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General abstract

The metabolism of oceanic phytoplankton, consisting of gross primary production
(GPP) and respiration (R), regulates biogeochemical cycles and climate. Plankton
photosynthesis is responsible for half of the world primary production and fuels the marine
food web and the biological CO2 pump, which makes oceanic phytoplankton primary
production a fundamental process at the global scale. However, there is a current debate over
the estimations coming from different methods to assess GPP. The 0 method is the most
accurate one and the only one that measures GPP directly, but has been used in very few studies
(less than twenty, to the best of our knowledge) which are not representative of the global
ocean. The other metabolic process, plankton respiration, is a major component of global CO»
production. At the ecosystem level, respiration integrates so many aspects of the functioning,
that long-term shifts in respiration may provide the best warning system for global change.
However, global respiration data are much more scarce than primary production data, there are
around 20,000 estimates of oceanic production for each estimate of respiration rate. In addition,
respiration is usually measured in dark conditions, assuming that it is equivalent to respiration
in the light, which has not been proved and might thus be biasing global models of gas fluxes.
The main aim of this PhD thesis is to go a step further in the global assessment of planktonic
metabolism, by evaluating GPP*0 (i.e. GPP measured with the 20 method) in the Arctic and
in the tropical and subtropical ocean, and by testing the hypothesis of equal respiration in the
dark and in the light.

We assessed GPP*0 in the context of three different studies: in the tropical and
subtropical ocean (Malaspina Expedition); in the European Arctic Sector (to the west of
Svalbard islands); and in a fjord in the east coast of Greenland (Young Sound). We evaluated
GPP*80 in 84 stations across the Atlantic, Pacific and Indian Oceans, in the framework of the
2010 Malaspina Expedition, occupying four of the five subtropical gyres. The mean (x SE)
GPP*0 was 0.60 + 0.06 umol Oz L d* (range 0.01 - 11.49). This mean rate is lower than
previously published estimates, suggesting that mean values previously inferred from existing
data did not characterize the global ocean adequately. The Pacific Ocean was more
heterogeneous, in relation to GPP*0 rates, than the Atlantic and Indian Oceans, which results

from very high rates in the Northern compared to very low rates in the Southern Pacific Ocean.

The mean GPP!80 for the European Arctic Sector was 14.00 + 1.49 umol O, L d?

(range: 0.19 - 69.15), with a strong seasonal variability. The data were consistent with estimates



by the dark-light method (GPPO.). Mean GPP80 for Young Sound fjord was very low, 0.123
+0.026 pmol Oz Lt d* (range 0.001 — 0.330), which are by far the lowest estimates reported
with this method to date. These low GPP®0 rates agree well with earlier investigations
suggesting that the system is net heterotrophic, requiring additional carbon input to balance

mineralization.

Plankton community respiration rates were evaluated in the dark (Rdark) and in the light
(Riight), in the European Sector of the Arctic Ocean (in a 24-h photoperiod during summer).
The mean Riight (5.20 + 0.52 pmol O, L™t d%, range 0.09 - 15.80) was significantly higher than
mean Raark (2.52 + 0.31 pmol Oz L d?, range 0.10 - 17.69), showing that the common
assumption of equal Riight and Rgark IS incorrect. The mean ratio Riight:Rdark (5.07 £ 1.15) was
higher than the one reported to date (2.72 £ 0.75) in studies outside the Arctic.

Finally, we measured 880 and concentration of dissolved oxygen in Arctic waters. The
mean oxygen concentration (360.98 + 2.59 pmol L?; range 303.80 - 431.39 umol L)
correlated well with 5'80 (O,) values (mean 23.91 £ 0.12 %o, range 21.17 - 25.83 %o). This

correlation might be explained by gross primary production, respiration and ice melting.



Resumen general

El metabolismo del fitoplancton oceénico, el balance entre produccion primaria bruta
(GPP) y respiracion (R), regula los ciclos biogeoquimicos y el clima. La mitad de la produccion
primaria mundial corresponde a la fotosintesis del plancton e impulsa la cadena alimentaria
marina y la bomba bioldgica de CO2, lo que hace de la produccion primaria del fitoplancton
oceanico un proceso clave a escala global. Sin embargo, actualmente hay un debate sobre las
estimas procedentes de los distintos métodos para evaluar la GPP. EI método del 20 es el mas
preciso y el Unico que mide la GPP directamente, pero se ha usado en muy pocos estudios
(menos de veinte estudios, segun nos consta) que no son representativos del océano global. El
otro proceso metabolico, la respiracion planctonica, es un componente principal de la
produccion global de CO». A nivel de ecosistema, la respiracion integra tantos aspectos del
funcionamiento, que los cambios a largo plazo en la respiracion pueden ser el mejor sistema
de alerta respecto al cambio global. Sin embargo, los datos globales de respiracion son mucho
mas escasos que los datos de produccion primaria, habiendo unas 20,000 estimas de produccion
ocednica por cada estima de respiracion. Ademas, la respiracion se suele medir en oscuridad,
asumiendo que ésta es equivalente a la respiracion en la luz, lo cual no se ha probado y podria,
por tanto, estar sesgando los modelos globales de flujos de gases. El principal objetivo de esta
tesis es dar un paso mas en la evaluacion global del metabolismo plancténico, evaluando la
GPP®0 (GPP medida con el método 20) en el Artico y en el océano tropical y subtropical, y

comprobando la hipdtesis de igual respiracion en luz que en oscuridad.

Evaluamos la GPP*0 en el contexto de tres estudios: en el océano tropical y subtropical
(Expedicion Malaspina); en el sector europeo del Artico (al oeste de las islas Svalbard); y en
un fiordo en la costa este de Groenlandia (Young Sound). Medimos la GPP*80 en 84 estaciones
abarcando el océano Atlantico, Pacifico e indico, en el marco de la Expedicion Malaspina 2010,
ocupando cuatro de los cinco giros subtropicales. La GPP'®0 media (+ SE) fue 0.60 + 0.06
umol Oz Lt d? (rango 0.01 - 11.49). Esta tasa media es mas baja que las estimas publicadas
hasta ahora, sugiriendo que los valores medios previamente inferidos de los datos existentes,
no caracterizaban el océano global adecuadamente. El oceéano Pacifico fue méas heterogeneo,
en relacion a las tasas de GPP*®0, que el Atlantico y el indico, debido a las altas tasas en el

Pacifico Norte en comparacion a bajas tasas en el Sur.

La GPP*0 media para el sector europeo del Artico fue 14.00 + 1.49 pmol O, L d*

(rango: 0.19 - 69.15), con una gran variabilidad estacional. Los datos fueron consistentes con
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las estimas del método de incubaciones en luz-oscuridad (GPPO,). La GPP*0 media para el
fiordo Young Sound fue muy baja, 0.123 + 0.026 pmol O, L d (rango 0.001 — 0.330), siendo
éstas, muy de lejos, las estimas mas bajas dadas por este método hasta la fecha. Estas bajas
tasas de GPP80 son coherentes con investigaciones anteriores que sugerian que el sistema es
netamente heterotréfico, requiriendo una entrada de carbono adicional para equilibrar la

mineralizacion.

La respiracion de la comunidad planctonica fue evaluada en oscuridad (Roscura) Y €N la
luz (Riuz), en el sector europeo del océano Artico (durante el verano con un fotoperiodo de 24
horas). La Riyz media (5.20 + 0.52 umol Oz L d*%, rango 0.09 - 15.80) fue significativamente
mas alta que la Roscura Mmedia (2.52 + 0.31 pmol Oz Lt d%, rango 0.10 - 17.69), demostrando
que la frecuente asuncion de igual respiracion en la luz y en la oscuridad, es incorrecta. El ratio
Riuz:Roscura medio (5.07 + 1.15) fue mayor que el publicado hasta la fecha (2.72 + 0.75) en

estudios fuera del Artico.

Finalmente, medimos la 5'80 y concentracion de oxigeno disuelto en aguas del Artico.
La concentracion media de oxigeno (360.98 + 2.59 pmol L%; rango 303.80 - 431.39 pmol LY)
se correlacioné bien con valores 520 (O2) (media 23.91 £ 0.12 %o, rango 21.17 - 25.83 %o).
Esta correlacion podria explicarse por la produccion primaria bruta, la respiracién y la fusion

de hielo.
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GENERAL INTRODUCTION

General introduction

The ocean is a dynamic part of the biosphere, as marine biota have a key role in the
recycling of organic matter, consuming and producing an important proportion of it.
Phytoplankton, the microscopic flora on which all aquatic food webs are based, converts
inorganic carbon to organic carbon in a process called primary production [Marra, 2009]-
performed mainly through photosynthesis. In fact, half of the world primary production is done
by plankton photosynthesis [Field et al., 1998], a fundamental process that influences climate
and biogeochemical cycles, because it changes the atmospheric concentration of oxygen and
carbon dioxide [Chavez et al., 2011].

The biological pump is the process in which the materials generated in primary

production sink down out of the euphotic zone, with their later decay or deposition on the
bottom of the ocean [Chavez et al., 2011]. Thanks to the biological pump, the ocean has been
a strong sink for CO, even during the industrial era, removing around 2 Gt C yr? from the

atmosphere [Siegenthaler and Sarmiento, 1993; Sarmiento and Gruber, 2002].

However, if future warmer temperatures lead to stratification and a higher increase in
the respiration rate than in photosynthesis, the biological pump might change [Sarmiento et al.,
1998; Lépez-Urrutia et al., 2006]. The prediction of 4°C warmer for the 21% century might
reduce the production/respiration ratio by 16% [Harris et al., 2006], shifting the metabolism
of many planktonic communities to now act as a source of CO> to the atmosphere [Duarte et
al., 2011]. This imbalance might not be just punctual, as there is enough organic carbon in the
ocean so as to allow an excess respiration for a few decades [Duarte et al., 2011]. Moreover,
because of the large fluxes that oceanic gross primary production and respiration consist of,
this stimulation of CO2 production has the potential to alter the carbon cycle even more than
the anthropogenic cause, thereby contributing to warmer temperatures [Duarte et al., 2011].

Lenton et al. [2008] define a tipping element as “a subsystem of the Earth system that

can be switched into a qualitatively different state by small perturbations”. The point at which
the qualitative alteration takes place is the “tipping point” [Lenton et al., 2008]. Therefore,
planktonic metabolism may function as a tipping element of our planet because of the reasons
mentioned above- metabolism would shift towards an increased heterotrophy, releasing to the
atmosphere extra CO- that would intensify global warming on a continuous feedback [Duarte
etal., 2011].

13



GENERAL INTRODUCTION

Indeed, some evidences that the CO: sink role of the ocean is weakening have already
been reported: recent decreases in the CO> absorption in the Southern Ocean, North Atlantic,
and Equatorial Pacific [Doney et al., 2009]; fewer communities acting as a strong carbon sink
[Waycott et al., 2008; Duarte, 2008]; or unproductive gyres expanding [Polovina et al., 2008].

Therefore, accurate evaluation of ocean metabolism is essential because it regulates the
global CO2 and O fluxes, and because of its potential to affect the Earth climate. Gross primary
production (GPP) and respiration (R), the two processes defining planktonic metabolism, will

be the focus of the different chapters in this thesis.

Metabolism rates can be assessed by a number of methods, each of them giving different
estimates. This has fostered an ongoing debate within the scientific community over what
method gives the most valid estimate. What follows is an analysis of the various methods

available to measure primary production. After that, respiration will be commented.

Available methods to evaluate primary production are either in vitro (incubation) or
in situ (incubation-free). In vitro methods measure inorganic carbon incorporation or oxygen

production at discrete depths for a 24 h incubation; while in situ methods integrate rates for a

fixed column depth (usually the surface mixed layer) and a period of time (usually weeks or
months) [Robinson and Williams, 2005; Regaudie-de-Gioux et al., 2014].

In vitro oxygen-based techniques evaluate the oxygen released in photosynthesis by

measuring the change in either 1) total O> concentration in the incubation, and correcting it for
respiration (i.e., dark-light method); or 2) 80, when the sample is spiked with 80-labeled H.O
(H2*20) (i.e., 80 method) [Regaudie-de-Gioux et al., 2014]. In vitro carbon-based methods to

measure primary production add 4C or 3C labeled bicarbonate as a tracer (i.e., *C and *C

methods) and then evaluate how much tracer has been assimilated onto organic carbon

(particulate or total) [Regaudie-de-Gioux et al., 2014].

In situ methods assess either 1) the oxygen field based on the data provided by moored

sensors [Dickey, 1991] or sensors placed in gliders [Nicholson et al., 2008], correcting for
atmospheric exchange; or 2) triple oxygen isotopes (**02, '0,, 0,) to evaluate GPP by
comparing the measured isotope values with the ones predicted only from atmospheric

equilibrium [Regaudie-de-Gioux et al., 2014].

The estimates from these in situ techniques are not precise because they depend on

assumptions about the mixed layer and about exchange with with the atmosphere and adjacent
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GENERAL INTRODUCTION

waters. First, these methods assume that the water column is mixed, which is questioned, as
Calleja et al. [2013] reported variable levels of pCO:> in the upper open ocean. Second, the
estimation of the O, exchanged with the atmosphere has an uncertainty of 30% or higher
because it depends on certain parameters [Calleja et al., 2009]. Third, bubbles modify transport
and exchanges, so they can significantly influence the calculations in most O2-based in situ
methods [Emerson et al., 2008]. Fourth, with these techniques, metabolic rates are commonly
integrated for the mixed layer. However, if the euphotic zone extends beyond the mixed layer
(such as in the oligotrophic subtropical gyres, for instance), the metabolic rate would then be
underestimated [Duarte et al., 2013]. Consequently, metabolic rates evaluated by in situ

methods carry important uncertainty [Duarte et al., 2013].

Incubation technigues might experience artifacts because the community is enclosed

[Duarte et al., 2013]. In fact, Calvo-Diaz et al. [2011] suggested that metabolic rates estimated
with these techniques might be biased, as the ratio of autotrophic/heterotrophic biomass
decreased over the incubation. However, both autotrophs and bacteria have been reported to
experience in situ diel variability [Gasol et al., 1998; Llabrés et al., 2011, Loisel et al., 2011].
Therefore, changes reported during incubations agree with those observed in situ, so they do

not necessarily reflect bias due to the confinement of the community [Duarte et al., 2013].

Incubation methods do exclude the contribution of zooplankton, which implies that R
is underestimated by around 3% [Robinson and Williams, 2005]. The light and temperature
environment can also raise concern. The use of borosilicate bottles alters the light field because
this material blocks UVB radiation, which is known to impact metabolic rates [Godoy et al.,
2012; Agusti et al., 2014; Regaudie-de-Gioux et al., 2014]. Regarding temperature, incubations
are rarely set at the temperature found in their environment, so, providing that this is a key
factor conditioning metabolism, rates might be over- or underestimated if performed at a

different temperature from the one in situ [Regaudie-de-Gioux et al., 2014].

One of the most widely used methods to assess primary production is performed
through incubations: the **C method [Steeman Nielsen, 1952]. It consists of adding NaH*COs;
to the sample, and then measuring how much **C was incorporated (into particulate and total
organic carbon) through photosynthesis [Regaudie-de-Gioux et al., 2014]. The method has
always been questioned, because of the influence of heterotrophs and the effect of respiration,

among others [Marra, 2009]. Furthermore, other issues like international law or the risk of
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GENERAL INTRODUCTION

contaminating the ship might prevent future use of this method [Regaudie-de-Gioux et al.,
2014].

The dark-light method (or bulk oxygen evolution) has been applied to evaluate primary

production for around one century [Gaarder and Gran, 1927]. This technique calculates the
difference in oxygen concentration before and after a 24-hour incubation where plankton
communities are placed in dark and clear bottles, and the measurement is done by a high-
precision Winkler titration with an end-point detection [Regaudie-de-Gioux et al., 2014]. The
difference between initial and final oxygen concentration allows to calculate R (in dark bottles)
and net community production, NCP (in clear bottles). However, GPP is assessed indirectly by
summing NCP and R dark, assuming equal respiration in the dark than in the light [Regaudie-
de-Gioux et al., 2014]. This is why the dark-light method can underestimate GPP, as respiration
has been reported to be higher in the light [Harris and Lott, 1973].

The 80 method evaluates GPP by measuring the 20 produced in photosynthesis after
previous enrichment of the sample with H>'®0 [Bender et al., 1987]. The ratio 80/*®0 of the
oxygen generated in photosynthesis is the same as in the water from which it came from
[Bender et al., 1987; Guy et al., 1993], which allows GPP to be calculated by mass balance
[Bender et al., 1987]. The 80 method has several advantages:

1) Unlike the dark-light method, it calculates GPP directly without relying on the assumption
of equal respiration in the dark than in the light [Regaudie-de-Gioux et al., 2014].

2) If the dark-light method is also performed for the same water samples, the 30 method allows
respiration in the light to be calculated as the difference between GPP*O (i.e. GPP assessed
with the 80 method) and NCP [Bender et al., 1987].

3) Along the 24-hour incubation, the recycling of labeled O, will be weak (2%) compared with
the large pool of POC that can be recycled in the **C method [Bender et al., 1999].

4) In addition, unlike the **C method, the use of the 80 method poses no health hazards because

180 is a stable isotope.

For all the former reasons and because it is based on the fewest assumptions to evaluate
the rate, the ¥0 method has been reported to be the most apropriate one to evaluate GPP
[Marra, 2002; Regaudie-de-Gioux et al., 2014].

16



GENERAL INTRODUCTION

However, only a small proportion of all in vitro measurements done so far, used the 80
method. To the best of our knowledge, only 19 published studies reported estimates by this
method. One of them consisted of laboratory incubations of different phytoplanktonic species
[Grande et al., 1989]; 3 of them were in lakes [Luz et al., 2002; Ostrom et al., 2005; Yacobi et
al., 2007], one in estuaries [Gazeau et al., 2007], 4 in coastal areas [Bender et al., 1987; Sarma
et al., 2006; Gonzélez et al., 2008; Goldman et al., 2015], and the other 10 studies were in the
open ocean [Grande et al., 1989a; Kiddon et al., 1995; Bender et al., 1999; Laws et al., 2000;
Bender et al., 2000; Dickson and Orchardo, 2001; Dickson et al., 2001; Juranek and Quay,
2005; Robinson et al., 2009; Quay et al., 2010]. None of these studies was in the Arctic Ocean.

With respect to respiration, much less has been done in comparison with primary
production: the ratio in the number of respiration measurements per primary production
measurements in the ocean is as unbalanced as 1:20,000 [Williams and Del Giorgio, 2005].
The reason for such different numbers might be that oceanographers have never had a valid

method to evaluate phytoplankton respiration [Marra, 2009].

Moreover, respiration tends to be evaluated in darkness, assuming that the rate in light
conditions would be the same, which could be adding a bias when modelling gas fluxes [Marra,
2009]. Respiration is a key process to understand because many aspects are involved in it, so
long-term changes would be very informative in the current context of global change [Del
Giorgio and Williams, 2005]. Therefore, it is critical to improve our knowledge of respiration

rates by improving our current scarce database [Del Giorgio and Williams, 2005].

