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Euphotic zone gross primary production, community respiration and net community production were
determined from in vitro changes of dissolved oxygen, and from in vivo INT reduction capacity
fractionated into two size classes, in offshore waters along a latitudinal transect crossing the North,
Norwegian and Greenland Seas between the UK and Svalbard. Rates of gross primary production were
higher and more variable than community respiration, so net autotrophy prevailed in the euphotic zone
with an average net community production of 164 764 mmol O2 m  2 d  1. Respiration seemed to be
mainly attributed to large eukaryotic cells ( 40.8 mm) with smaller cells, mainly bacteria, accounting for
a mean of 25% (range 5–48%) of community respiration. Estimates of bacterial growth efﬁciency were
very variable (range 7–69%) due to uncoupling between bacterial respiration and production. Larger cells
tended to contribute more towards total respiration in communities with high gross primary production
and low community respiration, while bacteria contributed more towards total respiration in communities with lower gross primary production, typical of microbial-dominated systems. This suggests that
community respiration is related to the size structure of the plankton community.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Understanding the biotic mechanisms that mediate the marine
carbon cycle is a major research objective in biological oceanography. The main biological processes involved are gross primary
production (GPP), community respiration (CR), and the loss of
biogenic carbon to sediments (Rivkin and Legendre, 2001). In
steady state conditions, the difference between GPP and CR (i.e.
the net community production, NCP) represents the net contribution of the marine biota to carbon export and hence plays a key
role in the regulation of ocean CO2 concentration, air–sea
exchange and climate. However steady-state conditions are seldom, if ever, realised in the ocean and this, along with the complex
dynamics of planktonic ecosystems, renders elucidation of the role
of marine biota in the marine carbon cycle challenging.
Planktonic primary production is known to be limited by light,
temperature and nutrients (Field et al., 1998), while temperature
and organic matter availability are the main factors that constrain
CR (Sampou and Kemp, 1994). In addition, community structure
and dynamics inﬂuence trophic connections and the fate of
organic matter produced (del Giorgio and Williams, 2005; Pace
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and Cole, 2000). Knowledge of the processes controlling the
magnitude and variability of primary production is sufﬁcient to
delineate marine biogeographic provinces (Longhurst, 1998) and
to remotely estimate water column primary production from the
optical properties of surface waters (Behrenfeld and Falkowski,
1997; Pabi et al., 2008). By contrast, the processes controlling the
variability of CR are still poorly understood. The evaluation of the
net metabolic balance (i.e. NCP) offers an integrative approach to
examine the biological contribution to the carbon cycle, encompassing individual autotrophic and heterotrophic processes and
the dynamics emerging from their interactions; however, GPP and
CR do not respond to environmental factors in a uniform or
consistent manner, complicating short-term predictions of NCP.
For example, Regaudie-de-Gioux and Duarte (2012) report that the
effect of temperature on primary production and respiration
depends on the season of the year and region of study across
a wide range of ecosystems. Similar observations have been
reported by Pomeroy and Wiebe (2001) when studying the effect
of temperature and organic material on bacterial activity, while
Serret et al. (2009) have found NCP to be dependent on trophic
structure and energy ﬂux dynamics.
A positive net metabolic balance implies that a surplus of
primary production could be consumed by higher trophic levels
of the food web, laterally transported to other communities, or
exported vertically to the deep ocean. It is known that the rate of
export to deep waters is inﬂuenced by the size structure of the
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planktonic community: a community composed of small cells are
expected to have a lower rate of sedimentation compared to
a community composed of larger organisms where grazing is
less tightly coupled and sinking rates are higher (Kiørboe, 1993;
Legendre and Rassoulzadegan, 1995). Moreover, communities
dominated by small organisms and complex food webs are
expected to respire a larger proportion of autotrophic production
within the euphotic zone leaving less organic matter available for
export (Michaels and Silver, 1988). Indeed, low rates of primary
production are often associated with plankton communities
dominated by small-sized cells (Kiørboe, 1993; Legendre and Le
Fevre, 1991) with a high contribution of heterotrophic microorganisms to CR and resulting low or negative NCP. During the last
two decades considerable attention has been paid to the relationship between primary production and phytoplankton size (Legendre
and Le Fevre, 1991), the trophic structure of the food web (Kiørboe,
1993; Serret et al., 2001; Smith and Kemp, 2003) and the export rate
(Legendre and Rassoulzadegan, 1995; Tremblay and Legendre, 1994;
Wassmann, 1990); however, the contributions of different components of the plankton community to CR and NCP are still poorly
understood.
Measurements of CR and, especially, bacterial respiration (BR)
are rare compared to the data available on primary production.
Bacteria are considered to be major contributors to total CR
(del Giorgio et al., 2011; Lemée et al., 2002; Rivkin and Legendre,
2001) remineralising the bulk of organic matter within the water
column and thereby exerting a major inﬂuence on carbon and
nutrient cycles. BR has usually been estimated from changes in the
dissolved oxygen concentration in a pre-ﬁltered sample after
in vitro incubations (Reinthaler and Herndl, 2005; Robinson
et al., 2002b), or derived indirectly from CR (Robinson and
Williams, 2005) or bacterial production (BP) measurements (del
Giorgio and Cole, 2000; del Giorgio and Cole, 1998). The latter
approach has the disadvantage of assuming a constant relationship of BR to BP or CR, while the former has been criticised due to
ﬁltration and incubation effects. The physical separation of cells of
different size by ﬁltration alters both the community structure
(Gasol and Morán, 1999) and the activities of each size class
(Aranguren-Gassis et al., 2012). Long incubations times, as
required for BR measurements (at least 24 h in non-cultured
samples), lead to further bias. BR estimates based on short
incubation times, or an improved evaluation of the relationship
between BR and CR/BP, are therefore required across different
regions to improve the characterisation of the carbon ﬂow through
bacteria and its impact on food web dynamics, net metabolic
balance and the carbon cycle. Furthermore, it is important to attain
BR and BP measured concurrently at the same temporal and
spatial scale in order to calculate bacterial growth efﬁciency
(BGE¼ BP/(BPþ BR)) which, in turn, determines the relationship
between bacterial carbon demand and bacterial biomass produced
(del Giorgio and Cole, 1998).
Recently the in vivo reduction of the 2-(ρ-iodophenyl)-3-(ρnitrophenyl)-5phenyl tetrazolium salt (INT) has been employed as
a proxy for estimating respiration (Martínez-García et al., 2009).
This approach enables estimation of BR during short (o5 h)
incubations without pre-ﬁltration, thus avoiding problems associated with long incubation times and the community disruption;
however, it has received substantial criticism based on the claim
that the method is not speciﬁc to enzymes associated with the
electron transport system and therefore does not derive an
accurate measure of respiration (Maldonado et al., 2012). Despite
this criticism, comparisons made between in vivo INT reduction
capacity and the standard approach of measuring in vitro changes
in dissolved oxygen in incubated samples, based on data from
different oceanographic areas and trophic conditions, reveal that
the technique has value as a proxy for estimating respiration

