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As the most abundant pinniped in the North Atlantic and a seasonal migrant between subarctic and 
Arctic waters, harp seals (Pagophilus groenlandicus) act as major consumers in this sensitive 
ecosystem, integrating conditions across wide geographic areas during seasonal migrations. The seals 
breed on ice in coastal areas, and travel North towards arctic waters in summer, where they spend 
much of the year foraging in association with the ice margin. We analyse satellite telemetry from 
tagged harp seals1, using hidden process models to estimate the types of behaviour that may give rise 
to the observed movement data2. We also relate this inferred behaviour to environmental covariates. 
Our results provide insight into the migratory and foraging behaviour of harp seals, and the 
environmental conditions which characterise their preferred habitat. The close association between 
seals and ice suggests there may be important consequences for these apex predators from changes in 
the extent, nature and variability of Arctic ice resulting from climate change3. 
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The Arctic Ocean is key in maintaining the global salt 
and nutrient balance. Nevertheless, this basin is 
warming twice as fast as the rest of the globe. The 
subsequent loss of permanent sea-ice and northward 
migration of open water and seasonal sea-ice 
boundaries alter vital biogeochemical processes like 
the cycling of nutrients. As a result, the processes that 
control nutrient budgets and fluxes on a Pan-Arctic 
scale and their sensitivity to climate change remain 
unclear. By combining the isotopic composition of 
nitrate (δ¹⁵N, δ¹⁸O) with ancillary biogeochemical 
and hydrographic GEOTRACES data collected in 
2015-2016 we document nitrogen supply, uptake and 
recycling in the central and southeast Arctic Ocean. 
The vast study area covers the Nansen, Amundsen 
and Makarov basins, Fram Strait, Barents Sea 
Opening and includes Arctic settings from permanent 
ice cover to seasonal sea-ice and stratified open water. 
High δ¹⁵N(NO3) in surface waters indicate extensive 
nitrogen utilization, yet differences occur between 
distinct sea-ice regimes. Using the dual isotopes of 
nitrate we characterize N uptake and remineralisation 
throughout the water column and its evolution on a 
latitudinal transect from 90°N to 60°N relative to sea-
ice regimes. We further identify distinct δ¹⁵N(NO3) 
signatures in deep water masses from the Makarov 
and Eurasian basins which are a result of the interplay 
between N cycle processes. The implications of these 
findings for basin biogeochemistry and the nutrient 
inventory will be discussed. 
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Diminishing extent of sea-ice cover in the Arctic 
over recent decades is well documented, and linked 
to global warming.  The ecological effects have been 
profound especially in areas which have transformed 
from extensive seasonal ice-cover, to marginal sea-
ice or year-round open water. The effects include an 
increase in Arctic primary production and changes 
in habitat and food availability for iconic marine 
mammals. Fishing nations anticipate increased 
harvesting opportunities in the Arctic as ice cover 
retreats further, but in November 2017 an 
international agreement was reached to prevent 
fisheries development in the Central Arctic Ocean 
for at least the next 16 years, to give time for 
development of scientific understanding.  
 

The scope for changes primary production due to 
diminishing sea-ice to propagate through the food 
web and affect higher trophic levels and charismatic 
megafauna such as whales, seals and polar bears, is 
extremely uncertain and hard to predict. The 
classical hypothesis would be that warming climate 
will result in a bottom-up trophic cascade from a) 
increased primary production, to b) increased 
zooplankton production, to c) increased fish 
production and harvesting potential, through to d) 
increased populations of charismatic marine 
megafauna. However, this assumes that primary 
production is retained in the upper layers of the 
water column – the outcome could be quite different 
if changes in vertical mixing and animal behavior 
associated with loss of ice cover lead instead to a 
greater proportion of primary production being 
directed to the benthos.  
 

Here we report on results from a configuration of 
the StrathE2E marine food web model to represent 
the Barents Sea. First, we show a baseline model 
representing sea-ice and temperature conditions 
during the 1980s-1990s, and then compare this with 

results from simulation of a warmer, year-round ice-
free scenario. The results show that the increase in 
primary production in the ice-free scenario is 
amplified as it cascades up the food web. The effects 
preferentially benefit benthos and demersal fish, but 
this result is sensitive assumptions about prey 
preferences and vertical mixing. We also show how 
the food web responds to harvesting of fish, under 
both contemporary ice-cover and future ice-free 
situations. 
 

