
ORIGINAL ARTICLE

Middle to late Holocene paleoproductivity reconstructions
for the western Barents Sea: a model-data comparison

Irene Pathirana1,2 • Jochen Knies1,3 • Maarten Felix4 • Ute Mann5 •

Ingrid Ellingsen6

Received: 24 August 2015 / Accepted: 13 October 2015 / Published online: 30 November 2015

� The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract In this study we focus on late Holocene primary

productivity (PP) variability in the western Barents Sea and its

response to variable sea ice coverage by combining PP

reconstructed from several sediment cores with regional PP

trends simulated with a well-constrained organic facies

model, OF-Mod 3D. We find that modern production rates

reconstructed from buried marine organic matter (‘‘bottom-

up’’) resemble simulated export production at 50 m water

depth inferred from numerical simulations of surface water

PP in a 3D ocean model, SINMOD (‘‘top-down’’). Paleo-

productivity rates in the northern Barents Sea are more vari-

able and generally higher (30–150 gC m-2 year-1) than in

the SW Barents Sea region (\75 gC m-2 year-1) throughout

the last 6000 years BP. In the SW Barents Sea, PP rates and

terrestrial organic matter (TOM) supply remain constantly

low indicating present-day-like oceanographic conditions

with only marginal influence of sea ice related processes

during the last 6000 years BP. PP rates in the northern Barents

Sea indicate a shift from stable modern-like conditions prior

to 2800 BP to denser, more permanent sea ice coverage along

the marginal ice zone (MIZ) between 2800 and 1000 years

BP and low PP rates. PP rates increase around 1000 years BP

indicating a northward shift of the MIZ and accelerated export

towards the seabed. During the last 500 years a pronounced

decline in PP rates towards the present day indicates reduced

annual duration of the MIZ in the area due to global warming.

Our results suggest that a combination of first-year ice and

higher PP in a warming pan-Arctic may point to a potential

Arctic carbon sink while sea ice is still present.
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Introduction

The recent decline in Arctic sea ice cover has been

attributed to numerous factors including Arctic temperature

rise, changes in atmospheric circulation patterns, and

enhanced warm water advection (e.g. [7, 10, 54, 63], as

well as combinations of these factors. The effect of

shrinking sea ice and its associated feedbacks on both

Arctic marine and terrestrial ecosystems are currently a

matter of intense debate (e.g. [19, 42, 55, 56]. One aspect

that remains poorly understood is the effect of climate

change for pan-Arctic marine primary production, and

different scenarios have been suggested.

Primary production refers to the generation of organic

carbon through photosynthesis by algae in the upper water

column and is generally light and nutrient limited (e.g.

[50]. Total or gross primary production (GPP) can be

divided into regenerated production and new production.
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New production is production based on allochthonous

nutrients from outside the euphotic zone (e.g. from

upwelling, admixture of nutrient-rich deep water, wind-

induced mixing). Phytoplankton blooms (e.g. along the ice

edge in the marginal ice zone (MIZ) in spring) are new

productions. Regenerated production is production sus-

tained by recycled nutrients from within the euphotic zone.

The flux of organic matter that sinks out of the euphotic

zone and is potentially available for burial in the sediments

is referred to as export production and is limited by the

amount of new production. On timescales longer than

1 year new and export production are balanced (see e.g.

[49, 50] and references therein). Primary production

reconstructed from sedimentary parameters (‘‘bottom-up’’)

refers usually to total primary production at the sea surface.

On the other hand, primary production from biological and

oceanographic parameters (‘‘top-down’’) is usually pre-

sented for the euphotic zone whose depth varies with

season and follows the halocline/pycnocline (deep winter

layer, shallow spring and summer layer).

The Barents Sea is regarded as one of the most productive

Arctic shelf regions with annual mean production of

102 gC m-2 year-1 [45]. There have been various efforts in

the oceanography community to quantify and predict marine

primary production in the Barents Sea and the Arctic Ocean

through in situ measurements (e.g. [33, 46]), satellite data

(e.g. [8]), ocean models (e.g. [72]) or a combination of these

(e.g. [36] and references therein). In situ measurements

report values between 38 and 538 gC m-2 year-1

(103–1475 mgC m-2 day-1 [20], and references therein).

Dalpapado et al. [8] determined new production (NPP) in the

Barents Sea from satellite data and an ocean model and found

the highest NPP in the Atlantic sector (113 gC m-2 year-1),

lowest NPP in the Arctic sector (30 gC m-2 year-1) and

intermediate NPP in the MIZ (44 gC m-2 year-1).

Amongst the possible responses to global warming,

numerous studies have suggested increased primary pro-

duction in the Arctic (e.g. [2, 18, 69]. Longer ice-free

periods during summer may allow more heating of the upper

water masses, which, in turn, may increase stratification and

suppress the upward mixing of nutrients into the photic

zone. On the other hand, enhanced wind stress due to less sea

ice fosters upwelling of nutrients and counterbalances the

effect of increased stratification [19]. The interplay between

sea ice thickness and duration with solar insolation and heat

is responsible for the timing of ice algal and phytoplankton

blooms [31]. Reduced sea ice leads to decreased albedo and

additional heat input into the ocean [41]. This provides an

increased area for algal growth and a longer growing season

leading to increased production [2, 11]. Earlier blooms are

not limited by grazers and the potential for higher vertical

flux to sediments is increased [22, 37]. The overall effect of

these counteracting processes is as of yet unclear. ‘‘Top-

down’’ modelling of Barents Sea and pan-Arctic primary

productivity in future climate scenarios suggests an overall

increase of GPP in the Arctic regions due to decreasing ice

coverage, more open water, and a northward shift of nutri-

ents [11, 59]. Ellingsen et al. [11] found an 8 % increase in

average primary production (due to higher production in the

northern Barents Sea) in a future projection for the period

from 1995 to 2059 (IPCC B2 scenario) using the 3D ocean

model SINMOD. Regionally, however, overall GPP in the

SW Barents Sea Atlantic Water (AW) sector is projected to

decrease [59], alluding to the importance of sea ice in the

system. The MIZ region is characterized by first-year ice

that forms in winter, collects sediment, and melts in spring

leading to the well-known phytoplankton blooms and high

productivity [51, 72].

