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The Arctic Ocean plays a key role in regulating the global climate, while being highly
sensitive to climate change. Temperature in the Arctic increases faster than the global
average, causing a loss of multiyear sea-ice and affecting marine ecosystem structure
and functioning. As a result, Arctic primary production and biogeochemical cycling
are changing. Here, we investigated inter-annual changes in the concentrations of
particulate and dissolved organic carbon (POC, DOC) together with biological drivers,
such as phyto- and bacterioplankton abundance in the Fram Strait, the Atlantic gateway
to the Central Arctic Ocean. Data have been collected in summer at the Long-Term
Ecological Research observatory HAUSGARTEN during eight cruises from 2009 to
2017. Our results suggest that the dynamic physical system of the Fram Strait induces
strong heterogeneity of the ecosystem that displays considerable intra-seasonal as
well as inter-annual variability. Over the observational period, DOC concentrations were
significantly negatively related to temperature and salinity, suggesting that outflow of
Central Arctic waters carrying a high DOC load is the main control of DOC concentration
in this region. POC concentration was not linked to temperature or salinity but tightly
related to phytoplankton biomass as estimated from chlorophyll-a concentrations
(Chl-a). For the years 2009–2017, no temporal trends in the depth-integrated (0–100 m)
amounts of DOC and Chl-a were observed. In contrast, depth-integrated (0–100 m)
amounts of POC, as well as the ratio [POC]:[TOC], decreased significantly over time.
This suggests a higher partitioning of organic carbon into the dissolved phase. Potential
causes and consequences of the observed changes in organic carbon stocks for
food-web structure and CO2 sequestration are discussed.
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INTRODUCTION

The Arctic Ocean undergoes fast environmental transformation
due to climate change including a strongly declined summer
sea ice extent that coincides with an intense loss of multi-year
sea ice (Polyakov et al., 2010; Wassmann, 2011; Stroeve et al.,
2012). The rate of warming in the Arctic exceeds two times the
global average and may result in a temperature increase of up
to 6◦C by the 21st century (ACIA, 2014), assigning the Arctic as
the most rapidly changing region of our planet (Solomon et al.,
2013). In recent years, the loss of sea ice cover has increased,
with a minimum of 3.41 million square kilometers in the
summer of 2012 (National Snow and Ice Data Center, Colorado,
United States). Many factors are responsible for Arctic change:
the increased atmospheric concentration of greenhouse gases,
as well as changes in aerosol abundance and land use, alter the
radiative budget of the Earth leading to a net global warming of
the atmosphere (Solomon et al., 2013). Besides rising atmospheric
temperatures, there is also an increased advection of warm waters
into the Arctic region due to changes in global oceanic currents
(Comiso et al., 2008; Chylek et al., 2009; Spielhagen et al., 2011).
Sea ice loss reduces the surface albedo, and amplifies warming
and further sea ice melting processes in spring and summer
(Serreze et al., 2007; Screen and Simmonds, 2010). In addition,
the sea ice is drifting faster (Kwok et al., 2013) and is more
prone to the deformation by storms (Itkin et al., 2017), leaving
a changed icescape.

As a consequence of these processes, the marine ecosystem
is expected to undergo changes because primary productivity
and carbon cycling, including the production, degradation and
respiration of organic carbon, are directly responding to altered
temperatures and light conditions. Sea-ice melting starting before
solar radiation allows for algal productivity and growth, thus
the sea ice as algal habitat vanishes. The loss of sea ice will not
only affect the timing of ice algal and phytoplankton blooms
in the Arctic (Ji et al., 2013), but may lead to a trophic
mismatch between primary producers and their grazers, e.g.,
zooplankton (Søreide et al., 2010). Additionally, this may lead
to differences in carbon supply to the deep sea and sequestering
of carbon in Arctic sediments (Lalande et al., 2009; Boetius
et al., 2013; Harada, 2016). Warming and increased melt water
input may also affect water column stratification and vertical
supply of nutrients to the euphotic zone. Nutrient limitation of
autotrophic growth not only reduces biomass production but
also leads to an increasing fraction of organic carbon being
partitioned into dissolved organic carbon (DOC) (Myklestad
et al., 1972; Biddanda and Benner, 1997; Engel et al., 2002).
Warming may amplify this process since increasing temperatures
have been shown to favor the partitioning of carbon into the
dissolved organic matter (DOM) pool (Wohlers et al., 2009; Engel
et al., 2011; Kim et al., 2011). Temperature is a key control of
microbial activity. However, in Polar Seas (<4◦C) temperature
sensitivities of marine bacteria are strongly co-determined by
bioavailable DOC (Kirchman et al., 2009b). Because DOC is
the main substrate for microbial uptake (Azam and Hodson,
1977), a higher DOC production in the Arctic, due to warming
or seawater acidification (Engel et al., 2013), may stimulate the

microbial food web, and also therefore the turn-over of organic
carbon components (Azam et al., 1983; Thingstad et al., 2008;
Kirchman et al., 2009a). Following these arguments, the influence
of global change on the microbial utilization of organic carbon,
and hence on the Arctic as a net sink for CO2 (Bates and Mathis,
2009), may be coupled to the availability of labile DOC.

