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INTRODUCTION

Benthic secondary production constitutes an im -
portant pathway of energy flow on Arctic shelves
(Piepenburg et al. 1995). Accordingly, it is of parti -
cular ecological and economical interest to estimate
secondary production in the Barents Sea, which holds
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ABSTRACT: Megabenthos plays a major role in the
overall energy flow on Arctic shelves, but information
on megabenthic secondary production on large spatial
scales is scarce. Here, we estimated for the first time
megabenthic secondary production for the entire Bar-
ents Sea shelf by applying a species-based empirical
model to an extensive dataset from the joint Norwe-
gian−Russian ecosystem survey. Spatial patterns and
relationships were analyzed within a GIS. The environ-
mental drivers behind the observed production pattern
were identified by applying an ordinary least squares
regression model. Geographically weighted regression
(GWR) was used to examine the varying relationship of
secondary production and the environment on a shelf-
wide scale. Significantly higher megabenthic second-
ary production was found in the northeastern, season-
ally ice-covered regions of the Barents Sea than in the
permanently ice-free southwest. The environmental
parameters that significantly relate to the observed pat-
tern are bottom temperature and salinity, sea ice cover,
new primary production, trawling pressure, and bottom
current speed. The GWR proved to be a versatile tool
for analyzing the regionally varying relationships of
benthic secondary production and its environmental
drivers (R2 = 0.73). The observed pattern indicates tight
pelagic− benthic coupling in the realm of the productive
marginal ice zone. Ongoing decrease of winter sea ice
extent and the associated poleward movement of the
seasonal ice edge point towards a distinct decline of
benthic secondary production in the northeastern
 Barents Sea in the future.

KEY WORDS:  Arctic · Benthos · Megafauna · Pelagic−
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Six environmental parameters significantly relate to the
observed pattern of high megabenthic secondary produc-
tion in the northeastern Barents Sea.
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one of the world oceans’ richest fisheries (Wassmann
et al. 2006b). The Barents Sea ecosystem is character-
ized by the interplay of polar and Atlantic water
masses, and by a seasonal ice cover (Ing valdsen &
Loeng 2009). However, the ongoing rapid retreat of
sea ice raises questions concerning the  current and
future productivity of the area. The joint Norwe-
gian−Russian Ecosystem Survey (Michalsen et al.
2013) produced an extensive dataset on megabenthos
that covers the entire Barents Sea. This dataset is
unique in spatial coverage and resolution and thus
 allows us, for the first time, to model megabenthic
secondary production for an entire  Arctic shelf.

Macrozoobenthos (i.e. size class of animals <1−2 cm,
usually sampled with grabs or box cores) of Arctic
shelves and the Barents Sea in particular has been
studied extensively in recent decades (Cochrane et
al. 2009 and references therein). It is a significant
player in benthic carbon cycling and serves as food
for a variety of higher trophic level and commercially
important species like cod or halibut (Clough et al.
2005, Renaud et al. 2007). Significantly less informa-
tion is available on benthic megafauna (animals of a
size visible on photos or caught via bottom trawling)
of Arctic shelves (Bluhm et al. 2009, Roy et al. 2014,
Grebmeier et al. 2015b, Jørgensen et al. 2015), al -
though it represents an important compartment of
benthic energy flow (Piepenburg et al. 1995). More-
over, little is known about Barents Sea benthic sec-
ondary production of either mega- or macrobenthos,
i.e. the newly formed biomass per unit of area and
time, despite the general awareness of the benthic
compartment’s role in energy flow and food webs
(Piepenburg et al. 1995, Cochrane et al. 2009). To
date, only 1 study (Kędra et al. 2013) has dealt with
benthic community secondary production, compared
to some available literature on single benthic species
production (e.g. Bluhm et al. 1998) and the numerous
publications on primary production and pelagic sec-
ondary production (Sakshaug et al. 2009, Dalpadado
et al. 2014). Kedra et al. (2013) estimated benthic
infauna and epifauna secondary production on the
Spitsbergen Bank to amount to ~2 and ~22 g C m−2

yr−1, respectively. No information is currently avail-
able from the Barents Sea region on the megabenthic
community production to biomass (P:B) ratios, which
represent the rate of biomass turnover (Benke 2012).

The first systematic large-scale study on Barents
Sea megafauna results from the joint Nor wegian−
Russian Ecosystem Survey (Michalsen et al. 2013)
and was published recently (Anisimova et al. 2010,
Jørgensen et al. 2015). Jørgensen et al. (2015) pro-
vided the first explicit, large-scale analysis of Barents

Sea megafauna community composition and distri-
bution patterns and identified a northern and a
southern megafauna assemblage which can be
divided further into 2 subregions each. The sub -
regions are characterized by the environmental
parameters water depth, temperature, salinity, and
the number of ice-days by means of a canonical cor-
respondence analysis. The border between these
assemblages coincides with the encounter of colder
Arctic (<0°C) and warmer Atlantic (>3°C) bottom
water, hence, it is termed the ‘Benthic Polar Front’
(see Fig. 1) (Jørgensen et al. 2015). This front runs
slightly differently than the oceanic Polar Front,
which is shaped by surface water masses (Fig. 1)
(Loeng et al. 1997). The northern megafauna assem-
blage has more taxa, higher abundance, and higher
biomass than the southern assemblage (Jørgensen et
al. 2015). In the north, benthic biomass is dominated
by echinoderms, followed by Crustacea and Porifera.
The southern assemblage can be further separated in
a south-western section where Porifera dominate,
followed by Echinodermata, and a south-eastern sec-
tion where benthic biomass is more evenly shared
among Echinodermata, Mollusca, and Porifera.