To improve the understanding of the impact of shrinking

Arctic sea ice on marine productivity, reconstruction of

productivity during past periods of variable sea ice coverage

is especially important. Paleoproductivity (PP) reconstruc-

tion for the last 100 years from organic carbon burial in

Storfjorden, southern Spitsbergen, shows a negative corre-

lation to shrinking sea ice and increasing air temperatures

[76]. This suggests that less sea ice in the Barents Sea may

not cause an increase in marine productivity contrary to what

is suggested by Ellingsen et al. [11]. This negative PP trend is

likely explained by a reduced annual duration of the marginal

ice zone in the Storfjorden due to global warming. It has been

shown that the proximity of the marginal ice zone (MIZ) and

enhanced nutrient supply during sea ice melting sustain high

productivity in surface waters [12, 45, 72].

In the present study we focus on late Holocene PP

variability in the western Barents Sea and its response to

variable sea ice coverage. We combine PP reconstructed

from sediment core data and locally inferred temporal

trends with regional PP trends used as input in a well-

constrained organic facies model, OF-Mod 3D. The

regional PP distribution was determined so that simulated

organic carbon in sediments matched measured core val-

ues. Our ‘‘bottom-up’’ approach is able to shed light on the

importance of first-year ice in carbon production and draw-

down to the sediments compared to an ice-free Arctic

scenario. In addition we compare our simulated regional PP

distribution to simulations of modern surface water pro-

ductivity in the Barents Sea (SINMOD) and discuss dis-

crepancies between the two modelling results in the light of

the different modelling approaches.

Physiogeographic setting

Figure 1 gives an overview over the study region in the

western Barents Sea, including the surface currents, ice

extent, and locations of the sediment cores used in this
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study. The study region includes Bear Island and Spits-

bergen Bank, a shallow bank where water depth is\30 m

at its shallowest point. There are two deeper channels in

this region, Bear Island Trough (ca. 500 m deep) south of

Bear Island and Storfjorden Trough (ca. 250 m deep) south

of Svalbard. The two main water masses are the warm,

saline AW flowing into the Barents Sea from the southwest

and the cold, fresh Arctic water (ArW) entering the Barents

Sea from the northeast. The AW flows northward along the

shelf and branches out eastward into Bear Island Trough

while the ArW flows southwestward along the flanks of

Spitsbergen Bank. A detailed description of the water

masses and circulation regime can be found in Loeng [32].

The ArW from the northeast and the AW from the south-

west are separated by the Polar Front (PF), a mainly

topographically controlled density barrier that follows the

250 m isobaths [32]. The position of the PF also depends

on the relative strengths of the two water masses. The

Fig. 1 Map of the study area

with surface circulation (red

Atlantic Water (AW), blue

Arctic Water (ArW)), Polar

Front (after [32]), maximum

winter ice extent for the past

250 years [40], modeled area

(dash dot) and sample locations

indicated
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northern part of the study region is partially covered by sea

ice in the winter. Melting of the ice in spring and summer

together with increased insolation and heat leads to a

stratified water column in this marginal ice zone (MIZ) that

induces a phytoplankton bloom that follows the receding

ice edge northward [51].

Figure 1 and all following maps also show the maxi-

mum southernmost ice extent in the western Barents Sea

over the last 250 years to distinguish between the ice-in-

fluenced northern and ice-free southern part of the study

region. The ice edge is defined as the outer boundary for

30 % ice concentration based on Divine and Dick [9] (see

[40], for details).

Materials and methods

This study is based on the investigation of 2 gravity cores

and 5 multicore segments retrieved during various marine

research cruises in the Barents Sea between 2003 and 2010.

The cores were sub-sectioned and samples were frozen at

-20 �C until freeze-drying prior to analyses. The current

investigations are supplemented by published results from

Winkelmann and Knies [76] (multicore St1245) and

Risebrobakken et al. [48] (gravity core PSh-5159N). Core

JM10-10GC is referred to as JM10 in text and figures and

core R87MC006 as R87. Table 1 gives an overview over

the core locations, environments, dating methods, sedi-

mentation rates and main references for these cores.

Elemental analysis

Total organic carbon (TOC in weight percent, wt%) was

determined using a LECO CS 244 analyzer. Aliquots

(200 mg or 500 mg) of the samples were treated with 10 %

(volume) hydrochloric acid (HCl) at 60 �C to remove

carbonate and washed with distilled water to remove

excess HCl. Possible loss of organic material due to acid

leaching is not taken into account. For core JM10, 23

samples were measured in duplicate yielding a standard

deviation of 0.015 and 0.89 % relative error.

Stable isotope ratios of the organic carbon fraction

(d13Corg) and the nitrogen fractions were determined by

elemental analyzer isotope ratio mass spectrometry (EA-

IRMS) on a Europa Scientific RoboPrep-CN elemental

analyzer by Iso-Analytical, Crewe, UK, following the

Table 1 Overview over the core data used in this study (LSR = linear sedimentation rate in cm kyr-1)

Core References Lat.

N

Long.

