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Scientific Progress Report 2015-2017 for the Flagship program “Ocean 
acidification and ecosystems effects in Northern waters”-FRAM- High 
North Research Centre for Climate and the Environment. 
 
Ecosystem effects of Ocean Acidification in Northern waters (ECOAN) 
 
Flagship Leader: Haakon Hop, Norwegian Polar Institute, Tromsø, Norway 
Co-Lead: Melissa Chierici, Institute of Marine Research, Tromsø, Norway 
 

WP1-OA1: Establishing the Current status of ocean acidification in the 
Norwegian Arctic - OAState  

Project leaders: Agneta Fransson (NPI) and Andrew King (NIVA) 

Participants/collaborators: Melissa Chierici (IMR), Helene Hodal Lødemel (IMR), Mats 
Granskog (NPI), Kai Sørensen (NIVA), Marit Norli (NIVA) 

Research results 

Water column sampling and chemical analyses by IMR and NPI from several parts of the 
Arctic, 2011-2017, resulted in a unique data set covering ocean acidification data and tracers 
for studies on the effect of freshwater on OA state, using the Fram Strait annual cruises, 
MOSJ cruises, A-TWAIN mooring section, SI Arctic and N-ICE 2015. The carbonate 
chemistry data in Fram Strait have revealed the seasonal and inter-annual variability of pH, 
pCO2 and OA state in the Arctic outflow water in East Greenland Current. Preliminary results 
from the 7 years of data shows increased temperature, salinity, total dissolved inorganic 
carbon (DIC) and total alkalinity (AT), and decreased pH. However, this is too short time to 
derive a full trend analysis. The lowest pH and aragonite saturation in Fram Strait were found 
in the upper halocline (20 to 200 m) outflow waters (to the west), coinciding with high brine 
content (negative sea-ice melt) and high pCO2. Possible mechanisms for the origins of the 
low pH layer could be due to brine transport of CO2 as a result of sea-ice dynamics in the 
Arctic Ocean 
 
Unique automatic surface water/under ice pCO2 measurements were obtained in 
2015-2017, onboard RV Lance (NPI/IMR) in the Arctic Ocean, Fram Strait and around 
Svalbard. Results from pCO2 data showed that the surface water was undersaturated (below 
atmospheric pCO2) at all times, in all areas, including sea ice covered areas. 
 
Results from the unique winter-to-spring data of the carbonate chemistry from north of 
Svalbard (80 to 83°N) from January to June 2015 during the N-ICE 2015 expedition were 
published in peer-viewed journal and presented at conferences. Large ocean CO2 uptake was 
observed during winter due to strong winds and open leads in winter ice cover. Ocean fCO2 
largely decreased in spring due to large under-ice blooms. 
 
In 2016-2017, NIVA has continued development of shipboard pH and pCO2 sensors on MS 
Norbjørn as part of the underway FerryBox system that makes observations in the Barents 
Sea opening between Tromsø and Longyearbyen. The sensor data have been compared to 
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DIC and AT measured on discrete samples taken on the FerryBox system (4× per year). 
 
Several Svalbard fjords are influenced by glacial water runoff, which affects the fjord 
chemistry, decreasing pH and the calcium carbonate saturation state. The annual MOSJ-
survey in Kongsfjorden quantified variability of the carbonate chemistry due to freshwater, 
such as glacial drainage water. Data from the TW-ICE campaign, with helicopter sampling in 
front of tidal glacier in inner fjord, showed that calcium carbonate saturation, pH and OA state 
decreased near the glacier front due to freshwater. The CO2 sensor deployed in July 2016 in 
Kongsfjorden was recovered in July 2017. One year of data of pCO2 showed seasonal 
variability at 25 m water depth (NPI/IMR) 
 
Management implications and advice 

Large and successful sampling campaign in several parts of the Arctic have resulted in a 
unique data set covering ocean acidification data and tracers for studies on the effect of 
freshwater on OA state. Seven years of carbonate chemistry data in the Fram Strait shows 
variability in pH and CaCO3 (aragonite) saturation between the years with more river runoff 
and Pacific water of the Arctic outflow (to the west). These studies direct to large interannual 
variability which motivates further field sampling to establish and continue the first OA time 
series in the Arctic. The clear seasonal changes in the seawater carbonate chemistry from the 
Tromsø-Svalbard transect emphasizes the need for long time series in order to separate a 
climate trend from seasonal variations.  
 
Expert advice in 2017 has been provided on: 

• “Biological effect indicators and OA”, Miljødirektoratet Fagdag om havforsuring, 
Miljødirektoratet, Oslo 

• Marine Protected Areas (MPA) workshop in Helsinki, Finland  
• Arctic Ocean Assessment-AMAP vs 2 
• ICOS (Integrated Carbon Observing System) expert meeting in Bergen 
• BEPSII expert meeting in San Diego/La Jolla, USA 
• BEPSII expert meeting in Amsterdam 

 
Outreach 

• Presentation of OA-research at a number of national and international conferences and 
workshops 

• Pteropod research presented in Forskning.no. 
 
