5, a sample of 50 L of subsurface seawater (3 m) was
collected using a Rosette sampler system fitted with Niskin bottles and a calibrated
CTD profiler (Seabird 911plus). The seawater was located in two closed tanks of
25 L using Tygon tubing. Samples for chlorophyll a concentration (Chl a) analysis
were taken and measured 24 h later and samples for dissolved inorganic nutrients
were taken and preserved for further analysis.

To simulate possible scenarios of elevated CO; in the Arctic Ocean, 25 L of
seawater was stored in a closed tank and the remaining 25L were bubbled with
COz until ~1000 ppm was reached using a PP-Systems Environmental Gas Monitor
(EGM-3) to measure pCO; while a water pump ensured proper mixing. The treated
and untreated water was gently mixed in 10-L carboys to produce a gradient of
pCO2. This gradient included three pCO;levels in 2014, and was simplified, based
on the results obtained, to experiments with only three pCO; levels in 2015,
shifting the effort to be able to conduct experiments with a greater number of
communities within the time available (pCO: of each treatment is detailed in Table
A1). After every treatment reached the targeted pCO2 (45 min), two sets of samples
were collected. The first set was immediately preserved to determinate the initial
dissolved O: concentration, 6180 (in dissolved 0O2), total alkalinity (TA) and total
dissolved inorganic carbon (DIC) and the second set of samples was incubated for
24 h an subsequently preserved to determinate the GPP-180 and CO; removal
rates. The second set of samples was incubated in transparent methacrylate tubes
during the 2014 cruises which allowed the 60 % transmittance of
photosynthetically active radiation surface (PAR), with flow-through surface
seawater baths to maintain samples close to the in situ temperature during the
cruises of 2014. Incubations were on deck, as the incubations for Oz-based analysis
of Results 4.1. In May 2015, samples were incubated in a 40-L tank with circulation
of surface seawater and neutral screens that allowed the 70 % transmittance of
surface PAR.
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3.2.3 CO: limitation of subarctic spring bloom production

Weekly sampling was conducted in the central part of Godthadbsfjord, SW
Greenland (Station GF7, Figure 3, Figure 13), in station GF7 from the 29t of
February to the 27t of May 2016. The station was sampled 14 times during this
period, in order to quantify the seasonal development in physical and chemical
parameters of the water column. We also conducted 14 experiments of CO:
additions to quantify net community production (NCP) of the planktonic
community) using the O mass balance method. Results of the water column and
the experiments are located in Results 4.3. The spring bloom phenology has been
well studied in the fjord based on 7 years of monthly samplings (Krawczyk et al.,
2015; Meire et al., 2016).

Vertical profiles from 0 to 50 m were recorded using a CTD instrument (Sea-Bird
SBE19plus), equipped with additional sensors for photosynthetically active
radiation (PAR, LI-COR 190SA quantum Q PAR sensor) and fluorescence (Seapoint
chlorophyll fluorometer). pCO2 was measured in situ using HydroC™ CO2 sensor
(Contros, Germany; yearly calibrated by the company) that provides a relative
standard deviation of 1 %. At each depth (1, 5, 10, 20, 30, 40 and 50 m), the sensor
was equilibrated for 3-5 min until a stable reading was available. At 5 m depth, 50
L of seawater was collected using a 10-L Niskin bottle into 10-L polyethylene
carboys. The experimental set-up used to simulate two predicted scenarios of
elevated atmospheric CO2 was already described in the previous section and
resulted in three levels of pCO2: control, treatment 1 and treatment 2. The in situ
conditions of the experiments, pCO: of each treatment and the resulting NCP and
DIC removal rates are shown in Table A2 of the Appendices section.

Each treatment was incubated for 24 h and samples were collected at the start and
the end of the incubations. Samples for the start point were fixed immediately and
stored in cold and darkness to determinate the initial conditions of dissolved O:
concentration, TA and DIC with three replicates each. The samples were incubated
in 6 narrow-mouth, borosilicate Winkler bottles for 24 h in a cold room at 0.4 to 1
°C illuminated with two bulb lamps providing PAR (photosynthetically active
radiation) at 160 to 240 umol photons m? s, measured with a spherical
radiometer. The average PAR at station GF7 at 5 m depth recorded in 2012 and
2013 was 108, 167 and 200 pmol photons m? in March, April and May,
respectively (L. Meire, pers. com.). The photoperiod increased from 9.5 h on
February 28t to 21 h on May 27, increasing the daylight by 45 min per week. At
the end of the incubation, seven replicated samples for dissolved O concentration,
three replicates for TA and DIC and two replicated samples for nutrients
concentration (NOz + NOs, PO, SiO4) were collected. Dissolved Oz samples were
measured between 5 and 24 h later. In situ conditions at 5 m depth, pCO2 of each
treatment and the resulting NCP and DIC removal rates are shown in Table A2.
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3.2.4 Long day length and increased CO: in subarctic macrophytes

Brown macroalgae (4. nodosum, F. vesiculosus) fronds and seagrass (Z. marina)
shoots were collected from shallow waters in the central part of Kobbefjord
(64°10’N and 51°29’'W, Greenland) in early June 2014 (Figure 3). They were stored
in cold, wetted in seawater and quickly transported by airplane to the laboratories
of the Mediterranean Institute for Advanced Studies (IMEDEA, Mallorca, Spain),
where they were held in a cold-room at 4 °C to test the effect of long day length and
increased COz. The plants were then transferred into six aquaria of 6 L with
controlled photoperiod, temperature and pCO: levels. The total biomass of algae in
each aquarium was 2.7-3.7 g dry weight (DW), yielding a biomass density of 0.45-
0.61 g DW L1, mimicking dense vegetation. The aquaria were exposed to three
pCO2 levels (200, 400 and 1000 ppm in the absence of macrophytes) with two
replicated aquaria per level. 200 ppm reflected contemporary pCO: levels in
subarctic surface waters in spring/summer (Meire et al, 2015). Results of this
experiment are located in Results 4.4. The highest COz manipulation (1000 ppm)
was set to the predicted scenario of atmospheric pCO2 by 2100 (IPCC Panel, 2014),
and 400 ppm represented an intermediate level. To mimic the photosynthetic
active radiation (PAR) within in situ canopies, the aquaria were illuminated with
111 + 5 mmol photons m s-1 of PAR at the water surface using 2 lamps with 54 W
fluorescent tubes. This light level is close to maximum PAR (204-289 mmol
photons m~2 s-1) reported in Greenland fjords close to the Godthabsfjord at 2m
depth during May and June 2013 (Olesen et al.,, 2015).

The aquaria were filled with 200-L artificial seawater made from distilled water,
Reef Crystals® and NaCl to obtain experimental salinity (30.2 + 0.42, subarctic
range: 28.9-31.7) and alkalinity (2241 pmol kg SW-1 + 31.3, measured in the
sampled area: 1980-2240 pmol kgsw!) conditions similar to those in the field. The
artificial seawater was pre-exposed to UV to limit the growth of microorganisms
during the experiment. To reach targeted pCO: levels, air was circulated through
soda lime tubes to remove the CO2 present and it was mixed with pure CO; gas in a
bottle with marbles to maximize the mixing surface area. The concentration of air
and pure CO in the mixing bottle was regulated with mass flow controllers (MFCs,
AALBORG GFC-17, US). The targeted pCO: concentration was continuously
supplied to the aquaria through porous bubbling curtains. pH was measured in
continuum with pH electrodes (Omega, PHE-1411) and recorded at 15 min
intervals (IKS Aquastar, Germany) (for more details see Krause-Jensen et al.,
2016). When seawater in the aquaria had reached a stabilized target pH, the same
number of tips of A. nodosum and F. vesiculosus and shoots of Z. marina (6
individuals of each species) were attached to the base of the aquaria, with every
individual identified with a label. The plants in each of the six aquaria were cycled
through a series of alternated photoperiods (12:12 h, 15:9 h, 18:6 h, 21:3 h and
24:0 h, light:dark hours), maintained 4 days at each photoperiod treatment.
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3.3 Overview of methods

To provide a general overview of the methods applied along the Results section,
Table 1 summarizes samplings, experimental set-ups, studied responses and
parameters analyzed.

Table 1: Summary of methodologies applied in each Results section. The acronyms of the
statistical analysis are RMA (Reduced Major Axis), GLM (Generalized Linear Models) and
GLMM (Generalized Linear Mixed Models).

. . Results
Methods and analysis applied a1 12 23 a2
Arctic region v v
Area Su l;.)arctl c v v
region
Sampling water column v v (%4
sampling or Experimental CO, addition (4 (%4
set-up Experimental increase of v
daylength
In situ v
Situation On deck v v
Incubation In cold room (4 (4
) 24h v v v
Time 4 days v
Gpp-'%0 v v
GPP - DO v
Plankton NCP - DO v v
Responses community GPP-'*C v
DIC removal rate v v
CO, removal rate v (4
Macrophytes rETR max v
Chlorophyll a v 4 v
DIC v v v v
Carbonate A v v
Measured ~ system oH v
parameters pCO, v v v
Dissolved inorganic nutrients (4 v
Air-sea CO, flux v v
Phytoplankton community v v
. May 2014 My 2014 o h to
Period August 2014 August 2014 May 2016 June 2014
May 2015
- RMA, Two
StatIStI(_:al sample t-test, Ln I,EffeCt Student t-test GLMM
analysis GLM
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3.4 Primary production and photosynthetic activity
3.4.1 The 180 method

GPP-180 was measured as the photosynthetic production of 80; following the
addition of H2180 after 24-h incubations on deck, according to (Bender et al,
1987). The samples were carefully distributed into eight 12-ml borosilicate vials,
which are ultraviolet A and B (UVA/B) opaque, allowing them to overflow to avoid
contamination with atmospheric O;. Four of the vials were immediately preserved
with 100 pl of saturated mercury chloride (HgClz) solution for further analysis of
initial 6180 (in dissolved 02) and stored in darkness upside down. The other four
vials, containing glass beads to provide mixing, were labeled with 80 pul of 98 %
H>180 and shaken to ensure mixing. The labelled samples were incubated for 24 h
on deck in methacrylate tubes with flow-through surface seawater baths and
screens to attenuate light, as previously mentioned in sections 3.2.1 and 3.2.2.
After 24-h incubation, vials were spiked with 100 pl of saturated HgCl, solution
and stored for further analysis.

Samples were analyzed two weeks later at the Stable-Isotope Laboratory (IACT-
CSIC, Armilla, Spain). A headspace of 100 % Helium of 4 mL was generated in each
vial and left for 24 h at room temperature letting the dissolved gases in water
equilibrate with the headspace. After 24 h, the 6180 of dissolved oxygen in the
headspace was measured in a Finnigan GasBench II attached to a Finnigan
DeltaPlusXP isotope ratio mass spectrometer, with precision of 0.2 %o (A. Delgado,
pers. com.). The flow was passed through a liquid nitrogen trap to remove water
vapor before entering into the GasBench II. Molecules of Oz and N; were separated
in a Molecular Sieve 5A chromatographic column. Corrected data with atmospheric
air was reported as 680 value (%o) relative to V-SMOW (Vienna Standard Mean
Ocean Water) standard. The 6180(H20) composition of labelled samples was
measured in a liquid water isotope analyzer (Los Gatos Research), with precision
of 0.2 %o. In order to avoid contamination of the analyzer with highly 180-enriched
H20 (= 3000 %o), the labeled sample was diluted (approximately 1:20) with a
laboratory standard of known isotopic composition. GPP-180 was calculated using
the following equation from Bender et al., 1999:

GPP-180 = [(8180final - 8180initial) - (8180water - 8180initial)] X [OZ]initial (Eq 4)

Where 680iitia and 0!80fina are the initial and final 6180 of dissolved 02 (%o)
respectively, §180wateris the 6180 of the labelled seawater (%o) and [Oz]initial is the
initial Oz concentration (umol Oz L-1) measured by high-precision Winkler titration
(see more details in section 3.4.2).
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3.4.2 The 02 mass balance method

Samples were carefully distributed into 14 borosilicate Winkler bottles of 100 mL,
which are UVA/B opaque. Seven replicates were used to determine the initial
oxygen concentration, and seven replicates were incubated in dark and seven in
light for 24 h on deck. The bottles were incubated on deck in the same
methacrylate tubes as the GPP-180 samples. Oz concentrations were determined
using an automatic titrator (808 Tritando, Metrohm) (Carritt and Carpenter, 1966;
Carpenter, 1995), using a potentiometric electrode and automated endpoint
detection (Oudot et al., 1988). Values that reported O; production in darkness
were considered unviable and discarded from the database. Gross primary
production measured with the O; mass balance method (GPP-DO) was calculated
by the difference between the mean final oxygen concentration of light incubated
bottles and the mean final oxygen concentration of dark incubated bottles.

The 02 mass balance method has been used in the sections Results 4.1, 4.2 & 4.3
(Table 1). Results of NCP and community dark respiration (R) in the water column
were included in Results 4.2 to calculate the gross primary production/respiration
ratio (GPP/R ratio). NCP and R was determined at 3 different depths on the
euphotic layer: at the surface (1 or 3 m), at the DCM (20 to 30 m) and at an
intermediate depth (10 or 15 m). This method measures NCP and R (NCP + R =
GPP), allowing, the calculation of the GPP/R ratio in which autotrophic
communities have GPP/R ratios greater than 1 (i.e, NCP > 0) and heterotrophic
communities have GPP/R ratios less than 1 (i.e.,, NCP < 0).