(García-Martín et al., in prep). Further studies are therefore required
in order to establish the validity of INT reduction capacity as a proxy
of respiration.
Comparative studies along latitudinal transects are well suited
to the study of plankton dynamics in open, non-steady state ocean
systems where rapid changes in communities indicate that transient non-equilibrium situations are frequent at small temporal
and spatial scales. Such studies allow correlation of biogeochemical and ecological variables in planktonic ecosystems, evaluating
general trends, functions and relationships as a function of contrasting biotic and abiotic factors (Robinson et al., 2006). However,
it is difﬁcult to discern causality from such studies, especially
when the focus is on complex community dynamics due to the
interactions with, and feedbacks from, community structure and
function. Most studies of plankton metabolism conducted using
latitudinal transects have been performed across temperate and/or
tropical waters (Morán et al., 2004; Robinson et al., 2002a; Serret
et al., 2002) with few undertaken across temperate and Arctic
waters (Gosselin et al., 1997; Luchetta et al., 2000; Rey et al., 2000).
The aim of the present study was to characterise microbial
plankton metabolism and associated physicochemical variables
in offshore waters along a latitudinal transect between the UK
and Svalbard, crossing three marine biogeochemical provinces.
In particular (i) GPP, CR and NCP were determined from in vitro
changes in dissolved oxygen concentration in the euphotic zone,
contributing to the meagre database of CR and NCP values
available from high latitude waters; (ii) BR was determined in
non-fractionated samples, for the ﬁrst time in these waters, via the
in vivo INT reduction capacity of plankton cells during short
incubations (2–4 h); and (iii) BGE was determined from estimations of BR and BP conducted concurrently over similar time
scales, thereby reducing the potential bias associated with the
conventional approach of combining BR and BP measurements
undertaken using differential incubation times.

2. Materials and methods
2.1. Study site
The study was undertaken between the 14 and 19 June 2010 as
part of the UK ICECHASER II research cruise on the RSS James Clark
Ross (cruise JR219). Six stations were sampled in offshore waters
along a latitudinal transect from the UK to the Svalbard archipelago
crossing the North, Norwegian and Greenland Seas (Fig. 1 and
Table 1). The transect encompassed three oceanographic provinces,
as deﬁned by Longhurst (1998): (i) the Northeast Atlantic Shelves
province (NECS) which included the Central North Sea (CNS) and
Northern North Sea (NNS) stations; (ii) the Atlantic Subarctic
province (SARC) which included the Southern Norwegian Sea
(SNWS), Central Norwegian Sea (CNWS) and Northern Norwegian
Sea (NNWS) stations; and (iii) the Atlantic Arctic Province (ARCT)
which included the Eastern Greenland Sea (EGS) station.
2.2. Physical and chemical variables
Shipboard temperature, salinity and ﬂuorescence measurements were undertaken at each station using Sea-Bird Electronics
SBE 911 and SBE 917 series CTD proﬁlers and a Chelsea Aqua
3 ﬂuorometer. The salinity sensors were calibrated during the
cruise. Fluorescence values were converted to units of chlorophyll
using a depth-dependent conversion factor derived from chlorophyll measurements undertaken on water samples collected during the cruise (T. Jackson personal communication). To determine
inorganic nitrate þnitrite, ammonium, silicate and phosphate concentrations, water samples (  40 ml) were collected using 10 l
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Niskin sampling bottles from up to 8 depths up to 200 m at each
station. Each sample was screened through a 25 mm diameter glass
ﬁbre (GF/F) ﬁlter and triplicate aliquots analysed on ship by
colorimetric ﬂow injection analysis using a Lachat QuikChem 8500
ﬂow injection autoanalyser following the manufacturers recommended methods. These methods are adaptations from standard
seawater analyses given by Grasshoff et al. (1999).