On a global scale, DOC comprises more than 90% of total
organic carbon (TOC), equivalent to 662 Pg C (Hansell et al.,
2009). Thereby, marine DOC represents the largest dynamic
organic carbon reservoirs on Earth. Changes in the marine DOC
pool may significantly affect atmospheric CO2 concentrations
on timescales of 1000–10,000 years (Hedges, 1992). In Arctic
seawater, the concentration of DOC is often increased compared
to other open ocean sites due to a high input of riverine DOC
and slow degradation rates (Anderson et al., 1994; Bussmann
and Kattner, 2000; Amon and Benner, 2003; Amon et al., 2003).
Amon et al. (2003) reported DOC concentrations in the Nordic
Sea basins (>1000 m) of ∼50 µmol L−1 DOC, clearly above
deep values of other ocean basins 35–45 µmol L−1 C (Benner,
2002). Terrestrial DOC introduced to the central Arctic through
large river systems, such as the Siberian rivers, is mainly of
high age, substantially modified and presumably less bio-available
(Meon and Amon, 2004). In contrast, DOC released by melting of
glaciers in Alaska and Greenland has been show to contain labile
components, readily bioavailable to microbiota (Hood et al.,
2009; Paulsen et al., 2017). Yet, the contribution of glacier-derived
DOC to seawater DOC is largely unknown.

In contrast to DOC, the concentration of particulate organic
carbon (POC) in the ocean is often low and can reach values
of <1 µmol L−1. POC concentration varies pronouncedly with
biological production and drives food web interactions at the
higher trophic levels as well as carbon export fluxes. For the
Arctic Ocean, it has been suggested that a longer ice-free
period and thinner sea-ice, as well as the changing ice cover
and the increase in melt ponds, will influence the light field
for phytoplankton and may therefore lead to higher annual
phytoplankton production (Arrigo et al., 2014; Arrigo and Van
Dijken, 2015). This may also be stimulated by increasing amounts
of anthropogenic CO2 (Engel et al., 2013). The overall impact
of sea-ice retreat on primary production, carbon cycling and
partitioning between dissolved and particulate organic matter in
the Arctic Ocean is still largely unknown. POC flux to depths
in the ice-covered Arctic Ocean is usually extremely low (Cai
et al., 2010; Harada, 2016) and is considered to be amongst
the lowest in the global ocean (Honjo et al., 2008). However,
with the transformation to a thinner cover, recent observations
have detected phytoplankton blooms even beneath heavy snow-
covered sea ice very early in the season (Assmy et al., 2017).
In addition, ballasting of gypsum has recently been reported
to increase the POC export flux (Wollenburg et al., 2018).
Whether and how further seasonal and spatial shifts in primary
production, as well as shifts in phytoplankton compositions, will
influence POC standing stocks, transformation of organic matter
and export is still an open question (Meier et al., 2014).

The Fram Strait, located in the transition zone between the
northern North Atlantic and the central Arctic Ocean, is the only
deep gateway to the Arctic Ocean. In the eastern Fram Strait,
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FIGURE 1 | Map of the LTER HAUSGARTEN and typical stations visited during the summer season in 8 years between 2009 and 2017.

the West Spitsbergen Current (WSC) carries warm (2.7◦C–8◦C)
Atlantic water into the Arctic Ocean, while the East Greenland
Current (EGC) transports cold (∼−1.7◦C−0◦C) polar water
in the upper 150 m toward the south in the western part of
the Fram Strait. During the past decades, several studies on
plankton dynamics have been carried out, which suggested shifts
in phytoplankton community composition and size structure,
changing from larger diatoms to smaller flagellates during the
summer period in this area. This is co-occurring with higher
advection of warmer North Atlantic water and less sea ice
(Nöthig et al., 2015). Recent model results predicted a substantial
difference in the pathways of carbon flow after warming and a
shift in plankton community composition (Vernet et al., 2017),
but overall small differences in the carbon export. Long-term
monitoring from 1991 to 2012 revealed that chlorophyll-a (Chl-
a) concentrations remain relatively constant in the colder western
Fram Strait, while they continue to increase in the warmer
eastern Fram Strait (Cherkasheva et al., 2014; Nöthig et al., 2015).
The Long Term Research (LTER) observatory HAUSGARTEN
(more details in Soltwedel et al., 2016) is situated in the eastern
Fram Strait (Figure 1) and particles and biomass dynamics,
including POC concentration, have been monitored since 1999
and DOC concentration has been monitored since 2009. Here,
we analyze variations of surface water (0–100 m) concentrations
of DOC and POC during summer for the HAUSGARTEN over

the period 2009 to 2017, and investigate how physical controls,
such as the origin of water masses, and biological controls, in
particular phytoplankton and bacteria, may explain the observed
data variability. We also discuss how intra-seasonal variations in
bloom dynamics and differences in the time of sampling may
affect trends that we see in this long-term time series.