The results presented here are a starting point for 
a much more extensive new project under the NERC 
Charging Arctic Ocean Programme (Microbes to 
Megafauna Modelling of Arctic Seas (MiMeMo)) 
which we briefly introduce. 
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 Copepods undertake diel and seasonal 
vertical migrations. These are considered to be an 
energetic trade-off in dealing with risks such as 
predation and low food availability. Copepods are 
generally though to enter a hibernatory phase called 
diapause during the winter. However, observations of 
Calanus copepods being active in the Arctic in late-
winter/early-spring have been made using both net 
samples and acoustics, suggesting that at least some 
of the Calanus population either do not enter 
diapause, or have an extremely short diapause. This 
is contradictory to what we would expect at such a 
high latitude (i.e. diapause lasting until the start of the 
spring bloom).  

 
Here we apply a copepod life history model, 

“Coltrane” (Copepod Life-history Traits and 
Adaptation to Novel Environments) (Banas et al., 
2016) to a high-latitude (79° N) fjord. We vary the 
prey availability season length and magnitude to 
investigate the effect on viable diapause strategies for 
Calanus. We use the model to investigate how 
varying the minimum value of total winter prey 
affects i) diapause duration and timing, and ii) the 
potential range of viable strategies. We find that by 
increasing the minimum value of winter prey by a 
small amount, a short diapause (< 1 month) becomes 
equal in terms to a fitness to a long diapause (~6 
months). When the winter prey availability is raised 
further, we find that a short or non-existent diapause 
is the best strategy, which corroborates with the 
observations of active Calanus in the late-winter. As 
winter prey availability increases, a wider range of 
diapause exit dates become viable. 

Recent studies have shown that a range of 
potential non-chlorophyll based Calanus prey (e.g. 
microzooplankton and heterotrophic protists) are 
present throughout the polar night (Berge et al., 
2015). Our future research will determine if the 

carbon content of this winter prey source is sufficient 
to provide enough energy for Calanus to allow the 
strategies that occur in the model to be viable in 
reality.  
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Climate change driven loss of summer sea ice is 

altering the patterns of Arctic marine primary 

production by increasing phytoplankton- and 

decreasing ice algal production, which has the 

potential to change the resource utilisation of the 

benthic communities that rely on the sinking algae for 

food. To predict the responses of benthos to dietary 

changes, natural stable isotope analysis (SIA) was 

used to investigate macro- and megafaunal utilisation 

of algal food sources in the Canadian Arctic. 

Additionally, isotope tracing experiments (ITE) on 
13C and 15N-labelled ice algae and phytoplankton 

were conducted to investigate the pathways and rates 

of sediment community processing of algal-derived 

C. Natural SIA showed that while benthic 

macrofauna relied more on phytoplankton, 

megafaunal consumers mainly utilised ice algae as 

their main food source across Canadian Arctic. ITE 

revealed that macrofaunal uptake of ice algal and 

phytoplankton-derived C and N by polychaetes, 

bivalves and crustaceans was site-specific, with no 

taxa exclusively preferring ice algae. These findings 

suggest benthic megafauna are more vulnerable to 

climate change-driven alterations to benthic food 

supply than macrofauna. Sediment bacteria, however, 

processed the majority of the added algal C during 

ITEs, with respiration being the major C cycling 

pathway. Significantly more phytoplankton- than ice 

algal-derived C was respired, and overall, the 

sediment communities processed 33-37% more 

phytoplankton than ice algae. This suggest changes in 

type of food sinking to the seafloor could impact the 

future C residence time at the seafloor.  
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Chlorophyll levels are a key indicator of the 
amount of food available for zooplankton and 
quantifying them is therefore vital to understanding 
the environmental controls on populations. In the 
Arctic knowledge of large-scale spatial and temporal 
patterns in chlorophyll levels comes almost entirely 
from maps generated using satellite data. However a 
very large number of satellite chlorophyll data 
products exist and the mapped chlorophyll levels 
show large variations across them in the Arctic. This 
high level of uncertainty has potentially large 
implications for our understanding of the population 
dynamics and spatial limits of Arctic zooplankton.  