 
WP1-OA2: Biogeochemical drivers and climate change on OA – OADriver 
 
Project leader: Agneta Fransson (NPI) and Melissa Chierici (IMR) 
 
Participants/collaborators: Mats Granskog (NPI), Eva Falck (UNIS), Daiki Nomura 
(Hokkaido University, Japan), Ellen Damm (AWI, Germany), Gernot Nehrke (AWI), 
Gerhard Dieckman (AWI) 
 
Research results 
 
Results from previously collected samples on sea ice and water column from Kongsfjorden, 
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Tempelfjorden and Fram Strait in 2012-2017 have been published. Data from Van 
Mijenfjorden (April/May 2017) was interpreted and added to the Svalbard data set. New 
samples for chemistry in sea ice and water column were collected in Kongsfjorden, Van 
Mijenfjorden and Fram Strait in 2017. Sea ice samples collected for the determination of 
methane was analysed and added to the data set. Published data from N-ICE 2015 indicated 
that fCO2 was undersaturated in the surface water under the sea ice from winter to spring and 
that processes in sea ice, such as calcium carbonate (ikaite) precipitation/dissolution, was the 
main reason for undersaturation in winter. Large ocean CO2 uptake in winter was due to 
strong winds and open leads in winter ice cover. Primary production, with uptake of CO2, was 
the main reason for undersaturation on fCO2 in spring. 
 
Management implications 
 
OA studies in Svalbard fjords in collaboration with Monitoring of Svalbard and Jan 
Mayen- MOSJ/KF project (NPI), shows large variability of pH and OA state in the fjord-
water column. Necessary to continue to fill in data gaps to increase knowledge on biological 
and chemical coupling for calcifiers in the fjord. 
 
Competence and expertise for sea ice chemistry studies has advanced rapidly at the 
Fram Centre. This project contributes with knowledge transfer to other science fields. 
All projects produce data necessary for data bases, models and validations. 
 
 
WP1-OA7: Pteropod shell thickness and composition in different regimes - 
OAPteropods  
 
Project leader: Agneta Fransson (NPI) and Melissa Chierici (IMR) 
 
Participants/collaborators: Naomi Harada, Katsunori Kimoto (JAMSTEC); Tine 
Rasmussen Kasia Zamelyszak (UiT) 
 
Research results 
 
Collection of pteropod (winged snail) Limacina helicina was done from numerous places in 
the Fram Strait (September), North of Svalbard (September) and Kongsfjorden (July) and the 
Barents Sea, including samples of both adults and juveniles (in collaboration with incentive 
Foram- and pteropod project). Large abundances were observed in area North of Svalbard 
especially of juveniles. Adults were found in NE Greenland waters and in some places north 
of Svalbard and reached in some cases up to 10 mm in size. The species was more abundant 
and less patchy than observed previously. However, this was most likely due to methodology 
improvements. 
 
Kongsfjorden carbonate chemistry shows aragonite saturation (Ω) of 1.5, which is close to the 
1.4 level when damage on the shells has been observed in other regions (e.g., California and 
Antarctica). Wintertime is particularly low in Ω, when mostly vulnerable juveniles reside and 
there is little available food. Increased freshening due to glacial melt water have the potential 
to lower the Ω to detrimental levels for this species in Kongsfjorden. 
 
Encouraging data were obtained from Micro X-ray Tomography (MXCT) scan analyses of 
aragonite shells of L. helicina (in collaboration with JAMSTEC, Japan) and will be compared 
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to carbonate chemistry gradients. The results obtained are used for the planning of future field 
studies and will be partly included into a PhD-study.  
 
The data collected during this project (from natural sites) will be compared to previously 
collected pteropods in this project and also with other pteropod data sets from the world 
ocean. This comparison has a great potential to assess the possible scenarios under stronger 
impact of ocean chemistry changes on planktonic calcifiers. 
 
Management implications 
 
Investigations of OA state in Svalbard fjords in winter and summer and the relation to 
abundance and shell structure of the aragonite forming Limacina helicina motivate further 
investigations of methods and the use as indicator for ocean acidification. Sampling of shelled 
pteropods in polar waters along large chemical and physical gradients reveals that polar 
waters are suitable to use as natural analogues for ocean acidification effects on the 
ecosystem. Seasonal variability of pteropod abundance and life cycle and distribution in the 
water column in different water regimes (temperature, salinity, calcite saturation) can 
provides insight to the extent of ocean acidification effects on calcifiers. Project participants 
have actively taken part in giving advice on biological effect indicators in several meetings 
and workshops.  
 
Peer-reviewed publications, 2017 (WP1-OA1, 2, 7) 
 
Assmy P, Fernandez-Mendez M, Duarte P, Meyer A, Chierici M, Fransson A, Granskog M, et al. (2017). Leads 

in Arctic pack ice enable early phytoplankton blooms below snow covered sea ice. Scientific Reports 
7:40850, DOI: 10.1038/srep40850. 

Fransson A, Chierici M, Skjelvan I, Olsen A, Assmy P, Peterson A, Spreen G, Ward B (2017) Effect of sea-ice 
and biogeochemical processes and storms on under-ice water fCO2 during the winter-spring transition in the 
high Arctic Ocean: implications for sea-air CO2 fluxes. Journal of Geophysical Research-Oceans, N-ICE 
Special Issue, doi: 10.1002/2016JC012478. 