MATERIALS AND METHODS

Field Sampling
Up to 21 monitoring stations were visited every year between
2009 and 2017 (except for 2013) in the area at and around
the LTER observatory HAUSGARTEN, i.e., between 78.0◦N
and 79.9◦N, and 2.8◦E and 11.1◦E, with the research
vessel POLARSTERN during eight cruises (Figure 1 and
Supplementary Table S1). Field samples were always collected
in summer (June–August) between the surface and 100 m depth.
At selected stations, deep profiles were recorded and samples
collected down to 2500 m depth. A rosette sampler, equipped
with a SEA-BIRD CTD system and 24 Niskin bottle (12 L), was
used to determine depth profiles of temperature and salinity, and
to collect seawater from defined depths. Subsamples were taken
in PE bottles and processed on board immediately after sampling
as described below. Hydrographic data for this period, including
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seawater temperature and salinity, were retrieved at PANGAEA.
Since not all stations were visited each year, the numbers of
samples varied between the years (Supplementary Tables S1).

Chlorophyll a
For Chlorophyll a (Chl-a), 0.5 – 2 L seawater were filtered
onto glass fiber filters (Whatman GF/F) under low vacuum
(<200 mbar). The filters were stored frozen at −20◦C until
analysis. Pigments on the filters were extracted with 5–
10 ml of 90% acetone. Therefore, filters were sonicated in
an ice bath for <1 min, and further extracted for 2 h in
the refrigerator. Prior to measurement, they were centrifuged
for 10 min at 5000 rpm at 0◦C. Chl-a concentration was
determined fluorometrically (Turner Designs), together with
total phaeophytin concentration after acidification (HCl, 1.0 N)
slightly modified to the methods described in Edler (1979) and
Evans and O’Reily (1980), respectively. The standard deviation of
replicate test samples was <10%.

Satellite-Derived Chlorophyll-a
Concentrations
Satellite Chl-a concentrations, for the months April to August
2009 to 2017, were taken from the CMEMS Arctic product
version 31. The data product is provided at 0.01 × 0.01 deg (ca.
1 × 1 km) pixel resolution and is based on the ESA Ocean Color
Climate Change Initiative Remote Sensing Reflectance [merged,
bias-corrected Remote Sensing Reflectance (Rrs); details see
Sathyendranath et al., 2012] data, which are used to compute
surface Chl-a (mg m−3). The Rrs data are generated by
merging the data from SeaWiFS (Sea-viewing Wide Field-of-view
Sensor on Orb-View-2), MODIS (Moderate resolution Imaging
Spectrometer on Aqua) and MERIS (Medium Resolution
Imaging Spectrometer on ENIVSAT) sensors and realigning the
spectra to that of the SeaWiFS sensor. Chl-a concentration is
estimated from the OC5ci algorithm, a combination of OCI
(Hu et al., 2012) and OC5 (Gohin et al., 2008), developed
at Plymouth Marine Laboratory (PML). Detailed description
of the product and its calibration and validation given in the
associated validation reports and quality documentation (see text
footnote 1). The 8-days average products within 78.42◦N–79.5◦N
and 2.27◦E–6.2◦E were analyzed for the mean, median, and
standard deviation within the entire region. Following the
method described in Nöthig et al. (2015), we determined the start
and the end of a bloom for the chl-a satellite data set using a
threshold value of 0.85 mg/m3 chl-a.

Particulate Organic Carbon
For particulate organic carbon (POC), aliquots of 1 to 6 L
of seawater were filtered at low vacuum (<200 mbar) onto
combusted (4 h at 500◦C) GF/F filters (pore size: 0.7 µm). Filters
were stored frozen (−20◦C) until analysis. Prior analysis, filters
were soaked in 0.1 N HCl for removal of inorganic carbon and
dried at 60◦C. POC concentrations were determined with a Carlo
Erba CHN elemental analyzer.

1http://marine.copernicus.eu

Dissolved Organic Carbon
For dissolved organic carbon (DOC) duplicate samples of
20 mL seawater were filtered through combusted GF/F filters
and collected in combusted glass ampoules. Samples were
acidified with 80 µL of 85% phosphoric acid, flame sealed
and stored at 4◦C in the dark until analysis. In 2017,
samples were filtered through 0.45 µm GMF filters and
acidified with 20 µL of 30% hydrochloric acid, flame sealed
and stored at 4◦C in the dark until analysis. DOC samples
were analyzed by high-temperature catalytic oxidation (TOC
-VCSH, Shimadzu) (Sugimura and Suzuki, 1988) using the
modified protocol of Engel and Galgani (2016). The DOC
concentration was determined in each sample out of 5 to 8
replicate injections. Replicate measurements varied with 2%
standard deviation.