E

Environment Water

depth

(m)

Core

length

(m)

Dating

method

Number

of dating

points

Average

LSR

(cm kyr-1)

Used

for

PP

R1MC85 Jensen et al. [24] 70.46 21.68 Fjord, Norwegian

coast, Atlantic and

Coastal Water

466 0.22 210Pb 1 210 No

R87MC006 Pathirana et al. [40]

Jensen et al. [25]

71.31 20.32 Open ocean, Atlantic

Water, ice free

240 0.21 14C
210Pb

1 4

80

Yes

No1

BASICC1 Vare et al. [68] 73.10 25.63 Open ocean, Atlantic

Water, ice free

425 0.37 210Pb 18 108.99 No

BASICC8 Vare et al. [68] 77.98 26.80 Open ocean, Arctic

Water, seasonally

ice covered

135 0.32 210Pb 14 103.50 No

St20 Pathirana et al. [40] 74.82 18.02 Polar Front, ice

margin, Atlantic

Water/Arctic Water

296 0.27 14C 2 63 Yes

St1245 Winkelmann and

Knies [76]

77.50 19.13 Fjord, Arctic Water,

seasonally ice

covered

180 0.29 14C

and
137Cs

4 186.95 Yes

PSh-5159N Risebrobakken et al.

[48]

71.37 22.65 Open ocean, Atlantic

Water

422 2.9 14C 11 44.85 Yes

JM10-10GC

(JM10)

Rasmussen and

Thomsen [43, 44]

for age model.

This study for

organic

geochemical data

77.41 20.10 Fjord, Arctic Water,

seasonally ice-

covered

123 4.02 14C 9 55 Yes
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procedure described in Knies et al. [27]. Values of d13Corg

were determined on decarbonated samples. Total nitrogen

was determined on aliquots of freeze-dried, homogenized

samples, while inorganic nitrogen was determined on

KOBr-KOH treated aliquots following Silva and Bremner

[57]. Twenty percent of the samples were measured in

duplicate with a standard deviation of 0.03 and a coeffi-

cient of variance of 1.68 %. Organic nitrogen was calcu-

lated as the difference between total nitrogen and inorganic

nitrogen.

Organic matter sources

Marine organic carbon (MOC) and terrestrial organic

matter (TOM) were distinguished in Barents Sea sediments

using a mixing model based on total organic carbon (TOC),

nitrogen content, and stable isotopes of organic matter

(d13Corg) [29, 40, 76] to define the endmembers of the

mixing model. For the purposes of this paper, the set of

Barents Sea surface samples of Knies and Martinez [29] is

used as the calibration data set and the endmembers

determined therein are used here. The terrestrial d13Corg

endmember is calculated from a linear regression analysis

of d13Corg versus Norg/TOC giving a value of -26.1 %,

which is within a window of known endmembers for ter-

restrial organic matter in the Arctic (e.g. [64], and refer-

ences therein). Knies and Martinez [29] showed that the

marine nitrogen endmember is represented by its organic

fraction, i.e. %Norg (of total) = 100 %, and a linear

regression analysis of %Norg and d13Corg gives a marine

d13Corg endmember of -20.1 % at 100 % Norg [29, 40].

We interpret these endmembers (from the surface sample

data set) as representative for the Barents Sea and use them

to calculate the terrestrial (TOM) and marine (MOC)

organic carbon fractions and to calibrate the organic facies

model.

Primary productivity reconstruction

Marine primary productivity (PP in gC m-2 year-1) for the

sediment cores is reconstructed based on the amount of

marine organic carbon only (MOC in wt%, determined as

described above), dry bulk density (DBD in g cm-3), linear

sedimentation rate (LSR in cm kyr-1) and water depth (z in

m). To calculate PP the following equation was used ([28],

and references therein):

PP ¼ MOC � 0:378 � DBD � LSR � z0:63

1 � 1

0:037 �LSR
1:5þ1

� �� �
0
B@

1
CA

0:71

ð1Þ

The PP equation (Eq. 1) used here on the core data

accounts for carbon flux through the water column and

processes affecting burial in the sediments (see [28, 35, 40]

for details on the equations).

OF-Mod 3D model set-up

OF-Mod 3D (Organic Facies Model 3D) simulates the

deposition and burial of organic carbon on a basin scale,

and is based on the interaction between inorganic and

organic basin fill, as well as preservation of organic

material [35]. Pathirana et al. [40] calibrated the OF-Mod

3D model in the Barents Sea by applying the organic

matter properties of a set of surface sediment samples. The

model was shown to be well-suited to investigate the

regional distribution of the organic carbon fractions (mar-

ine and terrigenous) beyond core control. The inorganic

basin fill is modelled based on the present-day bathymetric

depth and Holocene thickness maps (see [40], for details).

In OF-Mod 3D, the organic carbon is split into three dif-

ferent fractions: autochthonous marine (MOC), allochtho-

nous (higher plant-based) terrigenous (C-TERR), and

residual (soil/highly degraded) organic carbon [35].

The model grid consists of 125 9 200 square cells (cell

size 5000 m) and 15 vertical layers between 0 kyr (top

layer) and 10 kyr (bottom layer) between Norway and

Svalbard. In OF-Mod 3D, primary productivity (PP) is an

input function and is defined such that the surface sample

data set is reproduced. Throughout the study region, a low

background PP value (35 gC m-2 year-1) is used and the

processes related to the ice margin in the MIZ are repre-

sented by additional local PP input in the northern part

(50 gC m-2 year-1) giving a total PP of 85 gC m-2 -

year-1 in this region. This PP input reproduces a calibra-

tion data set in the study region (see [40] for details). This

PP is total PP and is shown in Fig. 7. The input of terres-

trial and residual organic carbon is directly controlled by

the presence of the MIZ and the proximity to the coast line.