2.3. Biological analyses
Water samples (  8 l) were collected early morning at each
station using 10 l Niskin sampling bottles from up to 4 depths in
the euphotic zone (as deﬁned by the depth of 1% incident
irradiance): (i) the surface (2–5 m), (ii) the chlorophyll maximum,
(iii) the depth of 1% irradiance, and (iv) an intermediate depth
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between the surface and 1% irradiance. The sea water was then
carefully transferred to 10 l carboys, using a silicone tube, for
subsequent subsampling and analysis of GPP, CR NCP and BR, as
outlined below. For BP, water samples (  50 ml) were collected
from 5 depths in the upper 41 m including the euphotic zone
depths.
2.3.1. In vitro gross primary production, community respiration and
net community production by oxygen concentration
GPP, CR (referred to hereafter as CRO2 to distinguish it from
CR estimated by the in vivo INT reduction capacity assay – see
Section 2.3.2) and NCP were measured by monitoring changes in
oxygen concentrations after 24 h light-dark bottle incubations. Dissolved oxygen concentration was measured by automated precision
Winkler titration performed with a Metrohm 721 DMS Titrino titrator,
utilising a potentiometric end point as described in Serret et al. (1999).
Eight gravimetrically calibrated 125 ml opaque “dark” borosilicate
glass bottles and four transparent “light” bottles were carefully ﬁlled
with water from each depth. Water was allowed to overﬂow during
the ﬁlling, and special care was taken to prevent air bubble formation
in the silicone tube. For each depth, four replicate dark bottles were
ﬁxed immediately for the measurement of initial oxygen concentrations (tzero). The four light and remaining four dark bottles were
incubated for 24 h in deck incubators, under natural sunlight with
neutral and blue density screening to achieve ambient in situ incident
irradiance, and ﬁxed for the measurement of ﬁnal oxygen concentrations (t24). Incubation temperature was maintained with in situ water,
pumped from 5 m depth, ﬂowing through the incubation system. NCP
and CRO2 rates were estimated from the difference in oxygen
concentration between the means of the initial (tzero) measurements
and the replicate light and dark incubated (t24) samples, respectively
(i.e. NCP¼ ½O2 t24 ðlightÞ  ½O2 t zero ; CRO2 ¼ ½O2 tzero  ½O2 t 24 ðdarkÞ ). GPP rates
were calculated from NCPþCRO2 .
The mean percentage coefﬁcients of variation (% ratio of the s.d.
to the mean) of the oxygen concentration in each of the tzero, dark
and light analyses were 0.1, 0.1 and 0.2 respectively (n¼23) and the
average of the propagated standard errors (s.e.) of the derived GPP,
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
CRO2 and NCP rates, calculated as s:e:2t zero þ s:e:2t24 , were 0.44, 0.27
and 0.41 respectively. The complete data set including individual s.
e. of every measurement is shown in Supplementary Table S1, will
be deposited at the public global respiration database:
http://www.uea.ac.uk/environmental-sciences/people/People/
Faculty þ and þResearch þ Fellow/robinsonc#research (data compiled and maintained by Carol Robinson).
2.3.2. In vivo community and bacterial respiration by INT reduction
capacity assay
CR and BR (referred to hereafter as CRINT and BRINT to
distinguish them from the CR measured by changes in oxygen
concentration – Section 2.3.1) were estimated by in vivo INT
reduction capacity assay (Martínez-García et al., 2009) on samples

Fig. 1. Map of the stations sampled between the UK and Svalbard.

Table 1
Dates, acronym, location, CTD rosette number and physicochemical descriptors of stations sampled between the UK and Svalbard.
Sampling
date

Station name

Station
Latitude Longitude CTD
abbreviation
No

Descriptors

Longhurts
province

14/06/2010
15/06/2010
16/06/2010

Central North Sea
Northern North Sea
Southern Norwegian
Sea
Central Norwegian Sea
Northern Norwegian
Sea
Eastern Greenland Sea

CNS
NNS
SNWS

56.41 N 1.31 E
60.74 N 2.73 E
65.04 N 4.4 E

2
4
6

Stratiﬁed, warm water, low nutrient, low chlorophyll, shelf station
Stratiﬁed, warm water, low salinity, low nutrient station
Stratiﬁed, low nutrient, open water station

NECS
NECS
SARC

CNWS
NNWS

69.34 N
72.75 N

6.37 E
8.27 E

8
10

SARC
SARC

EGS

77.16 N

11.29 E

12

Well-mixed, cold water, high nutrient, open water station
Well-mixed, cold water, high nutrient, low chlorophyll, open water
station
Well-mixed, cold water, shelf station

17/06/2010
18/06/2010
19/06/2010

ARCT
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from two depths only (5/6 m and the chlorophyll maximum) at
each station. Four 200–250 ml polypropylene opaque plastic
bottles were ﬁlled with seawater from each 10 l carboy. One
replicate was immediately ﬁxed by adding formaldehyde (2% w/v
ﬁnal concentration) and used as a killed control. Fifteen minutes
later all four replicates were inoculated with a sterile solution of
7.9 mM iodonitrotetrazolium salt to give a ﬁnal concentration of
0.8 mM. The solution was freshly prepared for each experiment
using Milli-Q water. After 2–4 h incubation under ambient conditions (as outlined in Section 2.3.1), samples were ﬁxed by adding
formaldehyde, as for the killed control. Samples were sequentially
ﬁltered after 15 min through 0.8 and 0.2 μm pore size polycarbonate ﬁlters, air-dried, and stored frozen in 1.5 ml cryovials
at –20 1C until further processing. The CRINT (i.e. the sum of
respiration of the 40.8 mm and 0.2–0.8 mm fractions) and BRINT
(considered as the respiration of the 0.2–0.8 mm fraction) were
measured following Martínez-García et al. (2009). The respiration
of the large size-fraction (RINT 40.8) will result mainly from the
activity of eukaryotes and particle attached prokaryotes. By contrast, the main respiring organisms in the small size-fraction
(BRINT) will have been heterotrophic bacteria as these comprised
from 94% to 99% of the picoplankton abundance as determined by
ﬂow cytometry (R. Leakey, personal communication). The use of
the INT reduction capacity assay assumes that the tetrazolium salt
can penetrate plankton cells easily and at rate independently of
cell size and growth state; however, this assumption has not been
tested yet and could compromise the BR estimates.
A time-course experiment was conducted during the same
research cruise, but subsequent to the current study, on 24 June
2010 on water collected from 5 m depth in colder Arctic waters to
determine the optimal incubation time for in vivo INT reduction
capacity by natural plankton (García-Martín et al., accepted for
publication). The optimal incubation time was found to be o 5 h
and this was adopted as the maximum incubation time for the INT
reduction capacity assay.