Generally food input is seen as the main driver of
benthic fauna distribution and biomass at large
regional scales, while seabed attributes explain pat-
terns more significantly at local scales (Pearson &
Rosenberg 1978, Piepenburg 2005, Carroll et al.
2008). Arctic shelf communities reflect the primary
production regime of the overlying water column in
terms of biomass, abundance, and production, sug-
gesting a tight pelagic−benthic coupling (Tamelan-
der et al. 2006, Grebmeier et al. 2006, 2015a). This
also holds true for the Barents Sea macrofauna,
which shows the highest biomass on the shallow
Spitsbergen and Central Banks, the Novaya Zemlya
Bank, and the Pechora Sea (Cochrane et al. 2009),
i.e. areas that have high values in models of primary
productivity (Wassmann et al. 2006b). Zenkevitch
(1963) pointed out that in the Barents Sea the highest
 benthic biomass along the Polar Front correlates
inversely with water temperature, and presumed that
this relates to the fact that areas with the coolest
 bottom water coincide with areas of the most active
mixing and subsequent upwelling. In the Polar Front
area, less saline Arctic water overlies dense and
nutrient-rich Atlantic waters. Turbulent gyres pro-
voke mixing of the different water masses, and ice-
edge upwelling of nutrients may occur (Loeng et al.
1997, Slagstad et al. 1999, Denisenko 2002, Mundy et
al. 2009). Especially in shallower areas like Spitsber-
gen and the Central Bank, wind and tidal forcing are
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other sources of enhanced vertical mixing (Slagstad
& McClimans 2005, Sundfjord et al. 2008). The
intense ice-edge bloom with associated high biomass
in combination with turbulent mixing can promote
extensive vertical export of high quality particulate
organic matter (POM; Reigstad et al. 2008). However,
Arctic studies that link benthic production patterns to
ecosystem processes on large spatial scales are
scarce (e.g. Highsmith & Coyle 1990), and this is
even more the case for benthic megafauna. Likewise,
little attention has been given to regional patterns of
megafauna production on the Barents Sea shelf, but
exactly this information is needed to develop reliable
energy flux models (e.g. Dommasnes et al. 2001) and
future scenarios for this rapidly changing ecosystem.

Here, we analyzed for the first time megabenthic
community production for an entire Arctic shelf, i.e.
the Barents Sea. We estimated secondary production
by means of a species-based empirical model (Brey
2012) and used a global regression model to identify
significant drivers of the observed production pat-
tern. Owing to the substantial regional variations of
environmental conditions (water depth, temperature,
salinity, sediment structure, and sea-ice concentra-
tion) and human impact (commercial trawling), we
applied a geographically weighted regression (GWR)
model to examine the relationship of secondary pro-
duction with the environment in space (Fothering-
ham et al. 2002). To our knowledge, this is the first
time such geo-statistical techniques have been used
to map and spatially analyze marine benthic second-
ary production.

We aimed to (1) estimate total and major group sec-
ondary production (P) of megafauna for the entire
Barents Sea shelf, (2) identify regional patterns, (3)
identify the significant environmental drivers behind
the observed patterns, and (4) analyze their region-
ally varying relationship to P.

MATERIALS AND METHODS

Study area

The Barents Sea is the deepest of all circum-Arctic
shelf seas with depths down to 500 m in the western
troughs (Jakobsson et al. 2004). Generally, the
bathymetry is characterized by several shallow shelf
banks that are segregated by a complex pattern of
deeper depressions (>200 m), and the average depth
is 230 m (Zenkevitch 1963, Piepenburg et al. 1995,
Ingvaldsen & Loeng 2009). The Barents Sea covers
an area of 1.6 million km2 and is surrounded by the

Arctic Ocean in the north, the island Novaya Zemlya
in the east, the Norwegian and Russian mainland in
the south, and the Norwegian Sea and Fram Strait
in the west (Ozhigin et al. 2011) (Fig. 1). Three main
water masses characterize the Barents Sea (Fig. 1):
nutrient-rich Atlantic water with temperatures >3°C
and salinity of >35 and coastal water with tempera-
tures in a wider range and salinity <34.7 enter the
Barents Sea in the southwest, and Arctic water with
temperatures <0°C (core temp. <−1.5) and salinity of
34.4−34.7 enters the shelf between Svalbard and
Franz Josef Land, between Franz Josef Land and
Novaya Zemlya, and via a small inflow from the Kara
Sea south of Novaya Zemlya (Ingvaldsen & Loeng
2009). A Polar Front (grey line in Fig. 1) separates the
warm Atlantic water from the cold Arctic water, and
thus the permanently ice-free areas in the southwest
from the seasonally ice-covered north eastern areas
(Loeng et al. 1997). Regarding bottom temperature,
the front runs slightly differently and is termed the
‘Benthic Polar Front,’ separating a northern from a
southern faunal assemblage (Jørgensen et al. 2015)
(dashed grey line in Fig. 1). Sediment structure on
the shelf is heterogeneous; fine mud dominates
deeper areas, and coarser substrates are found in
shallower areas with stronger currents (Jørgensen et
al. 2015). Current speed on the Barents shelf is mod-
erate, with highest values of >0.25 m s−1 in the Nor-
wegian Coastal Current, but just ca. 0.1 m s−1 in the
western outflow (Ingvaldsen & Loeng 2009). Pelagic
primary production is highest in the southwestern
regions influenced by nutrient-rich Atlantic water,
with values >100 g C m−2 yr−1, and is thought to be
lowest in the seasonally ice-covered northeast (Wass-
mann et al. 2006b), although information on annual
rates of sea-ice-associated production is still insuffi-
cient. Trawling impacts on the benthos are highest in
the areas harboring rich accessible fish stocks, i.e. the
ice-free southern areas in particular (Lyubin et al. 2011),
but reliable geo-referenced information of trawling
pressure for the entire Barents Sea is currently lacking.