The constants used in Eq. 1 and in the equations in OF-

Mod 3D are empirical. Most of the various equations

describing carbon flux and primary productivity that exist

were fitted to data using global datasets (see [13, 28] and

references therein for details). With shallower water

(\200 m) these relationships become more uncertain [35]

and for specific environments carbon flux and burial effi-

ciency may have to be adjusted [13]. OF-Mod 3D takes

decreased preservation in shallow water into account by

reducing the carbon flux (per default carbon flux in water

shallower than 75 m is a fraction of 0.15 of deep water

carbon flux). Here OF-Mod 3D was used with these default

carbon flux (CF) settings in the study region and the model

was able to reproduce the TOC and MOC distributions in

the Barents Sea well (Fig. 6 in Pathirana et al. [40] and

Fig. 5 of this paper).
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SINMOD set-up

One 3D ocean model that has been widely used for ‘‘top-

down’’ modelling of PP in the Barents Sea and Arctic

Ocean and to predict future scenarios is the coupled

hydrodynamic-ice-chemical-ecosystem model SINMOD

(e.g. [60, 71, 72]). SINMOD is a nested model with an

outer grid of 20 km and an inner grid of 4 km resolution.

Details about the setup of this particular model can be

found in Wassmann et al. [71] and references therein. For

this study, SINMOD was run for the year 2003 and GPP

and export production at 50 m water depth for our study

region was extracted.

Core chronologies

We have both AMS14C-dated cores and radiogenic iso-

tope dated cores available (Table 1). Sedimentation rates

show large differences between these two methods. To

compare PP variability, we apply only AMS14C-dated

cores, since the sedimentation conditions are better rep-

resented by AMS14C estimates than 210Pb for the last

6000 years BP: sedimentation rates calculated from

AMS14C dates are very similar to those determined from

sediment thickness maps of the Holocene sediments in the

Barents Sea [40]. Sedimentation rates are calculated

assuming constant sedimentation rates between consecu-

tive AMS14C-dated horizons. Sample ages are given in

calibrated (kilo) ages before present (cal (k)yr BP; pre-

sent = 1950 AD [65].

Results

Bulk organic properties

Figure 2 shows the organic carbon content (TOC), (C/N)org

ratio (TOC vs. Norg) and d13Corg profiles versus depth. TOC

content in all cores varies between 0.2 and 2.6 wt%. With

respect to TOC, there is limited downcore variability with

depth in the cores. The cores R87 and BASICC1 with the

lowest TOC contents of all cores show a gradual decrease

from the top to the bottom which likely reflects reminer-

alization during burial [17]. Along the open ocean core

transect (R87, BASICC1, St20, BASICC8), TOC content

increases from south to north. The (C/N)org ratios vary

between 6.9 and 23.9. There is a clear south–north divide

while downcore variability is low. The southern cores (R1,

R87, BASICC1) and St20 have low values (\10) which

suggests a high proportion of marine material in these cores

(e.g. [53]). The northern cores (St1245, BASICC8 and

JM10) have much higher (C/N)org values suggesting more

terrigenous material. d13Corg varies between -25.5 and

-21.8 % and the values also show a division between the

southern and northern cores. The southern cores (R1, R87,

BASICC1, St20, PSh-5159N) have values around

-22.5 % suggesting mainly marine material, whereas the

northern cores have values below -24 % indicative of

more terrigenous material. Downcore variability is low in

most cores except for a trend towards heavier values

towards the top of the cores.

Mixing model

Figure 3 shows the regressions used to obtain the end-

members of the mixing model to determine the organic

carbon fractions for the data set using values from Knies

and Martinez [29] and Pathirana et al. [40]. The regressions

of d13Corg versus Norg/TOC and %Norg and d13Corg of

Knies and Martinez [29] and Pathirana et al. [40] are

supplemented with down-core data from the cores in this

study, so that temporal variations are included. The new

regression reveals a close correspondence of the previous

and current terrestrial (-26.1 %) and marine (-20.7 %)

endmembers. This implies minimal variations with time

and gives confidence for using the endmembers from the

current data set on all cores.

Organic carbon composition and distribution

Figure 4 shows the marine (MOC) and terrestrial (TOM)

organic fractions as functions of depth calculated with the

two-endmember mixing model described above. JM10 has

a higher TOM content in the lower part of the core (1–2 m

core depth) compared to the top 0–1 m, whereas MOC

content varies little throughout the core. St20, located at

the edge of the MIZ and under the PF has the highest MOC

content. The fjord cores St1245 and R1 also have high

MOC content likely due to high accumulation rates and

high flux of organic carbon generally found in fjords (e.g.

[21, 62]). Lowest MOC content is found in both the ice

covered regions (core BASICC8) and the open ocean (core

R87). In contrast, TOM increases from south to north in the

Barents Sea with highest TOM in the ice-covered

(BASICC8) and fjord cores (St1245, JM10), intermediate

TOM in the MIZ (St20) to lowest values in the open ocean

(R87).

Figure 5 shows the OF-Mod 3D simulated marine

fraction compared to MOC in the top of the cores and the

surface samples. Modelled MOC is low in the AW region

south of the maximum ice extent and higher in the northern

part of the study region. MOC is higher in ice-influenced

regions and highest south of Spitsbergenbanken, in Hopen

Deep, and Storfjord Trough. Overall simulated MOC and

samples are of similar order of magnitude and the model is

able to reproduce the MOC content in the surface samples.
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There are only very few larger deviations between the

simulated values and the samples: in the north-eastern

study region east of Svalbard (BASICC8), in Hopen Deep,

and in the MIZ along the shelf break. BASICC8 has the

most severe ice-cover and shortest growing season in the

study region, explaining the low MOC content found in the

sediment core. Model resolution (5000 m 9 5000 m)

likely leads to mismatches between specific point values

and simulation results: OF-Mod 3D uses a combination of

water depth, distance to shore, and grain size to constrain

the calculated values. If the topography changes rapidly,

the values for the calculations in a grid cell may not be the

same as the values for the core location; such a mismatch

may well have led to an overall higher MOC content at this

location. Similarly the low MOC zone to the east of Hopen

Deep may extend further west, which may not be captured

in OF-Mod in this detail. Along the shelf break, the grain

size model may not be accurate enough to reproduce all

variations over short distances.