In Results 4.3, NCP was measured at 5 m, which was used as the control treatment,
and in the CO2 treatments (level 1 and level 2), using a first set of five replicates
samples to determine the initial oxygen concentration and other five replicates to
determine the final oxygen concentration after 24 h incubation in light. Standard
errors among five replicates sampled for each oxygen measurement varied
between 0.05 and 3.4 mmol Oz L-1.

3.4.3 The 14C method

Primary production using the 14C method included the estimation of particulate
(#C-POC) and total (1*C-TOC) organic carbon production. Seawater samples were
distributed in four UVA/B opaque 150-mL polycarbonate bottles. Treatments
included 2 light bottles, 1 dark and one Time Zero. Ten pCuries of *C-labelled
bicarbonate were dispensed into each bottle, and the Time Zero was preserved as
explain below. In addition, for each depth (1-3 m, 5 m, 10 m, 15-20 m, 25-30 m) a
100 pL aliquot was sampled into a 6-mL scintillation vial containing 0.1 mL 6N
NaOH in order to estimate the initial 1#C-bicarbonate concentration. Samples were
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incubated for 24 h in situ and on deck, as mentioned in section 3.2.1. After 24-h
incubations, bottles were recovered and sampled, keeping the bottles refrigerated.
Two hundred pL of 20 % HCI was dispensed into each 6-mL scintillation vial
containing either a Whatman GF/F filter (for particulate, *C-POC) or 2 mL of
seawater (for total production, #C-TOC) in order to release any inorganic 14C
remaining in the sample. After 24 h, 5 ml of Ultima Gold (Perkin Elmer, USA) was
added and the samples stored in the dark for further analysis. One week later, each
vial was shaken and the 14C activity measured in a Perkin Elmer scintillation
counter at the University of Tromsg. Primary production was calculated as 4C
incorporation into the sample that is measured in units of disintegration per
minute (DPM). The intensity of the signal is proportional to the beta particle
emission from the 1#C incorporated into the cells. PP (units mg C m3 d-1) was
calculated following the equation:

14C-PP = [(DPM in the light bottle - DPM in the dark bottle) = (Volume sample
filtered x DIC in the samples X 1.05 X (24 =+ h of incubation))] + (specific activity
in the sample =+ volume specific activity) (Eq.5)

where *C-PP is production, total DIC was measured in every sample, and 1.05 is
the discrimination factor between incorporation of #C and 2C. The 14C
incorporation in the light bottle is considered to account both for biotic (i.e.
photosynthesis and CaCO3z incorporation) and for abiotic (i.e., adsorption)
processes (Banse, 1993). Thus, 4C incorporation rates are corrected by
subtracting the 1#C incorporation in the dark bottle, accounting for biological 14C
uptake that can occur outside photosynthesis and adsorption. The incorporation of
14C into CaCOs is corrected by conversion to CO2 following acidification. Finally, a
time-zero determination corrects for abiotic processes. The PP estimates derived
from this method were only analyzed in the section Results 4.1 (Table 1).

3.4.4 Photosynthetic activity

The photosynthetic activity of the three macrophyte species was measured
through photosynthesis-irradiance curves (PI curves), also known as rapid light
curves (RLC), showing the response of the chlorophyll a fluorescence to a range of
light intensities (Ralph & Gademann, 2005; Falkowski & Raven, 2013). The
measurements were done at the end of each photoperiod-incubation on two
individuals of each species using Pulse Amplitude Modulation, with a diving-PAM
fluorometer (Walz, Germany). The measurements were always done on the same
individuals. To avoid excessive manipulation of macrophytes, the measurements
were done inside the aquaria. Using a PAM leaf-clip, the tissue, dark-adapted for 5
min, was illuminated with a series of nine increasing actinic light intensities (from
0 to maximum 616 pmol PAR m s'1) at intervals of 10 s to produce a RLC. The
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maximum relative electron transport rate (rETRmax, n = 12 per species and per
photoperiod) was calculated by fitting the RLC data with the non-linear model
(Platt et al, 1982; Harrison & Platt, 1986; Ralph & Gademann, 2005):

rETR = rETRmax % (1 _ e(—O( X incident PAR +rETRmaX)) Eq 6

The photosynthetic parameters rETRmax, photosynthetic or quantum efficiency (a)
and saturating irradiance (Ik, Ik = rETRmax/a) were estimated by fitting the data of
the RLC to Eq. 6 using R version 1.0.44 (R Development Core Team 2009). Even
though A. nodosum and Z. marina showed no asymptotic approximation to the
rETRmax in some cases due to the limited range of actinic light intensities above
light saturation (Figure A2, Figure A4) rETRmax could still be estimated from the
curvature of the RLCs. The results of this method have been analyzed in the section
Results 4.4 (Table 1).

3.5 Oceanographic parameters
3.5.1 Chlorophyll a analysis

Samples for Chl a analysis were collected and determined fluorometrically by
filtering a volume of the sampled seawater (200 mL for Results 4.2 and 50 mL for
Results 4.3) through GF/F filters (Whatmanm 0.7 pm pore size). Samples were
extracted in 90 % acetone (for Results 4.2) or in 96 % ethanol (for Results 4.3)
during 24 h. Chl a fluorescence was analyzed using a Shimadzu RF-5301PC
fluorometer (Results 4.2) or using the fluorometer TD-700 Turner Designs
(Results 4.3) before and after the addition of 200 pL of 1M HCI solution, following
Parsons et al.,, (1984) in both cases.

3.5.2 Carbonate system analysis

Seawater was sampled and distributed into 100 mL borosilicate bottles, which
were then preserved with 20 pL of HgCl; and stored in dark and cold until analysis
of DIC and total alkalinity (TA). DIC was determined using gas extraction of the
acidified sample followed by coulometric titration and photometric detection using
a Versatile Instrument for the Determination of Titration carbonate (VINDTA 3(,
Marianda, Germany). TA was determined using potentiometric titration in closed
cell using a using a Versatile Instrument for the Determination of Titration
Alkalinity (VINDTA 3C, Marianda). The standard operating procedures from
Dickson et al,, (2007) were followed and certified reference material provided by
Dr. Andrew Dickson (Scripps Institution of Oceanography, University of California)
was used to control accuracy of the analyses. The program CO2SYS (Pierrot et al,
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2006) was used to calculate the carbonate system parameter values; output
parameters were standardized to standard pressure and in situ water
temperature. The limit of detection is estimated at approximately 1.0 mg C m-3d-1.

Samples from 1 to 30 m were collected and DIC was measured for the section
Results 4.1 (Table 1) at the Norwegian Polar Institute (M. Chierici PI). Water for
DIC analysis was taken from the same CTD casts as the water for C-based
estimates. TA and DIC was analyzed in the CO2 experiments and included in the
section Results 4.2 (Table 1). Here, seawater samples were collected from each
treatment carboy in two borosilicate bottles per treatment. Initial samples were
preserved and analyzed aboard and the final samples were preserved after 24 h of
incubation and analyzed onboard. The CO; removal rates were calculated as the
difference in CO2 concentration during 24-h incubation.

In Results 4.3, triplicate water samples were collected at each depth (from 1 to 50
m) using a 5 L Niskin bottle and Tygon tubing to fill 12.5-mL vials for analysis of
TA and DIC (Table 1). Samples were preserved and stored until further analysis as
previously mentioned. DIC was analyzed using an infrared DIC analyzer (AS-C3,
Apollo SciTech) and TA was analyzed using an alkalinity titrator (AS-ALK2 from
Apollo SciTech). Results were verified against certified reference material. The
average numerical deviation from the reference material (accuracy) was 5.8 pmol
kg1 for DIC and 7.2 umol kg1 for TA. The precision (average standard deviation of
triplicates) was 2.7 and 5.1 pmol kg1 for DIC and TA respectively. The COz and DIC
removal rates were calculated.

In Results 4.4, TA was measured at the start and end of each photoperiod and
interpolated linearly over the four-day period. pH was measured in continuum as
described in the experimental set-up of this section. TA and pH were used to
calculate the CO2 concentrations using CO2SYS (Table 1). In-between photoperiod
treatments, seawater was changed and replaced by seawater pre-treated with CO>
gas at the targeted pCO: levels.

3.5.3 Inorganic nutrients analysis

Samples of a volume of seawater was collected in vials or bottles for analysis of
inorganic nutrients (nitrate and nitrite, phosphate and silicate) and were kept
frozen at -20 °C until analysis using standard seawater methods. In Results 4.2
(Tablel), 50 mL of seawater was sampled at the same depth of the experiments
conducted in May 2015; and nutrients concentrations of the experiments
conducted in May and August 2014 were analyzed in a previous vertical profile
from the same station. Samples were analyzed using a Flow Solution IV analyzer
from O.I. Analytical, USA. In Results 4.3 (Table 1), samples were filtered through
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0.45 pm filters into 25 mL polyethylene bottles and were measured on a Scalar
auto-analyzer with flow injection as detailed in (Hansen & Koroleff, 1999). In both
cases the analyzers was calibrated using reference seawater from Ocean Scientific
International Ltd. UK.

3.5.4 Air-sea CO: flux
The air-sea CO; exchange (ASE) flux was calculated using the following equation:
ASE = Kav X a X ApCO2 Eq.7

Where a is the solubility of CO2 in seawater (mol m=3 atm-1), calculated according
to Weiss (1974) using the measured at the SST and salinity values. ApCO: is the
difference in pCO2 at the surface (1 m water depth) and the atmospheric pCO; with
negative values implying an uptake by the ocean. Kiy (m s71) is the gas transfer
coefficient (Wanninkhof & McGillis, 1999). In Results 4.2 (Table 1), wind speed
data used to calculate Kay, was obtained from monthly and daily average data from
the meteorological station in Ny-Alesund (Norwegian Institute for Air Research).
In Results 4.3 (Table 1), the air-sea CO> flux equally calculated and the wind speed
data was obtained from the meteorological station in Nuuk (Asiaq Greenland
Survey).

3.5.5 Phytoplankton community composition

Samples of 100 mL were collected from untreated plankton community (3 or 5 m
depth) and fixed with glutaraldehyde (at 1-1.5 %) in the section Results 4.2 and
with 1.5 mL of 2 % formaldehyde in Results 4.3 (Table 1). Samples were
concentrated using sedimentation chambers for 24 h prior to analysis. The cells
were counted in a transmitted-light inverted microscope (Zeiss Axiovert 200) at
200x or 400x magnification. Phytoplankton cells were differentiated into genus or
major taxonomic groups.

3.6 Statistical analysis

The statistical analysis applied in each study of the Results sections is summarized
in Table 1. In Results 4.1, we compared volumetric rates of PP from three different
methods using Reduced Major Axis (RMA) (e.g. model II regression) since each
method is subject to measurement error (Legendre & Legendre, 1998). RMA
regression analysis was applied on PP data log (x+1) - transformed to satisfy the
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assumptions of linear regression analysis. Significance tests for slope equal to 1
from RMA equations were performed (Clarke, 1980; McArdle, 1988). Equality of
means has been tested using a two-sample t-test, without assuming equality of
variances. We propagated the standard error (SE) for the average PP rates taking
into account the SE associated to the replicated rates. The effect of time lag
between CTD casts was tested using generalized linear models (GLM) using
dependent variable GPP-180 and independent variables 1*C-TOC or 14C-POC and
time lag. As the incubations were done at different depths (see above), the 14C and
0O2-based methods were compared only for samples taken at the same depths
(maximum of ~3 m difference in depth), resulting in two to three depths per
station. Statistical analyses were made using the Imodel2 package (Legendre,
2014), implemented in R software version 1.0.44 (R Development Core Team
2009).

In the section Results 4.2, the response of GPP to increased CO2 was compared
among experiments in the section using the Ln-transformed effect size:

Ln effect size GPP = Ln GPPg - Ln GPP¢ (Eq. 8)

Where GPPg and GPP¢ are the mean response in the experimental and control
treatments, respectively (n = 3 to 4). The effect size is frequently used in
experimental ecology to quantify the proportional effect of a treatment and to
facilitate the interpretation of biological results (Hedges et al, 1999) across
experiments. An Ln effect size of GPP of zero is interpreted as having no effect on
GPP, whereas a positive value indicates a positive effect of CO; on GPP and a
negative value indicates a negative effect of CO2. The variance in the Ln effect size
was calculated following Kroeker et al. (2010). Moreover, comparisons based on
the Ln effect size GPP did not assume normality and were heterogeneous because
the experiments encompassed distinct phases of blooms, which occur rapidly and
yield extreme data (i.e., very low pCO2 and high GPP). The analyses were carried
out using RStudio 0.98.945 and the “Metafor package” designed for meta-analyses
(Viechtbauer, 2010).