2.3.3. Bacterial production and bacterial growth efﬁciency
BP was determined from [14C]leucine incorporation (Kirchman,
2001). For each sample, 20 ml of an aqueous stock solution of L-[U[14C]leucine (0.306 Ci m mol  1) was added to each of four 3.2 ml
sub-samples to give an estimated  20 nM ﬁnal concentration, and
the contents mixed. Each sub-sample was then incubated in the
dark at ambient temperature for either 0, 1, 2 and 3 h after which
160 ml of 20% paraformaldehyde was added. Each sub-sample was
ﬁltered onto a 0.2 mm  25 mm diameter polycarbonate ﬁlter and
washed with 0.2 mm ﬁltered deionised water. Each ﬁlter was then
placed in a scintillation vial, dried at room temperature and mixed
with 10 ml scintillation ﬂuid (Optiphase HiSafe II). Radioactivity in
the sub-samples was measured using a Beckman Coulter LS6500
liquid scintillation counter, with the efﬁciency of counting determined using the external quench monitor method. [14C]leucine
incorporation was calculated from counts (corrected for quenching) according to Kirchman (2001) using isotope speciﬁc activity
values corrected for decay (Stewart and Hawcroft, 1977). Bacterial
population growth (cells m  3 d  1) was then calculated from [14C]
leucine incorporation using a theoretical approach and assuming
no isotope dilution (Kirchman, 2001). Finally, BP (mg C m  3 d  1)
was calculated from growth using a bacterial carbon conversion
factor of 6.3 fg C cell  1 (Kawasaki et al., 2011).
Despite their limitations (discussed in Section 4.2), [14C]leucine
incorporation and INT reduction capacity assays can be considered
to derive good estimates of BP and BR, as demonstrated by their
use in previous studies (e.g. Ducklow, 2000; Martínez-García et al.,
2009; Teira et al., 2013). BGE was therefore calculated from paired
BRINT and BP data as: BGE ¼BP/(BP þBRINT), with BRINT converted

to carbon units using the linear regression between CRO2 and CRINT
assuming a respiratory quotient of 1.

2.4. Data analyses
All GPP, CRO2 and NCP values are presented as mean with
standard error (s.e.) unless otherwise stated. Integrated GPP, CRO2 ,
NCP and BP rates were calculated by trapezoidal integration of
volumetric rates measured at the different light depths throughout
the euphotic zone. The standard errors of integrated rates were
calculated following the propagation procedures for independent
measurements described by Miller and Miller (1988). GPP and
CRO2 were converted to carbon units using a photosynthesis
quotient of 1.2 and a respiratory quotient of 1.
Relationships between the hydrography and metabolic variables
(GPP, CRO2 , NCP and BP) were examined by ordinary least-square
linear regression analyses using SPSS software. The relationships
between GPP and CRO2 , and between CRO2 and CRINT, were
examined by reduced major axis regression analysis (model II linear
regression). Non-parametric tests were used to examine physiochemical and plankton metabolism correlations.

3. Results
3.1. Physical and chemical environment
The main hydrographic and nutrient features of the UK to
Svalbard transect are shown in Fig. 2. The southernmost station
(CNS) showed a strong thermal stratiﬁcation with a thermocline at
 25 m depth just above the euphotic depth. This thermal gradient
was weaker at the Northern North Sea and Southern Norwegian
Sea stations (NNS and SNWS) but the stratiﬁcation of the water
column was maintained due to lower salinity water (33.6 ppm)
located in the upper  20 m depth of the second station (NNS).
The three most northern stations (CNWS, NNWS and EGS) were
characterised by cold and well-mixed waters.
The stratiﬁed southern stations (CNS, NNS, SNWS) exhibited
very low nutrient concentrations from the surface to the bottom of
the euphotic layer (25–35 m depth) with higher values in deeper
waters. The nutricline, deﬁned as the area with the maximum
nutrient concentration gradient, was located at around 25–35 m
depth at these stratiﬁed stations concurrent with the thermohaline stratiﬁcation. In the well-mixed waters further north (stations
CNWS and NNWS), a more homogenous nutrient distribution was
detected with nitrateþnitrite, phosphate and silicate concentrations higher than at the southern stratiﬁed waters. The well-mixed
northern shelf station (EGS) exhibited phosphate and silicate minima
at 15 m coincident with the chlorophyll maximum.
All stations except the cold shelf station (EGS) were characterised by low chlorophyll concentrations (o1.5 mg m  3) and
a subsurface maximum above the nutricline and near the base of
the euphotic layer. At the EGS station chlorophyll maxima were
observed from 8 m depth down to the bottom of the euphotic
zone. The low nitrateþ nitrite concentrations at this station,
together with the chlorophyll maxima and high silicate concentrations, suggest the presence of non-diatom bloom or post-bloom
conditions.

3.2. Plankton metabolism
Fig. 3 illustrates the variation of plankton community metabolic
rates in the euphotic layer. There was a strong relationship between
GPP and chlorophyll (R2 ¼ 0.51, po0.001, n¼ 23) (Table 2). The warm,
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Fig. 2. Vertical proﬁles of (A) temperature, (B) salinity, (C) chlorophyll, (D) nitrate þnitrite concentration, (E) ammonium concentration, (F) phosphate concentration and
(G) silicate concentration at stations between the UK and Svalbard.

stratiﬁed shelf station (CNS) exhibited the lowest values of GPP
(0.5270.34–4.2970.41 mmol O2 m  3 d  1) (Fig. 3A). Intermediate
values were observed in the other two warm, stratiﬁed stations
(NNS and SNWS) and at the cold, well-mixed NNWS station. A
subsurface GPP maximum was found at the CNWS station, coincident
with the distribution of chlorophyll. By contrast, the cold shelf station
(EGS) south of Svalbard exhibited the highest GPP values from the
surface down to the base of the euphotic layer (3.5470.15–
23.0671.14 mmol O2 m  3 d  1), associated with the high chlorophyll
maxima and low nitrateþnitrite and phosphate concentrations. These
high rates of GPP could be a result of the elevated phytoplankton
biomass rather than an increase in activity, as suggested by the lower
GPP/chlorophyll ratios (6.4) compared to those observed at the CNWS
station (7.4).
Spatial variations in CRO2 were different to those of GPP and not
related to chlorophyll (Fig. 3B, Table 2). The warmer, stratiﬁed
stations together with the cold shelf station (CNS, NNS, SNWS,
EGS) exhibited the highest CRO2 rates (4 1.5 mmol O2 m  3 d  1).
Respiration at these stations tended to be higher at the surface
and decreased throughout the water column to the base of the
euphotic layer, except for the warm, shelf station (CNS). Low CRO2
rates ( o30% GPP) were measured in the cold, well-mixed, open
water stations of the Norwegian Sea (CNWS, NNWS).
The wide range of observed GPP values, when compared to CRO2 ,
suggests that NCP variability was related more closely to GPP rather
than to CRO2 (Fig. 3C). Negative NCP values were only measured at
the warm shelf station (CNS). The warm open water stations (NNS
and SNWS) and the cold well-mixed NNWS station exhibited
intermediate NCP values with weak maxima concurrent with the
chlorophyll maxima. The moderately high GPP and low CRO2 values
observed in the upper 20 m of the CNWS station resulted in high
rates of NCP (410 mmol O2 m  3 d  1). High NCP values were also
recorded from the surface down to the deep chlorophyll maximum