Bacterial Cell Abundance
Bacteria were counted by flow cytometry (FACS Calibur,
Becton Dickinson) according to Gasol and del Giorgio (2000).
Briefly, 4.5 mL were fixed with 25% glutaraldehyde (1% final
concentration), and stored at −20◦C until analysis. Immediately
before analysis, samples were sonicated for 5 s, and filtered
through a 50 µm mesh. Cells in 400 µL of sample were
stained with the DNA-binding dye SybrGreen I (Invitrogen).
The flow of the cytometer was calibrated with solutions of
fluorescent latex beads [TruCount BeadsTM (BD) and the
Flouresbrite

R©

fluorescent beads (Polyscience, Inc., Warrington,
PA, United States)]. Fluorescent beads were also added to each
sample as an internal standard. The detection limit was 34 cells
per 1 mL of sample and measurement error associated to
this method was 2%.

Data Analysis
Average values are given by their median value and standard
deviation unless otherwise stated. Depth integrated values
for the water column (0–100 m) were calculated by linear
interpolation of values obtained at 4–6 sampling depths in the
range 5–100 m. Concentrations in the water column above the
first value and below the last were assumed to be equal to
the first and last value, respectively. Kruskal-Wallis One Way
Analysis of Variance on Ranks and non-parametric post hoc
pairwise multiple comparison (Dunn’s Test) were applied for
analysis of inter-annual variability. Statistical tests in data analysis
have been accepted as significant for p < 0.05. Calculations,
statistical tests and illustration were performed with Microsoft
Office Excel 2010, Sigma Plot 12.0 (Systat), Ocean Data View
(Schlitzer, 2015).

RESULTS

Physical Conditions at the Study Site
Considering the full period (2009–2017), seawater temperature
in the upper 100 m of the water column ranged between −1.726
and 8.622◦C, and salinity between 30.149 and 35.533 (data not
shown). Adopting water mass classification for the region (Amon
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FIGURE 2 | Average (mean) chlorophyll a (Chl-a) concentrations during the period April–August from 2009 to 2017 as derived from satellite data (the standard
deviation is indicated by the shaded area). Periods of the 1st bloom and the 2nd blooming time within a year (mean value above 0.85 mg/m3 chl-a concentration) are
indicated by dark and light green lines, respectively. Periods of campaigns are indicated by gray bars. Chl-a concentration averages are based on 8-days average
products within the HAUSGARTEN area (78.42◦N–79.5◦N and 2.27◦E–6.2◦E).

et al., 2003), both temperature and salinity in our data set were
apparently influenced by the West Spitsbergen Current (WSC),
carrying warmer (>3◦C) and more saline (>34.90 ppt) North-
Atlantic waters poleward, and by the East Greenland Current
(EGC), transporting cooler and fresher Polar Waters to the
South. Polar Waters is a practical definition and includes all
waters with salinity <34.7 and temperature <0◦C. Since organic
carbon production in the ocean is closely connected to primary
production, we analyzed phytoplankton biomass as indicated
by Chl-a concentration from April to August, using remote
sensing data obtained from SeaWIFS, MODIS, and MERIS
(Figure 2). At the beginning of our time series (2009–2011),
two blooms per year were regularly appearing, while the second
blooms were absent or only there for a week in the more
recent years. The duration of the first bloom was between three
(minimum: 2011) and eleven (maximum: 2012) weeks with an
average of seven weeks. The 2nd bloom’s duration, if appearing,
was one (in 2012, 2014, 2016), two (2009), six (2010), and
seven (2011) weeks.

In general, from 2010 to 2017, seawater sampling during the
cruises was conducted after occurrence of the phytoplankton
biomass peak, as suggested from Chl-a concentration averaged
over the HAUSGARTEN sampling-area (Figure 2). In those
years, phytoplankton blooms, i.e., >1 µg Chl-a L−1, typically
peaked in early June. Only in 2009, the time of sampling
coincided with highest area-averaged Chl-a concentration
during that year, albeit concentrations in 2009 were lower
than maximum concentrations in other years. In general,
the spatial coverage of phytoplankton blooms was also

larger during the month of June (sometimes also in July;
Figure 3), while in 2009 high Chl-a concentrations in
the HAUSGARTEN area were observed later in summer
(July and August).