In the section Results 4.3, the NCP response in the control was compared with the
NCP response in two CO; treatments (Treatment 1: 576 + 48 ppm; Treatment 2:
916 + 34 ppm, on average) and evaluated following Student t-test (p < 0.025).
Significant differences between the control response and the CO; treatment are
indicated in Figure 15.

In Results 4.4, we evaluated if COz (3 levels) and photoperiod (5 levels) had an
effect on photosynthetic responses, as represented by rETRmax, o and Ik, and if
such effects were similar or different for the three macrophyte species tested. The
experiment was a split-plot design due to restricted randomization for
photoperiod, i.e. each level of photoperiod was run separately (whole plot) and
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without replication. Experimental units (whole plots) consisted of six aquaria that
were grouped into three levels of CO2 with two replicates for each CO; treatment at
each photoperiod. The experimental units were sub-divided or split into different
periods (sub-plots) to test the effects of varying photoperiod. However, aquaria
were nested within CO2 treatment, as the same CO: treatment was applied to the
same aquarium for all photoperiods. All three species were randomly sampled for
each sub-plot and, consequently, species variation was a factor fully crossed with
the two treatment factors. Finally, individual macrophyte specimens within each
aquarium were not replaced between different photoperiod levels and constituted
a random factor nested within CO; treatment and aquarium. The following split-
plot model (using capital letters for random factors) was employed for the three
photosynthesis variables separately (rETRmax and Ik were log-transformed):

Vi = 1+ it Al(G) + L (41(C))) + by + pyxc + BxA(G) + Pxy (Ai(C)))
whole—plot split—plot

+ Sk + S XC + SEXpj + SEXpiXc (Eq.9)

species variations fixed ef fects

Where p is the overall mean, ¢;= CO2 treatment, p;= photoperiod, sy=species, A;=
aquarium and I,= individual macrophyte specimen. The three main effects (p;, ¢;
and s;) and their interaction were fixed effects, whereas variation among aquaria
(4;) and macrophyte individuals (I,,) and interactions derived from these were
random. Marginal means were calculated for all the fixed effects and back-
transformed to the geometric mean for the two log-transformed response
variables.

The split-plot model is a generalized linear mixed model (GLMM) and was
analyzed using PROC MIXED in SAS version 9.3. Statistical testing for fixed effects
(F-test with Satterthwaite approximation for denominator degrees of freedom)
and random effects (Wald Z-test) were carried out at a 5 % significance level. The
F-test for fixed effects was partial, i.e. considering the specific contribution of the
given effect in addition to all other factor
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Image 4: Seawater sampling from a rosette system fitted with Niskin bottles aboard the
R/V Helmer Hansen. Photo credit: R. Caeyers.
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4. Results

4.1 Multi-method assessment of primary production at the NW
Svalbard shelf

Aim

Here we report on rates of primary production derived using 4C, O2 mass balance
and 180 methods in the NW Svalbard shelf in the European Arctic and focus on
comparing the rates to reconcile these three sets of measurements. We consider
the pathways of carbon and oxygen within the microbial food web and provide a
methodological assessment of their underlying assumptions to promote their use
in the Arctic Ocean and facilitate future primary production studies in the region.

Results

While seawater for the Oz-based methods (the O: mass balance and the 180
method) were sampled from the same CTD cast, time lags between 0z-based and
14C casts ranged from 0 to 32 h. The effect of the time lag on the GLMs between
GPP-180 and 1#C-TOC and *C-POC was not statistically significant (p = 0.14 and p =
0.07, respectively). Oz and C-based rates were on average an order of magnitude
higher in May during the episodes of intense spring blooms than in August (Figure
6, Table 2). However, Oz-based estimates of PP were overall much higher than C-
based estimates, particularly in spring (Table 2).

Table 2: Average volumetric rates of GPP-DO, GPP-180, 14C-TOC and 14C-DOC with standard
errors (mean * SE) with units mmol 02 m-3 d-! or mmol C m-3 d-1. Seasonal means as well as
an overall mean are reported. Results of comparisons of means with GPP-180 (in grey)

using a two-sample t-test are indicated (not significantly different, * for p > 0.01 and ** for
p > 0.05).

GPP-DO GPP-180 14c-ToC 14c-POC

May 24.3 +0.9** 25+2.5 13.0+£1.2** 6.6+0.3*
August 2.8+ 0.6** 2.0+0.2 35+£0.3%* 32+0.3**
Total 15.1+0.7** 15.1+1.5 9.0+ 0.9** 5.2+0.3*

Mean GPP-DO and GPP-180 estimates were overall not significantly different (p >
0.01, Table 2), the RMA regression equation was highly correlated (R? = 0.92, ,
Figure 6a, Table 3) and the slope was not significantly different than 1 (p > 0.05,
Table 3).
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Table 3: Statistical parameters of RMA linear regressions on log (x+1) - transformed
volumetric rates of GPP-DO, GPP-180, 14C-TOC and 4C-POC and the standard errors (SE).
RMA linear regressions are shown in Figure 5 and Figure 6. Angle indicated between the
regression line and the abscissa.

Y vs. X Slope SZI.:;/; 9570?)? Intercept Intzt-:.f:/(:pt Ingtz;i?pt Angle N p-value R? Slzzfndiff.
GPP-DOvs. GPP-'*0 098 0.85 1.14 0.08 -0.23 0.35 45 21 9E-12 092 p-046
“c.tocvs. '“c-POC 1.19 100 141 001 -0.26 0.24 50 25 2E-11 0.87 ,-0.16
4c.pocvs. GPP-'®*0 0.78 034 2.87  0.05 3.11 0.72 38 25 002 020 p=028
4c.pOCvs. GPP-DO 0.53 024 1.19 071 -0.46 1.23 28 21 001 031 p-00s8
ctoCvs. GPP-®*0 093 032 255 -0.26 -3.29 0.87 43 25 002 020 p=043
%C.TOCvs.GPP-DO  0.74 031 164  0.20 -1.38 0.97 37 21 001 030 p—25

Mean 14C-TOC and '*C-POC were not significantly different (p = 0.46, Table 2),
although 14C-TOC rates were higher than 1#C-POC particularly in the spring due to
the contribution of 1#C-DOC (Table 2), with 14C-TOC and 4C-POC highly correlated
by the RMA regression (R? = 0.87, Figure 6b, Table 3) and a slope not significantly
different than 1 (p = 0.16, Table 3).
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Figure 6: Relationships between the log (x+1) - transformed volumetric rates of (a) GPP-
DO and GPP-180 during May (in black, mean * standard error, SE) and August (in blue,
mean * SE) of (a) and (b) 14C-TOC and 4C-POC within the euphotic zone (b). Dashed-lines
represent the 1:1 line and red solid lines represent the RMA linear regressions whose
statistical parameters are indicated in Table 3.

The slopes of the RMA regression equations between 0-based and C-based rates
were also not significantly different than 1 (p > 0.05, Table 3) and their means
were not significantly different (p > 0.01, Table 2), however correlation were
significantly weaker (R? = from 0.20 to 0.31, Figure 7, Table 3) relative to
correlation within methods (R? = from 0.87 to 0.92, Figure 6, Table 3). C-based
rates increased as the averaged 0.37 power of the O2-based rates, thereby resulting
in a relevant difference in rates (Figure 6, Figure 7, Table 2 and Table 3).
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Figure 7: Relationships between
the log (x+1) - transformed

-8 “C-POC

“ volumetric rates of GPP-180 and
-®- "“c-TOC ) C
e Gcppno GPP-DO (in blue, mean # SE), 14C-

TOC (in red, mean * SE) and 14C-
POC (in black, mean # SE).
Dashed-line represents the 1:1
line and the solid lines represent
the RMA linear regression whose

statistical parameters are
included in Table 3.

GPP'™0 (mmol O, m2d™)

These results indicate that #C-PP measurements underestimate GPP in the
European Arctic Ocean, with average 14C-PP estimates 40 % lower than both GPP-
180 and GPP-DO (59 = 6 %). However, significant seasonal variability is also
apparent. In the spring, during the phytoplankton bloom, 14C-PP rates equally 54 +
5% and 52 £ 5 % of GPP-DO and GPP-180 estimates, respectively, leading to
underestimation of C-based rates. These results support previous studies that
found lower rates with 1#C method during productive periods (Matrai et al.,, 2013;
Vaquer-Sunyer et al, 2013). However, in August, when recycling processes
dominated primary production and overall rates were low, 14C-PP was 27 + 13 %
higher than the GPP-DO and 79 * 18 % higher than the GPP-180 estimates. For the
North Atlantic, Robinson et al. (2009) highlighted that the difference between
these methods depended on the magnitude of respiration. However, respiration
rates in European Arctic communities are characteristically low (i. e. Vaquer-
Sunyer et al, 2013), suggesting that other processes involved caused the
differences observed in Arctic plankton communities.

The 24-h photoperiod in the Arctic helps support the rapid growth and primary
production of phytoplankton, but may impose higher respiratory loss such as in
the Beaufort Sea, in the western Arctic, than in temperate regions (Nguyen et al.,
2012), as respiration is higher for phytoplankton during periods of high light
availability (Bender et al, 1987; Grande et al., 1989a). A recent study showed that
elevated phytoplankton respiration rates during periods of long day length in the
high Arctic accounted for reported differences between light and dark respiration
(Mesa et al, 2017).The time lag between casts could be a factor impacting GPP
estimates at low productivity rates, but this effect was apparently not statistically
significant in our study.
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GPP-180 rates were also expected to exceed GPP-DO rates by upwards of 20 %
greater than GPP-DO, as GPP-180 has been reported to overestimate GPP due to the
Oz-produced not related with C-assimilation through the Mehler reaction and
photorespiration (Grande et al, 1989b; Laws et al, 2000), both reactions related
with high irradiances (Grande et al., 1989a). In the Mehler reaction, a molecule of
labelled O; is produced and a molecule of unlabeled O: is consumed, being
recorded as GPP by the 180 method (Falkowski & Raven, 1997). Photorespiration
results when Oz binds Rubisco that leads to the excretion of glycolate (Falkowski &
Raven, 1997; Beardall et al, 2009). However, this was not the case in the Arctic
communities studied, with GPP-180 and GPP-DO rates were comparable and highly
correlated in both May and August.

Daily #C uptake into particulate carbon using 24-h incubation provides an
estimate of NPP (Marra, 2002; Robinson et al, 2009; Regaudie-de-Gioux et al,
2014). The difference between GPP-180 and 1#C-POC rates can be assumed to
represent the losses of PP due to respiration by autotrophs and heterotrophs
(Grande et al., 1989b). In our study, these losses accounted for 73 + 2 % (18.3
mmol Oz or C m3d1) and -63 + 3 % (-1.2 mmol Oz or C m3 d-1) in May and August
respectively. The rapid growth of phytoplankton would raise metabolic demands,
accounting for the increasing gap between methods in highly-productive Arctic
communities at this time of the year. In August, when low abundance of large
phytoplankton and recycling processes are dominating, average 1#C-PP was higher
than the Oz-based estimates. Our results are agreement to observations in a recent
multi-regional study where C-based rates were closer to Oz-based rates however
in the study the effect of seasonality in the linearity of PP rates was not researched
(Regaudie-de-Gioux et al,, 2014).

In addition to respiration losses, which are higher in the light than in the dark at
continuous daylight (Mesa et al.,, 2017), the C-based method includes losses due to
dissolved organic carbon excretion (Bender et al., 1987). In our study, 1*C-DOC was
higher in May due to high C and 0;-based PP rates in spring, accounting for 6.4 +
0.2 mmol Cm2d1or49 *2 % of the 1#C-TOC and 0.3 £ 0.1 % mmol Cm2d1or9 +
2 % of the C-TOC in August. These values compare well with previous estimates
of DOC production in the Arctic (Vernet et al., 1998).

Our results agree with the notion that the *C method underestimates GPP due to
processes of respiration, grazing and DOC excretion (Marra, 2002; Regaudie-de-
Gioux et al.,, 2014). This was particularly notable in spring, confirming that in 24-h
incubations #C approximates net primary production (NPP-14C, Table 3) (Grande
etal, 1989b; Laws et al, 2000). The main benefit of the widely-used *C method is
its high sensitivity when both 1#C-TOC and *C-POC are measured, including the
contribution of the DOC pool and allowing for the determination of photosynthesis
in low-productive oceans.
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In our study, this sensitivity resulted in higher 1*C-TOC rates than GPP-180 in
summer, a season characterized by low productivity rates in the Nordic and
Barents seas (Matrai et al, 2013). However, 1#C-TOC does not account for the
newly incorporated organic carbon that has been respired by the predominant
microbial plankton community. Short incubation times (<4h) are recommended to
minimize the loss of *C-DOC that is consumed by heterotrophic prokaryotes, a
process that underestimates *C-DOC in long incubations, as in this study
(Steemann-Nielsen, 1952; Marra, 2002). The *C method also underestimates the
C-assimilation due to release of organic 1#C by photorespiration (Peterson, 1980;
Laws et al, 2000). In contrast, the Oz mass balance method is inaccurate to
estimate GPP in the Arctic with 24-h daylight (Mesa et al, 2017) and the 180
method measures all Oz-producing metabolic process, including also those not
related with C-assimilation, such as photorespiration (~10 % of the GPP-180) and
the Mehler reaction (~10 % of the GPP-180) among other less studied processes
that might have overestimated GPP (Bender et al, 1999; Laws et al.,, 2000; Dickson
etal, 2001; Marra, 2002). Thus, differences in the underlying assumptions of the
methods yield significant uncertainty in the reported PP values, complicating
comparisons.