Faunal dataset

Benthic megafaunal abundance and biomass data
were derived via the joint Norwegian−Russian Eco-
system Survey (Michalsen et al. 2013). The dataset of
398 bottom trawl stations presented in this study was
compiled by experts on 3 Norwegian and 1 Russian
research vessel from August to October 2008 and
August to October 2009. Samples were taken with a
Campelen 1800 bottom trawl, towed for 15 min at 3
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knots. The horizontal opening of the trawl was 11.7 m,
the mesh size varied from 80 mm (stretched) at the
front to 16−22 mm at the cod end. The standard dis-
tance between stations was 65 km. On board ship,
the benthic megafauna was separated from the fish
and shrimp catch, identified to the species level, and
counted, and wet-weight biomass was measured
with electronic scales. Colonial species were treated
as 1 individual per colony. For more information on
the joint Norwegian−Russian Ecosystem Survey, see
Michalsen et al. (2013) and Jørgensen et al. (2015).

Environmental dataset

Water depth (m) was estimated with the ship’s
depth sounders at each sampling station. Mean bot-
tom water temperature (°C), bottom water salinity
(psu), and current speed (m s−1) for the period
January 2008 to December 2009 were derived from
the numerical ocean model SVIM (Lien et al. 2014).
The standard deviation of mean sea ice concentration
(%) of the period 2001 to 2008 was estimated from
monthly average sea ice concentration maps provided

4

Fig. 1. Barents Sea bathymetry and scheme of the main water masses. The approximate positions of the Polar Front and the
Benthic Polar Front are indicated by a grey and a dashed grey line, respectively. Bathymetry is based on the International
 Bathymetric Chart of the Arctic Ocean basemap (www.ibcao.org). BIC: Bear Island  Channel; CB: Central Bank; HID: Hopen
Island Deep; KI: Kolguyev Island; NB: North Bank; NZB: Novaya Zemlya Bank; PS: Pechora Sea; SB: Spitsbergen Bank
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by NORMAP (10 km grid, http:// normap. met.no) via
an algorithm in R software. Mean new primary pro-
duction (NPP; g C m−2 yr−1) for the period 2001 to 2008
was derived from the SINMOD model (see Wassmann
et al. 2006a). New production is a measure of the
maximum harvestable production or export produc-
tion from the system (Wassmann et al. 2006a). As Arc-
tic invertebrate megafauna are on average long-lived
(Piepenburg 2005), we presumed the integration of
the previous 8 yr to be appropriate for structuring the
community composition in 2008 and 2009. Sediment
types were characterized into 6 classes based on the
classification scheme of Vinogradova & Litvin (1960),
with class 1 being sand, class 2: silty sand, class 3:
sandy silt, class 4: mud, class 5: clay−silt, and class 6:
clay. Insufficient information is available on sedi -
ments in the Spitsbergen area, and hence we esti-
mated the sediment class for several stations based
on information from environmentally comparable
 reference stations, considering water depth, distance
to coast, and current speed as parameters. As  geo-
referenced information on trawling pressure in the
Barents Sea is lacking for the years prior to sampling,
we categorized the trawling information of the Russ-
ian fisheries fleet from 2002 to 2005 (i.e. number of
hauls per region), provided in the illustrations of Lyu-
bin et al. (2011), into 4 classes with 1: no trawling, 2:
low trawling, 3: intermediate trawling, and 4: high
trawling pressure. Table 1 provides minimum, maxi-
mum, and mean values of the environmental parame-
ters considered in this study. The total environmental
information for each of the 398 stations can be found
in the PANGAEA open access library (http://doi.org/
10.1594/  PANGAEA. 857279).

Estimating secondary production (P) and 
productivity (P:B ratio)

The secondary production (P) of Barents Sea
megafauna was estimated with an empirical artificial
neural network model (for detailed information on the

model see Brey 2012; for another application in Arctic
regions see Nilsen et al. 2006 and Degen et al. 2015).
The model is implemented in an excel spreadsheet
and can be freely accessed via www.thomas-
brey.de/science/virtualhandbook. Abundance and bio -
mass data given as individuals and biomass (g wet
weight) per 15 min haul, respectively, were recalcu-
lated to m−2 by assuming an average trawled area
of 18 000 m2 per station (Anisimova et al. 2010). As
mean body mass (M) in Joules is the main model input
parameter, biomass was divided by abundance for
each species and station and converted to Joules
using the conversion factor database of Brey (2012,
database version 4, www.thomas-brey.de/ science/
virtualhandbook). Further model input para meters
are bottom temperature (K), water depth (m), 4 taxo-
nomic categories (Mollusca, Annelida, Crusta cea,
Echinodermata), 7 lifestyle categories (infauna, ses-
sile, crawler, facultative swimmer, herbivore, omni-
vore, carnivore), 4 environmental categories (lake,
river, marine, subtidal), and a marker for exploitation.
All categorical variables were binary (0 or 1). The nec-
essary ecological information for each species was ex-
tracted from literature and online re sources (for a list
of literature and web sources, see the Supplement at
www.int-res.com/articles/suppl/ m546 p001_ supp. pdf).
Species that did not be long to any of the 4 taxonomic
categories of the model were grouped by the taxo-
nomic category their body form resembled most. The
output of the model is the population production to
biomass (P:B) ratio (yr−1), including upper and lower
95% confidence limits. Population P was calculated
by multiplying the P:B ratio with population biomass,
previously converted to g C m−2 yr−1. Total community
P was calculated by adding up all population  values
per station. Production per phylum was calculated for
Annelida, Arthropoda, Cnidaria, Echinodermata, Mol -
lusca, and Porifera. The phyla Brachio poda, Bryo zoa,
Cephalorhyncha, Chordata, Echiura, Nemertea, Platy -
helminthes, and Sipuncula occurred in very low abun -
dances (<0.1 ind. m−2) and biomasses (<5 mg C m−2)
and were therefore combined into the group ‘Others.’