Haug T, Bogstad B, Chierici M, Gjøsæter H, Hallfredsson E, Hoines AS, Hoel AH, Ingvaldsen RB, Jorgensen 
LL, Knutsen T, Loeng H, Naustvoll LJ, Rottingen I, Sunnana K (2017) Future harvest of living resources in 
the Arctic Ocean north of the Nordic and Barents Seas: a review of possibilities and constrain. Fisheries 
Research 188: 38-57. 

Iglikowska A, Bełdowski J, Chełchowski M. Chierici M, Kędra M, Przytarska J, Sowa A, Kukliński P (2017) 
Chemical composition of two mineralogically contrasting Arctic bivalves' shells and their relationships to 
environmental variables (In press) Marine Pollution Bulletin, MPBD-16-00973R1 

Manno C. (Chierici M, Fransson A) et al. (2017) Shelled pteropods in peril: assessing vulnerability in a high 
CO2 ocean. Earth Science Review, doi: 10.1016/j.earscirev.2017.04.005. 

 
Submitted, 2017 
 
Charrieau LM, Filipsson HL, Ljung K, Chierici M, Knudsen KL, Kritzberg E (Subm.) The effects of multiple 

stressors on the distribution of coastal benthic foraminifera: a case study from the Skagerrak-Baltic Sea 
region, Limnology and Oceanography. 

Fransson A, Chierici M, Nomura D, Granskog MA, Kristiansen S, Martma T, Nehrke G (Subm.) Winter-time 
sea ice carbonate chemistry and effect of glacial melt water in a Spitsbergen fjord during two contrasting 
years. Journal of Geophysical Research-Oceans. 

Nomura D, Granskog MA, Fransson A, Chierici M, Silyakova A, Delille B, Cohen L, Hudson SR, Ohshima KI, 
Dieckmann GS (Subm.). CO2 dynamics over young and snow-covered Arctic sea ice in winter and spring, 
Journal of Geophysical Research. 

Opstad I, Dalpadado P, Mangor Jensen A, Sperfeld E, Fransson A, Chierici M (Subm.) Effects of elevated pCO2 
on northern krill species Thysanoessa inermis; survival, moulting, growth, grazing and respiration. Journal of 
Plankton Research. 
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Yasunaka S. (Chierici M, Fransson A) et al. (Subm.) Arctic Ocean CO2 uptake: an improved multi-year estimate 
of the air–sea CO2 flux incorporating chlorophyll-a concentrations. Biogeosciences. 

 
Book chapters and reports: 
 
Chierici M, Fransson A (2017) Chemical oceanography at the edge – focus on carbonate chemistry, book chapter 

in Wassmann P, et al., At the edge, in press. 
Chierici M, Skjelvan I, Bellerby R, Norli M, Lunde Fonnes L, Lødemel Hodal H, Børsheim KY, Lauvset KS, 

Johannessen T, Sørensen K, Yakushev E (2017) Overvåking av havforsuring i norske farvann I 2017, 
Rapport, Miljødirektoratet. 

 
 
WP2-OA-3: Physiological effects of OA in Arctic copepods 

Project leader: Howard Browman (IMR) 

Participants/collaborators: Haakon Hop, Peter Thor, Allison Bailey (NPI); David Fields 
(Bigelow Lab); Steve Shema (IMR); Jeffrey Runge, Cameron Thompson (Univ. Maine); Andrew 
Mount, Vera Chan (Clemson Univ.) 

Research results 

Samples and data from experiments investigating the interaction between temperature and pH 
on growth and respiration of the planktonic copepod, Calanus finmarchicus, have been 
analysed and a manuscript drafted. Calanus finmarchicus were reared from eggs to adult at 
12°C and 16°C in seawater with non-limiting food and near ambient (600 μatm) and high 
(1200 μatm) CO2 concentrations. The high temperature and high CO2 treatment represents 
extreme conditions likely to be encountered by the species at the southern margins of its 
biogeographical range in the future. Dry weight, C and N mass, lipid content and respiration 
were measured on stages CV and adult female immediately after moulting into the stage. By 
measuring at a precise marker in the copepod life cycle, this new approach allows accurate 
comparison of growth and respiration across treatments. The results show a significant 
increase in mass and respiration rate at 12°C and high CO2 concentrations. At the higher 
temperature, respiration rates were significantly increased, but body mass was unchanged. 
These findings indicate that elevated CO2/lower pH in the future ocean will have 1) a 
beneficial effect on C. finmarchicus growth rates at expected temperatures within the 
copepod’s habitat, and 2) inconsequential effects on growth rate at extreme temperatures 
expected at its southern margin. 
 