The 02-based methods and the 1#C method provide understanding of different
processes critical to describe ecosystem function such as gross and net primary
production and respiration at phytoplankton or community level. The choice of
either method should be guided by the specific question being addressed. In this
way, the methods are complementary. For Arctic waters, we recommend the use of
0O2-based methods for GPP estimation, #C-TOC for NPP and C-POC for
phytoplankton carbon production when the focus is in quantifying the food
available for higher trophic levels. The combination of #C-TOC and 1*C-POC
provides information of food supply (as DOC) for the microbial food web.
According to our results and the marked seasonality of the Arctic, the use of O-
based methods during the productive period is preferable, as the C-based method
involves underestimations due to respiratory processes. During low production
periods, as in non-blooms conditions or under the ice locations, the use of both C
and O2-based methods is adequate.
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4.2 Episodic Arctic CO; limitation at the W Svalbard shelf
Aim

Here we test the hypothesis that the characteristically low concentrations of COz in
Arctic waters during spring and summer limit the primary productivity of
plankton communities, before dissolved inorganic nutrients have been fully
consumed. To test this hypothesis we conducted a series of seven experiments of
elevated CO; to study the response of planktonic GPP at the W and NW of the
Svalbard shelf located in the European Arctic sector in May and August. The
communities sampled experienced a range of conditions in terms of net and gross
primary production and nutrient conditions. We evaluated the net biological
demand of CO; as the NCP measured with the O, mass balance method, and
compared this to the atmospheric supply of CO; through air-sea exchange. The
response to elevated CO; of GPP measured with the 180 method, was evaluated
experimentally.

Results

Community metabolism and CO; demand

GPP-0: in the euphotic layer increased with increasing Chl a concentration (p <
0.0001, R? = 0.81, Figure A1), resulting in low in situ CO2 concentration waters
(ranging from 281 to 128 patm pCOq, Table 4) in all the experiments.

Table 4: In situ conditions and results of the experiments.

Experiments

Variables

May2014-1  May2014-2 Aug2014-1  Aug2014-2 Aug2014-3 May2015-1 May2015-2
Date (d) 23/5/14 25/5/14 7/8/14 12/8/14 14/8/14 2/5/15 4/5/15
Depth (m) 2.4 3.2 5.7 2.9 3.0 5.0 5.0
Temperature (°C) -0.8 -1.2 7.0 -0.4 -0.1 -1.0 -1.3
Salinity (psu) 33.9 33.6 343 315 31.6 34.2 34.2
GPP + SE (umolo,L*d?) 6.20.1 5.8+0.6 1.4+0.1 0.4+0.03 0.8+0.1 46.0+6.0 82.4+11.4
Avg. LN ES GPP (umolo,L*d?) 0.5 0.5 -1.5 0.1 -0.6 0.2 0.2
pCco, (uatm) 142.5 127.9 281.2 170.8 185.7 167.5 192.5
Chla (ugL™) 7.9 1.8 1.1 0.3 0.4 10.6 13.0
NO, +NO, % SE (umolIN L?) 0.7%0.0 0%0.0 10.3£0.6 0.7£0.0 0.5 £0.0 0.0 1.7
PO, +SE (umolP L-1 0.1£0.0 0.0£0.0 0.7%0.0 0.1£0.0 0.1£0.0 0.1 03
Si0, + SE umolSi L-1 0.9+0.1 na 48+0.6 0.6+0.0 0.7+0.0 0.4 15
Total (cell LY 47300 19400 870 1870 2910 10180 147302
Phaeocystis spp. % 99.4 79.2 0.0 8.2 26.2 0 0
Diatoms % 0.6 11.6 97.3 90.5 69.9 68.6 80.28
No identified % 0.0 9.2 0.0 0.0 2.4 31.0 19.7
Air-sea CO, flux (umolc m?d?) 1504 37927 12613 33655 14823 8450 13224
Integrated NCP + SE (umolO, m?d™) 236302 + 4097 290586 + 11732 41755 + 7814 191310 + 17888 44962 + 10460 nd nd
Integrated NCP/ s 157.1 7.7 33 5.7 3.0 nd nd
Air-sea CO, flux
Integrated NCP/ 06 131 30.2 17.6 33.0 nd nd
Air-sea CO, flux

Fjord Fjord

Very open drif
ice

Ice conditions Open driftice  Open waters Open driftice  Open driftice mouth/ mouth/

no ice no ice
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GPP, measured with the 180 method, of these low-CO2 communities ranged from
82.4 to 5.8 umol Oz L't d'! in spring, under blooming conditions, while in summer
GPP was much lower (1.4 to 0.4 and pumol O; L-1 d-1), reflecting a non-blooming and
recycling nutrients period. The GPP/R ratio (between GPP-DO and dark
respiration, measured with the Oz mass balance method) was extremely high in
the euphotic layer in May (43.4 + 0.85 pmol Oz L1 d-1, with a maximum value of
244.6) compared with low values in August (2.67 * 0.73 pmol Oz L1 d1). As a
result, the waters sampled were consistently undersaturated in CO;, with the in
situ pCO2 range (128 to 281 patm, Table 4) and with a broad range of primary
productivity rates. Consistent with the role of biota as a CO: sink, there was
oceanic uptake of atmospheric CO; at the stations sampled, which increased with
increasing integrated NCP (Figure 8, Table 4). However, the input of atmospheric
CO2 was much smaller than the net demand by the plankton community,
accounting for 19 % on average of the net biological removal, assuming 1:1 ratio
between O; and C (Figure 8, Table 4).

Air-sea flux (umol O, m2d™)

11.01
10.5
10.0-

Figure 8: Oceanic uptake of CO2 shown

—e— by the relationship between the air-sea

957 | o CO; flux and the NCP integrated (p =

. . . 0.01, R2 = 0.64, df = 6). The grey area

1 12 13 represents the confidence interval (CI).

Integrated NCP (umol O, m 2 d™")

Response to experimental CO2 additions

The range of experimentally elevated pCO2 (178 to 1096 patm, Table A1) was
much greater than of the in situ pCOzrange (128 to 281 patm, Table 4), but it was
consistent with the range reported across the Arctic Ocean (78 to 765 patm,
Bakker et al, 2016). The experimentally tested plankton communities represented
variable biogeochemical parameters, from low-productivity communities
supported by nutrient recycling sampled in August 2014, to pre-bloom, blooming
and decay phases, sampled in May 2014 and 2015.

Three of the experiments showed a positive response to CO additions, all of them
for communities sampled in May (May 2014-1, May 2015-1, 2) characterized by
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the highest in situ GPP (6.2, 46 and 82.4 pmol O; L1 d-1, respectively), high Chl a
concentration (7.9, 10.6 and 13 pg L1), low pCOz (< 193 patm) and generally low
nutrient concentrations but present in seawater (0.7 pumol N L-1, 0.1 pmol P Lt and
0.9 umol Si L1, in May 2014-1), depleted in nitrite and nitrate and in presence of
phosphate and silicate (0 pmol N L1, 0.1 umol P L-1, 0.4 pmol Si L1, in May 2015-1)
and slightly higher nitrate, phosphate and silicate (1.7 pmol N L1, 0.3 pmol P L1,
1.5 pmol Si L1, in May 2015-2) (Table 4).

In these three experiments the phytoplankton communities supported high cell
density, with a dominance of diatoms in May 2015-1 and 2 and a community
dominated by Phaeocystis sp. in May 2014-1 (Table 4). The GPP yield of every
community tested was calculated as the slope of the fitted regression equations
between GPP and the concentration of added CO: (Figure 9, Table A1l). The GPP
yield per pmol added CO: increased with increased GPP at in situ CO:
concentration, being 10-fold times higher in spring than in summer (Figure 9).
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The response of GPP to CO: addition was negative in four of the seven
experiments, including all of the experiments conducted in August and the
experiment of May 2014-2, with communities generally characterized by low GPP
(from 5.8 to 0.4 umol O L1 d-1), low Chl a concentration (1.8 to 0.3 pg L1), low
pCOz (ranging from 128 to 281 patm) and low abundance of phytoplankton,
dominated by diatoms (Table 4). Dissolved inorganic nutrients concentrations
were generally low in nitrite and nitrate (~ 0.7 umol N L-1), phosphate (~ 0.1 pmol
P L-1) and silicate (~ 0.6), except for the August 2014-1experiment, which showed
high nitrate concentrations (10.3 pmol N L-1) and high silicate concentrations (4.8
umol Si L-1) although in situ GPP did not respond to COz addition at high nutrient
levels (1.4 pmol Oz L1 d-1). All of the stations had low salinity (< 34.3) and low
temperatures (< 0.1 °C), except in the experiment August 2014-1 that the
temperature was 7 °C, probably due to the proximity of surface waters to the WSC
that transports warm Atlantic water mass.
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A meta-analysis of the experimental results showed patterns in the range of
responses observed. In particular, the response to CO; enrichment, measured as
the Ln effect size of GPP, increased significantly with the biomass of communities
tested (p = 0.002, Rz = 0.36, Figure 10a). The Ln effect size of GPP became positive,
indicative of an increase in GPP under elevated CO2, during dense blooms in which
the Chl a concentration was in excess of about 7 pg Chl a L1 (Figure 10a). The Ln
effect size of GPP declined with increasing in situ pCO; and became positive when
the in situ pCOz was below 150 patm (Figure 10b).

1_

Temperature (°C)
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-2 % —21 %

Ln Effect Size GPP (umol O, L™ d™")

o 5 10 15 150 200 250
Chl a (ug Chla L‘1) pCO, in situ (vatm)

Figure 10: The relationship between the Ln Effect Size of GPP (+ SE) and: a) in insitu Chl a
concentration in the communities tested and the regression equation (Ln Effect Size of
GPP =-0.7 (¥0.17) + 0.10 (#0.3) Chl a; R2 = 0.36, p-value = 0.002); and b) the in situ pCO-
and the regression equation (Log Effect Size of GPP = 1.52 (20.43) - 0.01 (*0.00) in situ
pCO2; R2 = 0.50, p-value = 0.0001) at temperature < 0°C in black and 7°C in red. The grey
area represents the CL.

The strongest GPP stimulation was found in a community with intermediate GPP
(6.2 £ 0.1 umol Oz L1 d-1, May 2014-1) and dominated by Phaeocystis sp. (99.4% of
the biovolume, Figure 11, Table 4, Table A1). Two diatom-dominated communities
(51.5% and 76.6% of the microphytoplankton biovolume) with high GPP (46 + 6
and 82.4 + 11.4 pmol Oz L1 d1) were also stimulated by COz enrichment (May
2015-1 and May 2015-2 respectively, Table 4, Table A1).
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As a result of COz-unsaturated waters and the low atmospheric CO; input (Figure
8), the turnover of CO; in the communities tested, calculated as the slopes of fitted
regression equations between the CO2 removal rates (in units of pumol COz L1 d'1)
and the concentration of added CO; increased with increasing in situ GPP (Figure
12, Table A1).
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The atmospheric resupply of CO2 was far too slow to compensate for the observed
biological drawdown of COz (19 %, Figure 8), resulting in low CO2 waters during
the Arctic spring bloom (Kaltin et al.,, 2002; Bates et al., 2006; Bates and Mathis,
2009; Fransson et al, 2009, 2017). Upward CO; flux from deeper layers was also
likely to be low due to the seasonal stratification produced by sea-ice melting in
the same area leads to small upward nitrate fluxes (Randelhoff et al., 2016). The
large imbalances that we observed between net biological CO2 consumption and
atmospheric CO; resupplies explain the sensitivity of the Arctic phytoplankton
community to COz limitation. The time for photosynthetic removal of the CO2 pool,
in the absence of recycling mechanisms, ranged from more than 10 days for the
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least productive communities in summer to 3 days for communities in an active
phase of the spring bloom (Figure 12). Respiratory remineralization of CO2 was
characteristically low during the spring bloom (40-fold lower than photosynthetic
uptake, i.e, GPP/R = 43) as is the atmospheric input of CO, leading to CO:
depletion and creating the conditions for CO; limitation during the spring bloom.
The peak of the spring Arctic bloom was characterized by autotrophic
communities with high net biological CO; demand and high GPP/R ratios on
average (43 * 0.8) as previous studies showed (Vaquer-Sunyer et al., 2013), acting
as CO2 sinks during the spring. In August, when recycling processes drive primary
production, the GPP/R ratios on average were more than 10-fold lower (3 * 0.7).