Overall OF-Mod 3D simulates the MOC content in the

samples well. Analogous to the evaluation of the model

set-up in Pathirana et al. [40], a comparison of residuals

(absolute difference between the model and the measure-

ments) and the samples (Fig. 6) shows a low R2 of 0.015

indicating no systematic trends or biases. This demon-

strates that our model is well-suited to reconstruct the

organic carbon content in the study region (see [40], for

further details on the model performance). This instills

confidence in the calculated regional PP distribution and

implies that the simulated PP trends are suitable for the

study region.

Primary productivity reconstruction

Figure 7 shows the reconstructed paleoproductivity (PP)

rates and terrigenous organic matter (TOM) content in all

AMS14C-dated cores over the past 6000 years BP. The

southern cores are situated in open water north of Norway,

Fig. 2 a TOC, b organic C/N ratio (TOC/Norg) and c d13Corg for the 8 cores plotted against depth. Note that JM10 is plotted on its own axis.

Note the south-to-north increasing trend in TOC for the open ocean cores
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Fig. 3 Regressions for the endmember mixing model using the

extended data set including surface samples from Knies and Martinez

[29], and Pathirana et al. [40], and core data from this study.

a determination of terrestrial endmember (arrowhead), b determina-

tion of marine endmember (arrowhead)

Fig. 4 Marine organic carbon

(MOC) and terrestrial organic

matter (TOM) content

calculated with the endmember

mixing model for the cores,

plotted against depth. Note that

JM10 is plotted on its own axis.

There is limited downcore

variability. Note the south-to-

north increasing trend in TOM

content for the open ocean cores

(R87, PSh-5159N, BASICC1,

St20, BASICC8). The fjord

cores (R1, St1245, JM10) show

more variability
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well south of the maximum ice extent in an area that is

entirely AW influenced under the modern circulation

regime (Fig. 1). Two cores from southern Spitsbergen

(St1245, JM10) and the MIZ (St20) show PP variability

over the last ca. 800 years. The open ocean cores (R87,

PSh-5159N) have the lowest calculated PP. In cores R87

and PSh-5159N, PP changes little downcore. The

northern cores JM10 and St1245 have maximum values

in the middle part of the core and a decrease towards the

top.

Figure 8 shows the primary productivity input in the

OF-Mod 3D model with which the organic carbon content

of the surface samples is reproduced. This PP distribution

will from here on be referred to as the OF-Mod PP. The

OF-Mod PP is low (\40 gC m-2 year-1) in the southern

AW region south of the maximum ice extent and high in

the ice-influenced northern part of the model region. The

highest PP (up to 100 gC m-2 year-1) is used in the MIZ,

especially above Spitsbergenbanken and the coastal areas

around the south of Svalbard. The reconstructed PP in the

core-tops (circles in Fig. 8), are of the same order of

magnitude as the OF-Mod PP input and the model and core

data agree well.

Figure 9a shows simulated gross primary production

(GPP) in the surface waters for the year 2003 using SIN-

MOD. Similar to many SINMOD predictions already

Fig. 5 Marine fraction modeled

using OF-Mod 3D compared to

core-top and surface sample

MOC. Areas with water

depth\50 m

(Spitsbergenbanken) are

indicated by the grid of vertical

white lines. The simulated and

calculated MOC values are of

similar order of magnitude and

show that the model is well-

calibrated to reconstruct the

organic carbon content in this

area. Note that there are no

core-top data for PSh-5159N.

Note the low MOC content in

the southern part of the model

region and highest values south

of Spitsbergenbanken, in Hopen

Deep and in Storfjord Trough

Fig. 6 Model performance evaluation using a regression of the

residuals (absolute difference between the model and sample data)

and the samples. The low regression coefficient indicates that there is

no systematic bias in the model
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published [11, 71, 72], the highest GPP ([100 gC m-2) is

shown to occur in the AW region south of the maximum

ice extent and along the shelf break, intermediate GPP in

the MIZ region (80–100 gC m-2) and lowest GPP in the

ArW region of the Barents Sea (\80 gC m-2). Low GPP is

also shown for Storfjorden. This is the opposite of our

reconstructed PP (both from cores and with OF-Mod 3D)

which has highest PP in the MIZ and lowest in the AW

region of our model region (Fig. 8, OF-Mod PP).

Figure 9b shows export production at 50 m water depth

in our study region predicted from SINMOD. This depth

was chosen because the highest vertical flux attenuation

tends to occur at the pycnocline in 30–50 m water depth

during peak bloom episodes [46]. Therefore export below

this depth should represent true export to depth and organic

matter potentially available for burial. In the western

Barents Sea, the lowest SINMOD-modeled export

(0–10 gC m-2) occurs in the seasonally ice-covered

northeastern ArW region and slightly higher export

(10–30 gC m-2) in the ice-free AW region. The highest

simulated export ([30 gC m-2) occurs in the MIZ region

south and north of Spitsbergenbanken, and off the southern

tip of Svalbard. This pattern is more similar to our OF-Mod

PP than surface water GPP (Fig. 8, OF-Mod PP).