Geostatistical analysis

P, P:B ratio, NPP, trawling pressure,
water depth, temperature, salinity, cur-
rent speed, standard deviation of mean
sea-ice concentration, and sediment
structure were projected spatially  using
a GIS environment (ArcGIS Desktop:
Release 10, Environmental Systems
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Long. Lat. Depth Temp. Salinity Current Sea ice NPP

Min 8.90 68.47 20.00 −1.49 33.34 0.00 0.00 20.23
Max 75.88 82.05 485.00 5.92 35.03 0.16 39.43 93.77
Mean 35.59 74.51 248.28 1.55 34.85 0.03 15.18 65.78

Table 1. Environmental parameters considered in this study: longitude (°E),
latitude (°N), water depth (m), temperature (°C), salinity (psu), current speed
(m s–1), standard deviation of mean sea ice concentration from 2001 to 2008 

(%), and new primary production (NPP, g C m−2 yr−1)

http://www.int-res.com/articles/suppl/m546p001_supp.pdf
http://doi.pangaea.de/10.1594/PANGAEA.857279
http://doi.pangaea.de/10.1594/PANGAEA.857279
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Research Institute). The WGS 1984 Stereographic
North Pole projection was used. The data distribution
was visually inspected, and outliers (2 stations) were
eliminated from the dataset. All analytical methods
applied can be found in the spatial statistics toolbox of
ArcGIS (10.1). Grouping analysis based on bottom
temperature was used to separate the dataset into a
southwestern (SW) and a northeastern (NE) group.
Hotspot analysis (Getis-Ord Gi*) was used to identify
regions of significantly higher P and P:B ratio than the
overall mean. This method identifies statistically sig-
nificant hotspots, i.e. regions where stations with high
(or low) values cluster together. The global regression
model ordinary least squares (OLS) was used to deter-
mine the environmental parameters significantly cor-
related to the observed patterns of P and P:B ratio.
The independent input variables in the OLS model
were water depth, temperature, salinity, current
speed, sea ice concentration, NPP, trawling pressure,
and sediment structure. The significant variables
were consequently used as input in the GWR model.
GWR accounts for the spatial variability of input data
by incorporating spatially varying relationships in the
regression analysis (Fotheringham et al. 2002) and
was used to visualize the regionally varying relation-
ships between P, P:B ratio, and the explanatory vari-
ables. This model is appropriate when more than 100
features (here sample stations) are available, no bi-
nary outcomes are predicted, and a projected coordi-
nate system is used. A higher R2 value in the GWR
model than in the OLS model and a distinct difference
in the corrected Akaike’s information criterion (AICc)
between the 2 models indicate that the use of GWR
was appropriate for the present dataset. All skewed
input data were transformed to approach a normal
distribution. Salinity data had to be grouped in classes
because transformation did not sufficiently reduce
skewness. The graphical output of the GWR model
are maps of correlation coefficients with hot-to-cold
rendering indicating regional variation in the rela-
tionship of the dependent and the independent vari-
ables. The models were tested to fulfill all required as-
sumptions necessary to guarantee a reliable model
output. Moran’s I was used to test for potential spatial
autocorrelation of the regression residuals.

Additional statistics

ANOVA was conducted to test for significant
 differences between the secondary production and
the productivity of the faunal group in the SW and the
group in the NE Barents Sea (previously  identified

with grouping analysis in GIS) using the JMP® soft-
ware package, Version 10.0 (SAS Institute).

RESULTS

Total community production (P) and productivity
(P:B ratio)

Total community production per station ranged
from 0.015 to 105 mg C m−2 yr−1 (Table 2, Fig. 2a;
http://doi.org/10.1594/PANGAEA.857279). The group-
ing analysis based on bottom temperature separated
the dataset into an NE and an SW part (R2 = 0.70).
Production was significantly higher in the NE part
than in the SW part (F = 106.27, p < 0.0001). The
hotspot analysis performed on Box-Cox transformed
P data identified 4 hotspots in the northern region
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Abundance Biomass Production P:B

Total Min 0.00 0.08 0.01 0.04
Max 3.12 950.09 104.87 0.84
Mean 0.11 45.16 5.32 0.15

Annelida Min 0.00 0.00 0.00 0.00
Max 1.26 57.96 33.62 1.49
Mean 0.02 0.79 0.65 0.61

Arthropoda Min 0.00 0.00 0.00 0.00
Max 0.29 139.83 15.37 0.73
Mean 0.01 6.49 0.94 0.20

Chordata Min 0.00 0.00 0.00 0.00
Max 0.48 19.45 2.89 0.41
Mean <0.01 0.27 0.04 0.07

Cnidaria Min 0.00 0.00 0.00 0.00
Max 0.41 261.62 21.01 0.49
Mean 0.01 3.06 0.26 0.12

Echino- Min 0.00 0.00 0.00 0.00
dermata Max 2.98 762.91 81.14 0.44

Mean 0.06 27.60 2.68 0.14

Mollusca Min 0.00 0.00 0.00 0.00
Max 0.17 210.53 33.70 0.46
Mean 0.01 2.24 0.37 0.17

Porifera Min 0.00 0.00 0.00 0.00
Max 0.17 267.41 12.90 0.39
Mean <0.01 3.74 0.23 0.07

Others Min 0.00 0.00 0.00 0.00
Max 0.09 80.08 11.42 0.09
Mean <0.01 0.17 0.02 <0.01