Variability of Organic Carbon
Concentration
Dissolved Organic Carbon (DOC)
Overall, DOC concentration in the upper 100 m of the water
column ranged between ∼40 and 170 µmol L−1 (n = 643)
(Figure 4A and Table 1). Highest concentrations were observed
within the upper 20 m, declining slightly to 30 m. Considerable
variability was still observed at 100 m ranging between 40 and
95 µmol L−1. In general, observed values lie within the range of
previously determined DOC concentrations for the Fram Strait
(Amon et al., 2003). Variability of DOC concentration clearly
decreased below 250 m depth. Two deep profiles recorded in
2016 showed relatively stable DOC concentration between 250
and 2500 m of 52± 2 µmol L−1 (n = 10) (Figure 5A). This value
is higher than the lowest values recorded for the upper 100 m of
the water column in other years (Figure 4A) and may indicate
deep export of water with higher DOC concentration, e.g.,
waters of polar origin, and/or processes leading to lowered DOC
concentration in the surface ocean, such as DOC adsorption
onto particles. DOC concentrations at the two deep stations in
2016 strongly increased toward the surface with highest values of
82–88 µmol L−1 determined at 5 m depth. This indicates that
DOC concentration at the immediate sea surface may clearly
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FIGURE 3 | Spatial variability of satellite derived Chl-a concentration (mg m−3) in the Fram Strait during summer months (June–August) when sampling has been
conducted. No cruise was conducted in 2013; data not available for 2017. Land area is indicated by dark gray shade, cloud coverage by lighter gray.
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FIGURE 4 | (A,B) Depth distribution of DOC and POC concentrations in the HAUSGARTEN area including all data obtained from 2009 to 2017. Solid symbols:
mean values ± 1SD calculated for rounded up depths.

exceed DOC values typically recorded at 10 or 20 m depth
by CTD sampling.

There was a pronounced inter-annual variability of DOC
concentration with annual average values ranging from
59 ± 8 µmol L−1 in 2015 to 73 ± 24 µmol L−1 in 2016
(Figure 6A). No clear trend in DOC concentration was
observed over the study period. However, differences in DOC
concentration between years were statistically significant
(p < 0.001), indicating a major control of DOC concentration by
biological and/or physical factors in the surface ocean. The year
2016 stood out as the year of highest median DOC concentration
of 73 µmol L−1 and highest data variability (n = 86) with ∼25%
of all data >100 µmol L−1. In contrast, only little variability was
observed in 2014 with DOC concentrations ranging from 56 to
73 µmol L−1. However, the number of observations in 2014 of
n = 27 was also lowest. Some years were not significantly different
from each other, as revealed by multiple pairwise comparison
of individual years. Specifically, the 2 years with highest DOC
concentrations (2010, 2016) were not significantly different from
each other as were the years with lowest DOC concentrations
(2012, 2014, 2015, 2017). Annual minimum DOC concentration
ranged between 40 µmol L−1 in 2017 and 59 µmol L−1 in
2016, not higher than deep DOC concentrations at 2500 m. This
indicates a minimum DOC background concentration in order
of 40 µmol L−1.

Particulate Organic Carbon (POC)
POC concentration in the upper 100 m ranged between 1
and 92 µmol L−1 (average: 13 ± 14 µmol L−1, n = 585)
(Figure 4B and Table 1) and was on average equivalent to
18 ± 23% of DOC concentration (range 1–190%). Like for

DOC, concentration of POC decreased with depth, but showed
a more pronounced decrease below 30 m, where average
POC concentration decreased from ∼20 µmol L−1 to values
<10 µmol L−1. Deep profiles recorded in 2016 also showed
little variation for POC concentration below 250 m with an
average concentration of 2.59 ± 0.86 µmol L−1 (Figure 5B).
POC concentrations were highest in surface waters yielding
20–30 µmol L−1 at 10–20 m depth. Overall, when compared
to the Redfield C:N ratio of 6.6, organic particles were only
slightly enriched in carbon yielding a mean of 7.94 ± 4.18
(n = 546). This indicates that particles contained relatively
fresh organic matter.

Substantial inter-annual variability was observed for
POC concentration also, with median values ranging from
9 ± 8 µmol L−1 in 2017 to 20 ± 10 µmol L−1 in 2010
(Figure 6B and Table 1). Thus, highest average concentrations
for POC did not coincide with those of DOC, although similar
patterns were observed, like higher concentrations in 2016
compared to the previous and following year. Minimum
concentration of POC during each sampling campaign ranged
between 1 and 3 µmol L−1, indicating a very small pool of
refractory POC, if any.

POC includes algal biomass that is often quantified by
the concentration of Chl-a. Chl-a concentration in the
HAUSGARTEN area ranged between the detection limit
and 7.40 µg L−1, with an overall average of 0.51 ± 0.97 µg L−1

(Table 1). High average Chl-a concentration was observed in
2009 and 2012. Absolute highest Chl-a concentrations were
recorded at discrete stations in 2016, although average Chl-a
concentration in that year was only 0.39 µg L−1, and therefore,
below average of the observational period. In general, 2016 was
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80 the year of highest variability of Chl-a concentration as also
observed for DOC concentration.