Discussion

Modelling of primary productivity and export

production in the Barents Sea

The correspondence of our OF-Mod PP with the SINMOD

calculated export production rather than SINMOD GPP in

the study region in order of magnitude and distribution is

interesting and questions about potential reasons arise.

Apart from modelling differences in time and space scales,

resolution, and parameterization and approximation issues,

specific water column processes in the upper 50 m (ad-

vection, stronger regenerated production, etc.) may be

stronger than parameterized in the sedimentary models.

The difference between the OF-Mod PP and the surface

water GPP may be a suggestion that locally in the shallow

Barents Sea environment with low sedimentation rates and

strong current regime, the carbon flux equation used might

need to be changed.

Comparing GPP and export production in the water

column in Fig. 9a, b indicates that the SW Barents Sea is a

highly productive region but retains a large portion of the

biomass in the ecosystem and export to depth is low

(30–40 gC m-2 on average in the study region). These

Fig. 7 a PP and b TOM plotted

against age for the AMS 14C-

dated cores for the past

6000 years BP. Note the south

(R87, PSh-5159N) to north

(St20, JM10, St1245) trend in

increasing PP and TOM and the

higher PP variability in the

northern, Arctic Water

influenced cores
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results corroborate findings by Reigstad et al. [46], who,

using sediment traps, estimated that only 34 % of PP is

exported to depth and reaches the benthos in the southern

Barents Sea, compared to 47 % in the northern Barents

Sea. This is also the pattern that is reflected in our MOC

distribution (Fig. 5) and PP reconstruction (Fig. 8) with

Fig. 8 Simulated marine

productivity compared to core-

top PP. Areas with water

depth\50 m

(Spitsbergenbanken) are

indicated by the grid of vertical

black lines. Note that there are

no core-top data for PSh-5159N.

The simulated values agree well

with the reconstructed PP values

from the sediment cores. Note

the low PP in the Atlantic Water

region south of the maximum

ice extent and the highest PP in

the marginal ice zone and

around the southern coast of

Svalbard

Fig. 9 a Gross primary production (GPP) and b export production at

50 m water depth as modeled by SINMOD for the year 2003 for our

model region. Water depth\50 m (Spitsbergenbanken) is indicated

by the grid of black (white) vertical lines. Also shown are the location

of the Polar Front and the maximum ice extent. Note the high GPP in

the Atlantic Water region and lower GPP in the ice-influenced and

Arctic Water regions. Export production is highest north of Spitsber-

genbanken in the MIZ, low in the Atlantic Water region and lowest in

the Arctic Water region
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higher marine accumulation and higher reconstructed PP

in the northern than the southern Barents Sea. The higher

MOC content in the MIZ and ice-covered region (Fig. 5)

may be a result of a combination of higher production and

the addition of ice algae and TOM and thus more efficient

export [39, 40, 66]. These results confirm that the export

ratio is higher (34 %) in the ArW region due to a shorter

productive season than in the AW sector [46]. Our results

also support the notion that the AW region has higher

overall annual production but also more retention and

recycling in the water column and possibly usage by

benthos (e.g. [6, 47, 70]). Therefore little organic matter

is buried in the sediments [40] and as a consequence,

lower PP is reconstructed using sediment data and used

with the OF-Mod 3D approach (Fig. 8). In the MIZ, our

data confirm the notion of high production in surface

waters, together with more export and thus higher

preservation of marine organic matter during peak bloom

times. In addition transport to the flanks of Spitsbergen-

banken and into the deeper channels and basins flushes

the benthic systems with organic matter [75] and therefore

more is buried in sediments and thus higher PP recon-

structed using sedimentary organic carbon data. In addi-

tion, PP used as input for OF-Mod 3D in most of the

model region is on the order of 40–50 gC m-2 year-1

(Fig. 8), which is similar to the estimated carbon

requirement for benthic populations in the Barents Sea

at *40 gC m-2 year-1 [46, 70].

The combination of high PP with large amounts of both

marine and terrestrial organic carbon and inorganic sedi-

ment suggests an effective transport system of organic

carbon to the seafloor where it is available for burial

(Figs. 8, 9b). Our results suggest that a combination of

first-year ice and higher PP in a warming Arctic may point

to a potential Arctic carbon sink.

On the other hand, the SW Barents Sea characterized by

warm, saline AW can be seen as an example of a year-

round ice-free Arctic Ocean. The SW Barents Sea develops

a winter mixed layer, and phytoplankton blooms related to

insolation and stratification occur in the spring [50] with

generally high GPP overall. However, without any addi-

tional sediment input, no effective export mechanism for

organic carbon to the seafloor seems to exists (Fig. 9b) and

little organic matter is buried here (Fig. 5 this study, also

Fig. 11 in [40]). An ice-free future Arctic may have higher

primary production compared to today but without the

effective export pump of the first-year ice, may not act as

an effective carbon sink.

Paleoproductivity changes over the last 6000 years

In the following we discuss the results over the last

6000 years BP in three time steps: (1) the middle Holocene

(6000–2800 years BP), (2) the Early Late Holocene

(2800–1000 years BP) and (3) the last 1000 years BP.

Period I: 6000–2800 cal yr BP (Middle Holocene)

In the southern Barents Sea, in the AW region, core R87

has lower MOC and TOM content and lower PP than PSh-

5159N (5 and 50 gC m-2 year-1 for R87 and PSh-5159N,

respectively). Both cores have little downcore variability.

One likely explanation for the difference in PP is given by

the different water depths between the two sites, 240 m for

R87 and 422 m for PSh-5159N, and thus variable carbon

flux, sedimentation rates and eventually PP rates. In addi-

tion, influence of sea ice, local or transported, may also

contribute to the differences between the core sites. The

observation of ice-rafted debris in sediments of core PSh-

5159N [48] indicates that transported sea ice reached this

site occasionally. However, whether the melting of sea ice

stimulated high PP rates in core PSh-5159N compared to

R87 remains speculative and needs further investigation.