Table 2. Minimum, maximum, and mean of total community
abundance (ind. m−2), biomass (mg C m−2), secondary pro-
duction (P; mg C m−2 yr−1), and productivity (production to
biomass ratio, P:B) per major taxonomic group. The group
‘Others’ includes taxa occurring in very low numbers
(<0.1 ind. m−2) and biomass (<5 mg C m−2), i.e. Brachiopoda,
Bryo zoa, Cephalorhyncha, Echiura, Nemertea, Platyhelmin -
thes, and Sipuncula. Highest mean values for P and P:B ratio 

are highlighted in bold
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and 3 coldspots in the south and northwest (Fig. 3a).
The largest hotspot area is located west of Novaya
Zemlya, and the hotspot with the highest local ben-
thic production is located SW of Franz Josef Land
(North Bank). Another hotspot is located on the
southern slope of Novaya Zemlya, and the smallest
resides in the central Barents Sea (Hopen Island
Deep and western slopes of the Central Bank). The
geographically largest coldspot is located in the SW

Barents Sea. The 2 other and geographically smaller
coldspots are located northwest of Spitsbergen and in
the southeast, west of Kolguyev Island. Total commu-
nity productivity (P:B ratio) ranged from 0.038 to 0.841
(Table 2, Fig. 2b). The P:B ratio was not significantly
different between the SW and the NE region (F =
3.00; p = 0.084), but the highest P:B ratios were found
in the SW region (Fig. 2b). The hotspot analysis iden-
tified 1 large hot spot in the central Barents Sea

7

Fig. 2. Total community (a) production (P) (mg C m−2 yr−1) and (b) productivity (production to biomass ratio, P:B; yr−1)

Fig. 3. Interpolated (inverse distance weighting method) standard deviation of G* scores of the hotspot analysis of total com-
munity (a) production (P) and (b) the production to biomass ratio (P:B). Red indicates significantly higher values than the 

mean; blue indicates significantly lower values than the mean



Mar Ecol Prog Ser 546: 1–16, 2016

(Hopen Island Deep and western slopes of the Cen-
tral Bank) and 2 smaller hotspots northwest of Spits-
bergen and in the southwest deep Bear Island Chan-
nel (Fig. 3b).

Major group production (P) and
 productivity (P:B ratio)

Echinodermata clearly dominate the
megabenthic production in the Barents Sea
by contributing 50% to the total production,
followed by Arthropoda (18%), Annelida
(12%), and Mollusca (7%). Cnidaria, Pori -
fera, and all other taxa contribute below
5%. The overall pattern of P is mainly sha -
ped by Echinodermata and Arthropoda,
with both showing clear hotspots in the
western area of Franz Josef Land and in the
southeastern Barents Sea (see Fig. S1 in the
Supplement at www.int-res.com/articles/
suppl/m546 p001_ supp.pdf). Arthropods have
a third hotspot on the Novaya Zemlya Bank.
Regarding biomass (mg C m−2), the pattern
is different, with Echinodermata contribut-
ing 61%, Arthropoda 14%, and Porifera 8%
to the over all biomass. Highest productivity
was found in the phyla Annelida (mean
0.61), Arthropoda (0.20), and Mollusca
(0.17) (Table 2). Annelida have pro ductivity
hotspots in the SW Barents Sea, north of

Spitsbergen and north of Novaya
Zemlya, Arthro pods have a hotspot in
the south western Barents Sea, north of
Novaya Zemlya, and in the Pechora Sea,
and  Mollusca have a P:B ratio hotspot in
the SW and southern Barents Sea and in
the Pechora Sea. The figures of P and P:B
ratio per major group can be found in
Figs. S1 & S2 in the Supplement, and de -
tailed information about regio nal mega -
fauna community composition based on a
dataset from the year 2011 can be found
in  Jørgensen et al. (2015).

Global model (OLS)

The OLS model for secondary produc -
tion fitted the data with R2 = 0.41 and
an AICc of 1800.12. The AICc is a
measure of the relative quality of a sta-
tistical model for a given dataset; ac cor -

dingly, it can be used to compare OLS and GWR
models based on the same input parameters. The
OLS mo del identified 6 para meters that explained
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Production P:B
Coefficient p Coefficient p

OLS
Depth (m) −0.002 0.1778 0.000 0.2785
Temperature (°C) −0.835 <0.0001 0.005 0.0457
Salinity (class) 0.947 <0.0001 0.001 0.7534
Current speed (m s−1) −46.990 0.0112 1.293 0.0069
Sea ice concentration (SD) 1.138 0.0048 0.028 0.0079
NPP (mg C m−2 yr−1) −0.034 0.0082 0.002 <0.0001
Trawling pressure 0.320 0.0015 −0.006 0.0144
Sediment (class) 0.118 0.3961 0.005 0.1853

R2 0.415 0.151
AICc 1800.112 −1114.108

GWR
R2 0.734 0.527
AICc 88.402 −59.511

Table 3. Results of the ordinary least squares (OLS) and geographically
weighted regression (GWR) models for total community production and
the production to biomass ratio (P:B). Significant parameters (p < 0.05) are
highlighted in bold. NPP: new primary production, AICc: corrected 

Akaike’s information criterion

Fig. 4. Mapped R2 values from the geographically weighted regression
(GWR) model of megabenthic secondary production (P). Dark red points
indicate areas with highest model fit (R2 values 0.62−0.82); blue points 

indicate areas of low model fit
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the ob served production patterns significantly
(Table 3). The OLS model for the P:B ratio had a
model fit of R2 = 0.15 and AICc = −1114.12 and
identified 5 parameters that significantly ex plained
the variance in the P:B ratios (Table 3). Here, a
significant Jarque-Bera statistic (p = 0.0036) indi-
cated severe model bias.