Water-Column Integrated
Pools of Organic Carbon
Integrated organic carbon concentrations in particulate and
dissolved pools (0–100 m) accentuated the strong inter-annual
variability of POC and DOC concentrations (Figures 7A,C and
Table 1). Variability in water-column integrated data during
the sampling campaigns, as indicated by total box height as
well as by error bars, reflects the spatial heterogeneity of
the systems. Accordingly, highest spatial heterogeneity was
observed in the years 2010–2012 for both DOC and POC. In
general, POC comprised between 6 and 49% of total organic
carbon (TOC) (Figure 7D). While stocks of DOC and Chl-
a showed no significant trend over time (Figures 7A,B),
the amount of POC in the upper water column significantly
decreased over the years (r = −0.41, n = 105, p < 0.0001)
(Figure 7C), resulting in a significant decrease of [POC]:[Chl-
a] ratios (r = −0.30, n = 102, p < 0.001; data not shown).
In particular, depth-integrated POC values were highest during
2010–2012 and lowest in 2015 and in 2017. Along with the
decrease in POC, a significant decrease of [POC]:[TOC] over
time was observed (r = −0.42, n = 98, p < 0.0001) as well
as a lower variability of [POC]:[TOC] in the years 2015–
2017 (Figure 7D). This indicates a decreasing contribution of
particulate carbon to total carbon over the observational period.
Although depth-integrated values of Chl-a did not show a
significant trend over time themselves, they were significantly
related to POC (r = 0.52, n = 125, p < 0.001), indicating
that changes in algal biomass were involved in the decline
of POC over time.

Potential Controls of POC and DOC in
the Fram Strait
Although all field campaigns in the eastern Fram Strait were
carried out in summer, the timing of sampling varied slightly
over the 8 years of observation, namely between the end of
June and mid of August (Figure 2, Supplementary Figure S1,
and Supplementary Table S1). As seen from satellite data,
phytoplankton biomass clearly varies within summer, with
phytoplankton blooms being more likely in June (Figures 2, 3).
We therefore examined whether intra-seasonal variations in
the time of sampling affected the amounts of DOC, POC and
Chl-a in the upper water column (Figures 8A–D). Indeed,
the day of sampling (Julian Day, JD) significantly correlated
with the amount of DOC (r = −0.44, p < 0.001; n = 126)
and became even more pronounced with the amount of POC
(r = −0.55, n = 105, p < 0.001) in the water column, partly
explaining the overall decline in [POC]:[TOC] (r =−0.44, n = 98,
p < 0.001). High variability in DOC and POC concentrations,
observed in 2010 and in 2012, could not be explained by day of
sampling. In contrast to organic carbon, no significant correlation
between time of sampling and Chl-a concentration was observed.
However, variability in Chl-a concentration was highest between
JD 180 and JD 210, reflecting higher spatial heterogeneity in
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FIGURE 5 | (A,B) Deep profiles of DOC and POC concentrations observed in 2016 at the HAUSGARTEN stations S3 and HGIV.

FIGURE 6 | (A,B) Inter-annual variability of DOC and POC concentration in the HAUSGARTEN area. Box plots show 25–75th percentile of data within the box, error
bars 10th and 90th percentile, outlying data as well as the mean (red line) and median values.

phytoplankton distribution during June and July as also seen in
the satellite data (Figure 3).

In addition to temporal variability, substantial spatial
variability was observed for DOC and POC concentration and
illustrated for one latitudinal and one longitudinal section located
between 78.5–80◦N and 4–6◦E and between 78.8–79.2◦N and
2–12◦E (Figure 1), considering data from all years. In general,
spatial patterns of low salinity and low temperature coincided
with high DOC concentration, not only in the near surface
waters (<20 m) but also at larger depth. Along the latitudinal

transect, lower salinity in the near surface waters coincided
with colder temperature west of 5◦E and with higher DOC
concentrations at depth >20 m (Figure 9). Along the longitudinal
transect this co-occurrence of low temperature, low salinity
and high DOC concentration was most pronounced between
79◦ and 79.5◦N (Figure 10). Overall DOC concentration was
significantly negatively related to temperature (r = −0.21,
n = 670, p < 0.001) and to salinity (r = −0.27, n = 474,
p < 0.001). No correlations with temperature or salinity were
observed for POC concentration. In general, POC concentration
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FIGURE 7 | (A–D) Inter-annual variability of integrated (0–100 m) DOC (A), Chl a (B), and POC (C) concentration as well as the percentage of POC in TOC (D) in the
HAUSGARTEN area from 2009–2017. Box plots show 25–75th percentile of data within the box, error bars 10th and 90th percentile, outlying data as well as the
mean (red line) and median values.