Accordingly, increased GPP with CO2 enrichment was generally observed (3 of 4
experiments) in spring (May 2014-1, May 2014-2 and May 2015), along with a
very high GPP yield per unit CO; added, whereas suppression was observed in the
summer experiments. The plankton communities tested spanned a range of bloom
stages according to the season and the location and yielded a broad diversity of
responses to increased CO2, from increased GPP, generally observed in the spring,
to suppression of GPP in the summer. This is consistent with expectations, as high
net biological demand for CO2 in spring, along with low resupply from respiration
rates and air-sea exchange, lead to a rapid CO; depletion; whereas there is a closer
balance between community production and respiration during the recycling
mode, in summer, when communities are strongly nutrient-limited, releases them
from CO2 limitation. The finding of a prevalence of suppression of GPP with CO>
enrichment in the summer is surprising, as we expected no effect, but not a
negative effect. The broad diversity of responses observed further allowed us,
through a meta-analysis approach, to explore the conditions associated with CO>
limitation. In particular, we found that these divergent results were dependent on
the biological demand of CO; and the extent of COz depletion in the water column
and the biological demand for COz, all of which are related to the seasonal
development of Arctic phytoplankton supporting the hypothesis of episodes of CO>
limitation during highly productive periods in spring, such as the spring blooms.

We observed the most negative effect size (i.e., suppression of GPP with addition of
CO2) in a community sampled in warm surface water and slightly influenced by
sea-ice melting (with 7°C temperature and 34.3 salinity), likely indicating the
proximity of the WSC, transporting warm Atlantic water mass. This community
was supported a low Chl a concentration and the highest in situ pCO2 (281 patm)
relative to the communities sampled in the rest of the experiments (Figure 10).
This negative result is consistent with the temperature dependence of the
experimental CO; effect on GPP reported by Holding et al. (2015) as well as with
the temperature threshold of 4°C at which Arctic plankton communities have been
shown to shift from autotrophic to heterotrophic (Holding et al, 2013). However,
the mechanism through which added CO; suppresses GPP is unclear. It may
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involve indirect effects of changes in pH on cellular composition (Taraldsvik &
Myklestad, 2000) or the availability of other nutrients, such as trace metals (Saito
& Goepfert, 2008; Shi et al, 2010; Xu et al, 2010, 2012). No or little response is
expected in waters with pCOz near atmospheric equilibrium (Mercado & Gordillo,
2011) and increases in GPP were expected in cold waters with depleted CO:
relative to atmospheric equilibrium but still containing enough dissolved inorganic
nutrients to support production (Holding et al., 2015).

Our results showed that GPP increased by 32 to 72 % (Table A1) on average when
CO2 was added during a phytoplankton bloom (Chl a > 7 pg L-1) with high CO:
demand (GPP > 6 pmol Oz L1 d-1), low pCO; (< 150 patm) and in presence of low
nutrients concentrations, conditions that approximately define episodes of CO:
limitation during Arctic spring blooms. It was previously found that the CO:
concentration limits photosynthesis of phytoplankton bloom episodes in semi-
enclosed systems (Mercado & Gordillo, 2011), but the environmental conditions
for CO; limitation in Arctic communities have not yet been defined. Moreover,
previous experimental results showed that increased CO: concentrations may
increase primary production in nutrient-poor communities (Hein & Sand-]Jensen,
1997) and nutrient-depleted conditions resulted in carbon-overconsumption
(Taucher et al, 2015). Such carbon-overconsumption has been observed
(Sambrotto et al, 1993; Banse, 1994) and has been associated with experimental
nutrient stress (Taucher et al, 2012, 2015), suggesting that episodes of CO:
limitation could extend into the later phases of a bloom.

Positive responses of GPP with elevated CO; were observed in highly productive
communities (Figure 11), one of them dominated by Phaeocystis sp. and two
dominated by diatoms. The strongest enhancement was observed in the
community controlled by Phaeocystis sp. (Table 4, Table A1), which is an important
Arctic haptophyte that is highly concentrated close to drifting ice (Wassmann et al.,
1999). Phaeocystis sp. is considered to have less-efficient CCMs than diatoms have
(Rost et al.,, 2008). Elevated CO2 produces a decrease in inorganic carbon affinity
and leads to strong downregulation in the expression of CCMs in some eukaryotic
algae such that the diffusive entry of CO2 can be facilitated (Giordano et al., 2005;
Reinfelder, 2010; Raven et al, 2011). This suggests a possible mechanism through
which the GPP of Phaeocystis sp. and diatoms are stimulated during COz-enriched
conditions. Besides, in our study the abundance of Phaeocystis sp. was observed to
increase when pCO; concentrations were lower than 150 ppm, which can
potentially influence competitions among phytoplankton species (Tortell et al,
2002). Phaeocystis sp. replaces diatoms when the growth of diatoms is limited by
the availability of silicic acid while other nutrients remain available to support
growth of non-diatom taxa (Lasternas & Agusti, 2010). Recently, an under ice
bloom in the Arctic dominated by Phaeocystis pouchetii was detected earlier than
expected with subsequent decline of DIC (Assmy et al, 2017). Our results indicate
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that both Phaeocystis sp. and diatoms are sensitive to CO; limitation during highly
productive periods in W of the Svalbard shelf although Phaeocystis sp. might be
more sensitive than diatoms when COz resupply is scarce. Although our results
may be apply only to the area tested, they are relevant because the European
sector of the Arctic contributes 50 % of the annual Arctic Ocean plankton
production (Arrigo, 2007).

Our results add to those of Holding et al, (2015) and suggest that increased
atmospheric COz and the resulting increased air-sea COz supply may stimulate
Arctic spring algal blooms at certain conditions (high biomass, presence of
nutrients and low pCO:). However, this expectation assumes that the nutrient
supply will not be affected by concurrent changes. Increased stratification, due to
Arctic warming and freshening may reduce vertical nutrient supplies from deeper
layers (Sarmiento et al.,, 2004; Wassmann, 2011; Randelhoff et al, 2017), possibly
reducing the intensity and timing of the spring algal bloom and, therefore,
reducing its carbon demand and potential CO; limitation. In contrast, areas
currently covered by ice would, as the extent of ice continues to decline, support
stronger algal spring blooms (Arrigo et al., 2008), during which episodes of CO>
limitation, such as those demonstrated in this study, may persist.
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4.3 CO: limits subarctic spring bloom production

Aim

Here we experimentally identify a window of time of CO2 limitation in a subarctic
phytoplankton bloom, after the peak bloom stage. During this time, the net
productivity of the spring bloom, estimated with the O; mass balance method, was
stimulated by CO; additions. Data was collected weekly from late February to late
May in 2016 producing a time series on the bloom development coupled with
experiments of added CO2 additions in Godthabsfjord in West Greenland.

Results

Phenology of CO2 limitation of the Arctic spring bloom

The central part of the Godthdbsfjord showed a marked seasonality: in late
February, the pCO; in the surface water (370 patm) was close to atmospheric
equilibrium, temperature was low (-0.8 °C) and salinity was relatively high (33.1,
at 5m depth). During March and in early April, the pCO; decreased to 355 patm,
temperature slightly increased, on average (-0.2 °C) as well as salinity (33.3, Figure
13, Table A2). The spring plankton bloom was initiated in the last week of April
and reached a maximum chlorophyll a concentration of 8 ug Chl a L1 on May 2nd at
1m, with a surface temperature of 1.1 °C. This resulted in a decrease of the pCO> to
305 patm and depletion of the dissolved inorganic nutrients in the surface waters.
Nitrate and nitrite declined from 9.6 to 2.5 umol N L-lin one week, with similar
declines observed for phosphate (0.8 to 0.3 pmol P L-1) and silicic acid (6 to 3.7
umol Si L1) concentrations (Figure 13). Plankton NCP increased 32-fold from low
winter values of 1.2 + 0.4 pmol Oz L-1 d-1 prior to bloom development to 38.8 + 1.0
umol Oz L1 d-1 on May 204,
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Figure 13: Seasonal development of the spring bloom in the upper 50 m of the water
column for a) map showing the Godthdbsfjord system in West Greenland; b) pCO>; c)
nitrate and nitrite concentration; d) chlorophyll a concentration; e) phosphate
concentration and f) silicic acid concentration on the sampling station sampled for March
7th to May 27th,

The phytoplankton abundance also increased from low cell abundance of about
273 cells L1 prior to bloom development to a maximum abundance of 2.8-105 cells
L1, mostly consisting of diatoms (Figure 14, Table A2). As a consequence, the
removal rate of dissolved inorganic carbon (DIC) reached a maximum value of 29.9
+ 0.7 umol C L1 d-1 Table A2). One week later, May 9th, the nutrient concentrations
increased slightly (5.6 pmol N L1, 0.5 umol P L1 and 4 pmol Si L1, Figure 13), the
pCO2 declined further (171 patm at 1 m depth), the DIC removal rate remained
high (23.6 + 4 pmol C L1 d-1). However, the Chl a concentration, the NCP and the
phytoplankton abundance at the sea surface were already decreasing relative to
the maximum values attained on May 2nd (Figure 13, Table A2). On day 13t May,
the maximum Chl a of 8.1 pg L1 was found deeper (at 10 m depth) and the pCO>
remained low at 191 patm, temperature increased (1.8 °C) and salinity decreased
(32.3) at 5 m depth (Figure 13). The minimum pCO; (168 patm) was observed four
days later (May 17t), the maximum Chl a was found even deeper, at 20 m depth,
temperature continued to increase (2.1 °C) and salinity decreased slightly (32).
Calculations of air-sea exchange indicated that the maximum air-sea CO2 supply
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rate (-147.7 mmol CO2 m2 d-1, Table A2) during the bloom episode was insufficient
to resupply the CO2 removed by NCP, since the atmospheric input only supplied 22
% of that removed with NCP (1:1 ratio assumed).

The phytoplankton abundance increased with NCP (Figure 14) and the community
was entirely dominated by diatoms from late February to late May, consisting
mostly of Navicula pelagica, Thalassiosira spp. and pennate diatoms during the
bloom. Diatoms such as Chaetoceros spp. and Fragilariopsis oceanica were also
present in lesser abundances and dinoflagellates (Protoperidinium spp.) were
observed, but in very low abundance. During the declining phase of the bloom, on
the 27t of May, spores of Thalassiosira spp. were found (Figure 14), indicating that
the spring bloom had reached the senescent phase (Arendt et al., 2010; Krawczyk
etal,2015).
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Figure 14: Net Community Production (NCP) and phytoplankton abundance at 5 m depth
at station GF7 from March 7t to May 27t, 2016. Stars indicate the presence of spores of
Thalassiosira spp.

During the winter and at the peak of the spring bloom, when pCO; was still
relatively high (300 patm), CO2 additions did not enhance NCP of the surface
plankton community, and sometimes even had a negative effect, (from February
29t to May 2nd, Figure 15). However, depletion of pCO2 below 200 patm with
sustained high nutrient levels lead to a significant enhancement of the NCP with
52% by COz additions on May 9t (CO; treatment 2, p < 0.025, Student t-test, Figure
15). Four days later, on May 13t%, the NCP was stimulated by 17% with CO>
additions (CO2 treatment 1), with dissolved inorganic nutrients close to depletion
(0.3 pmol N L%, 0 umol P L1 and 1 pmol Si L1, Figure 13). After four days more, on
May 17th, CO2 increased NCP by 176% (CO2 treatment 2, p < 0.025, Student t-test),
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from negative NCP at ambient pCO: to positive NCP at elevated CO, despite very
low nutrient concentrations (0.1 umol N L1, 0 umol P L1, 1.2 pmol Si L1). In
summary, the highest increase in NCP was found at the CO; treatment 2 after the
peak bloom stage (from May 9th to 17th). Thus, CO; additions stimulated NCP for
about 2 weeks following peak spring bloom development (Figure 15). After
nutrient depletion, low pCO;, increased temperature and low salinity, during the
days from May 23rdto 27th, the dissolved inorganic nutrients increased slightly as
well as pCO2 (244 and 262 patm, respectively) and salinity, whereas temperature
decreased (from 1.9 to 1.6 °C). CO; additions resulted in a significant decline in
NCP (p < 0.025, Figure 15), the highest decline was found at the CO treatment 1
(Figure 15).
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Figure 15: a) Net community production (NCP) in the control (in blue) and the maximum
response of NCP to the CO; treatments (1 or 2, in red); b) the change in NCP between the
control and the NCP response at CO; treatment 1 (mean * SE) of CO: (in black) and at CO-

treatment 2 (mean + SE, in white) from February 28th to May 27% in 2016. The grey
shadow indicates the 2-week period of CO; stimulation.

The spring bloom development, which lasted for three weeks at this subarctic
locality in Greenland, led to a decline in pCO; and nutrient concentrations,
resulting in a decline in pCO2 of 56% to reach values around 170 patm, potentially
limiting to phytoplankton photosynthesis (Mercado & Gordillo, 2011). Similar

69



4. Results

bloom conditions have previously been observed in this fjord system with peak
NCP values in late May, at pCO; values that was also depleted to 56% of winter
values (Sejr et al,, 2014; Meire et al,, 2015, 2016)

Experimental COz addition in the two weeks following the peak spring bloom
phase enhanced NCP by, on average, 7.4 umol Oz L1 day! (Figure 14) supporting
the hypothesis that CO; can limit NCP and, therefore, limit CO; removal at the late
stages of the Arctic spring bloom. During this time window, nutrients and pCO>
were declining and NCP was stimulated by CO: additions despite the low
concentrations of nitrate, phosphate and silicic acid, probably producing carbon-
overconsumption associated with nutrients-stressed communities (Sambrotto et
al, 1993; Hein & Sand-Jensen, 1997; Taucher et al, 2015). After nutrient depletion
and low pCO2, pCO: increased (> 200 patm) leading to non-limiting values that
explain the negative effect of CO2 addition in NCP (Figure 15).