Local model (GWR)

The GWR model for production (P) based on the 6
significant variables identified with OLS (Table 3)
displayed an overall model fit of R2 = 0.73 and AICc =
88.40. The GWR model for productivity (P:B ratio)
based on the 4 significant variables identified with
OLS had an overall model fit of R2 = 0.53 and AICc =
−59.51. The spatial distribution of stations with the
highest model fit is shown in Fig. 4. The 6 significant
correlation coefficients identified with GWR (shown
in Fig. 5a−f) highlight the regionally varying rela-
tionships of production and the environment. As the
GWR model of P:B ratio is based on potentially
biased assumptions from the OLS model, it should be
interpreted cautiously. Consequently, we restrain
from interpreting spatial P:B ratio patterns and model
output in this study.

DISCUSSION

Remarks on the methodology

Data from trawl samples are generally considered
semi-quantitative and gross estimates (Eleftheriou &
Moore 2005). However, when trawling is carried out
consistently over a large number of stations, as was
the case in the joint Norwegian−Russian Ecosystem
Survey (Michalsen et al. 2013), relative spatial pat-
terns can be identified (Mueter & Litzow 2008, Foss-
heim et al. 2015, Jørgensen et al. 2015). In this study,
we accordingly do not present estimated secondary
production per station or in detail, but rather focus on
the regional differences and relationships.

Patterns of megabenthic secondary production

Secondary production of Barents Sea megafauna is
significantly higher in the NE seasonally ice-covered
areas than in the permanently ice-free SW areas. We
detected 4 regional hotspots of megabenthic second-
ary production: the area west of and on the southern

slope of Novaya Zemlya, the region southwest of
Franz Josef Land, and a smaller hotspot in the central
Barents Sea. All of these regions of high megafaunal
production correspond to the regions of high benthic
biomass reported in previous studies (Zenkevitch
1963, Denisenko 2001, 2002, Wassmann et al. 2006b).
The region southwest of Franz Josef Land was only
mentioned by Zenkevitch (1963), but not in other
studies, probably because the regions >78° N were
not included in later expeditions due to dense ice
cover that impeded sampling (see results assembled
by Wassmann et al. 2006b). The region of Spitsber-
gen Bank (Fig. 1), previously reported as a region of
high benthic biomass (Zenkevitch 1963, Denisenko
2001, 2002, Wass mann et al. 2006b, Cochrane et al.
2012, Kedra et al. 2013), was not identified as a
hotspot, neither in biomass nor in production, in our
megafauna study. Jørgensen et al. (2015) found inter-
mediate biomasses in this area in their analysis of
trawl data from the year 2011. One possible explana-
tion for this discrepancy was proposed by Denisenko
(2001): the author found a significant negative corre-
lation of benthic biomass with the in tensity of bottom
trawling and concluded that trawling is one of the
main causal factors of long-term fluctuations of bot-
tom communities in the Barents Sea.

The relative contribution of major taxonomic
groups to overall benthic secondary production was
clearly dominated by Echinodermata, leading with
50%, followed by Arthropoda with 18% and Annel-
ida with 12% (see also Table 2). Regarding biomass
(mg C m−2), the dominance of Echinodermata was
even clearer with 61% of the overall biomass, fol-
lowed by Arthropoda with 14%, a pattern also
reported to be typical for epibenthic communities in
the Pacific Arctic (Bluhm et al. 2009, Grebmeier et al.
2015a). Studies based on quantitative sampling
methods have reported a different biomass pattern,
with  Mollusca (predominantly bivalves) dominating
with 35% before Echinodermata with 19% and
Arthropoda with 15% (Wassmann et al. 2006b). In
accordance with Jørgensen et al. (2011), who com-
pared the sample efficiency of Van Veen grabs
(quantitative) and beam trawls (qualitative), we rec-
ommend the use of complementary techniques in
future studies to ensure the sampling of the entire
benthic community at each station. The studies by
Grebmeier et al. (2015b) from the Chukchi Sea or by
Kedra et al. (2013) from the Spitsbergen Bank are
good examples of how the use of multiple sampling
devices leads to a better understanding of the entire
benthic community. Nevertheless, several studies
performed on smaller spatial scales confirm the dom-
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Fig. 5. Correlation coefficients derived from the geographically weighted regression (GWR) megafauna production model for
the 6 significant parameters: (a) bottom temperature, (b) salinity, (c) sea-ice concentration (standard deviation), (d) new
 primary production (NPP), (e) trawling pressure, and (f) current speed. Red circles in left panels indicate significant positive
correlations; blue circles indicate significant negative correlations of secondary production (P) and the respective parameter.
The maps on the right show the interpolated (inverse distance weighting method) environmental parameters, with red, blue, 

and yellow areas indicating high, low, and intermediate values, respectively
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Fig. 5 (continued)
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inance of echinoderms in the overall benthic biomass
and energy flow on Arctic shelves (Piepenburg 2005
and references therein, Renaud et al. 2007).

Drivers of megabenthic secondary production

At large regional scales, food input is reported to
be the main driver of distribution and biomass of
benthos, and of benthic production accordingly
(Grebmeier et al. 1988, Piepenburg 2005). Arctic
benthic biomass hotspots were previously reported
to coincide with areas of high primary production
and with ice-edge areas (Denisenko 2002, Wass-
mann et al. 2006b, Carroll et al. 2008, Grebmeier et
al. 2015a). We used NPP (Wassmann et al. 2006a) as
a proxy of food input to the benthos in our regression
model and expected a positive correlation with
megabenthic production, i.e. high P values in areas
of high NPP. However, we found a reverse pattern: P
was negatively related with NPP and was signifi-
cantly higher in regions that are seasonally sea ice
covered and reported to be of distinctly lower pelagic
primary production (Wassmann et al. 2006b).