Regaudie-de-Gioux and Duarte [2013] put together a large data set of plankton
metabolism rates evaluated with different methods. The dark-light method was the most
frequent one for GPP and R rates (83% and 100%, respectively), with very few estimates
coming from the other techniques. This database improves the global ocean coverage of
planktonic metabolism data, but it is still very unbalanced geographically (Fig. 1.1.) [Regaudie-
de-Gioux and Duarte, 2013]. The vast majority of estimates are located in the Atlantic Ocean,
while the Pacific and Indian oceans have much fewer data. Unquestionably, getting a balanced
picture of planktonic metabolism in the global ocean still remains as a goal to be fulfilled
[Regaudie-de-Gioux and Duarte, 2013].
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90°N

30°S

90°S
180°W

O Autotrophic station ® Heterotrophic station

Fig. 1.1. Stations where planktonic metabolism rates have been reported with the dark-light method. White and

black dots refer to autotrophic and heterotrophic stations, respectively [Regaudie-de-Gioux and Duarte, 2013].

The main objective of this thesis is to go a step further in the global assessment of
planktonic metabolism, by evaluating GPP*80 in the Arctic Ocean and in the tropical and

subtropical ocean, and by testing the hypothesis of equal respiration in the dark and in the light.

The specific goals for each chapter are the following:

- Chapter 1: Evaluate GPP80 in the subtropical ocean, in the framework of the Malaspina
Expedition.

- Chapter 2: Evaluate GPP*®0 in the European sector of the Arctic ocean (to the west of

Svalbard islands).
- Chapter 3: Assess GPP20 in Young Sound, a high-arctic fjord in North East Greenland.

- Chapter 4: Assess respiration in the dark and in the light in the Arctic Ocean, testing the

hypothesis of equal respiration in both conditions.

- Chapter 5: Examine the concentration and 580 values of dissolved oxygen in Arctic waters,
providing insights on its relationship with metabolic processes.
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GENERAL METHODOLOGICAL APPROACH

General methodological approach

The evaluation of community metabolism in this thesis comes from different
oceanographic cruises. Some data were produced in the Malaspina expedition and the rest come
from work in the Arctic Ocean. The Malaspina expedition covered the Atlantic, Pacific and
Indian Oceans between December 2010 and July 2011. Work conducted in the Arctic took
place in the Svalbard region in cruises in 2012, 2013 and 2014; and in a Northeast Greenland
fjord in 2014. Specific details of the methods used vary among different cruises (see the
different chapters for these), so only the general method will be described under the present

section.

Seawater was sampled at three different depths within the photic layer: surface; the deep
chlorophyll maximum (DCM), which receives, on average, 1% of the incident irradiance; and
an intermediate depth between surface and DCM, receiving 20% of the incident radiation on
the surface (this intermediate depth was not sampled in the Greenland fjord). Both DCM and
intermediate depths were sampled using a Rosette sampler system fitted with a calibrated Sea-
Bird CTD. Surface waters were sampled manually with a Niskin bottle. All seawater samples
were directly siphoned from Niskin bottles into calibrated 100 ml borosilicate glass narrow-

mouth Winkler bottles and 12-ml borosilicate Exetainer vials using a silicon tube.

For each depth, different sets of replicates were taken for each method. For the Winkler
bottles, a set of replicates (seven or eight) was fixed (biological activity immediately stopped)
to provide the initial oxygen concentration. The two other sets of replicates, dark and
transparent, were filled and incubated for 24 h. For the 12-ml vials, a set of replicates (three or
four) was fixed with a saturated solution of HgCl: to provide the initial 50 (O2) values. The
other set was spiked with H,'®0 and incubated along with the transparent Winkler bottles.
Incubations were done either on deck or in situ, depending on the campaign. For those samples
incubated on deck, neutral density screens were used to mimic the light environment in situ or
they were incubated in the dark, in the case of the ‘‘dark’’ bottles. At the end of the incubation
period, all samples were fixed to determine final O2 concentrations (Winkler bottles) or final
5180 (0O) values (80 vials) in the case of GPP*8O (i.e. gross primary production assessed with
the 80 method).

For the winkler bottles, planktonic metabolism was evaluated from changes in dissolved
oxygen concentrations, which were determined by automated high-precision Winkler titration

with a potentiometric end-point Metrohm 808 Titrando [Oudot et al., 1988]. Respiration (R)
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and net community production (NCP) were calculated from changes in dissolved oxygen
concentrations, before and after incubation of samples under “dark” and “light” conditions,
respectively, and GPP was calculated as NCP + R. We used the reagents recommended by
Carrit and Carpenter [1966]. Standard errors were calculated using error propagation.

The 180 vials were measured back in the laboratory. A 4-ml headspace was generated
in each vial, by flushing with a helium flow. Special attention was paid not to contaminate
samples with atmospheric oxygen at any time. The vials were left for equilibration for 24 hours
at room temperature, so that the dissolved gases in the water equilibrated with the headspace,
originally helium 100%. After 24 hours, the 5'80 of dissolved oxygen in the headspace was
measured in a Finnigan GasBench Il attached to a Finnigan DeltaPlusXP isotope ratio mass
spectrometer, with precision better than 0.1 %o. The flow was passed through a liquid nitrogen
trap before entering GasBench II to retain water vapour. Oxygen and nitrogen were separated
in a Molecular Sieve 5A chromatographic column. Data, which were corrected with
atmospheric air, are reported as 580 value (%o) relative to V-SMOW (Vienna Standard Mean
Ocean Water) standard.

The 580 (H20) of spiked samples was measured in a liquid water isotope analyzer (Los
Gatos Research), with precision of 0.1 %o. In order to avoid contamination of the analyzer with
highly *0-enriched H20, the spiked samples were diluted with a laboratory standard of known
isotopic composition. These §'80 (H.0) data, corrected with internal working standards, are

also expressed as 5180 value (%o) relative to V-SMOW standard.

Gross primary production measured by the 20 method, GPP*®0, was calculated using
the equation of Bender et al. [1999]:

GPP*0 = [O]initiat X [(8"®Ofinar - 8**Oitiar )/ (8**Owater - 6*®Onitian) ]

where §'80(02)initiar and 8'80(O2)fina are the initial and final 520 of dissolved Oz (%),
respectively; 5®0water is the 5180 of the spiked sea water (%o); and [Oz]initial iS the initial O
concentration (mmol O, m™®). Respiration in the light was calculated as the difference between
GPP!0 and NCP. Standard errors of GPP*80 and total respiration were calculated using error
propagation. Volumetric metabolic rates in this PhD thesis are expressed as mmol O; m3d?
(or umol O, L™td%, which is equivalent). Integrated rates are reported in mmol O, m2d™,
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CHAPTER 1

Evaluation of planktonic gross primary production with the *¥O method in

the global ocean

Abstract

Planktonic gross primary production (GPP) was assessed with the ®0O method in 84
stations in the Atlantic, Pacific and Indian Oceans, in the framework of the 2010 Malaspina
Expedition. Our study, which occupied four of the five subtropical gyres, is the first report of
GPP80 (GPP assessed with the 80 method) rates in the Indian Ocean gyre and the North and
South Atlantic Ocean gyres. As such, our mean (+ SE) GPP*80 rate, 0.60 + 0.06 pmol O L*
d* (range 0.01-11.49), is lower than previously published estimates. The average GPP80 rates
did not differ significantly among depths. The communities sampled in the Pacific Ocean had
a significantly higher GPP80 (1.24 + 0.20 umol Oz L* d!) than those sampled in the Atlantic
(0.36 = 0.04 umol O, L d1) and Indian (0.35 + 0.02 pmol O, L d!) Oceans.

Introduction

Half of the world primary production corresponds to plankton photosynthesis [Field et
al., 1998], which is the main process fueling the marine food web and the biological CO2 pump
[Duarte et al., 2011; Sarmiento et al., 2011]. Hence, plankton photosynthesis is a key factor
regulating the ocean ecosystem and its role in biogeochemical cycles and climate regulation
[Chavez et al., 2011], rendering oceanic phytoplankton primary production a fundamental

process at the global scale.

Primary production rates have been resolved through a number of methods, including
14C and 3C additions, bulk oxygen production and 80 additions, providing different estimates
[see Regaudie-de-Gioux et al., 2014]. The differences in estimates resulting from the
application of different methods has fostered an ongoing debate over the suitability of different
estimates and what each method actually measures [Quay et al., 2010; Marra, 2012; Regaudie-
de-Gioux et al., 2014]. One of the least applied techniques is the 30 method, first introduced
in 1987 [Bender et al., 1987]. Labeling experiments had previously been conducted, where
labeling the dissolved oxygen in water served to determine photosynthesis and respiration rates

through the increase in %0 concentration and the decrease in *30:1%0 ratios [e.g. Mehler and
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Brown, 1952; Brown, 1953]. The label was then switched from O to H2O [Bender et al., 1987].
The 0 method measures the gross primary production (GPP) after spiking the sample with
H'80, which is then split during photosynthesis, with the subsequent sample enrichment in
180 [Bender et al., 1987]. Some of the Oz produced is consumed by the Mehler reaction,
photorespiration and Ptox (plastid terminal oxidase) [see Laws et al., 2000], so that 80
estimates still provide underestimates of GPP. The GPP evaluated with this method (GPP!20)
does not involve the assumption of equal respiration in the light and in the dark or possible
losses of GPP due to respiratory processes, giving the most precise estimate of GPP with the
fewest assumptions needed [Duarte et al., 2013; Regaudie-de-Gioux et al., 2014]. Other
methods providing an estimate of GPP are the Winkler bulk oxygen mass balance and those
that use in situ geochemical fields, including the triple oxygen method [e.g. Luz and Barkan,
2000; Juranek and Quay, 2013], which provides values integrated across the mixed layer.
However, these methods also involve assumptions. For instance, the triple oxygen method
assumes an aquatic mixed layer in steady state in relation to Oz and neglects vertical mixing
with deeper water [Luz and Barkan, 2000]. It also assumes that the mixed layer is actively
mixing [Duarte et al., 2013], an assumption that was violated in one of three of the stations
where microturbulence profiles were conducted in our circumnavigation cruise [Fernandez-
Castro et al., 2015]. The Winkler bulk oxygen mass balance, unlike the 30 method, does not
provide a direct estimate of GPP, but GPP is calculated as net community production plus
community respiration, so that error in each of these estimates as well as assumptions, such as

that respiration in the light equals that on the dark, compounds on the resulting GPP estimates.

Despite the superiority of the 180 method to estimate GPP [Duarte et al., 2013; Regaudie-de-
Gioux et al., 2014], less than twenty studies, to the best of our knowledge, have used this
method to date. Only punctual estimates are available, most of them being in productive
oceanic locations or in the Northern hemisphere, with very limited data in the subtropical gyres
of the ocean, where estimates have been only reported for the North Pacific gyre [Grande et
al., 1989; Juranek and Quay, 2005; Quay et al., 2010].

Here we provide a global assessment of gross primary production in the subtropical and
tropical ocean, evaluated with the 80 method. We do so on the basis of nine cruises along the
Atlantic, Pacific and Indian oceans, conducted under the framework of the Malaspina 2010

Circumnavigation Expedition.
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Methods

The study was part of the Malaspina 2010 Expedition, a circumnavigation project
sampling the tropical and subtropical Atlantic, Pacific and Indian Oceans [Duarte, 2015]. The
cruises were conducted on board Spanish R/V Sarmiento de Gamboa and R/V Hespérides,
from 27 December 2010 to 10 July 2011. Out of the total 9 legs involved in the cruises, five
were conducted in the Atlantic Ocean (43 stations), two in the Pacific Ocean (25 stations) and
two in the Indian Ocean (16 stations), including communities sampled within 16 different

Longhurst biogeographical provinces [Longhurst, 1998; Longhurst, 2007].

Water samples for assessment of GPP80 were collected in 87 stations at three different
depths within the photic layer: surface (3.53 + 0.12 m), depth of chlorophyll maximum (DCM,
99.39 + 4.12 m), receiving on average 1% of the incident photosynthetically active radiation
(PAR), and at an intermediate depth (38.85 + 1.33 m) between surface and DCM, receiving
20% of the PAR reaching the surface. A Rosette sampler consisting of 12 L Niskin bottles and
a calibrated CTD, was used to sample DCM and intermediate depths. Surface waters were
sampled with a 30 L Niskin bottle on board R/V Hespérides and with a Rosette sampler on

board R/V Sarmiento de Gamboa.

Six 12-ml glass vials were filled per each depth for the assessment of gross primary
production (GPP*0). Three replicate samples were immediately fixed with 50 pl of saturated
HgCl> solution to stop all biological activity and stored upside down in darkness for later
analysis of initial 5'80(0.) values. The other three vials, containing washed glass beads inside
to ensure mixing during the incubation, were spiked with 12 or 25 pl of 98% H'20, depending
on the cruise leg. The H2'80 spike was not distilled to remove trace metals and nutrients. The
certificate of analysis of the H,'®0 water stated the concentration (mg L) of the following
elements: F: 0.002, CI: 0.002, Br: 0.002, I": 0.003, Ca: 0.01, Mg: 0.02, Na: 0.2, K: 0.02, Cu:
0.01, Fe: 0.02, PO+ 0.01, NO3™: 0.01. Accordingly, the input of trace metals and nutrients
associated to the 12 or 25 pl of spike added is negligible. The spiked vials were closed and
immediately shaken to ensure that H,*®0 was homogeneously distributed inside the vial. The
spiked samples were incubated on board in the light for 24 h. GPP*0 measurements from ship-
board incubations may have 2x biases when compared with estimates derived from parallel in
situ incubations, possibly because of differences in light quality [Grande et al., 1989]. Whereas
we could not make such comparisons, as we could not stay at station for > 24 h required to

derive the in situ estimates, we carefully adjusted the light received to the on deck incubations
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to minimize such biases. The surface communities were incubated on deck in a large 2,000 L
tank with running surface seawater to keep the natural temperature and solar radiation of the
surface water. For intermediate and DCM depths, the vials were incubated inside transparent
polycarbonate incubation cylinders which had neutral density and blue filters to mimic the
irradiance levels received by the community at the depth where they were originally sampled.
The tubes were filled with surface seawater and attached to a closed-circuit incubator provided
with a chiller controlling water temperature within + 0.5 °C of that in situ and circulated through
the tubes with a pump. After 24-hour incubation, vials were fixed with 50 pl of saturated HgCl>

solution and stored upside down in darkness for subsequent analysis.

In the laboratory, a 4-ml headspace was generated in each vial, by flushing with a
helium flow. Special attention was paid not to contaminate samples with atmospheric oxygen
at any time. The vials were left to equilibrate for 24 hours at room temperature, so that the
dissolved gases in the water equilibrated with the headspace (initially 100% helium). After 24
hours, the 680 of dissolved oxygen in the headspace was measured in a Finnigan GasBench II
conected to a Finnigan DeltaPlusXP isotope ratio mass spectrometer, with a precision better
than 0.1 %o. The flow was passed through a liquid nitrogen trap before entering GasBench II
to retain water vapour. Oxygen and nitrogen were separated in a Molecular Sieve 5A
chromatographic column. Data, which were corrected with atmospheric air, are reported in the
5180 notation (%) relative to V-SMOW (Vienna Standard Mean Ocean Water) standard.

The §!80(H20) of spiked samples was measured in a liquid water isotope analyzer (Los
Gatos Research), with a precision of 0.1 %o. In order to avoid contamination of the analyzer
with highly 0-enriched H20 (= 420 or 900 %o, depending on the spike added), the samples

were diluted with a laboratory standard of known isotopic composition.

GPP0 in 24 h (umol Oz L d) was calculated as follows [Bender et al., 1999]:
GPP*80 (24 h) = [Oglinitial X [(8*®Ofinal 24 hy - 5**Oitiar)/(5**Owater 24 hy - 8**Oitiar) ],

thereby yielding GPP*0 estimates with units mmol O, m3 day 2, where §'8Oinitia and §*Ofinai(24
n are the initial and final 5'80 of dissolved Oz (%), respectively; 58 Owater(2a ny is the 5180 of
the spiked sea water (%o); and [Oz]initial is the initial O, concentration (umol O, L) measured
by high-precision Winkler titration. Rates are expressed as the mean and standard error of
replicate samples (umol Oz Lt dt). GPP0 was integrated down to the depth receiving 1% of

surface irradiance (DCM) using the trapezoidal method (integrated rates expressed in mmol O2
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m2d?). The resulting uncertainty in the integrated rates (expressed as SD) was calculated by

error propagation, combining the variance of the different terms involved in the calculation.

Results

The communities sampled in the subtropical and tropical ocean were characterized by
relatively warm waters (mean temperature (£ SE) 22.72 + 0.33, 20.45 + 0.49, and 24.74 + 0.37
°C in the Atlantic, Indian and Pacific Ocean, respectively), with temperature declining by, on
average 3.36 °C, from surface to the DCM depth, which was located at about 100 m (mean
DCM depth =99.39 £ 4.12 m, range 19 m to 165 m). The cruise track occupied four of the five

subtropical gyres and, accordingly, the waters sampled were characterized by low chlorophyll
a concentrations (0.26 + 0.02 ug Chl a L, range 0.02 — 1.63 pg Chl a L, Fig. 1.1),

characteristic of the oligotrophic ocean.
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Fig. 1.1. Integrated GPP*0 (mmol O, m? d1) for the stations occupied along the Malaspina 2010 Expedition
(circles) and those reported in the literature (squares, labels identify the studies reported in Table 1.2). The color
scale for the symbols represents bines of GPP80 whereas that in the background represents the mean chlorophyli
concentration reported for April 2011, when the study was being conducted. Chlorophyll data obtained from
Moderate Resolution Imaging Spectroradiometer (MODIS) instrument aboard NASA’s Terra and Aqua satellites
http://neo.sci.gsfc.nasa.gov/view.php?datasetld=MY1DMM_CHLORA&year=2011
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Volumetric GPP80 rates were low, ranging three orders of magnitude from 0.01 + 0.02
(mean + SE) to 11.49 + 2.45 umol O, L d?, with a mean (+ SE) GPP of 0.60 + 0.06 pumol O
L1 d and 86 % of the communities examined (i.e. 205 out of the 237 communities where GPP
was measured) supporting GPP80 < 1 pmol O, L d*. GPP rates did not differ significantly
among depths (Fig. 1.2, mean 0.56 + 0.07, 0.59 + 0.09 and 0.66 + 0.16 umol Oz L* d! for
surface, 20% PAR and DCM depths, respectively) and were independent of chlorophyll a
concentration, salinity and water temperature (F-test, p > 0.05). Yet, the GPPO rates
standardized for chlorophyll a concentration declined significantly (paired t-test, P < 0.0001)
with depth (mean 4.82 + 0.55, 4.92 + 0.77 and 1.72 + 0.40 pmol Oz pg Chl a* d* for surface,
20% PAR and DCM depths, respectively).