at the cold shelf station (EGS) due to relatively high CRO2 values
which were balanced by even higher GPP.
Integrated GPP values were, as with volumetric rates, 4 times
more variable than integrated CRO2 (Fig. 4). Integrated GPP values
increased from south to north across the stations from 54.2 7
4.6 mmol O2 m  2 d  1 at CNS to 379.1 73.2 mmol O2 m  2 d  1 at
CNWS, consistent with similar increases in chlorophyll. However,
further north at the cold, well-mixed NNWS station, the integrated
GPP was lower with values similar to those at the warm, stratiﬁed
North Sea stations suggesting that the factors controlling GPP were
different to those at other stations. Data from this station were
therefore not used to explore relationships between integrated
variables (Table 3). By contrast, the highest integrated GPP value
(481.2720.2 mmol O2 m  2 d  1) was recorded at the most northerly station (EGS). A strong relationship was observed between
integrated GPP, integrated NCP and surface chlorophyll values
(R2 ¼0.99, p o0.001 and R2 ¼0.99, p o0.001, respectively; n ¼5)
(Table 3). However, integrated CRO2 rates did not reﬂect the
general south–north increases of integrated GPP and chlorophyll
between stations, with highest values recorded at the two shelf
stations (CNS in the south and EGS in the north). Both integrated
GPP and NCP varied signiﬁcantly with temperature and the
nutrient availability index (i.e. the difference between the nutricline depth and the mixed layer depth), with integrated NCP also
signiﬁcantly related to mixed layer depth; however, CRO2 was not
related to any of these variables (Table 3).
CRO2 values were generally lower and less variable than GPP
which resulted in a clear uncoupling between these two variables
(Fig. 5A) with a GPP:CRO2 ratio 41 in 91% of the samples.
A threshold of net heterotrophy (i.e. the value of GPP below which
NCPr0, so GPPrCRO2 ) of 1.5 mmol O2 m  3 d  1 was calculated
for the entire study using the signiﬁcant relationship observed
between GPP and NCP (Fig. 5B).
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Table 2
Regression coefﬁcients (R2) between temperature, salinity, chlorophyll and volumetric metabolic rates measured at stations between the UK and Svalbard. Negative
relationships are represented with (  ). One asterisk indicates probabilities o0.05, two asterisks o 0.01 and three asterisks o 0.001. Numbers of data are 23 for GPP, CRO2 ,
NCP and BP, and 12 for variables derived with the in vivo INT reduction assay. Dash denotes no signiﬁcant relationship.
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Fig. 4. Latitudinal distributions of euphotic zone integrated GPP (dark symbols),
CRO2 (white symbols) and BP (grey symbols) at stations between the UK and
Svalbard. Error bars represent the standard error of the measurement.

3.3. Bacterial production
There was a signiﬁcant relationship between BP and GPP
(R2 ¼ 0.51, po 0.001) (Table 2) but no relationship was found
between BP and chlorophyll, temperature or CRO2 . BP ranged from
1% to  15% of GPP with highest values at surface or subsurface
depths, and lowest values at the base of the euphotic layer. The
warm stratiﬁed stations (CNS, NNS, SNWS) generally exhibited
lower BP values compared to the cold mixed stations (CNWS,
NNWS, EGS) (Fig. 3D). Integrated BP rates followed a similar trend
to GPP, increasing from south to north (Fig. 4) with the cold openwater CNWS station exhibiting the highest integrated BP rate.
3.4. In vivo INT reduction capacity and BGE
A signiﬁcant relationship was observed between dissolved oxygen consumption and total INT reduction (CRO2 ¼18.85(74.77) 

CRINT  0.03(70.03), R2 ¼0.423, p¼0.029, n¼11) (Fig. 6). Highest
CRINT values were recorded in surface (5/6 m depth) waters of the
two shelf stations (CNS and EGS), and lowest values in the cold,
well-mixed waters of the Norwegian Sea (CNWS, NNWS). These
regional differences were mainly caused by the variation of respiration by the large size-fraction community (RINT 40.8 mm) which was
greater than that of small size-fraction community (BRINT); the latter
contributed on average only 2474% (range 4.5–47.8%) of the total
CRINT (Table 4). The contribution of BRINT to CRINT was higher in
surface (5/6 m depth) waters than at the chlorophyll maxima,
except at the EGS shelf station, where BRINT values were very low
compared to RINT 40.8 mm at both sample depths. The highest
contributions of BRINT to CRINT (Z45%) were recorded in the
contrasting surface (5/6 m depth) water environments of the CNS
and NNWS stations. A signiﬁcant relationship was observed
between the contribution of the different size fractions (%BRINT/
CRINT and %RINT 40.8/CRINT) and chlorophyll, but not temperature
(Table 2).
The absence of relationship between BRINT and BP (Table 2)
indicated an uncoupling of bacterial activity which, due to use of
similar short-term incubations, cannot be attributed to differing
incubation times. A wide range of BGEs, from 6.5% to 68.6%
(Table 4), were observed reﬂecting the high variability of BRINT
values. BGE was highest at the SNWS, CNWS stations, and
productive EGS station, where the percentage contributions of
BRINT to CRINT were generally low. The lowest BGE values were
found at the low productivity CNS and NNWS stations, where the
% contributions of BRINT to CRINT were highest. BGE was related
signiﬁcantly to BP and BRINT (R2 ¼0.58, p o0.01; R2 ¼0.61, p o0.01,
respectively) (Fig. 7, Table 2), although these relationships could
be an artefact of the autocorrelations (BGE is not independent
of BP and BRINT, r ¼0.61, p ¼0.006 and r ¼  0.78, p ¼0.001,
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Table 3
Regression coefﬁcients (R2) between physicochemical variables and integrated metabolic rates measured at stations between the UK and Svalbard. Negative relationships are
represented with (  ). One asterisk indicates probabilities o 0.05, two asterisks o 0.01 and three asterisks o 0.001. Data for the NNWS station are not included. Dash
denotes no signiﬁcant relationship.
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Fig. 5. Relationship between (A) volumetric CRO2 versus GPP and (B) volumetric NCP versus GPP at stations between the UK and Svalbard. The solid line in (A) represents the
1:1 relationship and the dotted line in (B) the ﬁtted regression linear model II equation: NCP¼ 0.96( 70.03) GPP  1.46( 70.31), R2 ¼ 0.98, po 0.001, n ¼23.
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line indicates the model II regression line: CRO2 ¼ 18.85( 7 4.77)  CRINT  0.03
( 7 0.03); R2 ¼ 0.42, p ¼0.029, n ¼11.