Besides the negative correlation with NPP, we
found P to be negatively correlated with bottom
water temperature, positively with salinity, and posi-
tively with the standard deviation of sea ice concen-
tration. All of these factors relate to some extent to
the marginal ice zone (MIZ). Temperature relates to
the MIZ because in the Barents Sea, the maximum
extent of colder Arctic water masses and the Polar
Front often coincides with the sea ice extent in winter
or early spring (Wassmann et al. 2006b). Salinity
effects on P were significant in areas where strong
mixing between Atlantic and Arctic water masses
occurs, i.e. along the Polar Front (Wassmann et al.
2006b). The standard deviation of sea ice concentra-
tion is an obvious proxy for the MIZ. The bulk of the
total annual primary production of the northern and
NE Barents Sea takes place in the MIZ (Denisenko
2002, Wassmann et al. 2006a, Sakshaug et al. 2009).
Spring ice melt gives rise to a nutrient-rich euphotic
zone that supports a distinct phytoplankton bloom in
the MIZ which moves constantly poleward while
receding from its winter position at the Polar Front
(Piepenburg et al. 1995, Wassmann et al. 2006a, Leu
et al. 2015). This ice-edge bloom induces vertical car-
bon flux, which might be especially high in spring,
before pelagic production and consumption are bal-
anced, or in years where a mismatch between pri-
mary and secondary producers occurs (Tamelander
et al. 2006, Eiane & Tande 2009, Leu et al. 2015). The

recent study by Leu et al. (2015) suggested highest
fluxes of ice-related POM and thus strongest sympa-
gic−pelagic−benthic coupling in the post-bloom
phase in late spring, when large aggregates of ice
algae are released from the ice. Additionally, deep
vertical mixing in the area of the Polar Front
enhances the export of high-quantity and high-qual-
ity particulate organic carbon (POC), thus favoring
tight pelagic−benthic coupling (Olli et al. 2002, Reig-
stad et al. 2008). Wiedmann et al. (2014) emphasized
the role of mixing and turbulence for POC export to
deeper areas: they showed that export of POC can be
high in post-bloom situations, given that vertical mix-
ing occurs. Tamelander et al. (2006) analyzed the
pelagic−benthic coupling in the Barents Sea MIZ
during summer and detected tight coupling between
surface production and the benthic community over
relatively small scales. Additionally, they detected a
high degree of heterogeneity, determined by water
mass properties like local upwelling and primary
production regimes. Our benthic secondary produc-
tion estimates reflect this patchiness (Fig. 2), as there
are 4 significant hotspots and high vari ability be -
tween stations that are on average just 65 km apart
(Fig. 3, http://doi.org/10.1594/ PANGAEA.857279).

We further investigated the strength of the
pelagic−benthic coupling in the northern seasonally
ice-covered region compared to the ice-free southern
regions by means of an ‘inverse’ approximation. The
ratio of mean secondary production (P) to mean
NPP (0.003:76 g C m−2 yr−1) in the southern region
is 0.00004; in the northern region it is 0.00016
(0.008:50 g C m−2 yr−1). This distinctly higher ratio in
the north indicates that here, either a larger part of
the NPP is channeled to the benthos (i.e. tighter
pelagic−benthic coupling), as also suggested by
Reigstad et al. (2008), or there is additional NPP that
is as yet not accounted for. Kedra et al. (2013) esti-
mated a benthic carbon demand of up to 70 g C m−2

yr−1 to sustain the mean epibenthic production of
~22 g m−2 yr−1 at the Spitsbergen Bank. As this region
was a coldspot in our study, we assume a signifi-
cantly higher benthic carbon demand in the regions
south and west of Novaya Zemlya or SW of Franz
Josef Land, which we identified as hotspots of mega -
benthic production (Fig. 3a). The mean estimated
NPP for these regions is 50 g C m−2 yr−1. If we add a
suggested contribution of ice algae primary produc-
tion of a maximum of 25% (Wassmann et al. 2006b),
we would reach around 60 g C m−2 yr−1, not enough
to fulfill a carbon demand of potentially much more
than 70 g C m−2 yr−1(Kedra et al. 2013). Conse-
quently, we assume that the production of sea-ice
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algae and accordingly also the overall NPP in these
regions might be considerably higher than previ-
ously anticipated. Although reliable estimates of ice
algal production on large spatial scales are lacking,
our assumption is supported by several studies from
other Arctic regions (see Leu et al. 2015 and refer-
ences therein). In the Canadian Arctic, Matrai &
Apollonio (2013) found ice and sub-ice microalgae to
contribute up to 50% to total net community produc-
tion. Gradinger (2009) reported that on the shelves
and slope regions of the Chukchi and Beaufort Seas,
sea-ice primary production exceeds water-column
primary production significantly in early spring. The
few studies that have analyzed the benthic utilization
of sea-ice algae could indicate that benthic commu-
nities use sea-ice algae as rapidly as phytoplankton
(McMahon et al. 2006, Sun et al. 2007).

Additionally to the POC fluxes from the sea ice,
there might also be a substantial contribution of ad -
vected material originating from pelagic production
or from shallower macroalgae areas (Rosenberg
1995, Renaud et al. 2007, 2015), like along the shelf of
Novaya Zemlya and Franz Josef Land. Renaud et al.
(2007) pointed out that advected matter originating
tens of kilometers away could in fact explain the
enhanced benthic community oxygen demand they
observed in their study from the Beaufort Sea, but
also underpin the coincidence of the onset of algal
growth with the increase in benthic respiration they
observed in the same region. Renaud et al. (2015)
showed that most benthic taxa in an Arctic fjord feed
on a broad mixture of POM and macroalgal detritus,
even at depths >400 m, thus strengthening the
importance of macroalgae as food source at least for
near-shore benthic communities.