FIGURE 8 | (A–D) Relationship between integrated DOC (A), Chl-a (B), and POC (C) concentration and the Julian day (JD) of sampling as well as the ratio of POC
to TOC (D). Color code of years: black (2009), red (2010), green (2011), yellow (2012), blue (2014), pink (2015), turquoise (2016), gray (2017). Dashed lines represent
the 95% confidence interval of the regression, solid lines the 95% confidence interval of the data population.
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FIGURE 9 | (A–D) Spatial variability of salinity, temperature, DOC, and POC concentration along the ∼79◦N latitude during 2009–2017 (merged data).

was highly correlated with Chl-a concentration (r = 0.70,
n = 597, p < 0.0001), while correlations between DOC and Chl-
a concentrations were less pronounced, albeit still significant
(r = 0.23, n = 620, p < 0.001).

Although DOC is the main substrate for heterotrophic
bacteria, which overall varied between 3.3 × 105 cells mL−1

and 11.3 × 105 cells mL−1 (Table 1), no significant
correlation was observed between bacterial abundance and
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FIGURE 10 | (A–D) Spatial variability of salinity, temperature, DOC, and POC concentration along the ∼5◦E longitude during 2009–2017 (merged data).

DOC concentration over the total observational period.
Instead, high DOC concentrations coincided with low
bacterial abundance in waters <4◦C, whereas, higher bacterial
abundance was observed mainly in seawater >4◦C regardless

of DOC concentrations, indicating that water mass origin
and temperature strongly impacted the coupling between
DOC and bacteria in the Fram Strait (Figure 11). Thereby,
DOC concentration and bacterial abundance at <4◦C and
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FIGURE 11 | Dependency of DOC concentration (A) and bacterial abundance on (B) seawater temperature in the upper 100 m water column of the HAUSGARTEN
area. Box plots show 25–75th percentile of data within the box, error bars 10th and 90th percentile, and median values; DOC: n = 296 for <4◦C, n = 322 for >4◦C;
bacteria: n = 254 for <4◦C, n = 272 for >4◦C.

>4◦C differed significantly (Mann-Whitney Rank Sum Test,
pDOC < 0.001, pbacteria < 0.0001). No significant correlations
between DOC and bacterial abundance were observed within
water masses of temperatures <4◦C or >4◦C either. Instead,
bacterial abundance was significantly correlated with Chl-a and
POC concentration in waters >4◦C (r = 0.23, n = 302, p < 0.001).

DISCUSSION

Biological formation of organic carbon is the initial step in a series
of processes that controls CO2 storage in the ocean, herewith the
rate of exchange of CO2 between the ocean and the atmosphere
and may ultimately affect global climate. The Arctic Ocean has
been assessed as a net sink of CO2 at present day (Bates and
Mathis, 2009), but predicting future carbon cycling requires a
good understanding of the processes involved and their responses
to environmental change, as well as profound knowledge of
temporal variability in carbon pool size.

Our study focused on surface ocean organic carbon pools, i.e.,
DOC and POC, during the summer season in the Fram Strait
and demonstrated a substantial spatial and temporal variability.
Main factors identified to drive variability in the amount of
DOC in this study were temperature and salinity, as colder
and less saline Polar Waters entering the Fram Strait from

the North via the East Greenland Current, have higher DOC
concentration than Atlantic water masses carried by the West
Spitsbergen Current (Amon et al., 2003). Our findings are thus
in good accordance with previous observations in the Fram Strait
(OpsahlL and Benner, 1999; Amon et al., 2003). Higher DOC
concentrations in Polar Waters are due to an enhanced load of
terrigenous compounds, mainly humic substances that enter the
central Arctic Ocean through large river systems, e.g., Ob, Lena,
Kolyma, Yukon, and Mackenzie (Kattner et al., 1999; Anderson
and Amon, 2015). Humic substances are less bioavailable than
autochthonous DOC mainly derived from primary production.
The contribution of terrigenous substances in the DOC pool
of the Fram Strait by Polar Waters may explain why we found
no direct relationship between DOC concentration and bacterial
abundance in our dataset. Nevertheless, the amount of DOC
in the upper 100 m was significantly correlated to the day of
sampling and presumably declines over the summer season,
with a slope similar to that of POC. This and the observed
correlation between DOC and Chl-a concentration indicate
that, in addition to the terrigenous input, DOC concentration
in the Fram Strait is controlled by the pelagic ecosystem.
Experimental studies suggest that bacteria can utilize DOM of
Polar Waters, particularly when temperature rises (Bussmann,
1999; Piontek et al., 2015). Thus, mixing of Polar Waters with
warmer Atlantic waters in the Fram Strait may enhance bacterial
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consumption of DOC, further stimulated by the production of
fresh DOC over summer. However, a more targeted molecular
analysis identifying the autochthonus and labile DOC fraction
would be required, in order to understand microbial cycling
of the DOC pool.