respectively). Temperature was inversely related to BGE, while
chlorophyll and GPP exhibited a positive relationship (Table 2).

4. Discussion
4.1. Variation and control of plankton metabolism
In this study euphotic zone integrated GPP varied between
54.2 74.6 and 481.27 20.2 mmol O2 m  2 d  1. The rates of GPP
observed at the most southern stations (CNS, NNS) are within the
range of previous values reported in the North Sea (36 711–
150717 mmol O2 m  2 d  1, Robinson et al., 2002b), while rates at
the open ocean stations further north were slightly higher values
than previous values reported from this region (mean 7s.d.
103.27 72.0 mmol O2 m  2 d  1, Richardson et al., 2005, and
75.2 733.3 mmol O2 m  2 d  1 Rey et al., 2000; both calculated
assuming a photosynthesis quotient of 1.2).

Temperature is one of the main factors regulating plankton
metabolism together with nutrients and light availability (Field
et al., 1998; Sakshaug, 2004). Previous studies examining the effect
of temperature on plankton production and respiration have
shown a clear effect on both variables: increasing temperature
enhanced both primary production (Arrigo et al., 2008; LópezUrrutia and Morán, 2007) and respiration (Kirchman et al., 2005;
Vázquez-Domínguez et al., 2007). However, results derived from
this study indicate the opposite response, showing higher GPP at
lower temperatures, probably as a consequence of the strong
correlation between temperature and nutrients and/or as a result
of the longer day length at the colder northern stations. Undoubtedly, temperature is a factor that regulates plankton metabolism
(Brown et al., 2004; López-Urrutia et al., 2006; Regaudie-de-Gioux
and Duarte, 2012; Yvon-Durocher et al., 2012) although its in situ
effect could be concealing other factors that correlate with
temperature (e.g. nutrient availability or water column stability)
which could inﬂuence not only the individual physiological
response but also the structure and function of the community
(Kirchman et al., 2005; Marañón et al., 2012; Pomeroy and Wiebe,
2001).
Integrated GPP exhibited a signiﬁcant positive relationship
with surface chlorophyll which might enable the development of
a predictive GPP model using surface water optical properties. In
addition, the very low variability of CRO2 compared to GPP (see
Fig. 4) offers the potential to predict NCP from ﬂuorescence
estimates. However, the spatial and temporal variability of this
region is very poorly represented by data from one single transect.
More data are therefore needed to verify these relationships.
In contrast to GPP, integrated CRO2 did not co-vary with
temperature or chlorophyll. The average CRO2 rate across the
stations was 53.8 76.2 mmol O2 m  2 d  1, lower than rates measured in summer in the North Sea (131 712.8 mmol O2 m  2 d  1)
by Robinson et al. (2002b) but in agreement with those rates
measured in summer in the Greenland Sea (537 6 mmol
O2 m  2 d  1) by Regaudie-de-Gioux and Duarte (2010).
The higher values of GPP, as compared to CRO2 , resulted in
positive NCP values (range 1.97 0.27 to 20.687 1.13 mmol
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Table 4
RINT 4 0.8, BRINT, the contribution of RINT 40.8 and BRINT to CRINT, and BGE from 5/6 m depth (surface) and the deep chlorophyll maximum (DCM) at stations between the UK
and Svalbard. Blank data indicate no data available.
Station

CNS
NNS
SNWS
CNWS
NNWS
EGS

RINT 4 0.8 mM INTf d  1

BRINT mM INTf d  1

RINT 40.8/CRINT %
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0.01
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54.5
95.5
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17.6
30.8
45.5
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28.9
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Fig. 7. Relationship between BGE versus (A) BP (R ¼ 0.58, p ¼0.004, n¼12) and (B) BRINT (R2 ¼ 0.61, p ¼0.003, n¼ 12) at stations between the UK and Svalbard. Lines represent
the signiﬁcant relationships.
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Fig. 8. Integrated CRO2 versus GPP at stations between the UK and Svalbard (dark
symbols) and at the Arctic ice-lead stations from García-Martín et al. (DSR
submitted) (open symbols). Dotted line represents model II regression lines from
the UK–Svalbard stations: ʃCRO2 ¼ 0.1( 7 0.05) ʃGPPþ 32.74( 7 12.05), R2 o 0.01,
p ¼0.89, n ¼6; and solid line represents the model II regression lines from the
ice-lead stations: ʃCRO2 ¼ 0.95 ( 70.05) ʃGPP – 7.57 ( 7 5.78), R2 ¼0.99, p o0.001,
n¼ 4.