The communities sampled in the Pacific Ocean supported significantly higher
volumetric GPP80 rates (1.24 + 0.20 umol Oz L d'1) than those sampled in the Atlantic (0.36
+ 0.04 umol Oz Lt d1) and the Indian Oceans (0.35 + 0.02 pmol Oz L d?) (Kruskal-Wallis
test, p < 0.001, Figs. 1.1 and 1.3). However, the minimum mean volumetric and integrated
GPP*8Q rates were found in the Pacific Equatorial Divergence Province (PEQD, 0.20 + 0.05
pumol Oz Lt d? and 10.08 mmol O, m? d?, respectively), whereas the maximum mean
volumetric and integrated GPP0 rates were found in the North Pacific Tropical Gyre
Province (NPTG, 1.60 +0.21 pmol Oz Lt d* and 182.71 + 46.65 mmol O2 m2d™, respectively)
(Table 1.1, Fig. 1.1).
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Fig. 1.2. Boxplot showing the distribution of A) GPP*0 (umol O,L* d*), and B) GPP*0:Chl a (umol O, ug
Chl a* d?) at each of the three layers sampled. The central lines represent the median, and the boxes encompass
the lower (25%) and upper (75%) quartiles, the whiskers extend to 1.5 times the interquartile range, and extreme
rates are shown as closed circles. Values in parentheses represent the mean = SE GPP*0 and GPP*0:Chl a. The
mean depth + SE corresponds to each sampled layer. Groups with different letters were significantly different
(Tukey post hoc HSD test, P < 0.05).
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GPP"’0O (vol) GPP"’0 (int)
(mmol O,m”d")  (mmol O, m d")
Longl.lurst N Mean SE Mean SE
province
BENG 1 0.24 0.02 13.28
CARB 4 0.51 0.15 4189 2374
NASE 6 0.46 0.12 4933 2435
NASW 5 0.22 0.05 1720 347
NATR 13 0.29 0.02 4095 2.8
NWCS 1 0.50 0.10 52.48
SATL 9 0.31 0.03 3488  6.08
WTRA 4 0.31 0.04 2693 9.46
Atlantic 43 0.34 0.03 3638 438
NPTG 10 1.60 021 18271  46.65
PEQD 2 0.20 0.05 10.08
PNEC 7 0.79 0.20 3582 1171
SPSG 5 1.41 0.79 14556  99.53
Pacific 24 1.24 020 13541  33.88
AUSE 2 0.42 0.05 2820
EAFR 1 0.27 0.04 25.06
ISSG 10 034 0.03 4062 823
SSTC 3 0.41 0.05 28.91 3.32
Indian 16 035 0.02 36.41 5.57
Total 83 0.60 0.06 63.90  10.79

Table 1.1. Mean and standard error (SE) of volumetric and integrated GPP*80. SE is not given in cases with only
one value. N = number of stations.

AUSE = East Australian Coastal Province. AUSW = Australia-Indonesia Coastal Province. BENG= Benguela
Current Coastal Province. CARB= Caribbean Province. EAFR= E. Africa Coastal Province. ISSG= Indian S.
Subtropical Gyre Province. NASE= N. Atlantic Subtropical Gyral Province (East). NASW= N. Atlantic
Subtropical Gyral Province (West). NATR= N. Atlantic Tropical Gyral Province. NPTG= N. Pacific Tropical
Gyre Province. NWCS= NW Atlantic Shelves Province. PEQD= Pacific Equatorial Divergence Province. PNEC=
N. Pacific Equatorial Countercurrent Province. SATL= South Atlantic Gyral Province . SPSG= S. Pacific
Subtropical Gyre Province. SSTC= S. Subtropical Convergence Province. WTRA= Western Tropical Atlantic

Province.
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Discussion

To the best of our knowledge, only twelve published studies have assessed GPP with
the 180 technique in the ocean thus far (Fig. 1.1, Table 1.2). However, none of these studies
included the subtropical oligotrophic gyres of the Indian Ocean and the North and South
Atlantic Ocean (Fig. 1.1), so the results presented here represent a significant contribution to
estimating GPP80 rates in the tropical and subtropical ocean. Indeed, the mean Chl a
concentration of the communities sampled in our study (0.26 + 0.02 pg Chl a L) is below the
mean Chl a concentration reported in previous reports of GPP!0 [Kiddon et al., 1995;
Gonzalez et al., 2008; Robinson et al., 2009; Goldman et al., 2015]. Accordingly, the mean
volumetric GPP80 reported here for the tropical and subtropical ocean of 0.60 + 0.06 pmol
O, Lt d? is the lowest among assessments published thus far, which were biased towards
productive ocean waters in the north-temperate zone. The mean integrated GPP®0 rate of
63.90 + 10.79 mmol O, m2d*we report here for the tropical and subtropical ocean is also the
lowest yet reported, with the exception of an integrated GPP*80 rate from an oligotrophic site
in the NW Mediterranean [Gonzalez et al., 2008]. In addition, published reports were biased
towards the northern hemisphere, as all except three studies in the Southern Ocean, were
conducted in the northern hemisphere. Hence, the GPP*80 estimates derived here contribute to
balance available data on this process, by representing both the northern and southern
hemisphere, and focusing on tropical and subtropical ocean, including the subtropical gyres,
where GPP8Q rates had only been reported for the North Pacific gyre.

The average GPP*80 rates reported for the tropical and subtropical ocean did not differ
significantly among the three depths sampled (Fig. 1.2), they did decline significantly with
depth when standardized for chlorophyll a concentration (Fig. 1.2). The higher phytoplankton
biomass at depth, conforming the deep chlorophyll maximum, compensates for the reduced
productivity at depth, resulting in relatively uniform GPP rates across the three depths

examined here when compared across the circumnavigation cruise.
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GPP"’O (vol) GPP"’0 (int)
(mmol O,m”d")  (mmolO, m’d")
Source Mean SE Mean SE
Grande et al., 19895 1.57 0.11 —- —
Kiddon et al., 1995 491 0.48 213.08  16.54
Bender et al., 1999 3.96 0.36 286.14  23.52
Bender et al., 2000 7.73 1.06 108.62 2627
Dickson and Orchardo, 20011 2.45 0.33 129.70 28.06
Dickson et al., 2001 6.50 0.51 24593 25.01
Juranek and Quay, 2005 0.78 0.10 11125 2929
Sarma et al., 20064 === ---- 109.00 25.75
Gonzalez et al., 20081 2.27 0.34 49.51 4.75
Robinson et al., 2009 35.95 759 127848  552.59
Quay et al., 20103 ---- -—-- 71.00 16.00
Goldman et al., 20155 32.03 10.70 — —

Table 1.2. Mean and SE of volumetric and integrated GPP*20 in published studies. (1) Integrated over the

euphatic zone (defined as the depth receiving 1% of surface irradiance); (2) integrated to the depth receiving 4%
of surface irradiance; (3) integrated for the first 100 m of the euphotic zone; (4) integrated to the mixed layer; (5)

cannot be integrated as they report rate for only one depth.

Previous studies evaluated GPP*Q rates in locations close to some of those we sampled
in the Pacific Ocean (Fig. 1.1). Comparison between our results and those reported earlier
shows good agreement, including two studies conducted in the same site [Juranek and Quay,
2005; Quay et al., 2010]. Another study reported a mean volumetric rate similar to the rate of
of 2.56 + 0.34 pmol Oz L d we obtained at the stations closest to that they sampled [Grande
etal., 1989] (cf. Table 1.2). Despite this agreement, the results presented here depict the Pacific
Ocean as more heterogeneous, in relation to GPP80 rates, than the Atlantic and Indian Oceans,
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having a much wider range in GPP*80 values than the other two oceans (Fig. 1.3), resulting
from very high rates in the Northern compared to very low rates in the Southern Pacific Ocean
(Fig. 1.1).
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Fig. 1.3. Distribution of GPP*®0O (umol O, L* d) per ocean. Rates were not significantly different for oceans
with the same letter (Tukey HSD test). The boxes show the median rate plus the lower (25%) and upper (75%)
quartiles, the whiskers indicate 1.5 times the interquartile range, extreme rates are shown as closed circles.

A paper reported results from a dataset [Regaudie-de-Gioux and Duarte, 2013b]
compiling plankton metabolism rates for the euphotic zone derived from different methods,
measured between 1981 and 2011 [Regaudie-de-Gioux and Duarte, 2013a]. Most estimates of
GPP (83%) in their data set had been derived using the bulk Oz dark-light method, with few
estimates evaluated by the other techniques and an even more limited geographic coverage.
Their GPP database consisted mainly of rates coming from chl a-rich oceans and North Atlantic
waters, with much fewer rates in the Indian and South Pacific Oceans. Hence, the report of
GPP rates for 87 stations sampled in the tropical and subtropical ocean provided here represents
a significant contribution to expand and balance, in terms of geographic distribution and
productivity regimes, our knowledge of gross primary production rates in the global ocean. In
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particular, the rates here are characterized by very low values, suggesting that mean values
inferred from previously existing data did not characterize adequately the global ocean, as was
already acknowledged [Regaudie-de-Gioux and Duarte, 2013a]. The 80 technique is the most
precise way to assess GPP, with minimum number of assumptions necessary to estimate the
rate [Regaudie-de-Gioux et al., 2014]. The results presented depict much of the tropical and
subtropical ocean as highly unproductive, where low GPP rates impose an important constraint

to the organic carbon available to the food web across this vast ocean domain. .
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Planktonic gross primary production in the European Arctic sector

Abstract

We assessed planktonic gross primary production using the 0 method (GPP*0) in
the Arctic Ocean, the first estimates by this method. Five cruises were conducted in the
spring/summer period of 2012, 2013 and 2014 off the west margin of Svalbard. Mean (+ SE)
volumetric GPP80 was 14.00 + 1.49 pmol O, L d? (range: 0.19 - 69.15). Mean integrated
rate was 236.71 + 45.54 mmol O, m2d* (range: 10.84 — 866.91 mmol O, m2d™). Seasonal
variability in GPP*0 was strong, with May having the maximum mean monthly rate (26.60 +
2.89 umol Oz L d'1) due to the spring bloom, and August having the lowest mean GPP80
rate (2.25 + 0.32 pmol O, Lt dY). The data proved consistent with estimates by the dark-light
method (GPPOy), as the mean rate from both methods did not differ significantly.

Introduction

The shelf regions of the Arctic Ocean belong to the most productive regions of the
world, supporting a food web including abundant marine megafauna, such as whales and polar
bears. Arctic primary production is characterized by a spring bloom contributing much of
annual production, with much lower rates through the rest of the year when recycling processes
dominate [Wassmann et al., 2006b; Vaquer-Sunyer et al., 2013]. Ecosystem processes are
constrained by the energy available to support this process, which is determined by gross
primary production [GPP, Duarte et al., 2011], rendering the evaluation of GPP an important

goal in characterizing marine ecosystems [e.g., Robinson et al., 2009; Quay et al., 2010].

Marine primary production rates can be assessed with different methods, such as the
triple oxygen method [e.g. Luz et al., 2000; Juranek and Quay, 2013], additions of *4C, 13C or
180, and bulk oxygen production [cf. Regaudie-de-Gioux et al., 2014]. The use of different
techniques results in differences in estimates, which has fueled an ongoing debate over the
suitability, limitations and advantages of different methods [Quay et al., 2010; Marra, 2012;
Regaudie-de-Gioux et al., 2014]. The 80 method, first introduced by Bender and coauthors in
1987 [Bender et al., 1987], has been used in very few studies. In this technique, GPP is assessed
measuring the 0 in the oxygen produced via photosynthesis [Bender et al., 1987]. The

estimates involve adding #0-labelled water (H2'%0) to the sample water and then evaluating
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the enrichment in 80 in the dissolved oxygen pool derived by the release of 80 from the
hydrolysis of H,'®0 during photosynthesis, thus providing an estimate of GPP without
assuming equal respiration in the light and in the dark, or possible losses of GPP due to
respiratory processes. This method is believed to provide the most precise assessesment of GPP
with minimum assumptions necessary to measure the rate [Duarte et al., 2013; Regaudie-de-
Gioux et al., 2014]. For comparison, the other techniques evaluating GPP are the Winkler bulk
oxygen mass balance [GPPO>, Regaudie-de-Gioux et al., 2014] and the triple oxygen method
[e.g. Luz and Barkan, 2000; Juranek and Quay, 2013]. However, both methods are based on
assumptions. The Winkler bulk oxygen mass balance, in contrast to the ¥O method, does not
evaluate GPP directly, but GPP is calculated as community respiration plus net community
production, evaluated from the rate of O, consumption in communities incubated in the dark.
The triple oxygen method assumes oxygen to be in steady state in the mixed layer, with no
vertical mixing with deeper water [Luz and Barkan, 2000]. Hence, errors and assumptions in

these estimates affects the final GPP estimates.

Despite the superiority of the ¥0 method to evaluate GPP [Duarte et al., 2013;
Regaudie-de-Gioux et al., 2014], less than twenty studies worldwide, to the best of our
knowledge, have used this technique so far. In particular, there are no such estimates in the
Arctic Ocean, where GPP has been estimated exclusively by the Winkler bulk oxygen mass
balance [cf. Vaquer-Sunyer et al., 2013]. The assumption of equal respiration in the light and
in the dark is especially critical for the high Arctic in spring and summer, when there is an

extended period of sustained daylight.

Here, we provide the first assessment of GPP in the Arctic using the O method. We
do so on the basis of five cruises conducted in the spring/summer period of 2012, 2013 and
2014 off the west margin of Svalbard Islands. We also compare these estimates with GPP
evaluations by the dark-light method, to determine the consistency between estimates derived
using both methods.

37



CHAPTER 2

Methods

Five cruises were conducted to the west of the Svalbard region up to 80° 52’ N, sampling a
total of 34 stations (Fig. 2.1). The cruises, undertaken with R/VV Helmer Hanssen (Univ.
Tromsg), took place in 2012 (9 to 16 June), 2013 (27 April to 4 May; and 6 to 14 June) and
2014 (16 to 27 May; 8 to 14 August). Hence, the rates reported here correspond to spring or
summer, when plankton grows under a 24-hour photoperiod.

Greenland
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Ocean Data View

Fig. 2.1. Location of the stations sampled in the different cruises.

A Rosette sampler system, consisting of 10-L Nisking bottles and a calibrated Seabird
CTD, was used to collect water samples at three different depths: surface (2.12 + 0.13 m), depth
of chlorophyll maximum (DCM, 24.56 + 1.63 m), receiving 1% of surface irradiance on
average, and at an intermediate depth (13.56 + 0.93 m) between surface and DCM, reached by

20% of the incident irradiance.

Eight 12-ml glass vials were filled with water carefully siphoned from the Niskin bottles
at each depth for the assessment of gross primary production (GPP80). Four replicate samples
were immediately fixed (biological activity stopped) with 80 pl of saturated HgCl solution for
later analysis of initial 'O (O,) values, and stored in darkness upside down. The other four
vials, containing glass beads inside to ensure mixing, were spiked with 80 pl of 98% H,'®0
and immediately shaken, to ensure that H2!80 was homogeneously distributed inside the vial.

These vials were incubated inside tubes on deck, with continuous water flow. Filters were used

38



CHAPTER 2

to simulate the light in situ and temperature was set to be the same as in situ. After the 24-hour
incubation, vials were fixed with 80 pl of saturated HgCl> solution and stored in darkness

upside down.

Back at the laboratory, vials were flushed with a helium flow, preventing atmospheric
oxygen from contaminating samples at any time, and creating a 4 ml headspace. Samples were
left at room temperature to equilibrate and after 24 hours, the 5180 of dissolved oxygen in the
headspace was measured in a Finnigan GasBench Il conected to a Finnigan DeltaPlusXP
isotope ratio mass spectrometer. Precision was better than 0.1 %o. A liquid nitrogen trap was
set before GasBench Il, to remove water vapor from the flow. A Molecular Sieve 5A
chromatographic column separated nitrogen and oxygen. Data, corrected with atmospheric air,
are reported as 520 value (%o) relative to V-SMOW (Vienna Standard Mean Ocean Water)

standard.

A liquid water isotope analyzer (Los Gatos Research) was used to measure the
5'80(H20) composition of spiked samples, with precision of 0.1 %.. In order to avoid
contamination of the analyzer with highly 80-enriched H20 (= 3000 %), the samples were

diluted with a laboratory standard of known isotopic composition.

GPP*0 was determined with the equation of [Bender et al., 1999]:
GPP*0 = [(8"®Ofinal - 8'®*Onitiar)/(8**Owiater - 8**Oinitiar)] X [O2initiat

where §*0initiar and 8'%Ofina are the initial and final 8*%0 of dissolved Oz (%o), respectively;
3'80water is the 80 of the spiked sea water (%o); and [Oz]initial is the initial Oz concentration
(umol O, L) measured by high-precision Winkler titration. Rates are reported as the mean
and standard error of replicate samples (umol O L d). GPP*0 was integrated down to 20
m following Vaquer-Sunyer et al. [2013], close to the chlorophyll a maximum layer (24.56 +

1.63 m). Integrated rates are expressed in mmol O, m2 d*.

For the evaluation of GPPO>, borosilicate Winkler bottles were carefully filled from the
Niskin bottles. Sets of seven replicates per each depth were used to evaluate initial oxygen
concentration, and to measure the oxygen concentration after a 24 h incubation in the “light”
and in the “dark”. Incubations were done on deck, in the same water baths as the GPP®0O
samples. Oxygen concentrations were measured with automated high-precision Winkler

titration [Carpenter, 1965; Carrit and Carpenter, 1966], holding a potentiometric electrode
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and via automated endpoint detection [Oudot et al., 1988]. GPPO; was calculated as the final
oxygen concentration of the “light” bottles minus the final oxygen concentration of the “dark”

bottles [Carpenter, 1965; Carrit and Carpenter, 1966].

To determine the chlorophyll a concentration, 200 mL of water were filtered through
Whatman GF/F filters, and chlorophyll a was extracted in 90% acetone for 24 hours. As
specified by Parsons et al. [1984], chlorophyll a concentration was determined in a Shimadzu
RF-5301PC spectrofluorometer.

Results and Discussion

Volumetric GPP*80 rates ranged from 0.19 to 69.15 pmol O, L™ d*!, with a mean value
(+ SE) of 14.00 + 1.49 umol Oz Lt dt. GPP80 varied significantly along the productive season
(ANOVA, P < 0.001), with maximum mean monthly rates observed in May, when the spring
bloom occurs (26.60 + 2.89 umol O, L d?) and the lowest mean GPP rate (2.25 + 0.32 pmol
0, Lt d) found in August (Fig. 2.2). April had the lowest number of estimates of all months
(N =12) but the highest variability in rates (range: 3.04 — 45.67 umol O, L't d1), as the plankton
spring bloom typically occurs in late April to May. GPP80 was strongly and linearly correlated
with chlorophyll a concentrations (Fig. 2.3), indicating that the GPP*O vyield per unit

chlorophyll a did not vary significantly from sparse to dense phytoplankton communities.

Integrated GPP*0 rates were high, ranging from 10.84 to 866.91 mmol O m2d™* (Fig.
2.4), with a mean integrated GPP*80 rate of 236.71 + 45.54 mmol O, md. Half of the total
number of stations (17 out of 34) supported an integrated GPP80 exceeding 100 mmol O, m-
2d. There were no consistent differences in integrated GPP20 rates between fjord and open-

ocean stations, as high and low rates occurred in both areas (Fig. 2.4).
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Fig. 2.2. Boxplot showing the distribution of GPP20 (umol O, L d) for the different months. Letters indicate
the results for a Tukey HSD test, whereby the GPP*80 did not differ significantly for months with the same letter.