Diatoms are generally considered to be unlikely to benefit from CO; enrichment
(Kroeker et al,, 2010; Torstensson et al., 2012) due to their efficient CCMs, which
increase the COz concentration at the site of carbon fixation (Rost et al, 2008).
However, the NCP of the plankton communities stimulated by COz additions in the
Arctic fjord examined here were completely dominated by diatoms, indicating that
the diffusive entrance of CO; seems to be facilitated by higher CO; concentrations
as suggested by other authors (Rost et al, 2003). Several studies have
demonstrated that the response of phytoplankton to increased CO; is species-
specific due to the different sensitivities of CCMs (Tortell et al, 2002; Rost et al.,
2003; Riebesell, 2004; Giordano et al, 2005; Sobrino et al, 2008; Reinfelder,
2010). However, most of the studies are based on single species of marine
phytoplankton, and studies examining natural phytoplankton assemblages
generally report enhanced photosynthetic rates and growth of Arctic natural
plankton communities with elevated CO2 (Engel et al, 2013; Schulz et al, 2013,
2017; Holding et al, 2015), although this response seems to be temperature-
dependent, restricted to the low temperatures characteristic of the spring period
(Holding et al, 2015) and low light irradiance (Hoppe et al, 2017). However,
reports of CO; limitation for the Arctic Ocean did not target specifically the spring
bloom and, therefore, failed to resolve the phenology of CO; limitation of Arctic
pelagic production.

In summary, we provided a seasonal assessment of the phenology of CO; limitation
for Arctic pelagic production, demonstrating the existence of a short time window
where NCP can be stimulated by CO2 addition. This window existed after the peak
production of the bloom when pCO; is < 200 patm and nutrients are still available
to support diatom growth and lasted nine days (from 9 to 17 May) of the 3-week
long spring bloom (from 25 April to 17 May), with CO2 addition potentially
increasing NCP by 17% to 167% during this CO: limitation period. This period was
also characterized by sinking of the diatom bloom, with maximum Chl a
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concentration sinking progressively from 1 m down to 20 m depth during the CO>-
limited late phase of the spring bloom. In contrast, CO; additions either had no
effect or reduced NCP in the pre- or post-bloom stages, possibly through indirect
effects of CO2 on pH-controlled processes, such as the speciation and toxicity of
heavy metals (Millero et al., 2009).

The Arctic Ocean is an important sink for atmospheric CO; (Bates & Mathis, 2009)
and the strong drawdown of CO2 with low pCOzdue to the biological uptake and
the input of sea ice melt and glacier waters during much of the productive season,
is expected to affect Arctic primary production (Rysgaard et al, 2009; Meire et al.,
2015). The NCP by the Arctic spring bloom is ultimately constrained by nutrient
supply, but increased COz supply may lead to a faster CO; removal and, potentially
COz-overconsumption. It has been observed that at high CO: levels, carbon
consumption increases whereas nutrient uptake remain the same, with a carbon
relative to nitrogen drawdown in excess of the carbon:nitrogen ratio in the ocean
(Riebesell et al, 2007). Recent studies indicate that freshwater accumulation is
reducing nutrient inventories and primary production in the euphotic zone of
Arctic waters (Coupel et al, 2015; Yun et al, 2016) probably due the strong
stratification produced by the freshening (McLaughlin & Carmack, 2010; Post et al,
2013). Freshening decreases pCOz (Meire et al, 2015) potentially increasing, CO>
limitation. Modelling predictions indicate increases in primary production in the
Eurasian perimeter, where less ice-cover implies less Arctic water and less
stratification, while decreases are predicted North of Greenland and Canada
(Slagstad et al., 2015), but the CO; effect on Arctic primary production reported
here was not included in these predictions. Increases in NCP as a consequence of
increased COz may increase the loss of organic carbon from the upper layer and
stimulating vertical flux to the sea floor or below the sequestration horizon,
thereby being sequestered through the biological pump, rather than be re-
mineralized by microbial and grazer activity in the water column (Riebesell et al,
2007; Passow & Carlson, 2012). In any case, the response of the Arctic ecosystem
to the combined effects of increased COz and freshening needs to be better
understood for accurate predictions of future changes in NCP.
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4.4 Long day length and increased CO: in subarctic macrophytes

Aim

Here we experimentally test the hypotheses that longer photoperiods (12:12, 15:9,
18:6, 21:3 and 24 light:dark hours) and increased COz supply relative to the low
ambient CO: levels of Arctic waters (200, 400 and 1000 ppm) increase
photosynthesis of subarctic marine macrophytes, which would support the
projected expansion of marine vegetation in the future Arctic.c We use two
macroalgae species (A. nodosum and F. vesiculosus) and one seagrass species (Z
marina) as test organisms that were alternately exposed to every photoperiod for
4 days.

Results

Rapid light curves (RLC) of A. nodosum (Figure A2),F. vesiculosus (Figure A3) and Z.
marina (Figure A4) reflected the photosynthetic performance of the species at
each photoperiod and CO: treatment. The RLC typically flattened out for all three
species around 200 pmol photons m s-1, but light saturation, Ik, was reached at
lower light levels for F. vesiculosus and Z. marina than A. nodosum (Figure A2,
Figure A3 and Figure A4).

Photoinhibition was not detected. rETRmax and saturating irradiance, Ik, varied
significantly among photoperiods with the highest values recorded at 24 h-light
photoperiod (Figure 16a, Figure 16c, Table 5), with the highest average values for
A. nodosum among species (Figure 16g, Figurel6i, Table 5). rETRmax increased
15%, on average, from 200 ppm of pCO2 to 1000 ppm (from 21.2 to 24.4 pmol
electrons m2 s1) although the effect of the CO2 treatment was not significant
(Figure 16c, Table 5).
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The photosynthetic efficiency, a, was significantly different between species with
higher values for both macroalgae compared to Z marina (Figure 16h, Table 5).
The CO: effect on o was not significant but a gradual increase of 10% was observed
from 200 to 1000 ppm (Figure 16f, Table 5), while Ik did not show an effect of CO..
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Table 5: Statistical tests of the fixed effects for the three photosynthetic responses.
Denominator degrees of freedom was calculated with Satterthwaite’s approximation.
Significant fixed factors are indicated with an asterisk (p < 0.05).

Parameter Effect Numerator Df Denominator Df F-value p-value
rETRax CO, treatment 2 9.0 1.4 0.30
rETRmax Photoperiod 4 14.6 4.6 0.01 *
rETR max Photoperiod*CO, treatment 8 14.2 0.7 0.72
FETRmax  Species 2 8.6 34.9 7.7E-05 *
rETRmax CO, treatment*Species 4 8.4 13 0.34
rETRmax Photoperiod*Species 8 87.5 1.3 0.27
rETRh.x ~ Photoperiod*CO, Treatment*Species 16 85.9 0.6 0.88

a CO, treatment 2 9.9 1.8 0.22
a Photoperiod 4 33.4 1.7 0.17
a Photoperiod*CO, treatment 8 32.7 0.7 0.68
a Species 2 9.8 14.1 1.3E-03 *
a CO, treatment*Species 4 9.7 0.2 0.95
a Photoperiod*Species 8 32.8 3.8 2.9E-03 *
a Photoperiod*CO, Treatment*Species 16 32.1 1.5 0.14
1k CO, treatment 2 3.0 0.1 0.90
1k Photoperiod 4 13.0 4.8 0.01 *
1k Photoperiod*CO, treatment 8 12.6 14 0.28
1k Species 2 23.6 23.9 2.1E-06 *
1k CO, treatment*Species 4 23.1 1.0 0.41
1k Photoperiod*Species 8 91.4 3.8 7.3E-04 *
1k Photoperiod*CO, Treatment*Species 16 90.2 1.1 0.38

The interaction effect between the different photoperiods and the species was
significant for a and Ik (Figure 17, Table 4). Z. marina showed the highest increase
in rETRmax on average from the photoperiod of 12 h to 24 h (10.7 pumol electrons
m2 s1); followed by A. nodosum (9.9 pmol electrons m? s1) and the lowest
increase was observed in F. vesiculosus (3.2 pmol electrons m2 s-1, Figure 17a).
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marina), i.e. s Xp;in the mixed model. Significance of the interaction is indicated with an
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The interaction effect between CO; treatments and species was not significant for
any of the photosynthetic responses, but A. nodosum showed the highest rETRmax
and Ik at 1000 ppm (Figure 18). The random effects for the three photosynthetic
parameters showed significant residual variation while remaining random effects
(aquarium and individual macrophyte specimen) were not significant.
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Figure 18: Estimated means of rETRmax (a), o (b) and saturating irradiance, Ik (c) for
different combinations of pCO: treatments and species, i.e. sy Xc; in the mixed model.
Significance of the interaction is indicated with an asterisk (p < 0.05) (none of them). Error
bars mark standard errors of the means.

Our results showed a significant increase in photosynthetic activity (rETRmax,
and Ik) with longer photoperiods and a positive but non-significant COz-effect. The
responses from 12 h to 24 h of photoperiod differed between species: Z marina
showed the highest increase in rETRmax followed by A. nodosum and F. vesiculosus
with increasing daylight hours. The photosynthetic efficiency, a, was similar
among macroalgae but different from that of Z marina. Estimates of
photosynthetic activity at the physiological, individual leaf level has been
adequately related with estimates of macrophytes productivity at community-level
(Silva et al., 2005).

Our results showed maximum rETRmax at 24-h daylight for all three species,
although A. nodosum and Fucus serratus from the North Sea and Norwegian Sea
showed increased growth rates only up to 20 h of daylight (Strémgren, 1978). The
small increase in rETRmax of F. vesiculosus at continuous daylight is consistent with
its current presence in the high-Arctic (Florczyk & Latala, 1989; Hansen & Haugen,
1989). Other species from the North Sea such as Ulva lactuca and Porphyra
umbilicalis did not increase their growth at photoperiods greater than 16 h (Fortes
and Liining, 1980). Reduced photosynthetic rates from 21 to 24-h daylight in
species from the North Sea and Norwegian Sea are likely produced by high photon
flux rates leading to photoinhibition, light-induced reduction in the photosynthetic
capacity of the macrophytes, to protect the photosynthetic apparatus, suggesting
that macrophytes from different latitudes might regulate their photosynthetic
rates differently. The Antarctic brown alga (Adenoscystis utriculares) showed faster
photoinhibition than brown macroalgae of temperate zones (Hanelt, 1996).
Nonetheless, the subarctic macroalgae tested in this study did not show

75



4. Results

photoinhibition in their RLC at 24-h photoperiods (Figure A2, Figure A3).

rETRmax and a increased somewhat in response to increasing CO2, although, given
the high variability, this was not significant. rETRmax of A. nodosum and Z. marina
tended to weakly increase with increasing CO2 while F. vesiculosus did not show
any trend. Previous analyses showed that A. nodosum was not COz-saturated at
ambient levels and diffusive entry of CO; seemed to be required (Surif & Raven,
1989; Koch et al, 2013), while F. vesiculosus was COz-saturated at ambient levels
(Raven & Osmond, 1992; Koch et al, 2013) and had high capacity for DIC uptake
by non-diffusive mechanisms (Mercado et al, 2009), which is in agreement with
the responses to elevated COz observed in our experiment. Our study suggests that
increased CO; benefits subarctic A. nodosum, probably because it is not currently
COz-saturated and the diffusive entry of CO2 or CCMs based on HCO3 usage are
required (Johnston & Raven, 1986; Surif & Raven, 1989; Koch et al, 2013), while F.
vesiculosus did not benefit from increased CO; probably due to its currently CO»-
saturated stage and its capacity for non-diffusive mechanisms (Raven & Osmond,
1992; Koch et al, 2013). In conditions of severe CO; limitation, the high availability
of HCO3- increases C acquisition, but it is energetically expensive and CO; remains
preferable for photosynthesis as compared to HCO3- due to lower photosynthetic
Kos values for COz than for HCO3- in seagrasses and macroalgae (Sand-Jensen &
Gordon, 1984). The seagrass Z. marina can be either COz-saturated or -limited at
ambient levels (Koch et al, 2013). We observed a positive, though non-significant
response of Z. marina to increased CO2, in line with COz-stimulation of seagrass
photosynthesis observed in other regions (Koch et al., 2013).

Our results suggest that longer photoperiods allow subarctic macrophytes to
increase photosynthetic activity. We observed that that the longest photoperiod
(24 h), characteristic of Arctic summers, intensifies the photosynthetic
performance of the Arctic macroalgae and subarctic seagrass species studied while
a high-CO2 environment may potentially stimulate photosynthesis further. The
macroalgae and seagrass species tested here will, hence, benefit from increased
day length during the Arctic summer as they migrate poleward with decreasing ice
cover. Our results thereby support the forecasted poleward expansion of subarctic
vegetation into the high-Arctic and the spread of existing Arctic macroalgae with
climate change (Krause-Jensen and Duarte, 2014).
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Image 5: Deployment of the equipment to measure pCO: in the water column aboard the
Erissalikk boat in Godthabsfjord, Greenland. Photo credit: F. Ugarte.