O2 m  3 d  1) that reﬂected the latitudinal changes observed in
GPP and chlorophyll, with 83% of samples net autotrophic. The
high GPP:CRO2 ratios measured in this study (mean of 4.8 70.7)
indicated that most of the organic carbon produced was not
respired within the euphotic zone, and was available for transfer
to upper levels of the food web or sinking to deeper waters.
GPP:CRO2 ratios increased by a factor of 8 from southern to
northern stations, yielding the maximum ratios at the most
productive stations (CNWS and EGS). The highest values of
chlorophyll measured at the northern shelf station (EGS) did not
correspond to a higher GPP:CRO2 ratio due to the enhancement of
heterotrophic processes. This suggests the presence of bloom

or post-bloom conditions at this station characterised by high
chlorophyll values with low nitrateþnitrite and high silicate
concentrations.
The variability of integrated GPP was four times higher than
that of CRO2 across the stations. This relatively homogenous
distribution of integrated CRO2 is similar to that previously
observed in regional and seasonal studies at mid/low latitudes
(Arístegui and Harrison, 2002; del Giorgio and Duarte, 2002;
Morán et al., 2004). It has been proposed that differences in the
time scale of the autotrophic and heterotrophic processes
(Arístegui and Harrison, 2002) may be responsible for this decoupling, particularly the faster response of the photosynthetic
processes to episodic nutrient inputs followed by a successive
increase in the heterotrophic processes when organic matter is
available (Williams et al., 2004). If so, then decoupling would be
expected to be greater at small spatial scales which are dominated
by intense temporal variability. However, GPP and CRO2 were
observed to be closely coupled at short spatial scales in the Arctic
during the same research cruise, but subsequent to the current
study (García-Martín et al., DSR submitted), as illustrated by the
signiﬁcant 1:1 relationship found in that study (Fig. 8). These
scale-dependent differences in the coupling of GPP and CRO2 have
important consequences for the prediction of NCP from GPP
(Aranguren-Gassis et al., 2011; Serret et al., 2002). Over large
geographic scales, the lower variability of CRO2 implies a strong
NCP–GPP relationship, allowing NCP to be predicted from GPP.
Similar approaches have been used to predict regional to global
NCP rates (Duarte et al., 2001; Regaudie-de-Gioux and Duarte,
2010). By contrast, the close coupling and similar variability of
both GPP and CRO2 at short spatial scales (as observed in the Arctic
by García-Martín et al., DSR submitted) negates the prediction of
NCP from GPP alone. GPP:CRO2 relationships therefore appear to
be system-dependent (Serret et al., 2002; Serret et al., 2009) and
may also be scale-dependent. For example, if the NCP–GPP
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relationship found in the present study were to be applied to the
Arctic data collected at smaller scales by García-Martín et al. (DSR,
submitted), then NCP would have been overestimated as CRO2
rates would not have been considered as a major factor regulating
the metabolic balance.
The GPP threshold for metabolic balance (NCP¼0) found for
this study was 1.5 mmol O2 m  3 d  1 which is lower than values
previously reported for the North Sea, North Atlantic and Arctic
Ocean (3.32, 1.94 and 6.4 mmol O2 m  3 d  1, respectively) by
Duarte and Regaudie-De-Gioux (2009). Similarly, the GPP threshold calculated for integrated metabolic balance was 50.52 mmol
O2 m  2 d  1 which, with a mean euphotic layer of 30 m, is similar
to the volumetric threshold. These low thresholds indicate that the
planktonic community would be in a net heterotrophic state only
at very low values of GPP.
4.2. Heterotrophic processes
The contrasting environmental characteristics of the different
stations offered insights into the different factors controlling the
bacterial activity. Rates of BP were within the range of previous
measurements undertaken in the study area (Reinthaler and
Herndl, 2005; Robinson et al., 2002b). The lack of a relationship
between BP and temperature along with the close-coupling with
GPP, suggests that bacteria were probably controlled by organic
carbon release by autotrophs (Thingstad, 2000). Unfortunately, we
do not have parallel dissolved organic matter measurements to
test if bacterial production was constrained by resource limitation
(del Giorgio and Cole, 1998) or by the interaction between
temperature and organic carbon (Pomeroy and Wiebe, 2001).
To our knowledge, this is the ﬁrst study undertaken across
contrasting oceanic provinces where CR has been determined
simultaneously by in vitro changes in dissolved oxygen concentration and by in vivo INT reduction assays. The latter method has
received criticism from Maldonado et al. (2012) who report that the
assay is not speciﬁc to enzymes belonging to the electron transport
system, and that it could be reduced by other enzymes and abiotic
substances present in the cell (thereby not be qualifying as an
enzyme assay); they therefore recommended that it should not be
used to measure respiration. In the present study, any INT reduction
during incubation due to substances derived from abiotic processes
could be accounted for by the formalin-killed control but it is
possible that some INT reduction may have been due to the activity
of enzymes unrelated to the electron transport system. Further, a
comparative study of data collected from different oceanographic
regions and trophic conditions has revealed a statistically signiﬁcant
relationship between in vivo INT reduction and in vitro changes
in dissolved oxygen consumption (slope of log–log transformed
variables¼0.77, R2 ¼ 0.75, po0.0001, n4300). This empirical evidence, combined with the lack of any superior method available to
determine BR, suggests that the technique has value as a proxy for
estimating respiration, despite its limitations (see García-Martín et
al., in prep. for further discussion).
A signiﬁcant regression was observed between CRO2 and CRINT,
despite the different incubation times involved (24 h versus 2–4 h).
This may suggest that the 24 h CRO2 rates were not biased by a nonlinear oxygen consumption, which agrees with previous experimental results from mid-latitudes (García-Martín et al., 2011). The large
size-fraction community contributed more to the CRINT than bacteria
with mean rates 6-fold higher than BRINT; indeed, the contribution of
the bacteria never exceeded the contribution of the community of
larger size cells. The BRINT rates, converted to units of oxygen using
the equation derived from the regression of the two techniques, were
low (range 0.1670.5–2.1271.1 mmol O2 m  3 d  1) compared to
previous rates recorded at these latitudes obtained from oxygen
consumption in pre-ﬁltered samples (4.4–30.4 mmol O2 m  3 d  1,
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Cuevas et al., 2011, and 0.2–8 mmol O2 m  3 d  1 assuming a RQ of 1,
Reinthaler and Herndl, 2005). Bacterial respiration accounted on
average for 24% (range 5–48%) of the total community respiration;
lower than the value of 45% proposed by Robinson (2008) but in
agreement with values reported from other oceanic systems
(25.578.5%, Kirchman et al., 2009; 3377%, Morán et al.,. 2007;