100
-
T 10 -
™
S
©
E
=
o]
w
™
o
a1
Qo
d [ ]
..
0.1 . .
0.1 1 10 100

Chlorophyll a (pg Chla L)

Fig. 2.3. Relationship between GPP*®0O (umol O, L d') and concentration of chlorophyll a (ug L™). The solid
line shows the fitted regression equation: y = 3.60x%% 035 (R2=0.58, p < 0.0001, N = 75) .
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Fig. 2.4. Integrated GPP*80 (mmol O, m d*) for the stations sampled.
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Fig. 2.5. Relationship between GPP#0 (umol O; L* d*) and GPPO, (umol Oz L d?). Fitted regression equation:
y = 1.03 (+ 0.03) x - 054 (+ 0.81) (R? = 0.94, p < 0.0001, N = 79). Full and open symbols
denote observations where the 95% confidence limits of GPPO, and GPP*0 do not overlap and do overlap,

respectively.
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GPP*0 rates were strongly and linearly correlated with GPPO; rates, closely
conforming to the 1:1 line (Fig. 2.5). The two methods gave similar (t-test, P > 0.05) estimates
in 75% of estimates (59 out of 79). As a result, mean GPP80 and GPPO; rates for the entire
data sets did not differ significantly (paired t-test, t=0.03, df=116, p=0.98).

No GPP estimates had been reported using the 0 method for the Arctic Ocean thus
far, which renders our GPP*80 rates the first to be reported for this region. Comparing our
GPP®0 rates to those published to date with this method for other systems, the mean
volumetric GPP*80 rate (14.00 + 1.49 umol O, L d) in our study is higher than that reported
in previous assessments of GPP*0, except for those reported by Robinson et al. [2009], in the
Celtic Sea (mean 35.95 + 7.59 umol Oz L d!) and Goldman et al. [2015], in the Western
Antarctic Peninsula (mean 32.03 + 10.70 umol O, L d*). The mean integrated rate (236.71 +
45.54 mmol O; m2d™) obtained in our study is also above all previous reports except those
reported by Robinson et al. [2009], in the Celtic Sea (mean 1278.48 + 552.59 mmol Oz m2d-
1y and Bender et al. [1999], in the Equatorial Pacific Ocean (mean 286.14 + 23.52 mmol O, m°
2d1). GPP!8O rates reported in the present study are higher than those measured by Gazeau et
al. [2007] in eutrophic estuaries (3.1 + 0.6 umol O, L™ d) and Ostrom et al. [2005] in Lake
Erie (range 4.56 — 24.72 pmol Oz L™ d!), and comparable to those reported by Luz et al. [2002]
for Lake Kinneret (0.26 + 0.03 mol O, m2 d%).

GPPO:; rates were reported for a set of cruises between 2006 and 2011 in the same
region as our study [Vaquer-Sunyer et al., 2013]. Their GPPO. rates reported for all spring and
summer cruises were in the range of 0 to 80.0 + 1.7 umol O, L™ d*, which is very similar to
our GPP*0 values (range 0.19 - 69.15 umol O, L d?). Similarly, they report a strong
relationship between gross primary production and chlorophyll a concentrations [Vaquer-
Sunyer et al., 2013]. They also reported maximum GPP rates in the spring, declining toward
the summer, consistent with the seasonal variability reported here [Vaquer-Sunyer et al., 2013].
GPP was evaluated with the triple oxygen method in the Beaufort Gyre region of the Canada
Basin, in August 2011 and 2012 [Stanley et al., 2015]. Although this Arctic region is different
from the one in our study, their mean basin-wide GPP for August 2012, with record-low ice
conditions, was 38 + 3 mmol O, m2d, which is similar to our mean GPP*80 rate for August
(only five stations, in 2014), 37.27 + 6.60 mmol O, m2d™.

GPP*80 rates reached the maximum monthly mean in May and the lowest in August.
The spring bloom in southern regions of the Arctic Ocean occurs mainly in late April and May,
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as submarine PAR increases with increasing incoming radiation and melting of seasonal ice,
and has been reported to represent 40% of the total annual primary production [Lavoie et al.,
2009].

The estimates reported here do not include the contribution of ice algae to GPP, usually
reported to account, in shelf areas, for 5 to 10% of total primary production [Horner and
Schrader, 1982; Gosselin et al., 1997; Lavoie et al., 2009]. In the Beaufort Sea, the production
of ice algae can average 36 mg C m2 d %, having a peak of 62 mg C m2 d* in May [Horner
and Schrader, 1982]. For the ice-covered region of the Barents Sea, maximum annual ice algal

production has been reported to be 5.3 g C m [Hegseth, 1998].

Arctic GPP rates had only been estimated using the triple oxygen method and the high-
precision Winkler method (i.e. GPPO: rates) thus far. Yet, the triple oxygen method assumes
a mixed layer without vertical mixing with deeper water and where oxygen is in steady state.
The GPPO. method assumes that respiration in the light is the same as in the dark [Regaudie-
de-Gioux et al., 2014], which may be questionable for the sustained 24 h daylight period in the
high Arctic in spring and summer. Yet, our results showed a remarkable good correspondence
between GPP0 and GPPO; rates, which therefore provide an unbiased estimate of gross
primary production rates in the European Arctic sector. The mean * SE ratio GPP80/GPPO;
in our study was 1.03 £ 0.09. In contrast, GPPO: rates have been shown to be, on average,
around 50% lower than GPP®0 rates (mean + SE of the ratio GPP*¥0Q/GPPO;, 1.9 + 0.2)
[Regaudie-de-Gioux et al., 2014].

In summary, we report here the first estimates of Arctic GPP evaluated using the 0
method. The rates obtained are comparable, in magnitude and seasonal pattern, to those
reported earlier using the high-precision Winkler method, and were characterized by high rates
during the spring bloom in late April and May, with declining rates throughout the summer.
The rates evaluated using the 80 method compared well with those derived using the high-
precision Winkler method. The estimates reported here portray the European sector of the

Arctic Ocean as ranging amongst the most productive areas of the ocean.
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180 method
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Primary production in a Northeast Greenland fjord: assessment
with the 8O method

Abstract

We assessed planktonic gross primary production with the 80 method (GPP20) in a
high-arctic marine ecosystem in North East Greenland (Young Sound fjord) during the ice-free
period of 2014. Four stations were sampled along the fjord three times each, in three different
campaigns, from 1 August to 2 October 2014. Mean (+ SE) GPP*0 was low, 0.123 + 0.026
mmol O, m= d (range 0.001 — 0.330), which are by far the lowest estimates reported with this
method to date. Correspondingly, mean chlorophyll a concentration was also low, 0.62 + 0.11
ug LT (range 0.10 — 2.32). Specific GPP'®0O rates were significantly correlated with
Photosynthetic Active Radiation and water temperature. The cold East Greenland Current and
the input of freshwater and runoff might be important drivers causing this low production in

Young Sound.

Introduction

Gross primary production (GPP) constraints the supply of the organic matter and energy
required to support all components and processes in marine ecosystems, from microbial
processes to the activity of top predators [Duarte et al., 2011]. Hence, it is surprising that GPP

has received limited attention in the Arctic Ocean [e.g. Vaquer-Sunyer et al., 2013].

The few available estimates of GPP for the Arctic Ocean [Regaudie-de-Gioux et al.,
2010; Vaquer-Sunyer et al., 2013; Sejr et al., 2014; Holding et al., 2015; Stanley et al., 2015],
are so high, particularly during the spring bloom, as to identify this ecosystem as one of the
most productive regions in the ocean, sustaining large apical species, such as whales and polar
bears. The very high GPP during the spring bloom is sustained over a limited time window,
with much lower GPP rates through the rest of the year, when recycling processes dominate
[Vaquer-Sunyer et al., 2013; Sejr et al., 2014; Holding et al., 2015]. In Greenland, in particular,
there is only one report of planktonic GPP, published recently for the plankton community in
the subarctic Kobbefjord, at 64.10 °N [Sejr et al., 2014]. This paper reports maximum GPP
values of about 20 mmol O, m? d in the spring, comparable to those reported for the spring

bloom in the Svalbard region [Wassmann et al., 2006; Vaquer-Sunyer et al., 2013].
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Primary production rates have been resolved through a number of methods, including
14C and *3C additions, bulk oxygen production and 0 additions, providing different estimates
[see Regaudie-de-Gioux et al., 2014]. The differences in estimates resulting from the
application of different methods has fostered an ongoing debate over the suitability of different
estimates and what each method actually measures [Quay et al., 2010; Marra, 2012; Regaudie-
de-Gioux et al., 2014; Hancke et al., 2015]. One of the least applied techniques is the 80
method, first introduced by Bender and coauthors in 1987, which measures the GPP using the
stable isotope 80 as a tracer of molecular oxygen production through photosynthesis [Bender
et al., 1987]. The sample water is enriched in *20 derived by the photosynthetic release of 20
from the hydrolysis of H2!80 during photosynthesis, and thus provides an estimate of GPP free
of assumptions on the effect of light on respiration or possible losses of GPP due to respiratory
processes, providing the most accurate measure of GPP with the fewest assumptions required
during estimate of the rate [Duarte et al., 2013; Regaudie-de-Gioux et al., 2014]. It must be
noted, however, that some of the O produced is consumed during photosynthesis by the
Mehler reaction, photorespiration, and plastoquinol terminal oxidase activity [e.g. Eisenstadt
et al., 2010], which would lead to 80 estimates somewhat underestimating GPP. The only
other incubation method providing an estimate of GPP is the Winkler bulk oxygen mass
balance [Regaudie-de-Gioux et al., 2014]. However, unlike the ¥0 method, this method does
not provide a direct estimate of GPP, but GPP is calculated as net community production plus
community respiration. So, error in each of these estimates as well as assumptions, such as that
respiration in the light equals that on the dark (specially relevant in the longer photoperiod of
the spring/summer period of the Arctic), compounds on the resulting GPP estimates. While
incubation-free methods, such as the triple oxygen method [e.g. Luz et al., 1999; Luz and
Barkan, 2000; Juranek and Quay, 2013] can also elucidate GPP, they require that the photic
layer is encompassed within an actively-mixing mixed layer, a condition that is often not met
in the Arctic, where ice cover and/or shallow pycnoclines derived from ice melting prevent
mixing of the water column [Randelhoff et al., 2014]. Despite the superiority of the 80
method to estimate GPP [Duarte et al., 2013; Regaudie-de-Gioux et al., 2014], less than twenty
studies, to the best of our knowledge, have used this method to date, with only estimates derived
from an experiment assessing responses to CO: additions, reported in the Arctic Ocean
[Holding et al., 2015].

Here we assess planktonic GPP with the 0 method (GPP*0) in Young Sound fjord
during the ice-free period of 2014.
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Few studies have been carried out in Northeast Greenland, where Young Sound (74 °N)
is the first fjord to be fully surveyed [Rysgaard et al., 2003]. The water masses in this high-
arctic fjord come from both the Greenland Sea and the Greenland Ice Sheet (by direct meltwater
flux), which makes Young Sound an appropiate study area to monitor the effects of climate
change [Rysgaard and Nielsen, 2006]. This led to the establishment of ZERO (Zackenberg
Ecological Research Operations) station. Previous research on planktonic GPP in Greenland
fjords has been limited to the subarctic Kobbefjord in west Greenland [Sejr et al., 2014], so the
results presented here from a high-arctic east Greenlandic fjord are novel.

Methods

The study was conducted in Young Sound, a high-arctic (74 °N) marine ecosystem in
NE Greenland (Fig. 3.1). The fjord is 2-7 km wide and = 90 km long, covering an area of 390
km?, with an average depth of =~ 100 m [Rysgaard et al., 2003]. Depth varies along Young
Sound, with a maximum of 360 m in the deep inner fjord, between 140 and 150 m depth in the
shallower outer fjord, and a 50 m deep sill at its mouth that reduces the water exchange between
the Greenland Sea and the fjord [Kirillov et al., 2015]. Ice regulates the processes occurring in
the fjord throughout the year. The breakage of fast ice in the fjord in July, together with melting
snow and ice on land, result in freshwater inputs to the system, which strongly affect the
hydrographic conditions in Young Sound during summer [Rysgaard et al., 1999, 2003;
Bendtsen et al., 2014]. New ice, beginning to form in September, can grow to 10-15 cm thick

by early October [Rysgaard et al., 2003].

Fig. 3.1. Location of the 4 stations sampled along the fjord
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Four stations were sampled in each of three different campaigns from 1 August to 2
October 2014, during the ice-free period of the fjord (Fig. 3.1). The ice had started to break the
15" July. Water samples were collected at 1 m depth and at the depth of the deep chlorophyll
maximum (DCM, 21.82 + 1.96 m), which receives, on average, 1% of the incident radiation
on the surface. Surface waters were sampled manually with a 5 L Niskin bottle, while the DCM
waters were sampled using a Rosette sampler system fitted with 1.2 L Niskin bottles and a
SeaBird CTD probe. For the assessment of gross primary production (GPP8Q), eight 12-ml
glass vials (Exetainer, Labco, UK) were filled for each depth, after screening the seawater
through 180 um mesh to remove large zooplankton. Four replicate samples were immediately
fixed (biological activity stopped) with 50 ul of saturated HgCl solution for later analysis of
initial §'80(0;) values, and stored upside down in darkness. The other four vials, containing
glass balls inside, were spiked with 200 pl of 98% H,'80. After being closed, these spiked vials
were immediately agitated, to ensure that H,'®0 was homogeneously distributed inside the vial.
Eight borosilicate glass narrow-mouth Winkler bottles were filled and fixated from each depth,
for later determination of dissolved oxygen concentration using Winkler titration [Hansen,
1999]. The spiked samples were incubated in situ for 48 hours, deploying a buoy from the deck
of the ship, and anchoring it to the bottom. After the incubation, the vials were fixed with 50

pl of saturated HgCl. solution and stored upside down in darkness.

In the laboratory, a 4-ml headspace was generated in each vial, by flushing with a
helium flow. Special attention was paid not to contaminate samples with atmospheric oxygen
at any time. The vials were left for equilibration for 24 hours at room temperature, so that the
dissolved gases in the water equilibrated with the headspace, originally 100% helium. After 24
hours, the 5'80 of dissolved oxygen in the headspace was measured in a Finnigan GasBench 11
attached to a Finnigan DeltaPlusXP isotope ratio mass spectrometer, with precision better than
0.1 %o. The flow was passed through a liquid nitrogen trap before entering GasBench 1l to
retain water vapour. Oxygen and nitrogen were separated in a Molecular Sieve 5A
chromatographic column. Data, which were corrected using atmospheric air as reference, are
reported as &80 value (%o) relative to V-SMOW (Vienna Standard Mean Ocean Water)
standard.

5'80(H.0) of spiked samples was measured in a liquid water isotope analyzer (Los
Gatos Research), with precision of 0.1 %o. In order to avoid contamination of the analyzer with
highly *80-enriched H20, the spiked water was diluted (approximately 1:30) with a laboratory

standard of known isotopic composition.
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GPP*0 in 24 h (mmol O, m™ d*) was calculated using the equation of Bender et al. [1999]:
GPP*0 = [(8"Ofinal - 8"*Oinitiar)/(8**Owater - 8"®Oitiar)] X [O2]initial

where 3'8Oinitia and 5'80rinar are the initial and final 5'80 of dissolved O (%o), respectively;
5180water is the 3180 of the spiked sea water (%o); and [O2]initial is the initial O, concentration
(mmol O, m~) measured by the Winkler method. Rates are expressed as the mean and standard
error of replicate samples (mmol O, m3 d%).

Chlorophyll a was extracted in 5 ml 96% ethanol for 12-24 hours and analysed on a
Turner Design fluorometer calibrated against a chlorophyll a standard before and after HCI
addition [Jespersen and Christoffersen, 1987]. Photosynthetic active radiation (PAR) was
measured at each depth with a spherical 4 Pi sensor (Biospherical QSP2000), and is expressed

in uE cm?2 s,

Results

Water temperature for the communities sampled ranged from -1.26 °C to 7.31 °C, both
recorded in the August campaign, in stations 4 and 2, respectively, with a mean water
temperature of 1.48 + 0.51 °C across the study. For each campaign, water temperature
decreased from the inner to the outter fjord by, on average, 2.95 °C and 1.97 °C for surface and
DCM depths, respectively. In general, water temperature also decreased with depth from
surface to DCM, except in the October campaign, when it increased in 3 out of the 4 stations
sampled. The mean water temperature decreased along the study, from 2.25 °C, 1.96 °C and
0.41 °C in August, September and October, respectively.

The DCM was located at an average depth of 21.82 £ 1.96 m, and varied from a mean
of 28.67 £ 1.63 m in the August campaign to 19.25 + 4.41 m and 19.25 + 0.87 m in September
and October campaigns. The waters at Young Sound supported a low mean chlorophyll a
concentration of 0.62 + 0.11 ug Chl a L, ranging from minimum values of 0.10 pg Chl a L
—observed at 1 m depth in station 2 to a maximum value of 2.32 ug Chl a L™ observed at 30 m

depth in station 4.

Volumetric GPP®0 rates were low, ranging from 0.001 observed at 20 m depth in
station 3 to a maximum value of 0.330 mmol O, m= d* observed at 1 m depth in station 2, with

a mean value (+ SE) of 0.123 + 0.026 mmol O, m d1. GPP*0 rates were significantly higher
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(t-test, t = -3.59, df = 17, p = 0.002) at the surface (mean 0.19 + 0.03 mmol Oz m= d?) than at
the DCM (mean 0.05 + 0.02 mmol O, m? d). There was no significant correlation between
GPP80 rates and chlorophyll a concentration. The Chl a-specific GPP*0 rates increased
significantly with PAR (Fig. 3.2b) and with water temperature (Fig. 3.3b).
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Fig. 3.2. Relationship between photosynthetic active radiation (PAR, UE cm™ s) and a) GPP*0 (umol O, L d-
1), b) GPP8O/Chl a (mmol O2 mg Chl a* d%). Fitted regression equation: y = 0.0015 (+ 0.0003) x + 0.06 (+ 0.14)
(R2=0.52, p<0.001, N = 22). Black/blue/red dots: estimates in August/September/October, respectively.
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O, mg Chl a* dY). Fitted regression equation: y = 0.23x ( 0.05) + 0.07 (+ 0.13), R2= 0.53, p <0.001, N = 22).
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Discussion

The GPP*0 rates measured in Young Sound (mean 0.123 + 0.026 mmol O, m= d*)
are by far the lowest estimates assessed by this method to date. Juranek and Quay [2005]

reported the lowest mean volumetric rates so far, 0.78 + 0.10 mmol Oz m? d?, in the

oligotrophic waters of the subtropical Pacific Ocean.

53



CHAPTER 3

Estimates of GPP are very scarce in Greenland coastal waters, particularly along the
east coast. High rates of primary production have been measured along West Greenland, mainly
using the C tracer method [Steemann Nielsen, 1952]. Jensen et al. [1999] reported an overall
primary production for the studied area of 5.58 to 267.25 mmol O, m2 d (mean + SD = 28.42
+ 61.92 mmol O2 m2 d?). For the period between 2005 and 2012, Juul-Pedersen et al. [2015]
reported a total annual primary production between 7050 and 11592 mmol Oz m2 yr?, for sub-
Arctic Kobbefjord fjord. Sejr et al. [2014], using the Winkler method, reported GPP rates
between 0.5 and 20 mmol O, m d! in May and September for sub-Arctic Kobbefjord fjord,
much higher than the rates reported here for Young Sound. The only primary production
estimates available for Young Sound, derived using the *C method, are from Rysgaard et al.
[1996, 1999]. Rysgaard et al. [1996] measured primary production during the early summer
thaw (first two weeks of July 1994) in a sampling site close to station 3 in our study, but they
do not give a volumetric estimate: they only report a constant primary production rate of 5.3
mmol O, m? d? during the study period. Their reported constant Chl a concentration, 4.1 ug
L1, is higher than our mean value for station 3, 0.7 + 0.2 ug L. Our measurements covered a
different period than theirs, as ours started two weeks after the ice broke and continued up to 2
October 2014, which might explain the difference. Rysgaard et al. [1999] performed 11
measurements in a similar location, from 20 June to 25 August 1996. When the sea ice broke,
they measured a primary production rate of 1 mmol Oz m= d in a subsurface bloom, a higher
value than our first measurement in station 3 (on 7 August 2014), which was 0.12 mmol O, m’
8 d* for both surface and DCM, but this was three weeks after the sea ice started to break. These
results indicate that the waters in Young Sound are colder and less productive than those in

fjord systems studied in the West coast of Greenland.