POC concentration in the upper water column of the Fram
Strait was clearly related to plankton, primarily phytoplankton
growth, partially explaining spatial and temporal variability.
However, in contrast to Chl-a, our data revealed a decline
in the amount of POC over the years 2009–2017. Since
the amount of POC also declined with the JD of sampling,
we cannot separate intra-seasonal from inter-annual variability.
The observed decline of POC concentration over the years
2009–2017 may simply reflect changes in the ecosystem over
summer, such as enhanced growth limitation of phytoplankton
by inorganic nutrients, changes in phytoplankton community
composition, or in heterotrophic feeding activity. In contrast
to POC and DOC, no clear decline in depth-integrated
Chl-a concentration was observed, neither for the summer
season nor for the total period. One explanation may be a
seasonal shift to species with a lower [POC]:[Chl-a] content,
or a physiological acclimation. i.e., photoadaptation, of cells
responding to decreasing light intensity, e.g., after solstice
on June 21 or inter-annual variability in radiation during
summer, with increasing Chl-a production (Morgan and Kalff,
1979). Yet, we cannot rule out that the observed POC decline
occurred independently of intra-seasonal variation, and was
induced by climate changes. Seasonal progression of the pelagic
ecosystem over summer partly resembles effects expected for
warming scenarios. A recent model study investigated a warming
event in the Fram Strait, with a resulting shift from diatoms
to flagellates, and indicated an ecosystem change toward an
increase in the microzooplankton abundance, and thus a
switching of other zooplankton feeding from herbivory to
omnivory, detritivory and coprophagy (Vernet et al., 2017).
Rising temperature has been suggested to shift carbon pathways
and the partitioning from particulate to dissolved pools
(Wohlers et al., 2009; Kim et al., 2011; Vernet et al., 2017).
Also, a decrease in cell size of phytoplankton communities
has been attributed to warming (Sommer and Lengfellner,
2008) and may affect POC concentration more than Chl-
a concentration (Geider, 1987; Wohlers-Zöllner et al., 2012).
In addition, an earlier on-set of phytoplankton growth due
to the changing ice scape may result in a temporal shift of
phytoplankton biomass peaks already under the ice and lead
to earlier peaks of the associate POC concentration (Assmy
et al., 2017). It is indeed likely that the observed changes
in the POC pool reflect climate induced changes in the
Fram Strait that have been reported for the phytoplankton
community composition during ice-free summer months, i.e.,
the shift from diatoms to flagellates (Nöthig et al., 2015) and
a stronger activation of the microbial loop, leading to higher
heterotrophy but surprisingly not to a reduced carbon export flux
(Vernet et al., 2017).

Clearly our study underlines the need for a better resolution
of seasonal changes in Arctic ecosystems as scientific basis
to identify inter-annual or even decadal variability. New

observational approaches and instruments are needed to cover
the annual cycle with much higher temporal resolution, in order
to capture the onset, peak and fate of biological production.
A coupling of high frequency biological, chemical and physical
observations will help to disentangle controls and consequences
of environmental change, especially in remote and rapidly
changing areas such as the Arctic, where data coverage has been
impaired by accessibility. For organic matter, measurements of
the optically absorbing and fluorescing fraction of DOM, i.e.,
colored and fluorescent dissolved organic matter (CDOM and
FDOM), have demonstrated a strong correlation with DOC
concentration for the Arctic Ocean (e.g., Stedmon et al., 2011;
Goncalves-Araujo et al., 2015), and to give proxies for water
masses in the Greenland Sea (Stedmon et al., 2015; Goncalves-
Araujo et al., 2016). The further spectral resolution development
of FDOM and also backscattering sensors to be mounted to
autonomous platforms in the Arctic Ocean can help to resolve
the variability of DOC and POC on larger temporal and spatial
scale and may give insight into autochthonus sources of DOM
(Romera-Castillo et al., 2011; Loginova et al., 2016). However,
sensor measurements still need to be evaluated regularly and
carefully, with discrete measurements of parameters directly
assessing the different components of the carbon pool. This
requires discrete ship-based observations, such as those currently
undertaken by national and international efforts [e.g., FRAM
(Soltwedel et al., 2016), Distributed Biological Observatory
(DBO; Moore and Grebmeier, 2018), Changing Arctic Ocean
(CAO)2, and the MOSAiC campaign starting in fall 2019]3.
In order to understand the impact of a changing physical
environment on ecosystem dynamics and carbon cycling,
we urgently need to close the knowledge and data gap on seasonal
variability in the Arctic.
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