PP rates in the northern Barents Sea are somewhat

higher and more variable (50–70 gC m-2 year-1) com-

pared to the studied locations in the south (Fig. 7). This

trend is also present in the content of TOM, which is sig-

nificantly higher in the north compared to the south. These

spatial differences in PP are similar to OF-Mod simulations

under present day conditions [40]. Under present day

conditions the variable MIZ is the main controlling factor

for both in situ production and export of marine organic

matter as well as release of TOM in the northern Barents

Sea [29]. Reconstructions of the sea ice margin in the

broader study region for this time period [38, 74], show a

gradual southward expansion and increased influence of

ArW in the Barents Sea (e.g. [16]). The latter suggests the

presence of sea ice in the northern Barents Sea during the

middle Holocene. This gradual cooling trend is observed

all over the Nordic seas including the Barents Sea [1, 16,

23, 61, 74]. One reason for the increasing sea ice coverage

during the middle Holocene might be the coupling between

decreasing summer irradiance at high northern latitudes

[30] and amplifying positive feedbacks such as the com-

plete flooding of the Arctic shelves and established modern

sea-ice production/export in the Arctic Ocean [3, 74].

In contrast, lower TOM content in cores from the

southern Barents Sea suggests the absence or only marginal

influence of sea ice coverage in the southern Barents Sea.

Hald et al. [16] reported a strong surface water temperature

gradient of 12 �C between the northern and southern Bar-

ents Sea at around 5000 years BP. The wide range of

production rates (5–50 gC m-2 year-1) indicates a

dynamic, variable environment as a result of sharp gradi-

ents between cold ArW and warm AW inflow. Highly

variable sedimentation rates and strong bottom currents
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affect the particle settling and organic carbon preservation,

resulting in variable estimates of PP rates and TOM supply.

Still, the estimated PP (Fig. 8) between 6000 and

2800 years BP resembles modeled export production under

present-day conditions (Fig. 9b) confirming a largely ice-

free depositional environment during this time period. The

latter supports findings of Risebrobakken et al. [48] who

suggested that the polar front retreated gradually to its

present-day position by 7500 years BP.

Period II: 2800–1000 cal yr BP (Early late Holocene)

The decrease from moderately high and stable PP rates

(*50 gC m-2 year-1) to significantly lower values

(*35 gC m-2 year-1) in the northern Barents Sea char-

acterizes the onset of the Early late Holocene at 2800 year

BP (Fig. 7), although TOM supply remains largely

unchanged (Fig. 7). In contrast, PP rates and TOM supply

remain largely stable in the south with, however, a slight

increase towards the end of the period. The decline in PP

rates in the north occurs in the same time interval as

radiogenic isotopes and sea-ice derived biomarkers suggest

reduced inflow of waters from the Nordic seas and a south-

eastward shift of the MIZ in the study region [38, 73].

Maximum multiyear and landfast sea ice is reconstructed

off the coast of northern Greenland since 2500 years BP

and is linked to an increase in ice export from the western

Arctic [14]. High sea ice abundances in the Nordic Seas are

coeval with limited deep water convection in the Greenland

Sea and a weaker Atlantic meridional overturning circu-

lation (e.g. [67]). We interpret the decline in PP rates as a

result of more dense, permanent sea ice coverage and less

seasonality (melting/freezing) in the northern Barents Sea.

This is potentially related to more severe winter conditions

with more fast ice in Storfjorden, less particle flux to the

seafloor, and less production during the growing season. It

corroborates findings of increased proportions of aggluti-

nated benthic foraminifera in Storfjorden during the same

interval [43, 44], supporting inferences of colder and more

severe environmental conditions in the northern Barents

Sea. The reduction of TOM supply after 1300 years BP

indicates less sediment entrainment and release along the

MIZ due to more severe sea ice coverage at that time.

The southern Barents Sea seems not to be affected by

the expansive sea ice extent. Similar PP rates (5 and

50 gC m-2 year-1 at R87 and PSh-5159N respectively)

and low TOM supply as reported during the middle

Holocene suggest ice-free, present-day-like oceanographic

conditions with only marginal influence of sea ice related

processes [48]. This inference is supported by a sea surface

temperature reconstruction from the western Barents Sea

margin indicating the absence of sea ice between 3000 and

1600 years BP [52]. Furthermore, it fits well with the

continuous presence of the subpolar planktic foraminifer

species Turborotalita quinqueloba off western Svalbard

during the past 3000 years BP [74] suggesting persistent

influence of Atlantic-derived water masses along the

western Barents Sea margin and consequently limited

southward extension of the MIZ. However, PP rates in

PSh-5159N and R87 show a slight increase towards the end

of the time period, between 1900 and 1500 years BP.

Risebrobakken et al. [48] found evidence for low salinity

episodes in the surface water during 2200–1900 and

1500–1000 years BP and inferred that these represent

increased coastal water and thus seasonal sea ice influence

during colder conditions in the SW Barents Sea. Core R87

also shows some evidence of these periods. Whether these

periods of seasonal sea ice stimulated phytoplankton

growth and enhanced export production remains uncertain

and requires further investigation.

Period III: 1000–0 cal yr BP (late Holocene-present)

The increase from lower PP rates (*30 gC m-2 year-1) to

significantly higher values (*90 to[150 gC m-2 year-1)

in the northern Barents Sea characterizes the onset of the

late Holocene at 1000 year BP (Fig. 7). PP values remain

high at the northernmost sites (Storfjorden), but with a

pronounced decline towards the present day. Along the

MIZ (St.20), high PP rates decrease at about 500 years BP

and remain largely stable with a slight increase towards the

present day (Fig. 7). During this time, TOM supply

increases gradually towards the present day (Fig. 7). In

contrast, PP rates and TOM supply remain constantly low

(\20 m-2 year-1) where available in the SW Barents Sea

(Fig. 7).