The potential impacts of high pCO2 condition on the parasitic sea lice (Lepeophtheirous 
salmonis) were investigated using the same approach as described above for Calanus 
finmarchicus. Developmental state, growth, lipid reserves, carbon-to-nitrogen ratio, fatty acid 
profile and oxygen consumption were measured at the population level. Performance and 
variation of the salmon lice population was also investigated at a higher resolution using 
correlative microscopy methods to understand the individual responses in terms of metabolic 
status, availability of lipid reserve and signs of carapace damage. In conclusion, a temperature 
increase consistent with global climate change predictions for the Arctic is a more important 
driver for Calanus spp. and salmon lice populations than is ocean acidification. 
 
Presentations and outreach 
Scientific results from this project have been presented at a number of conferences around the 
world (Norway, Denmark, Hong Kong, Tasmania, China, Spain, Canada, and USA). 
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Peer-reviewed publications, 2017 
 
Bailey A, Runge JA, Fields DM, Thor P, Thompson C, Bjelland RM, Durif CMF, Browman HI (2017) The early 

life stages of the Arctic copepod Calanus glacialis are unaffected by increased seawater pCO2. ICES Journal 
of Marine Science 74: 996-1004. 

Bailey A, De Wit P, Thor P, Browman HI, Bjelland R, Shema S, Fields DM, Runge JA, Thompson C, Hop H 
(2017) Regulation of gene expression underlies tolerance of the Arctic copepod Calanus glacialis to CO2-
acidified water. Ecology and Evolution 7:7145-1760. 

Browman, H.I. (Ed.) 2017. Towards a broader perspective on ocean acidification research – Part 2. ICES Journal 
of Marine Science 74(4). 

 
WP2-OA-4: Transgenerational effects of OA in arctic copepods 
 
Project leader: Claudia Halsband (Apn) 
 
Participants/collaborators: Peter Thor (NPI); Kristine Hopland-Sperre, Lauri Kapari 
(APN); Iris Hendriks (IMEDEA-UIB, Spain) 
 
Research results 
 
The study aimed to investigate the effect of high pCO2/low pH (forecasted for the year 2300) 
on the small Arctic calanoid copepod Acartia longiremis, sampled in the fjords outside of 
Tromsø. The species fulfils several requirements for such a study, including a short life cycle 
(≥ 1 generation per year), locally high abundance, broadcast spawning strategy (separate eggs 
from females). Caveats include relatively low egg production rates and low hatching success 
under laboratory conditions, rendering a continuous copepod culture challenging 
 
The experimental set up included 8 tanks arranged randomly in an aquarium room. Ideally, 
the experiment should have run for several months to determine long-term effects in a 
multigenerational study over 2-3 generations. As this proved difficult both in the previous 
year and this year, shorter-term experiments were conducted in addition, focusing on life 
history and fitness traits of A. longiremis with a view to design suitable new OA experiments 
with this species. Egg production rates and hatching success of A. longiremis in varying 
feeding and handling treatments were conducted in bottle incubations on a plankton wheel at 
ambient pH. The evolution of pH in bottles was also monitored over 8 days. 
 
Both adult Acartia (> 1000 individuals per tank) and eggs (> 1000 per tank) collected from 
field-caught individuals were incubated in the tanks and fed with algae (Tetraselmis sp.) in a 
flow-through system. The copepods were incubated for 2 months from 14 July to 14 August, 
but only few individuals survived without significant production of new offspring, and only 
very few nauplii were observed in tanks that started with eggs. No copepodites or adults were 
found in these tanks to produce a second generation. Copepods in tanks without flow survived 
better, although the best survival rates were obtained in bottle incubations. 
 
Egg production rates in freshly caught animals were highest in June, when the highest 
proportion of females was ready to spawn daily and clutch sizes reached maxima of 10-12 
eggs per female and day. Egg production rates were relatively stable over 72 h, but a high 
proportion of females does not spawn at all, keeping average rates low. Handling stress 
decreased survival in bottles. Copepods transferred to new media monthly survived longer, 
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than those transferred at higher frequencies (from daily to bi-weekly). The pH remained stable 
over 72 h in bottles, and started increasing by approximately 0.8 between day 3 and 8. 
Experiments in bottles thus require water changes every 72h or less to keep a consistent pH. 
 
As indicated above, experiments mimicking the effects of ocean acidification on Arctic 
zooplankton species are challenging. High mortality rates in rearing experiments with both 
Calanus glacialis and Acartia longiremis have so far prevented meaningful long-term 
incubations over multiple generations to investigate OA effects on whole organism 
physiology and fitness endpoints such as reproductive output and offspring survival. This 
hampers our prediction capabilities at population level and thus estimates of OA impacts on 
ecosystem services. New approaches are needed to overcome culturing challenges and new 
methods at the molecular level may be more suitable to assess potential negative impacts of 
OA on non-calcifiers. For example, transcriptomics and DNA-based investigations may point 
to the physiological processes that may be altered or impaired by OA and can help to resolve 
these questions in the future. 
 
WP2-OA-5: Evolutionary rescue from Arctic OA 
 
Project leader: Peter Thor 
 
Participants/collaborators: Haakon Hop, Allison Bailey (NPI); Sam Dupont (University 
of Gothenburg, UGOT), Piero Calosi (Inversity of Quebec at Rimouski, UQAR), Pierre 
De Wit (UGOT), Janne E. Søreide (UNIS). 
 