Different hydrological conditions might explain the higher annual production on the
west coast of Greenland than that on the east coast. On the west coast, the warmer water of the
Irminger Current controls the sea ice coverage, conditioning the length of the productive ice-
free period [Rysgaard et al., 1999], which is much longer than that in the East Greenland coast.
Along the East Greenland coast, the East Greenland Current, which transports cold, often <0
°C Arctic water southward along, is the main regulating factor [Rysgaard et al., 1999]. These
contrasting currents, transporting warm water poleward along West Greenland and cold Arctic
water toward the south along the East coast of Greenland, result in highly contrasting thermal
patterns as well as duration of the ice-free season. Thus, temperature might be indirectly

conditioning the annual production rate by controlling sea ice cover and therefore, the duration
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of the productive open water period [Rysgaard et al., 1999]. Yet, the strong positive
relationship between the Chl a-specific GPP and water temperature and between Chl a-specific
GPP and underwater irradiance reported here, shows that temperature and underwater
irradiance may be controlling specific primary production rates.

Other factors have been suggested to affect the low production in Young Sound,
including the input of freshwater with land runoff. Runoff entering the fjord comes from land
areas around Young Sound, local glaciers and the Greenland Ice sheet. The freshwater influx
stratifies the surface layer strongly, preventing turbulent mixing of nutrients from deeper water
into the photic zone, and consequently limiting annual primary production [Sejr et al., 2011].
The low GPP!80 rates measured in our study agree well with former research in the outer
region of Young Sound suggesting that mineralization is higher than primary production.
Therefore, the system is net heterotrophic, depending on additional carbon input to balance
mineralization [Glud et al., 2000, 2002b]. Hence, the combined effects of cold temperature
(due to the influence of the cold East Greenland Current) and extensive freshwater input, render
the East Greenland coastal systems highly unproductive when compared with the productive,
warmer, West Greenland coastal fjords. It is not clear how future warming of the East
Greenland coast will affect the annual primary production, as both an overall increase or
decrease might be possible depending on the magnitude of the multiple effects. A longer ice-
free period would result in higher light availability, which would be expected to increase
primary production [Murray et al., 2015]. On the other hand, higher freshwater runoff would
cause stronger stratification, leading to less vertical mixing of nutrients and consequently,

lower primary production [Tremblay et al., 2012].
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Abstract

Plankton respiration rate is a major component of global CO. production and is
forecasted to increase rapidly in the Arctic with warming. Yet, existing assessments in the
Arctic evaluated plankton respiration in the dark. Evidence that plankton respiration may be
stimulated in the light is particularly relevant for the high Arctic where plankton communities
experience continuous daylight in spring and summer. Here we demonstrate that plankton
community respiration evaluated under the continuous daylight conditions present in situ,
tends to be higher than that evaluated in the dark. The ratio between community respiration
measured in the light (Riight) and in the dark (Rqark) increased as the 2/3 power of Riignt SO that
the Riight : Raark ratio increased from an average value of 1.37 at the median Riight measured here
(3.62 umol Oz L d!) to an average value of 17.56 at the highest Riight measured here (15.8
umol Oz Lt d1). The role of respiratory processes as a source of CO; in the Arctic has,
therefore, been underestimated and is far more important than previously believed, particularly

in the late spring, with 24 h photoperiods, when community respiration rates are highest.

Introduction

Community respiration is the process responsible for the degradation of organic matter

by organisms to extract energy to support biological processes in the ecosystem and provides,
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therefore, an integrated assessment of the energy requirements of the ecosystem [Duarte et al.,
2011]. Oceanic respiration, estimated to release 66 Gt C year™ globally, is one of the main
elements of the carbon flux in the biosphere [Del Giorgio and Duarte, 2002], but remains the
least constrained term in most models of metabolism, gas exchange and carbon mass balance
in the ocean [Balkanski et al., 1999; Williams and Del Giorgio, 2005].

Our understanding of the respiration of plankton communities is also limited by the fact
that most respiration rates have been evaluated using bulk oxygen consumption rates evaluated
in the dark, thereby assuming respiration in the dark (Rdark) to be equivalent to that in the light
(Riight) [Williams and Del Giorgio, 2005]. However, published reports suggest that respiration
in the light might be higher than that in the dark [Harris and Lott, 1973; Bender et al., 2000;
Robinson et al., 2009], so current estimates of community respiration of plankton communities

may be underestimated.

The severity of the bias involved in the assumption that community respiration in the
dark equals that in the light involved in most estimates of plankton community respiration,
depends on the photoperiod the community experiences. This shows the broadest range in the
high Arctic, where there is an extended period of darkness in fall and winter, where darkness
prevails, and an extended period of continuous daylight in spring and summer, when any
differences between respiration in the dark and that in the light will have the highest impact on
the estimates. The robust assessment of community respiration in the Arctic is particularly
important, as community respiration has been predicted to rise with future Arctic warming
[Vaquer-Sunyer et al., 2010; Duarte et al., 2012; Holding et al., 2013]. Yet, the bias introduced
by the assumption that community respiration in the dark equals that in the light in the Arctic
summer has not yet been assessed. Here we evaluate plankton community respiration rates in
the photic zone of the Arctic ocean along several cruises conducted in the spring/summer
period in the European Sector of the Arctic Ocean, during 2012, 2013 and 2014. In particular,
we test the null hypothesis that community respiration rate in the dark equals that in the light.
We did so by calculating respiration rate using oxygen consumption in the dark, evaluated by
high-precision Winkler titration, and estimating community respiration in the light as the
difference between gross primary production (GPP*80), evaluated with the 30 method and net
community production (NCP), evaluated from bulk oxygen mass balance, of communities

incubated under ambient incoming irradiance.
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Methods

Plankton community respiration in the dark and under ambient irradiance conditions
was evaluated in both sides of the Greenland Sea, the western margin of Svalbard region and
Young Sound fjord, in NE Greenland (Fig. 4.1). Respiration was evaluated in five cruises in
Svalbard, in 2012 (from 9 to 16 June), 2013 (27 April to 4 May; and 6 to 14 June) and 2014
(16 to 27 May; 8 to 14 August). Four stations were sampled in Young Sound in each of August,
September and October 2014.
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Fig. 4.1. Location of the stations sampled. Map created with Ocean Data View software (version 4.6.3,
http://odv.awi.de/)

In the cruises conducted in the Svalbard region, water samples were collected using a
Rosette sampler system fitted with 5 L Niskin bottles and a calibrated CTD, at three different
depths: surface (2.12 + 0.13 m), depth of chlorophyll maximum, DCM (24.56 + 1.63 m), which
receives, on average, 1% of the incident irradiance, and at an intermediate depth (13.56 + 0.93
m) between surface and DCM, receiving 20% of the incident radiation on the surface. Only
two depths (surface and DCM) were sampled in Young Sound, where temperature and salinity
were collected from a CTD cast, and water samples were collected with 5 L Niskin bottles.

Plankton community respiration rates were estimated using two methods: (1)

respiration in the dark (Rdark) Was assessed by evaluating oxygen consumption after incubation
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of samples in the dark, by high-precission Winkler titration [Carpenter, 1965; Carrit and
Carpenter, 1966] in Svalbard cruises and by visual end-point detection [Grasshoff, 1983] in
Young Sound, and (2) respiration in the light (Riight) was assessed as the difference between
gross primary production (GPP*20), evaluated using H,*20 additions [Bender et al., 1987], and
net community production (NCP), evaluated from oxygen changes resolved using high-
precision Winkler titration [Carpenter, 1965; Carrit and Carpenter, 1966] in Svalbard and
using visual end-point detection [Grasshoff, 1983] in Young Sound, of samples incubated
under the incident solar radiation. Daily Riight rates were corrected for those communities that
were exposed to less than 24 hours of light (only five communities in September and October
in Young Sound). The rates determined based on disolved oxygen changes in Young Sound,
12 out of 147 respiration rates reported here, carry considerable error, as the titration end point
was determined visually, as a titrator was not available. The precision obtained (expressed as

SD of average in %) for O, concentration measurements with this procedure was 0.15%.

Per each depth, a set of seven replicated 100-mL narrow-mouth Winkler bottles was
fixed immediately to evaluate the initial oxygen content, and two sets were incubated under
light and dark conditions for 24 hours. Incubations were done in water baths on deck
(maintained at the in situ temperature of the surface water, = 1°C, through continuous water
flow from the surface) in Svalbard; and in situ in Young Sound. Neutral screens were used to
reduce incident irradiance as to mimic the light environment in situ. Dissolved oxygen
concentrations were determined by automated high-precision Winkler titration with a
potentiometric end-point Metrohm 808 Titrando [Oudot et al., 1988] in the Svalbard
communities and using starch as indicator for end-point detection in the Young Sound
communities. Raark and NCP were calculated from changes in dissolved oxygen concentrations,
before and after incubation of samples under “dark™ and “light” conditions, respectively, for
24 hin Svalbard and 48 h in Young Sound. As a consequence of the low rates and low precision
of dissolved oxygen determination in Young Sound, the communities were incubated for 48 h,
thereby experiencing changes that could be resolved with the techniques used there. On the
other hand, long incubations may increase the risk of artifacts derived from bottle effects. Rates
are reported in umol Oz L™t d and standard errors were calculated using error propagation. In
order to compare the Riight:Raark ratios obtained here with those observed in the past, we
surveyed the literature for results reported in the past [Bender et al., 1987; Grande et al., 1989a;
Bender et al., 2000; Hitchcock et al., 2000; Dickson and Orchardo, 2001; Robinson et al.,
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2009]. An extreme value reported by one of the studies [Robinson et al., 2009] (ratio Riight: Rdark

= 19), 8-fold higher than the rest, was excluded from the comparison.

For evaluation of GPP*80, eight 12-ml glass vials were filled per depth. Four replicate
samples were immediately fixed (biological activity stopped) with 80 ul of saturated HgCl>
solution for later analysis of initial §80(0O2) values, and stored upside down in darkness. The
other four vials, containing beads inside to ensure mixing, were spiked with 80 pl and 200 pl
of 98% H'80 in Svalbard and Young Sound communities, respectively. After being closed,
these spiked vials were immediately agitated, to ensure that H2!%0 was homogeneously
distributed inside the vial. The spiked samples were incubated together with the Winkler bottles
under “light” conditions. After the 24-hour incubation, vials were fixed with 80 pl of saturated

HgCl> solution and stored upside down in darkness.

At the stable isotope laboratory, a 4-ml headspace was generated in each vial, by
flushing with a helium flow. The vials were left for equilibration at room temperature for 24
hours. The 8§80 of dissolved oxygen in the headspace was measured in a Finnigan GasBench
Il attached to a Finnigan DeltaPlusXP isotope ratio mass spectrometer, with precision better
than 0.1 %o. 5'30-H-0 of spiked samples was measured in a liquid water isotope analyzer (Los
Gatos Research), with precision of 0.1 %o, and GPP*20O was calculated [Bender et al., 1999].

Statistical analysis were based on non-parametric tests (Wilcoxon signed rank test,
Kruskal-Wallis test and Dunn’s test), as the data were skewed and not normally distributed, or
log-transformed to homogenize the variance prior to fitting least squares linear regression

equations.

Results

Plankton community respiration varied three orders of magnitude among communities,
and was significantly higher in the communities sampled in the Svalbard region compared to
those sampled in Young Sound (Kruskal-Wallis test, P < 0.01), both when measured in the
light and in the dark (Table 4.1). Mean monthly community respiration rates in the Svalbard
region were highest in April and lowest in August (Fig. 4.2), although these differences were
only significant for respiration rates measured in the light (Kruskal-Wallis test, P=0.013), when
rates measured in August were significantly lower than those measured in April and May

(Dunn’s test, P < 0.05), but not June (Dunn’s test, P = 0.27). The statistical significance of
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seasonal differences could not be tested for the communities examined in Young Sound (Fig.
4.2), due to the limited number of estimates available and the fact that respiration rates in

Young Sound were not evaluated in the spring, when the area is still fully covered by sea ice.

Community respiration rates in the light differed with depth (Kruskal-Wallis test, P =
0.0015, Fig. 4.3A, B), with the respiration rate in the light in communities sampled at the depth
receiving 20% of PAR (photosynthetically active radiation) being significantly higher (Dunn’s
test, P = 0.0014) than those sampled at the DCM, and surface samples having the minimum
mean respiration rate in the light among the three depths (Table 4.1). In contrast, community
respiration in the dark did not differ with depth (Kruskal-Wallis test, P = 0.53), with
comparable mean values across depths (Table 4.2, Fig. 4.3C, D).

Svalbard Svalbard Svalbard
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Fig. 4.2. Mean (x SE) monthly respiration in the dark (Rdark), respiration in the light (Rlight), and the difference
between both (Rlight — Rdark) in the Svalbard region and Young Sound.
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Svalbard
Rdark Riight Riight: Rdark
mean+SE median min max N| meanzSE median min max N| mean+*SE median min max N
Surface 2.50+0.42 206 021 825 28 3.18+0.64 268 009 956 20 2.87+1.08 1.40 0.03 17.88 18
20%
AR 2.68+0.72 166 0.12 1769 25 6.67+0.93 6.59 0.76 13.35 19 7.66+3.31 2.06 057 5251 18
DCM 2.40 £0.49 1.64 0.10 1152 28 5.65+0.92 401 044 1580 27 556+184 248 0.24 3980 24
Overall 252+0.31 1.76 0.10 1769 81 5.20+0.52 397 0.09 1580 66 5.38+1.26 1.85 0.03 5251 60
Young Sound
Rdark Riight Riight: Rdark
mean =+ SE median min max N [ mean+*SE median min max N | mean+SE median min max N
Surface 0.30+0.09 0.25 0.03 0.89 0.51+0.24 068 0.12 073 3 227+2.09 0.82 0.32 5.67
20%
PAR
DCM 0.34+0.10 029 006 077 7 0.02+0.01 002 001 004 3 0.12+0.04 0.14 005 0.17 3
Overall 0.32+0.06 0.27 003 089 16 0.27+0.15 008 001 073 6 1.20+0.99 025 005 567 6
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Overall

Rdark Riight Riight: Rdark

mean + SE  median min max N | mean£SE median min max N | mean+SE median min max N
Surface 1.96 +0.35 1.22 003 825 37 283+0.59 255 009 956 23 2.78+0.94 137 0.03 17.88 21
20%
PAR
DCM 1.99+041 1.26 0.06 1152 35 5.09+0.88 397 001 1580 30 4.96+1.66 1.18 0.05 39.80 27

2.68 +0.72 166 012 1769 25 6.67+093 659 076 1335 19 766+331 206 057 5251 18

Overall 2.16 £0.27 147 003 1769 97 47/8+050 362 0.01 1580 72 5.00%1.15 1.57 0.03 5251 66

Table 4.1. Mean + standard error (SE), median, range and number of estimates (N) for volumetric (umol Oz L d?) rates (respiration in the dark and in the light), and for
the ratio between both.
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Fig. 4.3. Box-and-Whisker plots showing the distribution of community respiration A) in the light in Svalbard,
B) in the light in Young Sound, C) in the dark in Svalbard and D) in the dark in Young Sound, for the depths
sampled (mean depth £ SE in parentheses). The boxes show the median rate plus the lower (25%) and upper

(75%) quartiles, the whiskers indicate 1.5 times the interquartile range, and the points show outliers. Numbers
above the boxes are the mean rates.

Community respiration rates evaluated in the light and in the dark differed consistently
(Wilcoxon signed rank test, p < 0.0001), with respiration rates in the light tending to be greater
than those measured in the dark (Fig. 4.4A). The difference between Riight and Raark did not
differ significantly with depth (Kruskal-Wallis test, P = 0.19), but was greatest in May, when
Riight tended to be much higher than Rqark, compared to a smaller absolute difference in June
and August (Fig. 4.2, Kruskal-Wallis test, P = 0.0085; Dunn’s test, P < 0.05). Closer

examination showed that community respiration rates evaluated in the light and in the dark
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differed significantly for the communities evaluated in the Svalbard region (Wilcoxon signed
rank test, p < 0.001), but not so for those in Young Sound (Wilcoxon signed rank test, p =
0.22), where community respiration rates were consistently low. The ratio Riight:Rdark Varied
three orders of magnitude across communities (Table 4.1), and increased significantly (R? =
0.50, P < 0.001) in communities showing high respiration in the light (Fig. 4.4B). The fitted
regression equation showed that the ratio Riignt:Rdark Was scaled to the 2/3 power of Riignt (Fig.
4.4B), so that the Riign: and Raark Were similar for Riign: of the order of 1 umol O, L d*?, but
Riigh: was four-fold greater than Raar for high Riign: rates of the order of 10 pmol O2 L™ d* (Fig.
4.4B).

100 1000

>
1:1line .~
rd

100
Raark (Hmol O, L1 d?) Right (umol O, L1 d?)

Fig. 4.4. The relationship between A) respiration in the dark (Rqark) and that in the light (Riignt), and B) respiration
in the light (Riight) and the ratio between respiration in the light and that in the dark (Riight : Rdark) in the Svalbard
region (black symbols) and in Young Sound (white symbols). The solid line in B) shows the fitted regression line
Ln (Riight:Raark) = -0.02 + 0.68 * Ln (Riignt) (umol Oz L d?), R? = 0.50, P < 0.001. Error bars are the SE.

The difference between community respiration rates evaluated in the light and in the
dark increased significantly with increasing GPPO rates (Fig. 4.5), with no significant
difference in community respiration rates at GPP80 rates < 10 umol O, L d! (Fig. 4.5).
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Fig. 4.5. The relationship between gross primary production (GPP#0) and the difference between community
respiration in the light and that in the dark (Riign: - Raark) in the Svalbard region (black symbols) and in Young
Sound (white symbols). The insert shows the same figure with log-transformed gross primary production (log

GPP!8Q), to allow examination of the values at low GPP*#0 values.

Discussion

The respiration of plankton communities is a major component of the carbon budget of
the oceans [Del Giorgio and Duarte, 2002]. Yet, estimates of community respiration rates are
much less frequent than those of primary production, particularly in the Arctic Ocean (white
symbols) [Sherr and Sherr, 2003; Cottrell et al., 2006; Regaudie-de-Gioux and Duarte, 2010;
Vaquer-Sunyer et al., 2013; Sejr et al., 2014]. We found that Riight tended to be significantly
higher than Rqark across the Arctic plankton communities tested. This is consistent with the
majority of reports concluding that respiration in the light tends to be greater than that in the
dark [Grande et al., 1989a; Hitchcock et al., 2000; Bender et al., 2000; Dickson and Orchardo,
2001; Robinson et al., 2009], involving all, except two [Marra and Barber, 2004; Gonzéalez et
al., 2008], published reports comparing such rates. However, the underestimation of respiration
rates derived from measuring respiration rates in the dark may be particularly acute for Arctic

plankton communities, which experience a 24-hour photoperiod during much of the year.