The exclusion of smaller benthic size classes, the
meio- and macrofauna, from this study could be
another explanation for the non-correlation of food
input—here NPP—and benthic secondary produc-
tion. A recent study from the Pacific Arctic indicates
that macrofaunal biomass is linked more closely to
food supply than the megabenthic epifauna (Greb-
meier et al. 2015b). The authors presumed that
mobility may explain this pattern: while the more sta-
tionary macro fauna reflects the local food input
(either from sedimentation or from advection) more
closely, the larger mobile species are capable of
exploiting wider areas and a greater variety of food
sources. This opportunism may also be an important
strategy during the polar night, when photosynthetic
production is absent and alternative food sources or
stored reserves must be exploited (Berge et al. 2015).
Berge et al. (2015) found evidence of this oppor-

tunism in the rapid response of benthic scavengers to
food-fall items, as well as in the continuous annual
growth of a suspension feeder.

A similar pattern of clearly higher biomass in the
NE Barents Sea was reported for the mesozooplank-
ton sampled during the joint Norwegian− Russian
Ecosystem survey in 2009 (Orlova et al. 2011). The
Arctic copepods Calanus glacialis and C. hyper-
boreus, both grazers on phytoplankton and ice algae,
clearly dominated the mesozooplankton biomass, a
pattern also reported from the zooplankton commu-
nity in the Beaufort Sea (Darnis et al. 2008). The
calanoid copepods have an up to 2 yr life cycle and,
at least at certain developmental stages, spend the
overwintering period near the bottom (Melle & Skjol-
dal 1998, Berge et al. 2015). We assume that espe-
cially during the polar night the accumulated bio-
mass of more than 1 generation of copepods might
constitute a substantial food source to benthic preda-
tors and scavengers (Jørgensen et al. 2015).

Apart from the environmental parameters that are
related to the MIZ and to food input, we further
detected a significant negative correlation between P
and current speed and a positive correlation between
P and trawling pressure. The former can be related
to the fact that regions with high current speed are
often dominated by filter feeders, such as Pori fera,
Bryozoa, Hydrozoa, ascidians, and epifaunal bivalves
that contributed little to overall P in this study. The
positive correlation to trawling pressure was unex-
pected, as a previous study along the Kola transect
showed a significant negative correlation between
benthic biomass and bottom trawling (Denisenko
2001). Our findings probably relate to the fact that
long-term bottom trawling changes the age and size
spectrum of benthic communities from long-lived,
large sized individuals to short-lived, smaller sized
individuals and species (Callaway et al. 2007), an
effect also observed after ice scour disturbances (e.g.
Conlan et al. 1998). As the P:B ratio is inversely
related to body size, this shift increases the commu-
nity P:B ratio and most likely community P as well.

Regionally varying relationships

Overall, our geo-statistical approach shows that the
tight pelagic−benthic coupling along the productive,
seasonally moving ice edge is of crucial importance
for northern Barents Sea megabenthic production.
Apart from the differences on large spatial scales, the
GWR approach enabled us further to investigate the
regional variation in the correlation between P and
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environmental parameters (Fig. 5a−f). Here, we focus
on salinity (Fig. 5b) and on sea-ice concentration
(Fig. 5c). Salinity is correlated positively with P in a
regional band resembling the approximate position
of the Benthic Polar Front (Figs. 1 & 5b), thus indica-
ting the relevance of mixed water masses along the
MIZ for benthic production. The standard deviation
of sea ice concentration shows the highest positive
correlation with P southwest of Franz Josef Land
(Fig. 5c), the region where the highest P values were
observed in this study (Fig. 3a). This may point to -
wards the importance of sea-ice algae for benthic
secondary production in this region, as the ice-algal
contribution to overall primary production was re -
ported to be proportionally more important in areas
where sea ice retreats later in the year (Gosselin et al.
1997, Carroll & Carroll 2003). Denisenko (2002)
showed for the Barents Sea, but also for the Kara,
Laptev, East-Siberian, and Chukchi Seas, that areas
of high benthic biomass matched well with areas of
the longest duration of average multiyear ice cover.
Either way, our findings highlight the effectiveness of
GWR in identifying areas where parti cular relation-
ships between environmental and eco logical features
exist that should be studied in more detail.

CONCLUSIONS AND OUTLOOK

We found significantly higher megabenthic sec-
ondary production in the northern, seasonal ice-
 covered Barents Sea than in the southern, ice-free
region. We conclude that tighter pelagic−benthic
coupling in the northern area, and regionally varying
environmental conditions, like local up welling and
tidal mixing, explain the observed pattern. The neg-
ative correlation of P to NPP, used here as a proxy for
food input to the benthos, might be explained to a
certain extent by an underestimation of the modeled
NPP. Additionally, the (unknown) influence of advec-
tion processes must be taken into account. A further
explanation for the non-correlation between primary
and secondary production might be that this relation-
ship is less distinct in the highly mobile epibenthic
megafauna (Grebmeier et al. 2015b). Hence, we pre-
sume that a more holistic approach including all ben-
thic size classes would yield the expected positive
correlation of benthic secondary production with pri-
mary production on large spatial scales.

Regarding the anticipated further poleward move-
ment of the MIZ, our findings indicate that benthic
production in the Barents Sea might decrease signif-
icantly, owing to the diminishing shelf area influ-

enced by ice-edge processes and dynamics. Simulta-
neously, primary and secondary production in the
southern, ice-free regions might decrease as well,
due to increasing thermal stratification (Slagstad et
al. 2015). Accordingly, we expect cascading effects of
these changes on all levels of the Barents Sea eco -
system. These prospects stress the importance of
continuous integrated monitoring programs, such as
the joint Norwegian−Russian Ecosystem Survey, that
can provide sound scientific advice on ecosystem
management.
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