Research results 
 
Widespread ocean acidification (OA) is modifying the chemistry of the global ocean, and the 
Arctic is recognised as the region where the earliest and strongest impacts of OA are 
expected. Moreover, while Arctic species show low energetic costs for maintenance at low 
temperatures, such low costs results in a lower capacity for cellular homeostasis and acid-base 
regulation rendering them vulnerable to OA. There are forces, however, which may counter 
detrimental effects of OA. Genetic variation enhances a species’ tolerance to environmental 
changes, and present day genetically-based phenotypic differences among isolated 
populations may enhance species’ overall ability to counter future OA. In the present study, 
we found extant physiological phenotypic differences in OA response across geographically 
separated populations in Calanus glacialis. In copepodite stage CIV, measured reaction norms 
of ingestion rate and metabolic rate showed severe reductions in ingestion and increased 
metabolic expenses in two populations from Svalbard (Kongsfjorden and Billefjorden) 
whereas no effects were observed in a population from the Disko Bay, West Greenland. At 
pH 7.87, which has been predicted for the Svalbard west coast by year 2100, these changes 
resulted in reductions in scope for growth scope by 19% in Kongsfjorden and a staggering 
50% in the Billefjorden. However, if the observed metabolic differences among the three 
populations emerged from differential selection, the Disko Bay population could function as a 
source of low pH-tolerant genotypes in the face of future OA. 
 
Calanus glacialis constitutes a keystone species in the Arctic Ocean and adjacent seas. Along 
the continental shelf this species dominates in terms of biomass, may exert significant grazing 
pressure on the microplankton community, and is a very important prey item for many Arctic 
fish species, baleen whales, and marine birds. Previous studies show negative effects on egg 
hatching of OA and we investigated if such effects are caused by a direct influence on eggs 
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developing in low pH conditions, or delayed hatching is a result of maternal effects. Calanus 
glacialis females were caught in Kongsfjorden and brought to the Kings Bay Marine Lab for 
experiments. In the lab, the copepods were subjected to either present day conditions or 
conditions predicted for west Svalbard in the year 2100 for 7 days. Hatching rates of eggs 
produced under these conditions were compared to hatching rates of eggs transplanted 
between the two treatments to enable differentiation between direct effects on eggs and effects 
from mothers. Preliminary assessment indicates that effects may be mostly maternal. This 
study contributes to a more thorough understanding of the ways OA affects copepods in the 
Arctic. It enables a better focus of future research and possibilities to rigorously predict future 
population development under OA. 
 
Sea water temperature changes constitute one of the most important synergistic stressors with 
OA. Thus, we investigated cumulative effects of temperature increase and OA in Calanus 
glacialis. As metabolism drives the tolerance of organisms to environmental stress and the 
Arctic environment is predicted to be amongst the most vulnerable to Global Change, the 
project’s specific objective was to characterize the energetic response to long-term ocean 
warming and short-term heatwaves of C. glacialis. The energetic response is here being 
defined as individuals’ metabolic rate, which was measured via oxygen consumption rate, and 
metabolomics profile. Copepods were conditioned for 3 weeks to either present day control 
temperature or 2035-predicted mean temperature for 3 weeks, and were then submitted to a 
heatwave treatment for 1 week. Survival, metabolic rate, and metabolomics were measured. 
Highest survival rate occurred in the present-day control temperature condition. 
Metabolomics protocols were successfully applied and preliminary results were produced.  
 
Publications, 2017 
 
Algueró-Muñiz M, Alvarez-Fernandez S, Bach LT, Esposito M, Horn HG, Ecker U, Lange JAF, Thor P, 

Malzahn AM, Riebesell U, Boersma M (2017) Ocean acidification effects on mesozooplankton community 
development: results from a long-term near-natural conditions experiment. PLOS One 12:e0175851. 

Bailey A, De Wit P, Thor P, Browman HI, Bjelland R, Shema S, Fields DM, Runge JA, Thompson C, Hop H 
(2017) Regulation of gene expression underlies tolerance of the Arctic copepod Calanus glacialis to CO2-
acidified water. Ecology and Evolution 7:7145-1760.  

Bischof K, P. Convey P, Duarte P, Gattuso J-P, Granberg M, Hop H, Hoppe C, Jimenez C, Lisitsyn L, Martinez 
B, Roleda MY, Thor P, Wiktor J, G.W. Gabrielsen GW (In press) Kongsfjorden as harbinger of the future 
Arctic: knowns, unknowns and research priorities. In: H. Hop, C. Wiencke (eds), The Ecosystem of 
Kongsfjorden, Svalbard. Advances in Polar Ecology Vol 2. Springer Verlag, Germany. 

Thor P, Dupont S (in press) Ocean acidification. In: Handbook on marine environment protection science. 
Impacts and sustainable management. M. Salomon and T. Markus (eds). Springer Verlag, Germany. 

Thor P, Dupont S, Calosi P, De Wit P, Søreide JE, Bailey A, Guscelli E, Loubet-Sartou L, Deichmann I, Candee 
M, Svensen C, King A, Bellerby R (2017) Contrasting physiological responses to future ocean acidification 
among Arctic copepod populations. Global Change Biology, doi: 10.1111/gcb.13870.  