The estimates of Riight provided here represent the first assessment of respiration under
ambient solar radiation for Arctic plankton communities. Previous comparison of Riignt and
Rdark for polar plankton communities derived from the Southern Ocean, where two studies had
been conducted [Bender et al., 2000; Hitchcock et al., 2000]. These studies also concluded that
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respiration in the light tends to be greater than that in the dark. The mean vertically-integrated
Riight : Raark ratio was reported to be 1.95 in a summer cruise around 76 °S in the Ross Sea
[Bender et al., 2000]; and to range between 1.2 and 2 for spring and summer, respectively, in
a transect from 52 to 70 °S across the Antarctic Polar Front region [Hitchcock et al., 2000].
The median Riight : Rdark ratio in our study was 1.57, within the range of values reported for
Southern Ocean plankton communities [Bender et al., 2000; Hitchcock et al., 2000]. We found,
however, that the Riight : Rdark ratio increased as the 2/3 power of Riignt SO that the Riight : Rdark
increased from an average value of 1.37 at the median Riigh measured here (3.62 pmol O, L

d!) to an average value of 17.56 at the highest Riigh: measured here (15.8 umol O, L d).

Estimates of gross primary production obtained directly using the ¥0O method tend to
be greater than those calculated as the difference between NCP and Rdark, Which comprise all
of the estimated of grow primary production thus far available for the Arctic Ocean [Sherr and
Sherr, 2003; Cottrell et al., 2006; Regaudie-de-Gioux and Duarte, 2010; Vaquer-Sunyer et al.,
2013; Sejr et al., 2014]. This was interpreted to indicate that Riight tends to be higher than Rgark
[Regaudie-de-Gioux et al., 2014], as confirmed by our results. Indeed, when the estimates of
Rdark Obtained here are corrected for the underestimation derived from estimating this rate in
the dark by multiplying them by the Riigh:Rdark ratio predicted from the regression equation in
Fig. 4.4, the NCP predicted as the difference between GPP80 and this corrected R estimate is
strongly consistent with the observed NCP (Fig. 4.6). Hence, whereas reported NCP for
plankton communities in the Arctic Ocean [Sherr and Sherr, 2003; Cottrell et al., 2006;
Regaudie-de-Gioux and Duarte, 2010; Vaquer-Sunyer et al., 2013; Sejr et al., 2014] are robust,
previous estimates of gross primary production and respiration rates are underestimates. The
reason for this is that the assumption, rejected by our experimental results, that Riignt equals
Raark IS particularly inadequate for the high Arctic, where plankton communities do not

experience darkness within the photic zone during the 24 h photoperiods in spring and summer.
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Fig. 4.6. The relationship between NCP calculated as GPP80 - Rgark * exp[-0.02 + 0.68 * Ln (R light)] and
observed net community production (NCP) in the Svalbard region (black symbols) and in Young Sound (white
symbols). The solid line shows the fitted regression equation: y = 0.86 (+ 0.06) x + 4.81 (£ 1.19) (R2=0.74,p <
0.001, N = 66) .

It has been suggested that Riignt rates are higher than those in the dark due to the
contribution of autotrophic metabolic processes, such as photoenhanced mitochondrial
respiration, chlororespiration, photorespiration and/or the Mehler reaction [Bender et al.,
1999]. Autotrophic respiration has also been proposed to dominate community R during the
pre-bloom and bloom phases of the seasonal cycle in the Southern Ocean [Goldman et al.,
2015]. These observations are consistent with the observation that the difference between Riignt
and Raark estimates increased with increasing gross primary production (Fig. 4.5). Figure 4.5
also shows that for GPP'®0 < 10 umol Oz L d, most Rgark tend to be higher than Riight ,
reflecting that metabolic processes supporting Riighe may be specially enhanced over a GPP80

threshold of 10 umol Oz L d, below which dark processes prevail.

In conclusion, the results presented show that respiration in the light tends to be much
higher than that in the dark in productive communities, whereas both values are low in
communities with low productivity. Periods of high production, particularly the spring bloom,
contribute disproportionately to the annual metabolic budget of the Arctic Ocean [Vaquer-
Sunyer et al., 2013]. Estimates of net community production in the Arctic [Vaquer-Sunyer et
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al., 2013; Sejr et al., 2014], which are derived from incubations in the light, are not affected by
the bias introduced by dark incubations to estimate respiration rates. However, these
procedures would have led to underestimate the gross primary production of Arctic
communities in the summer, where this was derived as the difference between NCP and

respiration rates.
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Dissolved oxygen in Arctic waters: insights from §'30(0,)

Abstract

We measured §'80(0.) and concentration of dissolved oxygen in Arctic waters during
the spring-summer period of 2012, 2013 and 2014. Data were collected off the west margin of
the Svalbard islands and in the Young Sound fjord, in North-East Greenland. Oxygen
concentration (mean * SE, 360.98 + 2.59 umol L™*; range 303.80 - 431.39 pmol L) correlated
well with §!80(02) values (mean 23.91 + 0.12 %o, range 21.17 - 25.83 %o). We suggest this
correlation might be explained by gross primary production (GPP), respiration (R) and ice
melting. $'80(0.) residuals (%o) showed correlation with salinity values up to 33 %o. The mean
5180(0y) values for April, May, June, and August were 23.96 + 0.31, 22.59 + 0.16, 23.79 +
0.19, and 25.31 = 0.07 %o, respectively.

Introduction

The concentration of O2(aq) is a fundamental property of aquatic environments, and is,
therefore, one of the most commonly measured parameters in marine and freshwater systems.
However, the isotopic composition of dissolved O, §'80(0y), is far less measured but can
provide detailed insight into photosynthesis, respiration (R), and the dissolution of atmospheric
gases in aquatic systems [Barth et al., 2004], and is a required parameter in calculations of
gross primary production (GPP) using 80 and in the triple oxygen isotope method [e.g. Luz
and Barkan, 2000; Juranek and Quay, 2013]. A key reason for the paucity of studies on the
isotopic composition of Oz is the complexity of analyzing O isotopes with traditional methods
[Roberts et al., 2000].

Like its concentration, the $'80(02) of oxygen dissolved in seawater is affected by air-
water gas exchange, respiration, photosynthesis and mixing. Dissolved oxygen (DO) in
equilibrium with the atmosphere has a stable isotope value of 23.88%o [Barkan and Luz, 2005].
When gas exchange dominates over metabolic processes, including photosynthesis and
respiration, as is the case in the surface ocean, dissolved oxygen is close to saturation [Quay et
al., 1993] and the 5'0(0.) has been estimated to be ~23.7%o for the surface ocean [Luz and

Barkan, 2011]. When photosynthesis and respiration are significant compared to air-sea
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exchange, dissolved oxygen can present significantly lower and higher §'80(02) values,
respectively [Wissel et al., 2008]. 5'80(0.) has been used, together with oxygen measurements,
to evaluate the ratio of GPP to R [Bender and Grande, 1987; Quifiones-Rivera et al., 2007], to
trace water masses [Bender, 1990; Levine et al., 2009], or as a tool to study diurnal cycles in

the coastal ocean [Rafelski et al., 2015].

The Arctic Ocean is one of the most metabolically-intense marine ecosystems on Earth,
acting as one of the most intense sinks for CO2 [Bates and Mathis, 2009], particularly during
the spring bloom when primary production reaches very high levels and respiratory activity is
rather low [Vaquer-Sunyer et al., 2013; Sejr et al., 2014]. Moreover, cold waters together with
intense photosynthetic activity by ice algae and plankton lead to some of the highest O>
concentration in the ocean, although air-sea exchange is often impeded by ice cover and the
presence of shallow pycnoclines derived from sea-ice melt [Pabi et al., 2008]. Hence, the
surface Arctic Ocean is likely to exhibit strong deviations from the expected §30(0,) of
oxygen dissolved in seawater of 23.7%o. Unfortunately, this possibility has not yet been
examined as no studies have quantified the distribution of §'30(0;) values in the Arctic Ocean

so far.

Here we examine the relationship between the variability in §'®¥0(02) and the
concentration of dissolved oxygen in Arctic waters during the spring-summer period of 2012,
2013 and 2014. 5!80(02) was assessed based on samples collected off the west margin of the
Svalbard Islands and Young Sound, a high-arctic marine ecosystem in NE Greenland (Fig.
5.1). We considered salinity, a proxy of freshwater inputs, as a possible factor affecting the
relationship between §'80(0;) and the concentration of dissolved oxygen, and examined the

variability in the distribution of §'¥0(0O;) values during the months of April to August.
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Fig. 5.1. Location of the stations sampled.

Methods

Samples were collected using a Rosette sampler system fitted with a calibrated CTD,
from which salinity values were obtained. For the stations sampled in the Svalbard Island, three
different depths were sampled: surface (2.12 + 0.13 m), depth of chlorophyll maximum (DCM,
24.56 £ 1.63 m), which receives, on average, 1% of the incident irradiance, and at an
intermediate depth (13.56 + 0.93 m) between surface and DCM, receiving 20% of the incident
radiation on the surface. In Young Sound stations, samples were collected at 1 meter depth and
at the depth of chlorophyll maximum (DCM, 21.82 + 1.96). At each depth, seven 100-mL
narrow-mouth Winkler bottles were filled and fixed, and four 12-ml glass vials were filled and
fixed with saturated HgCl> solution, for later determination of dissolved oxygen concentration
and &'80(0y) values, respectively.

The concentration of dissolved oxygen (umol Oz L) was determined by automated
high-precision Winkler titration [Carpenter, 1965; Carrit and Carpenter, 1966] in the case of
Svalbard data. Measurements were performed with a Metrohm 888 Titrando using a
potentiometric electrode and automated endpoint detection [Oudot et al., 1988]. For Young
Sound data, the dissolved oxygen concentration was determined using visual end-point
detection [Grasshoff, 1983], as a titrator was not available.
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5180(0,) values were determined after 24-hour equilibration with gases in the
previously generated headspace of the vial. They were measured in a Finnigan GasBench 11
attached to a Finnigan DeltaPlusXP isotope ratio mass spectrometer, with precision better than
0.1 %o. Data are reported as 30(0;) value (%o) relative to V-SMOW (Vienna Standard Mean

Ocean Water) standard.

Results

Oxygen concentration ranged from 303.80 to 431.39 pmol O, L, with a mean (+ SE)
concentration of 360.98 + 2.59 pmol L. Out of the total of 124 samples analyzed, 94 (75.8 %)
were supersaturated and 30 (24.2%) were undersaturated. The corresponding §'80(0.) values
ranged broadly, from 21.17 %o to 25.83 %o, with a mean (+ SE) value 0f 23.91 + 0.12 %o, which
was not significantly different from the expected value of 23.7 %o. The 580(0,) values were
significantly, and negatively correlated with the oxygen concentration (R? = 0.27; p < 0.0001),
with the mean §'0(0) value at 100 % O saturation being 23.88 %o, the §'80(0.) at
atmospheric equilibrium in the absence of fractionation (Fig. 5.2). The residuals of the
relationship between §'80(02) (%0) and oxygen concentration increased with salinity values up
to 33 %o (Fig. 5.3). The distribution of §:30(02) values per month varied significantly (Kruskal-
Wallis test, P < 0.001), with August having the highest monthly mean 5'80(02) (+ SE) value,
25.21 + 0.06 %o, and May having the lowest monthly mean, 22.59 £ 0.16 (Fig. 5.4).
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Fig. 5.4. Boxplot showing the distribution of §*0(0;) (%o) per month. The central lines represent the median,
the boxes encompass the lower (25%) and upper (75%) quartiles, and the whiskers extend to 1.5 times the
interquartile range. The mean + SE §'80(02) (%o) for April, May, June, August, September and October was 23.96
+0.31, 22.59 £ 0.16, 23.79 £ 0.19, 25.21 + 0.06, 24.73 £ 0.05 and 24.66 + 0.02, respectively.

Discussion

The concentration and isotopic composition of dissolved O> in seawater vary with air-
sea gas exchange, photosynthesis, respiration and mixing [e.g., Hendricks et al., 2005; Levine
etal., 2009]. Ventilation drives [O2] towards saturation and §30(0.) towards the stable isotope
value of dissolved oxygen in equilibrium with the atmosphere, 23.88%. [Barkan and Luz,
2005]. The difference between the §'80 of air Oz and that of seawater oxygen is known as the
Dole Effect (DE), which Bender et al. [1994] defined as consisting of a terrestrial and a marine
component- the effect that would result from O2 exchange by photosynthesis and respiration
on land alone or in the ocean alone. Luz and Barkan [2011] reevaluated the components of the
DE and concluded that the marine and the terrestrial DE were of similar magnitude (23.5+ 1.8
%0 and 23.5 £ 2.3 %o, respectively).

Gross primary production (GPP) decreases §'80(02) values because the oxygen that
photosynthesis adds to the DO pool is isotopically depleted, as it comes from the source
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seawater [Guy et al., 1986; 1993], whose 50 composition is 0%o [International Atomic
Energy Agency, 2006]. In contrast, respiration increases the §'30(0,) of the residual oxygen
pool because it removes light oxygen preferentially, with a large fractionation factor of -15%o
to -25%o [Kroopnick, 1975; Quay et al., 1995; Hendricks et al., 2004]. However, for the same
amount of GPP and R, GPP decreases the §'80(0,) more than R increases it [Bender and
Grande, 1987; Quay et al., 1993], and consequently, even if there is no net production,
5180(02) changes when O is biologically used [Bender et al., 2000]. These effects are shown
in the distribution of §'0(0,) values per month for our data (Fig. 5.4). May is the month when
the effect of GPP is strongest, reaching a minimum §'80(0;) value of 21.17 % 0.07%o, most

likely due to the combined effects of the ice-algae and pelagic plankton blooms in spring.

Our data show a very significant decrease in §'80(0;) values as oxygen concentration
increases, reflecting the important role of GPP, which tends to increase oxygen concentration
and decrease 5'80(02) values. The covariation between §'80(02) and O2 concentration and
how it is affected by photosynthesis and respiration, has been explored previously for surface
waters of the Subarctic Pacific [Quay et al., 1993]; for the Ross Sea in the Antarctic Ocean
[Bender et al., 2000]; in a eutrophic coastal ecosystem [Quifiones-Rivera et al., 2007] and in

the Southern California coastal ocean [Rafelski et al., 2015].

We hypothesize that the addition of freshwater from Arctic ice melting might also be
affecting 5!80(02) values. Ice expels oxygen during freezing [Top et al., 1985] and isotopic
fractionation could occur if 10 atoms were preferentially excluded, leading to ice enriched in
180(0,) atoms. To the best of our knowledge, this has not been reported in the literature so far.
Ice melting would then increase the §'80(02) values of the dissolved oxygen pool. This is
consistent with our results, which showed §0(02) > 23.88 %o for all waters with salinity
values < 33 %o, therefore receiving freshwater inputs (Figs. 5.2, 5.3). All points with salinity <
33 %o have a 5!80(0,) above 23.88 %o (Fig. 5.2), and the 5'80(0>) residuals appear to be related
to salinity up to a salinity value of 33 %o (Fig. 5.3). However, the §'30(0O) residuals would be
expected to decrease as salinity increases (assuming that §'80(02) increases with freshwater
coming from sea ice melting), but what we find is the opposite tendency (Fig. 5.3). This might
be explained by the fact that all samples with salinity < 33 %o correspond to Young Sound
fjord, where the freshwater input comes not only from melting of sea ice, but also as runoff
from land-terminating glaciers during June-September [Rysgaard et al., 2003; Bendtsen et al.,
2014]. Indeed, the contribution of glacial rivers to surface freshwater has been estimated to be
higher than 50% in a model for the inner fjord [Bendtsen et al., 2014].
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These results suggest that freshwater inputs are the dominant factor driving §'¥0(0)
values in surface waters of the Arctic Ocean for salinity values < 33 %o, while metabolic
processes, either photosynthesis or respiration, drive §80(0,) values at higher salinity values.
To the best of our knowledge, these are the first §'80(02) values reported for the Arctic Ocean,
and the possible influence of ice melting in increasing the §'30(0,) of the DO pool has not

been reported in the literature before.
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General discussion

This thesis is a significant step towards a better understanding of planktonic metabolism
in the global ocean. It adds 124 stations to the 33 stations available to date (Fig D.1), so we are
increasing the database almost four-fold (only twelve published studies have assessed GPP
with the 80 technique in the ocean thus far). In particular, this thesis provides data for
underrepresented areas, such as the Pacific and Indian Oceans, including the southern
subtropical gyres of the ocean. Moreover, we are reporting the first GPP20 estimates for the
Arctic Ocean: in the European Arctic Ocean, GPP had been evaluated only by the bulk oxygen
method; and for Young Sound fjord in East Greenland, primary production had been measured
exclusively with the **C method. Therefore, we are getting closer to a representative global

picture of GPP*0 estimates.

We have also evaluated, for the first time, respiration under in situ solar radiation in the
24-hour photoperiod of the Arctic Ocean, demonstrating that respiration in the light is higher
than that in the dark, contrary to the commonly used assumption of equal respiration in both
conditions. Finally, we have explored the concentration and §'20 of dissolved oxygen in Arctic
waters, providing insights on the influence of planktonic metabolism (gross primary production
and respiration) and ice melting on these 520 values, the first ones reported for Arctic waters.

These are the first 3'80 values reported for Arctic waters.
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Fig D.1. Stations where GPP*0 was evaluated in this PhD thesis and in former published studies.
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General conclusions

The mean (+ SE) GPP®0 rate for the stations evaluated in the Malaspina Expedition
was 0.60 + 0.06 umol Oz L d? (range 0.01 - 11.49). The study occupied four of the
five subtropical gyres, being the first one to report GPP®0 rates in these low
chlorophyll areas, which explains that our mean rate is lower than previously published
estimates. This suggests that mean values previously inferred from existing data did not

characterize the global ocean adequately.

The mean GPP80 rate for the European Arctic Sector was 14.00 + 1.49 umol O, Lt d-
! (range: 0.19 - 69.15). The seasonal variability in GPP*0 was strong, with May having
the maximum mean monthly rate (26.60 + 2.89 umol O, L d!) due to the spring
bloom, and August having the lowest mean GPP80 rate (2.25 + 0.32 umol O, L d™).
The data proved consistent with estimates by the dark-light method (GPPO>), as the

mean rate from both methods did not differ significantly.

Mean GPP*80 for Young Sound fjord was 0.123 + 0.026 pumol Oz L d* (range 0.001
—0.330), which are by far the lowest estimates reported with the ¥0 method to date.
These low GPP*0 rates agree well with earlier investigations from the outer region of
Young Sound suggesting that mineralization exceeds primary production, and that as
such, the system is net heterotrophic, requiring additional carbon input to balance

mineralization.

For the planktonic communities in the Arctic Ocean (in a 24-h photoperiod during
summer), mean R light (4.78 + 0.50 pmol Oz L d?, range 0.01 - 15.80), was
significantly higher than mean R dark (2.16 + 0.27 umol Oz Lt d*?, range 0.03 - 17.69),
showing that the common assumption of equal R light and R dark is incorrect. The
mean ratio Riight:Raark (5.00 + 1.15) was higher than the one reported to date (2.72 +
0.75) in studies outside the Arctic.

For Arctic waters, the mean oxygen concentration (360.98 + 2.59 pumol L?*; range
303.80 - 431.39 pmol L) correlated well with §'80 (O) values (mean 23.91 + 0.12
%o, range 21.17 - 25.83 %o). This correlation might be explained by gross primary

production, respiration and ice melting.