The increase in PP rates in the north at about 1000 years

BP corroborates an overall trend of increased influence of

Atlantic-derived water masses in western Barents Sea

surface waters [10, 52]. Particularly at nearby MIZ location

St.20, sustained AW inflow has influenced surface water

conditions from ca. 1000 years BP [10]. This contrasts

conditions further north, off the western Svalbard coast,

where sea ice remained largely predominant in surface

waters until the last century [38, 63, 73, 74]. The persistent

influence of AW at the MIZ from ca. 1000 years BP may

explain the rise in PP rates in Storfjorden as a consequence

of a highly fluctuating sea ice boundary with strong sea-

sonal gradients compared to the Early late Holocene

(2800–1000 years BP). Frequent episodes of sediment

entrainment and release during sea ice freezing and melting

processes may have stimulated phytoplankton growth and

potentially increased the export towards the seabed during

the last 1000 years BP. The repeated shifts of warmer and

colder conditions due to variable influence of AW/ArW in

Storfjorden [43, 44] and along the western Svalbard margin
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[73, 74] are not recorded in our northernmost PP record. A

likely reason for this observation could be the formation of

coastal polynyas, which have been frequently observed in

Storfjorden during the last decade [15, 58]. The episodic

melting/freezing of sea ice in the polynya seems to allow

for constant high production rates (Fig. 7) and high organic

carbon burial [76] with seemingly little influence of cold/

warm spells during the last 1000 years. In contrast, the

drop at MIZ location St20 around 500 years BP may be the

result of the climate deterioration during the Medieval

Climate Anomaly (MCA)/Little Ice Age (LIA) transition.

The overall cooling during the LIA may have caused a

prolonged phase of sea ice coverage at the modern MIZ

and thus a reduced window of phytoplankton growth.

Indeed, Macias Fauria et al. [34] showed that during the

last 800 years the largest sea ice extent in the western

Nordic Seas occurred during the LIA. Additionally, a

recent reconstruction of late summer Arctic sea ice extent

shows large sea ice extent at the beginning of the LIA [26].

Along the western Svalbard and Barents Sea margin,

Müller et al. [38] and Berben et al. [4] provided evidence

for frequently fluctuating sea ice conditions during the last

1000 years BP similar to those of the present day.

Nonetheless, more expansive sea ice coverage and cooling

of the subsurface water masses in this region is inferred for

the LIA from different micropaleontological studies [5, 10,

74] supporting our observation of a temporarily reduced

window for phytoplankton blooms and thus reduced export

production to the seabed.

The prominent decline in production rates in our

northernmost location (St1245) has previously been

explained by a reduced annual duration of the MIZ in the

area due to global warming [76]. Interestingly, a parallel

site (JM10) shows a similar pattern with a gradual PP

decline towards the present day. We argue that reduced

production along with reduced export towards the seabed

during recent times is an indication for less frequent epi-

sodes of sediment entrainment/release and thus for less sea

ice freezing/melting processes in a warming climate.

Conclusion

In this study we focus on late Holocene primary produc-

tivity variability in the western Barents Sea and its

response to variable sea ice coverage combining primary

productivity (PP) reconstructed from sediment core data

and locally inferred temporal trends with regional PP

trends used as input for simulations with a well-constrained

organic facies model (OF-Mod 3D).

Marine organic carbon (MOC) simulated with OF-Mod

3D and core-top values are of similar order of magnitude

and show that OF-Mod 3D performs well in reconstructing

the organic carbon content in the Barents Sea sediments.

The highest PP (up to 100 gC m-2 year-1) used in OF-

Mod 3D to obtain a good fit between modelled and mea-

sured values is in the marginal ice zone (MIZ), especially

above Spitsbergenbanken and the coastal areas around the

south of Svalbard and lowest PP in the SW AW sector.

Core-top PP reconstructed from sediment data is of the

same order of magnitude as the model and the model and

core data agree well.

This distribution is different than the distribution of

surface water primary productivity simulated with a 3D

ocean model (SINMOD), where the highest gross primary

productivity (GPP) is shown to occur in the surface waters

in the AW sector south of the maximum ice extent and

along the shelf break and lowest GPP in the Arw region of

the Barents Sea. On the other hand, SINMOD-predicted

export production at 50 m water depth is more similar to

our reconstructed PP than surface water GPP.

Reconstructed PP rates from sediment cores in the

northern Barents Sea are more variable during the last

6000 years and are generally higher than in the ice-free

south where they remain largely stable throughout the

middle to late Holocene. This regional variation fits well

with the input of TOM, which is significantly higher in the

north compared to the south. This suggests the presence of

sea ice in the northern Barents Sea during the middle

Holocene.

PP rates in the SW Barents Sea resemble modelled

export production under present conditions throughout the

last 6000 years and confirm a largely ice-free depositional

environment and conditions which are similar to modern

conditions for most of the time period. A slight increase in

MOC and PP in the SW Barents Sea cores towards modern

times indicates a strengthening of the AW inflow in the SW

Barents Sea over the last 6000 years and a possible

increase in surface water production and export of marine

organic carbon to depth.

Our results suggest that a combination of first-year ice

and higher PP in a warming Arctic may point to a potential

Arctic carbon sink while sea ice is still present. On the

other hand, an ice-free future Arctic may have higher pri-

mary production compared to today. But without the

effective export pump of the first-year ice, it may not act as

an effective carbon sink any more.
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