 
Submitted 
 
Mittermayer F, Stiasny M, Chierici M, Reusch T, Thor P, Clemmesen C (Subm.) Transgenerational effects of 

ocean acidification on newly hatched larvae of cod Gadus morhua: Growth, respiration, and condition. 
Global Change Biol. 

Thor P, Vermandele F, Carignan MH, Jacques S, Calosi P (Subm.) No maternal or direct effects of ocean 
acidification on egg hatching in the Arctic copepod Calanus glacialis. PLOS One. 
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WP2-OA6: Determine ontogeny and physiological constraints on early life 
history stages of Lophelia pertusa. 

 
Project leader: Johanna Järnegren (NINA) 
 
Participants/collaborators: Sandra Brooke (Florida State University) 
 
Research results 
 
Ocean acidification has the potential to affect sexual reproduction and several early life 
history stages of corals which are critical to reef persistence and resilience. Negative impact 
of successive life-history stages may accumulate in such a way that the overall effect on 
recruitment is severe. This project is producing new and important knowledge on the effects 
of ocean acidification and climate change on the reproduction of the cold-water coral 
Lophelia pertusa. The embryological development of Lophelia pertusa is delayed by 
approximately 12 h when exposed to pCO2 of 1000 ppm, but not affected at pCO2 600 ppm. 
The speed of the embryological development is increased at higher temperatures, although at 
16°C the larvae die after 80 h while they develop well at 12°C. The embryological 
development is delayed at 4°C and abnormality increased, but the embryos will continue to 
develop if returned to warmer water. A combination of high temperature (12°C) and high at 
pCO2 (1000 ppm) showed that temperature seemingly levels out the delayed development 
caused by higher pCO2 and the embryos develop at normal speed. 
 
Outreach 
 
Invited speaker at two public seminar series in Trondheim (VitenLunsj and 
Barneuniversitetet) in October 2017, giving talks on cold-water corals and ocean acidification. 
 
WP3-OA8: Coupled climate-ecosystem-Acidification modelling from 
Organism to Basin 
 
Project leader: Phil Wallhead (NIVA), Solfrid S. Hjøllo (IMR) 
 
Participants/collaborators: Morten Skogen, Cecilie Hansen, Erik A. Mousing (IMR); 
Evgeniy Yakushev, Andre Staalstrøm, Richard Bellerby (NIVA); Pedro Duarte (NPI) 
 
Research results 
 
D1.1: Comparison of SINMOD and NORWECOM coupled physical biogeochemical models 
in the Barents and Nordic Seas 

During 2017, SINMOD and NORWECOM model output were intercompared with 
climatological data from the World Ocean Atlas (WOA) for the surface waters of the Barents 
and Nordic Seas. For temperature, both models showed good agreement with WOA for 
annual mean values but the summer maxima in NORWECOM appeared to be a little too early 
(Figure 1).  Annual mean sea surface salinity (SSS) in SINMOD was too low in the Greenland 
Sea (34.2 vs. 34.6 psu in WOA) while SSS in NORWECOM was around 0.5 psu too high in 
all regions (Fig. 2).  Surface dissolved inorganic nitrogen (DIN) was too high the Barents Sea 
in winter in both models, and NORWECOM surface DIN drawdown was generally too early, 
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probably linked with the early temperature maxima (Fig. 3). Depth-integrated primary 
production showed a similar annual cycle in both models and in all regions (Fig. 4). Annual 
mean surface pH was similar in all models and sub-regions (i.e. between 8.1 and 8.15, Figure 
5). Annual mean aragonite saturation state (Ωar) was also consistent between models, and 
both models showed higher Ωar in the Norwegian Sea (2.1-2.2 vs. 1.8-1.9, Fig. 6).  Currently 
available observational data do not appear to be adequate to assess regional annual average 
surface values of (pH, Ωar) during the test period (2006-2015).     
  

 

Figure 1. Sea surface temperature in SINMOD (solid lines) and NORWECOM (dashed lines) for the Barents 
(black), Greenland (red), and Norwegian Seas (green).  Thin lines show present day averages (2006-2015) and 
thick lines show future averages (2060-2069).  Crosses show averages from WOA climatology. 

 

Figure 2. Annual mean sea surface salinity in SINMOD (solid lines) and NORWECOM (dashed lines) for the 
Barents (black), Greenland (red), and Norwegian Seas (green).  WOA climatology gave 34.5, 34.6, and 35.0 psu 
for Barents, Greenland, and Norwegian Seas respectively. 
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Figure 3. Surface dissolved inorganic nitrogen (0–10m average) in SINMOD (solid lines) and NORWECOM 
(dashed lines) for the Barents (black), Greenland (red), and Norwegian Seas (green).  Thin lines show present 
day averages (2006-2015) and thick lines show future averages (2060-2069).  Crosses show averages from WOA 
climatology. 

 

Figure 4. Depth-integrated gross primary production in SINMOD (solid lines) and NORWECOM (dashed lines) for 
the Barents (black), Greenland (red), and Norwegian Seas (green).  Thin lines show present day averages (2006-
2015) and thick lines show future averages (2060-2069). 