83



Conclusiones generales

La GPP*80 media (+ SE) para las estaciones evaluadas en la Expedicion Malaspina fue
0.60 % 0.06 umol O Lt d* (rango 0.01 - 11.49). El estudio ocup6 cuatro de los cinco
giros subtropicales, siendo el primero en evaluar tasas de GPP®0 en estas zonas de
baja clorofila, lo cual explica que nuestra tasa media sea mas baja que las estimas
publicadas hasta ahora. Esto sugiere que los valores previamente inferidos de los datos

existentes no caracterizaban el océano global adecuadamente.

La GPP*0 media para el sector europeo del Artico fue 14.00 + 1.49 pmol O, Lt d*
(rango: 0.19 - 69.15). La variabilidad estacional en la GPP*0O fue fuerte, teniendo
mayo la maxima tasa mensual media (26.60 + 2.89 pmol Oz L* d%) debido al bloom
de primavera, y agosto la tasa GPP*30 media mas baja (2.25 + 0.32 pmol O, Lt d).
Los datos fueron consistentes con las estimas del método de incubaciones en luz-
oscuridad (GPPO»), ya que la tasa media obtenida de ambos métodos no difirid

significativamente.

La GPP80 media para el fiordo Young Sound fue 0.123 + 0.026 pmol Oz L™ d* (rango
0.001 - 0.330), siendo éstas las estimas mas bajas, con diferencia, publicadas hasta la
fecha con el método 80. Estas bajas tasas de GPP'®O son coherentes con
investigaciones previas en la region externa de Young Sound, sugiriendo que la
mineralizacion es mayor que la produccion primaria, y que por tanto, el sistema es
netamente heterotrofico, requiriendo una entrada adicional de carbono para equilibrar

la mineralizacion.

Para las comunidades planktonicas del océano Artico (con un fotoperiodo de 24 horas
durante el verano), la R media en la luz (4.78 + 0.50 umol Oz L d?, rango 0.01 -
15.80), fue significativamente mas alta que la R media en la oscuridad (2.16 + 0.27
umol O, Lt d?, rango 0.03 - 17.69), demostrando que la asuncion general de que la R
es igual en luz que en oscuridad, es incorrecta. El ratio Riuz:Roscuro medio (5.00 + 1.15)

fue mayor que el publicado hasta la fecha (2.72 + 0.75) para estudios fuera del Artico.

Para las aguas del Artico, la concentracion de oxigeno media (360.98 + 2.59 umol L*;
rango 303.80 - 431.39 pumol L) tuvo una buena correlacion con los valores de 5120
(O2) (media 23.91 + 0.12 %o, rango 21.17 - 25.83 %o). Esta correlacion podria venir
explicada por la produccién primaria bruta, la respiracion y la fusion de hielo.

84



References

Agusti, S., Regaudie-de-Gioux, A., Arrieta, J.M., Duarte, C.M., 2014. Consequences of UV-
enhanced community respiration for plankton metabolic balance. Limnol.Oceanogr., 59,
223-232, doi: 10.4319/10.2014.59.1.0223.

Balkanski, Y., Monfray, P., Batle, M., Heimann, M., 1999. Ocean primary production derived
from satellite data: An evaluation with atmospheric oxygen measurements. Glob.
Biogeochem. Cycles., 13, 257-271, doi: 10.1029/98GB02312.

Barkan, B., Luz, E., 2005. High precision measurements of 1’0/**0 and 80/*°0 ratios in H20.
Rapid Commun. Mass Spectrom., 19, 3737-3742, doi: 10.1002/rcm.2250.

Barth, J., Tait, A., Bolshaw, M., 2004. Automated analyses of 80/*QO ratios in dissolved
oxygen from 12-mL water samples. Limnol. Oceanogr.: Methods, 2, 35-41, doi:
10.4319/lom.2004.2.35.

Bates, N.R., Mathis, J.T., 2009. The Arctic Ocean marine carbon cycle: Evaluation of air-sea
CO- exchanges, ocean acidification impacts and potential feedbacks. Biogeosciences, 6,
2433-2459, doi: 10.5194/bg-6-2433-20009.

Bender, M. L., 1990. The 580 of dissolved O in seawater: A unique tracer of circulation and
respiration in the deep sea. J. Geophys. Res., 95 (C12), 22243-22252, doi:
10.1029/JC095iC12p22243.

Bender, M.L., Grande, K.D., 1987. Production, respiration, and the isotope geochemistry of O>
in the upper water column. Global Biogeochem. Cycles, 1, 49-59, doi:
10.1029/GB001i001p00049.

Bender, M.L., Grande K., Johnson, K., Marra, J., Williams, P.J., Sieburth, J., Pilson, M.,
Langdon, C., Hitchcock, G., Orchardo, J., Hunt, C., Donaghay, P., 1987. A comparison
of four methods for determining planktonic community production. Limnol. Oceanogr.,
32, 1085-1098, doi: 10.4319/10.1987.32.5.1085.

Bender, M.L., Orchardo, J., Dickson, M.L., Barber, R., Lindley, S., 1999. In vitro O> fluxes
compared with **C production and other rate terms during the JGOFS Equatorial Pacific
experiment. Deep Sea Res. |., 46, 637-654, doi: 10.1016/S0967-0637(98)00080-6.

85



Bender, M.L., Dickson, M.L., Orchardo, J., 2000. Net and gross production in the Ross Sea as
determined by incubation experiments and dissolved O studies. Deep Sea Res. Il., 47,
3141-3158, doi: 10.1016/S0967-0645(00)00062-X.

Bender, M., Sowers, T., Labeyrie, L., 1994. The Dole effect and its variations during the last
130,000 years as measured in the Vostok ice core. Global Biogeochem. Cycles, 8(3),
363-376, doi: 10.1029/94GB00724.

Bendtsen, J., Mortensen, J., Rysgaard, S., 2014. Seasonal surface layer dynamics and
sensitivity to runoff in a high Arctic fjord (Young Sound/Tyrolerfjord, 74°N). J Geophys
Res Oceans, 119, 6461-6478, doi: 10.1002/2014JC010077.

Brown, A.H., 1953. The effects of light on respiration using isotopically enriched oxygen. Am.
J. Bot., 40, 719 — 729, doi: 10.2307/2439688.

Calleja, M.L., Duarte, C.M., Prairie, Y., Agusti, S., Herndl, G., 2009. Evidence for surface
organic matter modulation of air-sea CO. gas exchange. Biogeosciences, 6, 1105-14,
https://doi.org/10.5194/bg-6-1105-2009.

Calleja, M.L., Duarte, C.M., Alvarez, M., Vaquer-Sunyer, R., Agusti, S., Herndl, G.J., 2013.
Prevalence of strong vertical CO2 and O variability in the top meters of the ocean. Global
Biogeochem. Cycles, 27, 941-949, doi: 10.1002/gbc.20081.

Calvo-Diaz, A., Diaz-Pérez, L., Suérez, L.A., Moran, X.A.G., Teira, E., Marafion, E., 2011.
Decrease in the autotrophic-to-heterotrophic biomass ratio of picoplankton in
oligotrophic marine waters due to bottle enclosure. Appl. Environ. Microbiol., 77, 5739—
46, doi: 10.1128/AEM.00066-11.

Carpenter, J.H., 1965. The accuracy of the Winkler method for dissolved oxygen analysis.
Limnol. Oceanogr., 10, 135-140, doi:10.4319/10.1965.10.1.0135.

Carrit, D.E., Carpenter, J.H., 1966. Comparison and evaluation of currently employed
modifications of the Winkler method for determining dissolved oxygen in sea-water. J.
Mar. Res., 24, 287-318.

Chavez, F.P., Messié, M., Pennington, J.T., 2011. Marine primary production in relation to
climate variability and change. Annual Review of Marine Science, 3(1), 227-260, doi:
10.1146/annurev.marine.010908.163917.

86



Corno, G., Letelier, R.M., Abbott, M.R., 2005. Assessing primary production variability in the
North Pacific Subtropical gyre: a comparison of fast repetition rate fluorometry and *4C
measurements. J. Phycol., 42, 51-60, doi: 10.1111/j.1529-8817.2006.00163.x.

Cottrell, M. T., Malmstrom, R. R., Hill, V., Parker, A. E., Kirchman, D. L., 2006. The metabolic
balance between autotrophy and heterotrophy in the western Arctic Ocean. Deep-Sea
Res. I, 53, 1831-1844, doi: 10.1016/j.dsr.2006.08.010.

Del Giorgio, P.A., Duarte, C.M., 2002. Respiration in the open ocean. Nature, 420, 379-384,
doi: 10.1038/nature01165.

Del Giorgio, P.A., Williams, P.J. le B., 2005. The global significance of respiration in aquatic
ecosystems: from single cells to the biosphere. In Del Giorgio, P.A., Williams, P.J. le B.

(eds) Respiration in aquatic ecosystems. Oxford University Press, Oxford.

Dickey, T.D., 1991. The emergence of concurrent high-resolution physical and bio-optical
measurements in the upper ocean and their applications. Rev. Geophys., 29, 383-413,
doi: 10.1029/91RG00578.

Dickson, M.L., Orchardo, J., 2001. Oxygen production and respiration in the Antarctic Polar
Front region during the austral spring and summer. Deep Sea Res. Il., 48, 4101-4126,
doi: 10.1016/S0967-0645(01)00082-0, doi: 10.1016/S0967-0645(01)00082-0.

Dickson, M.L., Orchardo, J., Barber, R.T., Marra, J., McCarthy, J.J., Sambrotto, R.N., 2001.
Production and respiration rates in the Arabian Sea during the 1995 Northeast and
Southwest Monsoons. Deep Sea Res. Il, 48, 1199-1230, doi: 10.1016/S0967-
0645(00)00136-3.

Doney, S.C., Tilbrook, B., Roy, S., Metzld, N., Le Quérée, C., Hood, M., Feely, R.A., Bakker,
D., 2009. Surface-ocean CO: variability and vulnerability. Deep Sea Research I1: Topical
Studies in Oceanography, 56, 504-511, doi: 10.1016/j.dsr2.2008.12.016.

Duarte, C.M., Agusti, S., Regaudie-de-Gioux, A., 2011. The role of marine biota in the
metabolism of the biosphere. In: Duarte CM, editor, The Role of Marine Biota in the
Functioning of the Biosphere. Bilbao, Fundacion BBVA, pp. 39-54.

Duarte, C.M. et al., 2012. Tipping elements in the Arctic marine ecosystem. Ambio, 41, 44-55,
doi: 10.1007/s13280-011-0224-7.

87



Duarte, C.M., Regaudie-de-Gioux, A., Arrieta, J.M., Delgado-Huertas, A., Agusti, S., 2013.
The oligotrophic ocean is heterotrophic. Ann. Rev. Mar. Sci., 5, 551-569, doi:
10.1146/annurev-marine-121211-172337.

Duarte, C.M., 2015. Seafaring in the 21st Century: The Malaspina 2010 Circumnavigation
Expedition. Limnology and Oceanography Bulletin, 24, 11-14, doi: 10.1002/lob.10008.

Eisenstadt, D., Barkan, E., Luz, B., Kaplan, A., 2010. Enrichment of oxygen heavy isotopes
during photosynthesis in phytoplankton. Photosynth. Res., 103, 97-103, doi:
10.1007/s11120-009-9518-z.

Emerson, S., Stump, C., Nicholson, D., 2008. Net biological oxygen production in the ocean:
remote in situ measurements of Oz and N2 in surface waters. Glob. Biogeochem. Cycles,
22, GB3023, doi: 10.1029/2007GB003095.

Fernandez-Castro, B. et al., 2015. Importance of salt fingering for new nitrogen supply in the
oligotrophic ocean. Nat. Commun., 6, 8002, doi: 10.1038/ncomms9002.

Field, C.B., Behrenfeld, M.J., Randerson, J.T., Falwoski, P.G., 1998. Primary production of
the biosphere: integrating terrestrial and oceanic components. Science, 281, 237-240,
doi: 10.1126/science.281.5374.237.

Gaarder, T., Gran, H.H., 1927. Investigations of the production of plankton in the Oslo Fjord.
Rapp.P.v.Reun.Cons.Perm.Int.Explor.Mer., 42, 1-48.

Gasol, J.M. et al., 1998. Diel variations in bacterial heterotrophic activity and growth in the
northwestern Mediterranean Sea. Mar. Ecol. Prog. Ser., 164, 107-24, doi:
10.3354/meps164107.

Gazeau, F., Middelburg, J.J., Loijens, M., Vanderborght, J.P., Pizay, M.D., Gattuso, J.P., 2007.
Planktonic primary production in estuaries: comparison of *C, O, and 30 methods.
Agquatic Microbial Ecology, 46, 95-106, doi: 10.3354/ame046095.

Glud, R.N., Kihl, M., Wenzhofer, F., Rysgaard, S., 2002b. Benthic diatoms of a high arctic
fjord (Young Sound NE Greenland): Importance for ecosystem primary production. Mar.
Ecol. Progr. Ser., 238, 15-29, doi: 10.3354/meps238015.

Glud, R.N., Risgaard-Petersen, N., Thamdrup, B., Fossing, H., Rysgaard, S., 2000. Benthic
carbon mineralization in a high arctic sound, (Young Sound, NE Greenland). Mar. Ecol.
Progr. Ser., 206, 5971, doi: 10.3354/meps206059.

88



Godoy, N. et al., 2012. Experimental assessment of the effect of UVB radiation on plankton
community metabolism along the Southeastern Pacific off Chile. Biogeosciences, 9,
1267-1276, doi: 10.5194/bg-9-1267-2012.

Goldman, J.A., Kranz, S.A., Young, J.N., Tortell, P.D., Stanley, R.H., Bender, M.L., Morel,
F.M., 2015. Gross and net production during the spring bloom along the Western
Antarctic Peninsula. New Phytologist, 205, 182-191, doi: 10.1111/nph.13125.

Gonzalez, N., Gattuso, J.P., Middelburg, J.J., 2008. Oxygen production and carbon fixation in
oligotrophic coastal bays and the relationship with gross and net primary production.
Aquat. Microb. Ecol., 52, 119-130, doi: 10.3354/ame01208.

Gosselin, M., Levasseur, M., Wheeler, P.A., Horner, R.A., Booth, B.C., 1997. New
measurements of phytoplankton and ice algal production in the Arctic Ocean. Deep-Sea
Res. 1, 44, 1623-1644, doi: 10.1016/S0967-0645(97)00054-4.

Grande, K.D., Marra, J., Langdon, C., Heinemann, K., Bender, M., 1989. Rates of respiration
in the light measured in marine phytoplankton using an 20 isotope labelling technique.
J. Exp. Mar. Biol. Ecol., 129, 95-120, doi: 10.1016/0022-0981(89)90050-6(1989).

Grande, K. D., Williams, P. J. le B., Marra, J., Purdie, D. A., Heinemann, K., Eppley, R. W.,
Bender, M. L., 1989a. Primary production in the North Pacific gyre: a comparison of
rates determined by the **C, O2 concentration and 30 methods. Deep-Sea Res. 1, 36,
1621-1634, doi: 10.1016/0198-0149(89)90063-0.

Grasshoff, K., 1983. Determination of oxygen. In Methods of Seawater Analysis, Ed.
Grasshoff, K., Ehrhardt, M., Kremling, K. Verlag Chemie, Weinheim, pp. 61-72.

Guy, R.D., Fogel, M.L., Berry, J.A., Hoering, T.H., 1986. Isotope fractionation during oxygen
production and consumption by plants. In Progress in photosynthesis research, Ed.
Biggins, J., Nijhoff, M., Dodrecht, the Netherlands, Vol. I1l.

Guy, R.D., Fogel, M.L., Berry, J.A., 1993. Photosynthetic fractionation of stable isotopes of
oxygen and carbon. Plant Physiol., 101, 37-47, doi: 10.1104/pp.101.1.37.

Hancke, K., Dalsgaard, T., Sejr, M.K., Markager, S., Glud, R.N., 2015. Phytoplankton
Productivity in an Arctic Fjord (West Greenland): Estimating Electron Requirements for
Carbon Fixation and Oxygen Production. PLoS ONE, 10(7), 0133275,
doi:10.1371/journal.pone.0133275.

89



Hansen, H.P., 1999. Determination of oxygen. In Methods of seawater analysis, Ed. Grasshoff,
K., Kremling, K., Ehrhardt, M., Third edition, Wiley-VCH.

Harris, G.P., Lott, J.N.A., 1973. Light intensity and photosynthetic rates in phytoplankton. J.
Fish. Res. Board Can., 30, 1771-1778, doi: 10.1139/f73-286.

Harris, L.A., Duarte, C.M, Nixon, S.W., 2006. Allometric laws and prediction in estuarine and
coastal ecology. Estuarine, Coastal and Shelf Science, 29, 340-344, doi:
10.1007/BF02782002.

Hegseth, E.N., 1998. Primary production of the northern Barents Sea. Polar Res., 17, 113-123,
doi: 10.1111/5.1751-8369.1998.tb00266.x.

Hendricks, M.B., Bender, M.L., Barnett, B.A., 2004. Net and gross O production in the
Southern Ocean from measurements of biological O> saturation and its triple isotope
composition. Deep-Sea Res. Part | Oceanogr. Res. Pap., 51, 1541-1561, doi:
10.1016/j.dsr.2004.06.006.

Hendricks, M. B., Bender, M.L., Barnett, B.A., Strutton, P., Chavez, F.P., 2005. Triple oxygen
isotope composition of dissolved O in the equatorial Pacific: A tracer of mixing,
production, and respiration. J. Geophys. Res., 110, C12021, doi: 10.1029/2004JC002735.

Hitchcock, G.L., Vargo, G.A., Dickson, M.L., 2000. Plankton community composition,
production, and respiration in relation to dissolved inorganic carbon on the West Florida
Shelf, April 1996. J. Geophys. Res., 105, 6579-6589, doi: 10.1029/1998JC000293.

Holding, J. M. et al., 2013. Experimentally determined temperature thresholds for Arctic
plankton community metabolism. Biogeosciences, 10, 357-370, doi: 10.5194/bg-10-357-
2013.

Holding, J.M. et al., 2015. Temperature dependence of CO2-enhanced primary production in
the European Arctic Ocean. Nature Clim. Change, 5, 1079-1082, doi:
10.1038/NCLIMATE2768.

Horner, R., Schrader, G.C., 1982. Relative contributions of ice algae, phytoplankton, and
benthic microalgae to primary production in nearshore regions of the Beaufort sea.
Arctic, 35, 485-503, doi: 10.14430/arctic2356.

International Atomic Energy Agency, 2006. Isotope hydrology information system. The
ISOHIS Database, available from isohis. iaea.org (accessed 29 September 2008).

90


http://dx.doi.org/10.14430/arctic2356

Jensen, H.M., Pedersen, L., Burmeister, A., Hansen, B.W., 1999. Pelagic primary production
during summer along 65 to 7°N off West Greenland. Polar Biol., 21, 269-278, doi:
10.1007/s003000050362.

Jespersen, A.M., Christoffersen, K., 1987. Measurements of Chlorophyll-a from
Phytoplankton Using Ethanol as Extraction Solvent. Arch. Hydrobiol., 109, 445-454.