 
The calanoid copepod Calanus finmarchicus is 

one of the most abundant and important zooplankton 
species in the North Atlantic, and in future it may 
play a similar role in the Arctic, where it is expected 
to expand in numbers as temperatures rise. Slow 
growth rates lead to an inability for this species to 
close its life cycle at high latitudes and this has been 
put forward as a critical limit on its geographic 
distribution. The geographic limits of C. 
finmarchicus are therefore potentially strongly 
related to food levels at the northern edge of its 
geographic domain. Our understanding of the spatial 
limits of C. finmarchicus may therefore be 
fundamentally different, depending on what 
chlorophyll data product we choose to represent 
Arctic chlorophyll concentrations. 

 
Here we evaluate the level of this uncertainty 

using StrathCal, an existing spatially explicit stage-
structured population model of C. finmarchicus. The 
spatial distribution of C. finmarchicus is modelled 
using a large number of global and Arctic-specific 
chlorophyll data products in present-day conditions. 
We address two key questions. Is the modelled 
geographic range of C. finmarchicus dependent on 
which satellite chlorophyll product is used? Does the 
choice of chlorophyll data product impact the 
aggregate biomass of C. finmarchicus in the Arctic? 
We then discuss the implications for projecting the 
consequences of Arctic climate change on C. 
finmarchcius. 
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One of the studies that have is being investigated as part of the NERC funded DIAPOD project, which is part of 
the Changing Arctic Ocean Programme, is looking into respiration rates in Calanus copepods. The main aim of 
the DIAPOD project is to create a predictive understanding of how the zooplankton taxon Calanus will be 
influenced by climate change in the Arctic Ocean. Calanus are a key species in the Arctic and account for up to 
50-80 % of the zooplankton biomass in the Arctic Ocean. We also aim to begin to understand the mechanism 
behind copepods diapausing over winter, in other words migrating to deep water to lie dormant over winter and 
re-ascend the following spring (Pond and Tarling, 2011). By examining lipid sac size which is important for life 
history strategies and respiration rates we are endeavoring to understand what triggers this response (Clark et al. 
2012), what wakes them up to ascend and what food they are eating before they migrate (Pond et al. 2012). 
Diatom blooms facilitate large lipid sac reserves, with a warming Arctic this could mean that there will be a shift 
in community structure and timing, which will create impact the Arctic ecosystem; this furthers the need to 
predict this change. From working up Loch Etive near Oban on the species Calanus finmarchicus to the Barents 
Sea and Fram Strait in the Arctic. This talk will summarize what we have been doing over the last year towards 
the DIAPOD project.  
 
Clark K. A. J.,  Brierley A. S.,  Pond D. W.. Composition of wax esters is linked to diapause behaviour of Calanus 
finmarchicus in a sea loch environment, Limnol. Oceanogr. , 2012, vol. 57 (pg. 65-75) 
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The occurrence of super-swarms of the 
zooplankton Calanus finmarchicus in northern 
coastal waters off Norway has been known since 
early years of the 20th century, probably longer. For 
the first time we can report direct observation of 
these super-swarms from space using RGB imagery 
from the VIIRS ocean colour sensor. Extensive red 
patches in VIIRS imagery are shown to coincide 
with high concentrations of C. finmarchicus.  

 
Using serial addition measurements in a 

PSICAM absorption meter, we show that the red 
pigmentation of C. finmarchicus is sufficient to 
influence remote sensing reflectance. This is the first 
time a metazoan zooplankton species has been 
observed from space.  

 
There are important implications for monitoring 

this species which supports many commercially 
important fish stocks in the North Atlantic and 
which is itself commercially harvested for 
astaxanthin pigment.  

 
This study also raises fundamental questions 

about the potential influence of large, relatively 
sparse, coloured particles on ocean colour remote 
sensing signals and our ability to adequately 
measure associated optical properties in situ. In this 
case, by absorbing blue photons and reducing blue 
reflectance values, the presence of high 
concentrations of zooplankton negatively impact on 
the performance of blue-green reflectance ratio 
algorithms for chlorophyll concentration and diffuse 
attenuation. However, none of the currently 
available in situ IOP sensors have a sufficiently 
large sample volume to adequately sample these 
particles leading to a systematic underestimation of 
their presence and optical significance. 
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