5. Discussion






5. Discussion

5.1 General overview

The goals of this thesis are to evaluate the relationship between GPP estimates
measured with three different methods in the Arctic Ocean and to assess the
effects of increased CO2 and long day length on planktonic communities and
macrophytes, and I have developed the sections Results 4.1, 4.2, 4.3 & 4.4 to
accomplish them. In Results 4.1 we found that during the growth season, from
spring to late summer, the 1#C-PP estimates were on average 40 % lower than the
02-based rates. However, due to marked seasonality of the Arctic Ocean, in May the
14C-PP rates equate to less than half of the 0z-based rates, underestimating Oz-
based GPP, and in August the 14C-PP rates was higher than the 0;-based estimates.
These results support the notion that the 02-based methods approximate GPP
while the 1#C method approximates NPP. Therefore, we recommended the use of
the O2-based methods during the productive period, given the C-based method'’s
negative bias as a result of respiratory process, while during low productive
periods, such as August, the use of both 14C and 0:-based methods are adequate.
These conclusions contribute to the field of Arctic oceanography and facilitate
future studies on primary productivity in this region.

In Results 4.2, we observed that at highly productive periods such as spring bloom
episodes and at low in situ pCOz, high Chl a concentration, high GPP and in
presence of dissolved inorganic nutrients, the experimental addition of CO:
increased the GPP of Arctic planktonic communities from 32 to 72% on average. In
Results 4.3, where the weekly development of a subarctic bloom with CO:
experimental additions was researched, we identified a window of time of CO:
limitation of about 2 weeks, during which NCP increased from 17 to 167% by CO>
additions. The stimulation of the spring bloom at the later phase by increased CO>
could result in a fertilization effect comparable to that recently demonstrated for
terrestrial vegetation. During the pre-bloom and post-bloom phases, the
experimental addition of CO2 did not stimulate or supressed NCP due to probably
the high pCO2 in seawater.

In Results 4.4, we found that the photosynthetic activity of three subarctic
macrophytes species (A. nodosum, F. vesiculosus and Z. marina) increased with
increasing day length and the effect of increased CO2 was positive but not
significant. Thus, our results suggest that as subarctic macrophytes expand in the
Arctic in response of the retracting sea ice, the long summer day will stimulate the
photosynthesis of the tested species, while high-CO2 environment might possible
further benefit them. Although each Results section has its own discussion, there
are some overarching themes within the thesis that can be discussed together
along the next sections.
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5.2 Primary production rates and photosynthetic activity

The relationship between C and Oz-based estimates of PP has been analysed in
Results 4.1 but the exact relation between the fluorescence estimates of rETRmax,
measured in Results 4.4, and primary productivity has not been addressed here.

The physiological photosynthetic response of individual macrophytes, ETR, is
theoretically an indicative of GPP (Beer et al, 2014). The review of Beardall et al,
(2009) confirmed a good correlation between measurements of PP rates carried
out using fluorescence estimates of ETR, C-assimilation and Oz-production in both
plankton and macrophytes communities under low- and mid-levels of irradiance.
However, stress conditions such as high light intensities, induce to reduced CO:
fixation rates and limiting levels of DIC and nutrients can drive imbalances of
electron transport (Beardall et al,, 2009).

When photosynthesis is light saturated, the fluorescence estimates of ETR may
overestimate the O; production because ETR measurements can detect elevated
electron flow possibly due to cyclic electron flow through PSII, since there is more
light available than required for maximum photosynthesis (Franklin & Badger,
2001; Beardall et al,, 2009). Other critical processes such as photorespiration, dark
respiration and the Mehler reaction already discussed, are alternative energy sinks
that impede a straight conversion of fluorescence-measured ETR to GPP (Beardall
et al, 2009). High irradiance and low CO; concentrations lead to the necessity of
CCMs, which are energetically expensive given the energy cost that requires the
facilitation of the CO2 entrance by diffusion and/or the H,CO3 uptake and its
consequent conversion into COz (Giordano et al., 2005). CCMs can act as both sink
of photosynthetic electrons and as a ‘pump and leak’ system of DIC (Sukeniw et al,
1997; Beardall et al., 2009), apparently increasing C fixation rates but producing
the release of CO; and acting as a sink of electrons (Tchernov et al., 1997; Beardall
etal, 2009). High irradiance is not expected in a changing Arctic, thus the linearity
between ETR and GPP rates should be valid.

5.3 The CO: fertilization effect in Arctic and subarctic waters

Given the important role of Arctic and subarctic PP as CO; sinks (Bates & Mathis,
2009) and the large contribution of phytoplankton and benthic macrophytes
(~76%) to PP rates of the near-shore areas in the high Arctic (Glud & Rysgaard,
2007), an increase of subarctic NCP for about nine days after the peak bloom stage
(Results 4.2), the stimulation Arctic GPP at bloom conditions (Results 4.3) in a high
CO2 environment and the stimulation of subarctic macrophytes photosynthesis as
they migrate poleward with the retreating of the ice (Results 4.4) should be taken
into account to assess the response of the Arctic ecosystem to the current changes.
Assuming linearity between ETR and GPP in macrophytes and given that the two
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0O2-based methods applied in the CO; addition experiments were comparable and
highly correlated (Results 4.1), hereafter the NCP rates and GPP-180 estimates will
be referred as PP.

Increases in PP in a high CO:; environment might lead to changes in grazing,
exudation of DOC and the production of detritus, altering the food web of the
Arctic Ocean. An enhance of primary productivity might hypothetically strengthen
the Arctic CO; sink, increase the vertical flux of organic matter to the sea floor and
lead to a positive feed-back loop similar to the CO; fertilization effect on terrestrial
vegetation (Denman et al, 2007). The CO; fertilization effect on land vegetation
has caused a pause in increasing global trends of atmospheric CO2 and
temperatures (Denman et al, 2007; Leggett & Ball, 2015) in the last 10 years
(Keenan et al.,, 2016), although the existence of this pause is controverted (Cowtan
& Way, 2014; Karl et al,, 2015). However, an increase of CO; in phytoplankton
communities also had no or reduced effect on PP in the pre- or post-bloom stages
in subarctic waters and no or reduced effect on Arctic PP in summer. The negative
responses during these periods suggest that the CO: fertilization effect in Arctic
and subarctic spring bloom production maybe offset by negative effects
throughout the much longer recycling phase, two to three months, with potentially
negatively affect the ecosystem. Whereas the mechanisms leading to enhanced PP
in Arctic plankton when biological CO; demand exceed supply appear clear, the
mechanisms leading to a prevalence of suppression of PP with CO; enrichment
during summer and in the pre- and post-bloom stages need be resolved.

5.4 Long day length and increased CO: in Arctic and subarctic
waters

Anthropogenic CO; emissions are directly related with Arctic sea-ice loss (Notz &
Stroeve, 2017). While decreasing the habitat availability of ice associated species,
ice loss during spring and summer also increases the availability of habitats for
arctic biota in the high Artic, for both phytoplankton communities in the shelf and
shelf-break given their drifting nature, and macrophyte communities in coastal
shelf areas due to their ability to colonize new habitats. The Arctic region
encompasses a large area. Day length increases up to 21 h in the subarctic region
(~65°N) and 24 h in the high Arctic (~80°N) during summer. Despite decreasing
the habitat availability of ice associated species, the current increase of free-ice
habitat in the Arctic Ocean is highly relevant for benthic and pelagic ecosystems,
since the growth of dense vegetation is often limited or even prevented by the
presence of ice and the consequent reduction of submersed light penetration
(Wulff et al,, 2009; Krause-Jensen et al., 2012; Krause-Jensen & Duarte, 2014). In
Results 4.4, the photosynthetic response of subarctic macrophytes, rETRmax,
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increased with longer day length. Therefore, increased free-ice habitat in the high
Arctic creates optimal conditions for marine vegetation (Krause-Jensen & Duarte,
2014; Krause-Jensen et al, 2016). In spite of this, the macrophytes response to
increased CO; was weak due to the lack of sufficient data, positive trends indicated
that COz additions may have also contributed to the increased rETRmax. In subarctic
waters, planktonic NCP in the sea surface also increased with increasing daylight
hours, reaching its maximum with 17 h of daylight and reduced pCO: levels at the
beginning of May (Results 4.3). During the window of time of CO; limitation of
about nine days, daylight hours increased from 17 h to 19.30 h of daylight,
increasing the demand of C and the consumption of Oz and playing an important
role on increased productivity together with the experimental increases of CO-.

5.5 Species - specific responses in a changing Arctic

The CO; fertilization effect has been attributed to species with low effective CCMs
(Tortell et al, 2002; Rost et al., 2003; Riebesell, 2004; Giordano et al., 2005;
Sobrino et al, 2008; Reinfelder, 2010). This is the case of Phaeocystis sp., an
important Arctic haptophyte which dominated the COz-stimulated communities of
Results 4.2. Other Arctic and subarctic species such as the picoeukaryotes
Micromonas spp., also has ineffective CCMs and benefited from CO: increases
(Engel et al,, 2008; Hoppe et al, 2017). On the other hand, diatoms are known to
have efficient CCMs (Rost et al,, 2008) and no benefits has been observed at high
CO2 (Kroeker et al, 2010; Torstensson et al, 2012). However, communities
dominated by the diatoms Navicula pelagica, Thalassiosira spp. and pennate
diatoms were CO2-stimulated in Results 4.2 & 4.3.

Although the response of macrophyte species to increased day length was positive
in Results 4.4, the effect of increased CO; was not significant, despite the different
responses between species. The macroalgae F. vesiculosus was not stimulated by
elevated CO; probably because it was currently COz-saturated (Raven & Osmond,
1992; Koch et al, 2013) and showed high capacity for non-diffusive mechanisms of
DIC incorporation (Mercado et al, 2009); A. nodosum showed higher stimulation
probably because it is not COz-saturated (Johnston & Raven, 1986; Surif & Raven,
1989; Koch et al, 2013) and the response of Z. marina also showed a positive but
weak trend similar to seagrasses responses (Koch et al, 2013) but its CO2-
saturation level is still unclear (Koch et al,, 2013).
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5.6 Knowledge gaps and further research

In this thesis, we found that increased experimental CO2 concentrations and
increased day length stimulate the productivity of Arctic and subarctic
phytoplankton after the peak bloom when in situ pCO2 was low, while the
photosynthetic activity of subarctic macrophytes is stimulated by increased day
length and probably by increased CO; concentrations, which are relevant findings
in the broad field of climate change ecology. However, further research on the CO>
fertilization effect in the Arctic Ocean is needed as well as its interaction with
increased temperatures (i.e. Holding et al., 2015), increased irradiance (i.e. Hoppe
et al, 2017), ultraviolet radiation, increased stratification and the consequent
changes in nutrients concentrations, increased freshening needs to be researched
because changes in primary productivity will affect the ecosystem food web and
the role of the Arctic Ocean as CO? sink, with probably global consequences.

Further research is also demanded on the respiratory processes such as
photorespiration, the Mehler reaction, mitochondrial respiration and O
production in darkness, both at cellular and community level, to fully understand
the underlying assumptions that can report biased estimates of PP based in Oz and
C methods during productive and unproductive periods.

The study of physiological responses at individual level coupled with the
community level response is key to resolve the response of the ecosystem in a
changing Arctic. Modelling and remote sensing have already shown that PP in the
Arctic Ocean will increase despite regional contrasts (Arrigo et al, 2008; Arrigo &
van Dijken, 2015; Slagstad et al, 2015), however additional research is required to
include the driver of increased CO; to estimate the response of benthic and pelagic
primary productivity in the Arctic Ocean.
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Image 6: The marginal ice zone at the NW Svalbard shelf. Photo credit: M. Sanz-Martin.
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10.

Measurements of 14C-based PP rates, with incubations of 24 h, are less than half
of the Oz-based rates, underestimating the GPP of the European Arctic Ocean,
although differences between methods are larger in spring than in summer.

Due to the marked seasonality of the Arctic, the use of 0z-based methods during
productive periods such as spring is preferable. During low production periods,
as in non-blooms conditions when recycling processes dominate, both C and O2-
based methods are adequate.

The gross productivity of Arctic is stimulated by experimental increases of CO2
during highly productive periods, such as the spring blooms, when there is low
in situ pCOz, high biomass, high GPP and in presence of dissolved inorganic
nutrients in seawater.

Shortly after the initiation of a subarctic spring bloom and after the peak phase,
there is a window of time of CO2 limitation that lasts about two weeks. During
this time, experimental CO; increases have a fertilizing effect on planktonic NCP.

Arctic planktonic communities dominated by Phaeocystis sp., an important
Arctic haptophyte, are stimulated by high CO2 probably due to low efficacient
CCMs.

Subarctic plankton communities dominated by the diatoms Navicula pelagica,
Thalassiosira spp. and pennate diatoms are stimulated by increased COq,
although the scientific literature reports that their CCMs are apparently
effective.