Juranek, L.W., Quay, P.D., 2005. In vitro and in situ gross primary and net community
production in the North Pacific Subtropical Gyre using labelled and natural abundance
isotopes of dissolved O,. Global Biogeochem. Cycles, 19, 1-15, doi:
10.1029/2004GB002384.

Juranek, L.W., Quay, P.D., 2013. Using triple isotopes of dissolved oxygen to evaluate global
marine productivity. In Carlson, C.A., Giovannoni, S.J. (eds), Annual Review of Marine
Science. Annual Reviews, Palo Alto, 5, 503-524, doi: 10.1146/annurev-marine-121211-
172430.

Juul-Pedersen, T., Arendt, K.E., Mortensen, J., Blicher, M.E., Sogaard, D.H., Rysgaard, S.,
2015. Seasonal and interannual phytoplankton production in a sub-Arctic tidewater outlet
glacier fjord, SW Greenland. Mar. Ecol. Prog. Ser., 524, 27-38, doi:
10.3354/meps11174.

Kiddon, J., Bender, M.L., Marra, J., 1995. Production and respiration in the 1989 North
Atlantic Spring bloom-— an analysis of irradiance dependent changes. Deep Sea Res. I,
42, 553-576, doi: 10.1016/0967-0637(95)00008-T.

Kirillov, S., Dmitrenko, I., Babb, D., Rysgaard, S., Barber, D., 2015. The effect of ocean heat
flux on seasonal ice growth in Young Sound (Northeast Greenland). J. Geophys. Res.
Oceans, 120, doi:10.1002/2015JC010720.

Kirk, J.T.O., 1994. Light and Photosynthesis in Aquatic Ecosystems, 2nd Edn. Cambridge,

Univ.Press.

Kroopnick, P.M., 1975. Respiration, photosynthesis, and oxygen isotope fractionation in
oceanic surface water. Limnol. Oceanogr., 20, 988-992, doi: 10.4319/10.1975.20.6.0988.

Lavoie, D., MacDonald, R.W., Denman, K.L., 2009. Primary productivity and export fluxes
on the Canadian shelf of the Beaufort Sea: A modelling study. J. Marine Syst., 75, 17—
32, doi: 10.1016/j.jmarsys.2008.07.007, doi: 10.1016/j.jmarsys.2008.07.007.

91



Laws, E.A., Landry, M.R., Barber, R.T., Campbell, L., Dickson, M.L., Marra, J., 2000. Carbon
cycling in primary production bottle incubations: inferences from grazing experiments
and photosynthetic studies using *C and 80 in the Arabian Sea. Deep Sea Res. Il., 47,
1339-1352, doi: 10.1016/S0967-0645(99)00146-0.

Lenton, T.M., Held, H., Kriegler, E., Hall, JW., Lucht, W., Rahmstorf, S., Schellnhuber, H.J.,
2008. Tipping elements in the Earth’s climate system. Proceedings of the National
Academy of Sciences of the United States of America, 105, 1786-1793, doi:
10.1073/pnas.0705414105.

Levine, N.M., Bender, M.L., Doney, S.C., 2009. The §'80 of dissolved O as a tracer of mixing
and respiration in the mesopelagic ocean. Global Biogeochem. Cycles., 23, GB1006, doi:
10.1029/2007GB003162.

Llabrés, M., Agusti, S., Herndl, G.J., 2011. Diel in situ picophytoplankton cell death cycle
coupled with cell division. J. Phycol.,, 47, 1247-57, doi: 10.1111/}.1529-
8817.2011.01072.x.

Loisel, H. et al., 2011. Characterization of the biooptical anomaly and diurnal variability of
particulate matter, as seen from scattering and backscattering coefficients, in ultra-
oligotrophic eddies of the Mediterranean Sea. Biogeosciences, 8, 3295-317, doi:
10.5194/bg-8-3295-2011.

Longhurst, A., 1998. Ecological Geography of the Sea, Academic Press, San Diego, CA.

Longhurst, A., 2007. Ecological Geography of the Sea, 2nd ed., Academic Press, San Diego,
CA.

Lépez-Urrutia, A., San Martin, E., Harris, R.P., Irigoyen, X., 2006. Scaling the metabolic
balance of the oceans. Proceedings of the National Academy of Sciences of the United
States of America, 103, 8739-8744, doi: 10.1073/pnas.0601137103.

Luz, B., Barkan, E., 2000. Assessment of oceanic productivity with the triple-isotope
composition  of  dissolved oxygen. Science, 288, 2028-2030, doi:
10.1126/science.288.5473.2028.

Luz, B., Barkan, E., 2011. The isotopic composition of atmospheric oxygen. Global
Biogeochem. Cycles, 25, GB3001, doi: 10.1029/2010GB003883.

92



Luz, B., Barkan, E., Bender, M.L., Thiemens, M.H., Boering, K.A., 1999. Triple-isotope
composition of atmospheric oxygen as a tracer of biosphere productivity. Nature, 400,
547-550, doi: 10.1038/22987.

Luz, B., Barkan, E., Sagi, Y., Yacobi, Y.Z., 2002. Evaluation of community respiratory
mechanisms with oxygen isotopes: a case study in Lake Kinneret. Limnol. Oceanogr.,
47, 33-42, doi: 10.4319/10.2002.47.1.0033.

Luz, B., Barkan, E., 2009. Net and gross oxygen production from O2/Ar, 1'0/*0 and #0/*°0
ratios. Aquat. Microb. Ecol., 56, 133-145, doi: 10.3354/ame01296.

Marra, J., 2002. Approaches to the measurement of plankton production. In Williams, P.J.leB.,
Thomas, D.N., Reynolds, C.S. (eds), Phytoplankton Productivity: Carbon Assimilation

in Marine and Freshwater Ecosystems. Oxford, UK, Blackwell Science, 78-108.

Marra, J., 2009. Net and gross productivity: weighing in with **C. Aquat. Microb. Ecol., 56,
123-131, doi: 10.3354/ame01306.

Marra, J., 2012. Comment on “Measuring primary production rates in the ocean: Enigmatic
results between incubation and non-incubation methods at Station ALOHA” by Quay,
P.D. et al. Glob. Biogeochem. Cycles, 26, GB2031, doi: 10.1029/2011GB004087.

Marra, J., Barber, R.T., 2004. Phytoplankton and heterotrophic respiration in the surface layer
of the ocean. Geophys. Res. Lett., 31, L09314, doi: 10.1029/2004GL019664.

Mehler, A.H., Brown, A.W., 1952. Studies on reactions of illuminated chloroplasts. IlI.
Simultaneous photoproduction and consumption of oxygen studied with oxygen
isotopes. Arch. Biochem. Biophys., 38, 365-370, doi: 10.1016/0003-9861(52)90042-8.

Murray, C., 2015. The influence of glacial melt water on bio-optical properties in two
contrasting Greenlandic fjords. Estuar. Coast. Shelf S., 163, 72-83, doi:
10.1016/j.ecss.2015.05.041.

Nicholson, D., Emerson, S., Erisken, C.C., 2008. Net community production in the deep
euphotic zone of the subtropical North Pacific gyre from glider surveys.
Limnol.Oceanogr., 53, 22262236, doi: 10.4319/10.2008.53.5.

Ostrom, N.E., Carrick, H.J., Twiss, M.R., Piwinski, L., 2005. Evaluation of primary production
in Lake Erie by multiple proxies. Oecologia, 144, 115-124, doi: 10.1007/s00442-005-
0032-5.

93



Oudot, C., Gerard, R., Morin, P., Gningue, 1., 1988. Precise shipboard determination of
dissolved-oxygen (Winkler Procedure) for productivity studies with a commercial
system. Limnol. Oceanogr., 33, 146-150, doi: 10.4319/10.1988.33.1.0146.

Pabi, S., Van Dijken, G.L., Arrigo, K.R., 2008. Primary production in the Arctic Ocean, 1998—
2006. J. Geophys. Res., 113, C08005, doi: 10.1029/2007JC004551.

Parsons, T.R., Maita, Y., Lalli, C.M., 1984. A Manual of Chemical and Biological Methods for
Seawater Analysis, pp. 101-112, Pergamon Press, Oxford, U.K.

Polovina, J.J., Howell, E.A., Abecassis., M., 2008. Ocean’s least productive waters are

expanding. Geophysical Research Letters, 35, L03618, doi: 10.1029/2007GL031745.

Quay, P.D., Emerson, S., Wilbur, D.O., Stump, C., 1993. The &80 of dissolved O in the
surface waters of the Subarctic Pacific: a tracer of biological productivity. J. Geophys.
Res., 98, 8447-8458, doi: 10.1029/92JC03017.

Quay, P.D., Peacock, C., Bjorkman, K., Karl, D.M., 2010. Measuring primary production rates
in the ocean: Enigmatic results between incubation and non-incubation methods at
Station  ALOHA. Global Biogeochem.  Cycles, 24, GB3014. doi:
10.1029/2009GB003665.

Quay, P.D., Wilbur, D.O., Richey, J.E., Devol, A.H., Benner, R., Forsberg, B.R., 1995. The
180:180 of dissolved oxygen in rivers and lakes in the Amazon basin: determining the
ratio of respiration to photosynthesis rates in freshwaters. Limnol. Oceanogr., 40, 718—
729, doi: 10.4319/10.1995.40.4.0718.

Quihones-Rivera, Z.J., Wissel, B., Justic, D., Fry, B., 2007. Partitioning oxygen sources and
sinks in a stratified, eutrophic coastal ecosystem using stable oxygen isotopes. Mar. Ecol.
Prog. Ser., 342, 69-83, doi: 10.3354/meps342069.

Rafelski, L.E., Pablawsky, B., Keeling, R.F., 2015. Continuous measurements of dissolved O>
and oxygen isotopes in the Southern California coastal ocean. Marine Chemistry, 174,
94-102, doi: 10.1029/2007GB003095.

Randelhoff, A., Sundfjord, A., Renner, A.H.H., 2014. Effects of a Shallow Pycnocline and
Surface Meltwater on Sea Ice—Ocean Drag and Turbulent Heat Flux. J. Phys. Oceanogr.,
44, 2176-2190, doi: 10.1175/JPO-D-13-0231.1.

94



Raven, J.A., Falkowski, P.G., 1999. Oceanic sinks for atmospheric CO.. Plant Cell Environ.,
22, 741755, doi: 10.1046/].1365-3040.1999.

Regaudie-de-Gioux, A., Duarte, C.M., 2010. Plankton metabolism in the Greenland Sea during
the polar summer of 2007. Polar Biol., 33, 1651-1660, doi: 10.1007/s00300-010-0792-
1.

Regaudie-de-Gioux, A., Duarte, C.M., 2013b. Plankton Metabolism in the Ocean.
Database: Digital CSIC URI https://digital.csic.es/handle/10261/65674.

Regaudie-de-Gioux, A., Duarte, C.M., 2013a. Global patterns in oceanic planktonic
metabolism. Limnol. Oceanogr., 58, 977-986, doi: 10.4319/10.2013.58.3.0977.

Regaudie-de-Gioux, A., Lasternas, S., Agusti, S., Duarte, C.M., 2014. Comparing marine
primary production estimates through different methods and development of conversion
equations. Frontiers in Marine Science, 1, 19, doi: 10.3389/fmars.2014.00019.

Regaudie-de-Gioux, A., Agusti , S., Duarte, C.M., 2014. UV sensitivity of planktonic net
community production in ocean surface waters. J. Geophys. Res., 119, 929-936, doi:
10.1002/2013JG002566.

Roberts, B.J., Russ, M.E., Ostrom, N.E., 2000. Rapid and precise determination of the 520 of
dissolved and gaseous dioxygen via gas chromatography- isotope ratio mass
spectrometry. Environ. Sci. Technol., 34, 2337-2341, doi: 10.1021/es991109d.

Robinson, C., Williams, P.J. le B., 2005. Respiration and its measurement in surface marine
waters. In Del Giorgio, P.A., Williams, P.J. le B. (eds) Respiration in aquatic ecosystems.

Oxford University Press, Oxford.

Robinson, C., Tilstone, G.H., Rees, A.P., Smyth, T.J., Fishwick J.R., Tarran, G.A., Luz, B.,
Barkan, E., David, E., 2009. Comparison of in vitro and in situ plankton production
determinations. Aquat. Microb. Ecol., 54, 13-34, doi: 10.3354/ame01250.

Rysgaard, S., Finster, K., Dahlgaard, H., 1996. Primary production, nutrient dynamics and
mineralization in a northeastern Greenland fjord during the summer thaw. Polar Biol.,
16, 497-506, doi: 10.1007/BF02329069.

Rysgaard, S., Nielsen, T.G., 2006. Carbon cycling in a high-arctic marine ecosystem - Young
Sound, NE Greenland. Prog. Oceanogr., 71 (2-4), 426445, doi:
10.1016/j.pocean.2006.09.004.

95



Rysgaard, S., Nielsen, T.G., Hansen, B., 1999. Seasonal variation in nutrients, pelagic primary
production and grazing in a high-arctic coastal marine ecosystem, Young Sound,
northeast Greenland. Mar. Ecol. Prog. Ser., 179, 13-25, doi: 10.3354/meps179013.

Rysgaard, S., Vang, T., Stjernholm, M., Rasmussen, B., Windelin, A., Kiilsholm, S., 2003.
Physical conditions, carbon transport and climate change impacts in a NE Greenland
fjord.  Arct. Antarct. Alp. Res., 35 301-312, doi: 10.1657/1523-
0430(2003)035[0301:PCCTAC]2.0.CO;2.

Sarma, V.S., Abe, O., Hinuma, A., Saino, T., 2006. Short-term variation of triple oxygen
isotopes and gross oxygen production in the Sagami Bay, central Japan. Limnol.
Oceanogr., 51, 1432-1442, doi: 10.4319/10.2006.51.3.1432.

Sarmiento, J.L., Gnanadesikan, A., Marinov, I., Slater, R.D., 2011. The role of marine biota in
the CO> balance of the ocean-atmosphere system. In: Duarte, C.M., editor. The Role of
Marine Biota in the Functioning of the Biosphere. Bilbao, Fundacion BBVA, pp. 71-106.

Sarmiento, J.L., Gruber, N., 2002. Sinks for anthropogenic carbon. Physics Today., 30-36, doi:
10.1063/1.1510279.

Sarmiento, J.L., Hughes, T.M.C., Stouffer, R.J., Manabe, S., 1998. Simulated response of the
ocean carbon cycle to anthropogenic climate warming. Nature, 393, 245-249, doi:
10.1038/30455.

Sejr, M.K. et al., 2014. Seasonal dynamics of autotrophic and heterotrophic plankton
metabolism and PCO: in a subarctic Greenland fjord. Limnol. Oceanogr., 59,
1764—1778, doi: 10.4319/10.2014.59.5.1764.

Sejr, M.K., Krause-Jensen, D., Rysgaard, S., Sorensen, L.L., Christensen, P.B., Glud, R.N.,
2011. Air—sea flux of CO> in arctic coastal waters influenced by glacial meltwater and
sea ice. Tellus, B 63, 815-822, d0i:10.1111/j.1600-0889.2011.00540.x.

Sherr, B.F., Sherr, E.B., 2003. Community respiration/production and bacterial activity in the
upper water column of the central Arctic Ocean. Deep-Sea Res. I, 50, 529-542, doi:
10.1016/S0967-0637(03)00030-X.

Siegenthaler, J., Sarmiento, J.L., 1993. Atmospheric carbon dioxide and the ocean. Nature,
365, 119-125, doi: 10.1038/365119a0.

96



Stanley, R.H.R., Sandwith, Z.0., Williams, W.J., 2015. Rates of summertime biological
productivity in the Beaufort Gyre: A comparison between the low and record-low ice
conditions of August 2011 and 2012. J. Marine Syst., 147, 29-44, doi:
10.1016/j.jmarsys.2014.04.006.

Steemann Nielsen, E. 1952. The use of radio-active carbon (C'*) for measuring organic
production in the sea. J. Cons. Perm. Int. Explor. Mer., 18, 117-140, doi:
10.1093/icesjms/18.2.117.

Steemann Nielsen, E., Al Kholy, A.A., 1956. Use of *C technique in measuring photosynthesis
of phosphorus or nitrogen deficient algae. Physiol. Plant., 9, 144-145, doi:
10.1111/j.1399-3054.1956.tb08996.x.

Top, Z., Martin, S., Becker, P., 1985. On the dissolved surface oxygen supersaturation in the
Acrctic. Geophys. Res. Lett., 12(12), 821-823, doi: 10.1029/GL012i012p00821.

Tremblay, J.E., Robert, D., Varela, D.E., Lovejoy, C., Darnis, G., Nelson, R.J., Sastri, A.R.,
2012. Current state and trends in Canadian Arctic marine ecosystems: I. Primary
production. Clim. Change, 115, 161-178, doi: 10.1007/s10584-012-0496-3.

Vaquer-Sunyer, R., Duarte, C.M., Regaudie-de-Gioux, A., Holding, J., Garcia-Corral, L.S.,
Reigstad, M., Wassmann, P., 2013. Seasonal patterns in Arctic planktonic metabolism
(Fram Strait—Svalbard region). Biogeosciences, 10, 1-19, doi:10.5194/bg-10-1-2013.

Vaquer-Sunyer, R., Duarte, C.M., Wassmann, P., Santiago, R., Reigstad, M., 2010.
Experimental evaluation of planktonic respiration response to warming in the European
Arctic Sector. Polar. Biol., 33, 1661-1671, doi: 10.1007/s00300-010-0788-x.

Wassmann, P., Reigstad, M., Haug, T., Rudels, B., Carroll, M.L., Hop, H., Gabrielsen, G.W.,
Falk-Petersen, S., Denisenko, S.G., Arashkevich, E., Slagstad, D., Pavlova, O., 2006b.
Food webs and carbon flux in the Barents Sea. Prog. Oceanogr., 71, 232-287, doi:
10.1016/j.pocean.2006.10.003.

Waycott, M., Lukoschek, V., Keogh, J.S., 2008. Relative information content of
polymorphic microsatellites and mitochondrial DNA for inferring dispersal and
population genetic structure in the olive sea snake, Aipysurus laevis. Molecular Ecology,
17, 3062-3077, doi: 10.1111/j.1365-294X.2008.03815.x.

97


http://dx.doi.org/10.1093%2ficesjms%2f18.2.117

Williams, P.J.B., Robinson, C., Sondergaard, M., Jespersen, A.M., Bentley, T.L., Lefévre, D.,
Richardson, K., Riemann, B., 1996. Algal *C and total carbon metabolisms. 2.
Experimental observations with the diatom Skeletonema costatum. J. Plank. Res., 18,
1961-1974, doi: 10.1093/plankt/18.10.1961.

Williams, P.J. le B., del Giorgio, P.A., 2005. Respiration in aquatic ecosystems: history and
background. In Del Giorgio, P.A., Williams, P.J. le B. (eds) Respiration in aquatic
ecosystems. Oxford University Press, Oxford.

Wissel, B., Quifiones-Rivera, Z., Fry, B., 2008. Combined analyses of O, and CO- for studying
the coupling of photosynthesis and respiration in aquatic systems. Can. J. Fish. Aquat.
Sci., 65, 2378-2388, doi: 10.1139/F08-146.

Yacobi, Y.Z., Perel, N., Barkan, E., Luz, B., 2007. Unexpected underestimation of primary
productivity by 80 and *C methods in a lake: implications for slow diffusion of isotope

tracers in and out of cells. Limnol Oceanogr., 52, 329-337, doi:
10.4319/10.2007.52.1.0329.

98