In a paper submitted in 2017, the biogeochemistry from a global climate model (NorESM) 
was validated and compared with results from a regional model (NORWECOM.E2E) for the 
present day situation. For the global model we observed too low primary production and a 
delayed onset of the spring bloom. Both models were close to observations for pH and Ar, 
while NorESM was in the high end of CO2 flux estimates. In a future climate, there was 
general agreement between the two models regarding trends, except for the development in 
sea surface salinity. There was no trend in future net primary production in any of the models, 
while the trends in modelled pH and Ar were the same in both models. The largest 
discrepancy was in the development of the CO2 uptake, where the regional model suggested a 
slightly reduced uptake in the future. 

Barents Sea primary production in a future climate is being studied using three different 
models: NORWECOM.NPZD, SINMOD and NORWECOM.E2E. Their set-up, period, 
emission scenario and forcing differ, and thus the projections. This is an attempt to meet some 
of the demands from the climate community to include several members into an ensemble, 
and thereby form an evaluation of the realism in the projections. Our results show that one 
model suggests an increased primary production, one suggests a decrease and one suggests no 
change in the level of Barents Sea primary production. These results clearly underline the 
difficulties in detecting clear climate change signals. 
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Figure 5. Annual mean pH (0-10m average) in SINMOD (solid lines) and NORWECOM (dashed lines) 
for the Barents (black), Greenland (red), and Norwegian Seas (green).   

 

 

Figure 6. Annual mean aragonite saturation state (0-10m average) in SINMOD (solid lines) and NORWECOM 
(dashed lines) for the Barents (black), Greenland (red), and Norwegian Seas (green).   

D2.1: Ocean acidification impacts on higher trophics using NoBa 

During 2017, the NoBa model was run in hindcast mode (Fig. 7) and for a future scenario 
(Fig. 8). Apart from the differences in physical forcing, the largest difference between the 
forecast and hindcast simulation is the fisheries. For now, the fisheries in the climate 
projection is held constant at the current level. This is common practice among several similar 
ecosystem models. Fisheries in the hindcast simulation is represented by historical timeseries, 
while in the climate projection it is held constant at the current level.  

As seen in other studies, the response was dampened through the ecosystem, with the 
strongest responses at the primary production and zooplankton level. The responses in the 
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climate projection simulation are stronger at the phytoplankton level compared to those seen 
in the historical simulation. There are more negative responses at the demersal fish level in 
the future projections compared to the hindcast, where most of the responses were positive. 

There are large uncertainties connected to these simulations, also in terms of the responses at 
the zooplankton level, where the experts disagree to a large degree on what are the most 
probable reaction to changes in the ocean acidification. Still, the large range of perturbation 
changes gives an indication to what processes that will cause strong responses in different 
guild levels of the ecosystem. It is also interesting to see the Differences in response rates 
between pelagic- and demersal guilds are potentially linked to number of species being 
harvested in the two guilds.  

 

Figure 7. Hindcast simulations with NoBa Atlantis. Ecosystem responses presented in guilds. Average responses 
presented with dark circles. Each functional group/species represented by dots. 

  

 

Figure 8. Projection simulations with NoBa Atlantis. Ecosystem responses presented in guilds. Average 
responses presented with dark circles. Each functional group/species represented by dots.   
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D4.1: Report on the parameterization of benthic fluxes and boundary conditions for 3D 
modelling of the wider effects of the benthic response to Arctic OA 

 
Work on modification of the biogeochemical model BROM for studying present-day and 
future OA scenarios was started in 2017. Original BROM  modules (Yakushev et al., 2017) 
were additionally subdivided and now BROM “basic “biogeochemistry model consists from 
14 BROM-modules (bio, main nutrients, bacteria,  nitrogen, silicon, sulfur, carbon, methane, 
manganese, Fe, equation constants, alkalinity, calcium, pH).  The Methane-module was 
modified and the methane exchange through water/air boundary was parameterized. 

We also developed a new transport model – the 1D Ice-Pelagic-Benthic Model (IPBM;  
Yakubov et al. 2016, submitted) – which allows the coupled simulation of ice, water column, 
and upper sediments. The current IPBM setup is partly coupled to the European Regional 
Seas Ecosystem Model (ERSEM) and partly to the Bottom RedOx Model biogeochemistry 
module (BROM-biogeochemistry) using the Framework for Aquatic Biogeochemical Models 
(FABM) (Fig.9).  

 

 
Figure 9: The model coupling scheme  

 
A test run region was selected in the Laptev Sea outer shelf with active methane seepage. For 
the model forcing we used modelling predictions from a ROMS+ERSEM run. The chosen 
region represents an area where methane fluxes are very high, and could indicate the potential 
for methane flux increase if the permafrost thawing progresses. The preliminary results of 
calculations demonstrate reasonable behavior of the biogeochemical and carbonate system 
processes. In 2018, we plan to use the 1D IPBM/BROM/ERSEM model for analyzing the details of 
the biogeochemical transformations in the interconnected ice-water-sediment media and to apply a 
vertical BROM-2D transport model to study the small scale spatial variability in the benthic 
environment biogeochemistry.  