Before a phytoplankton bloom starts, during the pre-bloom phase, at the end of
the bloom and during summer, the productivity of subarctic and Arctic plankton
communities are not affected or are suppressed by experimental CO> increases.

The longest photoperiod, characteristic of Arctic summers, intensifies the
photosynthetic activity of the subarctic macroalgae A. nodosum and F.
vesiculosus and the seagrass Z marina and increased COz may potentially
stimulate the photosynthesis of A. nodosum and Z. marina.

Continuous daylight plays a major role in increasing photosynthetic activity of
these three subarctic macrophyte species as they expand into the Arctic region
with decreasing ice cover.

Increased COz and day length stimulate the productivity of phytoplankton
blooms in Arctic and subarctic waters, specifically after the peak phase, when
the CO2 concentrations are already low. Long day length also stimulates the
photosynthetic activity of three macrophyte subarctic species and increased CO>
might possible further benefit them.
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Image 7: The ice edge at the NW Svalbard shelf aboard the R/V Helmer Hanssen. Photo
credit: M. Cape.
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List of symbols and abbreviations

o: photosynthetic efficiency
°K: degrees Kelvin
°C: degrees Celsius

14C-DOC: incorporation of inorganic
carbon into dissolved organic carbon

14C-POC: incorporation of inorganic
carbon into particulate organic
carbon

14C-TOC: incorporation of inorganic
carbon into total organic carbon

14(C, 13C: 14 and 13-carbon isotope
respectively

180: 18-oxygen isotope

ACIA: Arctic Climate Impact
Assessment

ANOVA: analysis of variance
ASE: air-sea exchange

C: carbon

CaCOs: calcium carbonate

CCMs: carbon concentrating
mechanisms

CH4: methane

Chl a: chlorophyll a
COz: carbon dioxide
CO273: carbonate

CR and R: community respiration

CSIC: Consejo Superior de
Investigaciones Cientificas

CTD: conductivity, temperature, and
depth recorder

d: days

DCM: deep chlorophyll maximum
layer

DIC: dissolved inorganic carbon
DOC: dissolved organic carbon

DPM: units of disintegration per
minute

e.g.: exempli gratia, a Latin phrase
meaning “for example”

EF: effect size

ETR: electron transport rate
F: statistic from F-test

g: grams

GHGs: greenhouse gases

GLMM: Generalized Linear Mixed
Model

GLMs: Generalized Linear Models

GPP-180: gross photosynthetic
production of 180 from 180-labelled
water additions

GPP-DO: gross primary production of
dissolved oxygen

GPP: gross primary production
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GPPc: gross primary production in

the control treatment

GPPg: gross primary production in

the experimental treatment
Gt: gigatons

h: hours

H20: water

HCOs3: bicarbonate

HgClz: mercury chloride

i.e.: id est, a Latin phrase meaning
“that is” or “in other words”

[k: saturating irradiance

IMEDEA: Instituto Mediterraneo de
Estudios Avanzados

[PCC: Intergovernmental Panel on
Climate Change

Kg: kilograms

Km: kilimeters

L: liters

LN: natural logarithm
m: meters

mg: miligrams

mL: millilitres

mm: millimeters
mmol: millimoles
mol: mol

N: nitrogen
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N: North

n.d.: no data

n(N): number

N20: nitrous oxide

NCP: net community production
nM: nanoMolar

NO;: nitrite

NOs: nitrate

NOAA: National Oceanic and
Atmospheric Administration, USA

NPP: net primary production
NW: Northwest

02: oxygen

p: p-value from statistical test
P: phosphorus

PAR: photosynthetically active
radiation

pCO2: partial pressure of carbon
dioxide

P043-: phosphate

POC: particulate organic carbon
PP: primary production

ppm: parts per million

PQ: photosynthetic quotient
PS: photosystem

R/V: research vessel



9. Lists of symbols, figures, tables and images

R2: coefficient of determination

rETRmax: maximum relative electron
transport rate

RLCS: rapid light curves
RMA: Reduced Major Axis

Rubisco: enzyme ribulosa-1, 5-
biphosphate carboxylase/oxygenase

SD: standard deviation

SE: standard error

Si: silicon

Si04*: silicate

SST: sea surface temperature
TA: total alkalinity

TOC: total organic carbon

UB: University of Barcelona

UNIS: University Center in Svalbard
UV: Ultraviolet
UVA/B: Ultraviolet A and B

V-SMOW: Vienna Standard Mean
Ocean Water

W: West
WSC: West Spitsbergen Current
Yr: years

013C: delta notation for quantifying
the ratio of the 13-carbon isotope to
12-carbon

patm: micro atmospheres
pg: micrograms

uL: microliters

uM: micromolar

umol: micromoles
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Appendices of Results 4.2

o

GPP (umol 0, L' d™")

1 10
Chla (ug ChlaL™)

Figure A1l: a) Relationship between log-log transformed gross primary production as the
change in dissolved 02 (GPP-02) (mean * SE) and Chlorophyll a concentration (Chl a) at
different depths (p <0.0001, Rz = 0.86, df = 35); The grey shadow represents the
confidence interval.

Table A1: pCO; and CO; concentration at which the plankton communities of the Control
and treatments of every experiments, as well as CO, removal rates, GPP response and the
standard errors (SE), the averaged change in GPP, the Ln effect size of GPP (LN ES GPP +
SE) and the averaged Ln effect size of GPP from each experiment.

Avg. GPP Ln Effect Size
Experiment | CO, Treatment pCo; €o, |co, removal GPP +SE change with GPP +SE Avg. LN ES GPP
patm |umol L*| umolL*d? | umolO,L*d™ % pumolO, L*d* | pmolO2 L-1d-1
Control - in situ| 142.5 9.3 -0.1 6.2 + 0.1
Treatment 1 225.1 14.7 1 13.1 + 0.5 0.7 + 0.0
May2014-1 Treatment 2 341.3 22.2 1.3 10.2 + 0.8 72.2 05 = 0.0 0.5
Treatment 3 570.1 37.1 3.6 6.8 + 0.6 0.1 = 0.0
Treatment 4 1096.5 71.4 6 12.6 + 1.2 0.7 +* 0.0
Control - in situ| 127.9 8.5 0.2 5.8 + 0.6
Treatment 1 178.5 11.8 0.6 5.5 + 0.1 -0.1 + 0.1
May2014-2 Treatment 2 255.7 16.9 1 3.9 + 0.1 -33.2 -04 = 01 -0.5
Treatment 3 460.0 30.4 6.3 4.0 + 0.4 -06 + 0.1
Treatment 4 680.8 45.0 4.4 2.5 + 0.1 -0.8 + 0.1
Control - in situ| 281.2 13.6 2.3 1.4 + 0.1
Treatment 1 319.1 15.5 -0.5 0.1 + 0.1 -22 + 01
Aug2014-1 Treatment 2 454.1 22.0 2.3 0.5 + 0.1 -75.0 -1.1 + 041 -1.5
Treatment 3 556.7 27.0 4.2 0.2 + 0.1 -1.9 + 0.2
Treatment 4 615.9 29.9 1 0.6 + 0.1 -09 + 0.1
Control - in situ| 170.8 11.1 -0.1 0.4 + 0.0
Treatment 1 2239 14.5 -0.1 0.3 + 0.0 -0.1 + 0.1
Aug2014-2 Treatment 2 300.5 19.5 0.9 0.2 + 0.0 -33.3 -03 + 0.1 -0.1
Treatment 3 416.0 27.0 0.4 0.3 + 0.0 -0.2 + 0.1
Treatment 4 637.7 41.4 2.6 0.4 + 0.0 01 + 01
Control - in situ| 185.7 11.9 0.6 0.8 + 0.1
Treatment 1 243.3 15.6 0.1 0.6 + 0.0 -03 + 0.1
Aug2014-3 Treatment 2 353.1 22.6 0.9 0.5 + 0.1 -58.3 -05 + 0.1 -0.6
Treatment 3 463.1 29.7 -3 0.4 + 0.0 -06 + 0.1
Treatment 4 732.1 46.9 4.2 0.3 + 0.0 -1.0 + 0.1
Control - in situ| 167.5 11.0 2.1 46.0 6.0
May2015-1 Treatment 1 247.8 16.2 4 61.3 + 1.8 323 03 = 0.1 0.3
Treatment 2 341.7 22.4 5.4 60.4 5.5 03 + 0.1
Control - in situ| 192.5 12.8 2 824 + 114
May2015-2 Treatment 1 233.5 15.5 3.5 79.3 + 6.5 31.9 00 = 0.1 0.2
Treatment 2 273.5 18.1 3.6 1381 + 173 05 = 0.1
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Appendices of Results 4.3

Table A2: In situ conditions at 5 m depth and results of the CO2 supply experiments

Pytoplankton Air-sea

. Daylight Chla NO, +NO; PO, Sio, co, pCO, NCP t SE DIC removal + SE
Experiment Date h) (ugL?) abundance (umol L) (umol L* L exchange T (umol 0, L* d) (umol CL* d*)
(cell L) T umol L)  (umol L™) (kmol € m? d) reatment (ppm) (! 2 K
Control 370 0.7+0.3 nd
A 29/2/16 9.50 0.05 420 nd nd nd Level 1 661 0.1+0.5 nd
Level 2 813 -0.1+0.2 nd
Control 378 22%06 25.2+13.7
B 7/3/16 10.25 0.04 180 10.4 0.8 5.7 -1178.4 Level 1 529 2.1%0.8 9.4+0.8
Level 2 743 -0.1+0.7 -6.4 +14
Control 365 -06%05 65.2+3.9
C 14/3/16 12.00 0.11 360 10.4 0.8 5.8 -5314.0 Level 1 622 0x0.2 6.0 £3.2
Level 2 749 -04+04 -61.3 6.1
Control 365 23x06 -1.2 £6.7
D 21/3/16 12.75 0.06 80 10.4 0.8 6.2 -4352.3 Level 1 645 19+1 9.6 £3.0
Level 2 841 1.3%0.7 3.2 +1.8
Control 364 14+03 09 £3.2
E 29/3/16 13.50 0.13 380 10.3 0.8 6.1 -117.3 Level 1 562 -54%03 56 £1.7
Level 2 822 0.8+0.3 5.7 £3.4
Control 355 1.5+03 nd
F 4/4/16 14.25 0.22 220 10.2 0.8 6.2 -16334.9 Level 1 503 0.4+0.2 62.7 +8.5
Level 2 729 0.3:04 -52.1 +2.5
Control 370 35+04 -11.7 £15
G 18/4/16 15.75 0.17 760 9.5 0.8 6 -943.9 Level 1 479 15%+0.6 -10.1 +2.1
Level 2 844 1.8+0.2 13+1.4
Control 383 63%1 1.5+34
H 25/4/16 16.50 0.28 500 9.6 0.8 6 -1934.3 Level 1 524 4:0.8 -4.2+4.0
Level 2 915 2.6%14 -6.9+4.4
Control 303 388z*1 -30.8+0.7
2/5/16 17.25 6.49 279940 25 0.3 3.7 -5160.7 Level 1 451 38.5+0.7 -42.6 £5.9
Level 2 944 38.8+1.1 -29.8+1.9
Control 190 194+1.7 -243+4.1
J 9/5/16 18.00 4.09 162803 5.6 0.5 4 -147740.6 Level 1 451 219+24 -20.0+1.5
Level 2 944 295+2.1 -22.9+29
Control 191 16.2+0.8 -11.1+1.3
K 13/5/16 18.75 5.05 207356 0.3 0 1 -6546.8 Level 1 594 19+0.6 -20.9+6.2
Level 2 747 18+0.5 -16.9+4.6
Control 177 -59+0.7 4.1%55
L 17/5/16 19.5 1.50 98016 0.1 0 1.2 -19736.0 Level 1 400 -6+0.4 -1.8+3.6
Level 2 700 45+1 -10.8 +8.0
Control 244 16.6+0.7 -19.5+5.9
M 23/5/16 20.25 2.87 34700 21 0.2 2.2 -7339.1 Level 1 605 331 65.4+24.6
Level 2 985 14.2+0.2 12.0+8.4
Control 262 20.6%0.7 -15.2+9.0
N 27/5/16 21 2.76 40060 1.9 0.2 2.3 -1415.0 Level 1 606 143+04 -213+14
Level 2 903 10.7+0.9 -11.5+1.0
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10. Appendices

Appendices of Results 4.4
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Figure A2: Rapid light curves (RLCs) on A. nodosum at different photoperiods and

pCO; treatment (n = 4). The photosynthetic parameters were obtained by fitting
the non-linear model of Eq. 6 to the RLCs.
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Figure A3: Rapid light curves (RLC) on F. vesiculosus at different photoperiods and

pCO; treatment (n = 4). The photosynthetic parameters were obtained by fitting
the non-linear model of Eq. 6 to the RLCs.
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Figure A4: Rapid light curves (RLC) on Z marina at different photoperiods and
pCO; treatment (n = 4). The photosynthetic parameters were obtained by fitting
the non-linear model of Eq. 6 to the RLCs.
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