2374%, Obernosterer et al., 2003). BR values obtained from preﬁltered samples can be expected to be higher than the results from
this study as pre-ﬁltration is known to disrupt the plankton community (Gasol and Morán, 1999; Robinson, 2008) and change organic
matter availability (Gasol and Morán, 1999) which, in turn, might
cause an increase in growth rates of the predator-free bacterial
population leading to an overestimation of BR (Aranguren-Gassis
et al., 2012). Incubations performed with unaltered plankton communities and short incubation times, as in this study, are expected to
provide a more representative picture of the change and variability of
BR at high latitudes.
BRINT and its contribution to total CRINT did not differ regionally,
and showed no relationship with temperature. These results do not
support the conclusion of Rivkin and Legendre (2001) that BR can
be estimated from BP and temperature. BGE did exhibit an inverse
relationship with temperature (po0.05) but the percentage of
variability in BGE attributed to temperature was 36%, lower than
the 54% found by Rivkin and Legendre (2001). A positive relationship was observed between chlorophyll and %RINT 40.8/CRINT
which, in combination with the negative relationship between
chlorophyll and %BRINT/CRINT, suggests that large eukaryote cells
were the major contributors to total CR in chlorophyll-rich waters.
In a study conducted in the Atlantic, Arístegui and Harrison (2002)
observed that CR was not related to chlorophyll concentration and
concluded that bacteria were responsible for the bulk of CR.
However, results from this study contradict this conclusion and
caution against the assignation of bacteria as the main respiring
organisms when total respiration and chlorophyll are not related.
The highest contribution of the large cells to CRINT (4 80%) was
found at stations where the GPP was higher than 7 mmol
O2 m  3 d  1, and CRO2 ranged between 10% and –30% of the GPP
(CNWS and EGS). The percentage of GPP respired by phytoplankton is assumed to be around 35% (Duarte and Cebrian, 1996) which
is consistent with phytoplankton blooms, or conditions of high
productivity, in which the contribution of heterotrophic organisms, particularly bacteria, to CR is low. This contrasts with other
stations (CNS and NNWS) with low GPP and higher CRO2 :GPP
ratios, where smaller cells contributed a larger proportion of the
CR, typical of microbial-dominated systems. Differences in GPP, CR
and the contribution of the bacteria to total CR therefore offer
insights into community structure at the different stations.
BRINT, converted to C units using the slope of the regression
between CRO2 versus CRINT and a RQ of 1 (range 2.3–24.8 mg
C m  3 d  1), were on average 4-fold higher than BP (range 0.85–
4.27 mg C m  3 d  1) with no signiﬁcant relationship observed
between both processes. This lack of relationship between BR
and BP has been observed in other oceanic regions (Alonso-Sáez
et al., 2008; del Giorgio and Cole, 1998; Nguyen and Maranger,
2011) and has been attributed to either methodological problems
associated with the longer incubation times required for BR
measurement or to different factors controlling the two processes
(del Giorgio and Cole, 1998). In the present study BP and BRINT
were estimated using similar short incubation times suggesting
differential control of BP and BR.
The BGE values observed in this study were derived from the
BRINT and BP data and are therefore subject to potential error
associated with the estimation of these variables. The limitations
of the in vivo INT reduction assay used to estimate BR have been
discussed above. The use [14C]leucine incorporation to estimate BP
is a standard approach but remains subject to uncertainties
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associated, in particular, with the conversion of isotope incorporation to BP expressed as carbon units (Ducklow, 2000). The BGE
values should therefore be interpreted with caution. BGE was
greater than previously reported for temperate waters (del
Giorgio and Cole, 1998; Robinson, 2008) but within the range of
values recorded from Arctic waters (Nguyen and Maranger, 2011).
The BGE values were also highly variable, ranging from 7% to 69%.
This variability tended to reﬂect changes in BR more than BP with
highest values observed at the less productive stations where
highest BRINT were recorded (SNWS, CNWS and EGS). Interestingly,
similar values of BP (e.g. as recorded at 5 m depth and at the deep
chlorophyll maximum of the CNS and CNWS stations – Table S1)
resulted in different values of BGE due to the different BRINT. These
results could imply that a constant BGE should not be used to
estimate bacterial carbon demand from BP. Instead coupled measurements of BP and BR are required to improve our understanding
of the role played by the bacteria in the marine carbon cycle.
In the present study BGE was negatively related to temperature
and positively related to chlorophyll and GPP. Some previous studies
have reported BGE to be inversely related to temperature (Apple et al.,
2006; Kritzberg et al., 2010; Vázquez-Domínguez et al., 2007) while
other studies have found no such relationship (Alonso-Sáez et al.,
2008; del Giorgio and Cole, 1998; López-Urrutia and Morán, 2007).
Interestingly, in those studies where BGE was dependent on temperature, both BP and BR were also related to it. By contrast, BGE increased
with decreasing temperature in the present study while neither BP
nor BRINT was signiﬁcantly related to temperature. This suggests that
ecological changes related to plankton community structure and
functioning, rather than physiological changes, were responsible for
variations in BGE with temperature in the present study (del Giorgio
et al., 2011). The complex interactions of (a) hydrodynamics with GPP
and community structure, and (b) heterotrophic activity, distribution
between trophic compartments and efﬁciency with temperature,
productivity and community structure observed in this study suggest
that caution should be applied when extrapolating the results of
controlled experiments focused on physiological responses to real
ecological conditions.

5. Conclusions
This study reveals that GPP was four times more variable than
CR along the latitudinal transect between the UK and Svalbard.
Depth integrated NCP increased from south to north and was
related to increases in GPP and chlorophyll concentration. Plankton
metabolism exhibited different patterns of co-variation in both this
large-scale study and in a subsequent small-scale study performed
in ice-inﬂuenced waters (García-Martín et al., DSR submitted),
which suggests that NCP may be system and scale dependent;
therefore, a universal model should not be used to estimate NCP. BP,
BRINT and BGE were highly variable along the transect with no
signiﬁcant relationship observed between BP and BRINT. These
results, together with the observation that only BGE, but not BP
or BRINT, increased with decreasing temperature support the view
that both rate processes could be controlled by different factors, and
that ecological rather than physiological changes were responsible
for variations in BGE with temperature in the present study.
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