Outreach 
 
Project results were communicated to the wider scientific community at the ESSAS 
(European Study of Subarctic and Arctic Seas) conference in Tromsø in June. As part of a 
linking project on Norwegian coastal zone management (ACIDCOAST), SINMOD 
acidification projections have been communicated at a stakeholder workshops in Lofoten, 
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Rosendal, and Bergen during September-November. Results from NorESM-ROMS 
downscalings have been presented internally at IMR. 
  
Publications, 2017 
 
Wallhead PJ, Bellerby RGJ, Silyakova A, Slagstad D, Polukhin AA (2017) Bottom water acidification and 

warming on the western Eurasian Arctic shelves: Dynamical downscaling projections. Journal of 
Geophysical Research-Oceans, accepted, doi:10.1002/2017JC013231. 

Yakushev EV, Protsenko EA, Bruggeman J, Wallhead P, Pakhomova SV, Yakubov, SK., Bellerby RGJ, Couture 
R-M (2017) Bottom RedOx Model (BROM v.1.1): a coupled benthic–pelagic model for simulation of 
water and sediment biogeochemistry. Geoscience Model Development 10:453-482. 

 
Submitted 
 
Skogen MD, Hjøllo SS, Sandø AB, Tjiputra J (Subm.) Future ecosystem changes in the Northeast Atlantic: A 

comparison study between a global and regional models. ICES Journal of Marine Science. 
 
 
WP4-OA9: Socioeconomic consequences and management options 
 
Project Leader: Marianne Karlsson (NIVA) 
 
Project participants/collaborators: Jannike Falk-Andersson (Norut), Isabel Seifert 
(NIVA) 
 
The project intended to study possible socio-economic consequences of ocean acidification on 
commercial fish stocks in the Norwegian Arctic, via impacts on lower trophic level 
organisms, and explore relevant fisheries management options. The project researchers have 
developed and tried to apply an evaluation framework on two case studies: 1) Cold water 
coral, and 2) Calanus copepods. Due to the large uncertainties, expert opinion elicitations 
were used to determine likely direct physical, chemical and biological impacts of ocean 
acidification on cold water corals. The experts used a “traffic-light” approach to assess their 
confidence regarding their suggestions. The report recommends which knowledge gaps were 
identified with regard to social and economic assessment of the effects of ocean acidification 
on cold water corals. 
 
Two workshops were held on:  
1) Understanding the Impacts and Consequences of Ocean Acidification for Commercial 
Species and End-user: ICES/PICES WKACIDUSE workshop (Silvana Birchenough (UK, 
ICES); Catriona Clemmesen-Bockelmann (BioAcid, Germany) and Ono-san (Japan, PICES) 
2) Expert opinion workshop on the case of Calanus. 
Benefitting from the experience on the expert opinion workshop on cold water corals, an 
expert opinion workshop was arranged, consisting of natural scientists and social scientists, 
with different approaches to and knowledge about Calanus and how ocean acidification may 
impact this species. The experts agreed that it may be complicated to predict long-term effects 
on sensitivity based on short-term experiments. The workshop demonstrated rather large 
differences in opinion, and also here, a high degree of uncertainty.  
 
Because of high uncertainties related to the knowledge base, socio-economic cost-benefit-type 
analysis has not been feasible. Using this experience in future projects, we will work within 
post-normal science frameworks and explore how uncertainty and risk can be applied.  
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Publication 
 
Falk-Andersson, Armstrong, Foley, Mikkelsen, Seifert-Dähnn, Holen, Cheng (2017) Social and economic 

assessment of ocean acidification – the case of cold water coral. Norut Report 2. 
 
Budget 
 
The budget has been spent according to the allocation below and the final Faktura has been 
sent from project manager NP to KLD. One change was that NIVA took over the leadership 
of the Norut project after the current leader changed work position. Two post docs have been 
funded within the OA-Flagship in WP-1-OA1, and WP2-OA5, allocated to NP, and these 
have worked within a collaborative framework with several partners. 
 

 
 
Tromsø, 11 January, 2018, Haakon Hop, Norwegian Polar Institute 

OA-Flagship tildeling for 2017

Aktivitet Institusjon(er) NP IMR NIVA APN NINA NIVA/Norut Tildelt ProsjektnrProsjektleder

Adm Flaggskipledelse, reiser alle NP 210 210 67040 Haakon Hop
Adm Flaggskipledelse HI 100 100 67001 Melissa Chierici
WP1-OA1, OA2, OA7 NP/HI/NIVA 1100 690 250 2040 67030 Agneta Fransson
WP2-OA3 HI/NP 800 800 67003 Howard Browman
WP2-OA4 Apn/NP/HI 700 700 67004 Claudia Halsband
WP2-OA5 NP/HI 1100 1100 67040 Haakon Hop
WP2-OA6 NINA 350 350 67006 Johanna Järnegren
WP3 OA8 NIVA/HI/NP 245 555 800 67007 Philip Wallhead
WP4-OA9 NIVA/Norut 85 365 450 67008 Marianne Karlsson
Totalt 2410 1835 890 700 350 365 6550


