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Bowhead whales and 

copepods in Disko Bay



Disko Bay is a particularly 
important foraging site for 
bowhead whales in early spring



Disko Bay is a particularly 
important foraging site for 
bowhead whales in early spring

tagging study: Nielsen et al., Arctic, 2015



Simon et al., 

Proc. R. Soc. B, 2009

Heide-Jørgensen et al., 

Animal Telemetry, 2013

The whales feed directly on 
overwintering copepods
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Behavioural observations, copepod abundance data, and bioenergetic 

considerations are consistent if bowhead whales consume 26–75% of 
the copepod standing stock annually.

(Banas, Møller, Laidre, Simon, Ellingsen, Nielsen, in prep.)



(Choquet et al. 2017)

(Carin Ashjian/WHOI)

Three Calanus spp. coexist in Disko Bay



(Møller and Nielsen 2019)

… but the proportions are shifting: 

Atlantification / Borealisation



Generalising



In general, lower-latitude copepods have lower lipid content 

(and therefore lower value as prey) than their high-latitude cousins

(Kattner and Hagen, 2002)



(Renaud et al., ICES J Mar Sci, 2018)



(Renaud et al., ICES J Mar Sci, 2018)



Bering Sea (60°N) 

warm years; 

US Pacific Northwest (45°N) 

warm decades

Disko Bay, West Greenland 

Atlantification, 2000s–

North Sea 

warming trend, 1960s–

Region-specific shifts in zooplankton community composition

Calanus spp. vs Pseudocalanus spp.

C. hyperboreus, 
C. glacialis vs 

C. finmarchicus

C. finmarchicus vs C. helgolandicus

Impacts on pollock, salmon, cod, 

forage fish, seabirds, whales…



(Renaud et al. 2018)

Should we model diverse, plastic reality as 

competing, distinct species or a continuous 

distribution of traits?

Size or some other trait
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A trait-based model



survivorship Ndevelopmental 

stage D

Optimal annual routines  

(Varpe et al. 2007, 2009; Houston & McNamara 

1999, Clark & Mangel 2000)

Emergent copepod communities 

(Record et al. 2013)

Past approaches

Coltrane (Copepod life-history traits and adaptation to novel environments)

focus on reserves 

and timing

trait-based 

metacommunity

reserves 

R

in
d
iv. b

iom
ass W population: 

annual cycle, 

net growth rate

small number of variable traits community 
associated with a 

given environment

×

(Banas et al. Front. Mar. Res., 2016)



An environment is defined by time series of 

surface and deep temperature and prey availability…

… and in future work, a relative measure of 

predation risk, defined in terms of light.



Steps (Coltrane 2.0) 

For every combination of 

four timing strategy parameters, 

· Calculate development sequence. 

· Calculate net energy gain (ingestion minus    

metabolism), body size, and egg production. 

· Integrate predation mortality to produce a  

  timeseries of survivorship, and calculate  

  fitness (lifetime eggs egg–1). 

Repeat fitness calculation across 2+ generations, to 

resolve internal life history mismatch. 

Repeat all of the above for a range of development 

rates u0 to generate an emergent community.

Threshholds 

Diapause-capable 

by winter 

Reach adulthood 

without starving 

Reproduce at 

replacement rate 

Replacement rate 

across 2 generations 

!
LEVEL 1

"
LEVEL 2

#
LEVEL 3

$
LEVEL 4

spawn date × diapause entry 

× diapause exit 

× start of egg production

$$$
$$

(cf. models of Arctic range 

limits by Ji et al. 2011, 

Feng et al. 2016, 2017)

(An environment in Coltrane is 3 time series: 

Prey, surface temperature, deep temperature)
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cf. other DEB models
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= a long-term-viable 

   population

(Varpe et al. 2007)



It turns out that two strategy traits 

predict adult size in copepods across 

three orders of magnitude (Oithona–

Neocalanus spp).
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One recipe, many outcomes
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varying relative development rate
This Disko Bay proof-of-concept is 
about viability of multiple Calanus 
recipes in one environment
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Next: how does a single Calanus recipe 
play out across multiple environments? 
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cf. 1000-fold variation 
in mean abundance 
(Eisner et al. 2014, 
Kimmel et al. 2017)

✔



Adding advection back in…



(2009)

✔
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(Renaud et al. 2018)
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C. finmarchicus are found as far into the Eurasian Arctic
as 90°E—but without the early life stages that indicate
continuing reproduction. In contrast, early stages of C.
glacialis are found into the E Siberian Sea and beyond.

(E Ershova and 
K Kosobokova)

✔

✔



But where have the species gone? 

(And does it matter?)



Each point represents the centre of
mass of egg production by a Calanus
cohort that has successfully matured
and overwintered without starving.

Colour = fraction of annual prey
saturation (≈ prey biomass,
rescaled) from ice algae

la
rg
e

C.
gl
ac
ia
lis

an
al
og
s

sm
al
l

C.
fin
m
ar
ch
ic
us

an
al
og
s

�

Size or some other trait

A
b

u
n

d
a
n

c
e
 o

r
 f

it
n

e
s
s



Whether to model diverse, plastic communities as competing, fixed-trait 
species/populations or continuous, fully plastic trait distributions isn’t 
just a matter of preference or philosophy. 

We don’t know which of these better highlights the actual drivers of 
long-term change.

C. finmarchicus

C. glacialis



(Møller and Nielsen 2019)

Does the Atlantification of Disko Bay zooplankton 

depict a shift in the fitness landscape driven by 

local environmental cycles?

Or is it really about oceanography and ecology 

upstream, on a large scale?



11 months of transport 

0–200 m average currents; 

SINMOD model, courtesy I. Ellingsen 

(Slagstad et al. 2015)
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Next steps

We’re going to hypothesize recipes for Calanus species, not just individuals, e.g. 

“Eurasian C. finmarchicus and C. glacialis are genetically distinct 
H) because body size can only vary so much within one breeding population.” 
H) because C. glacialis is uniquely adapted to eating ice algae.” 
H) because they have unique overwintering strategies.” 
H) for no functional reason at all; it’s just about advection and connectivity.” 
⋮ 

(The goal is to reject as many of these as possible.)



The Coltrane model implements the hypothesis (rooted in a lab 
meta-analysis) that trait differences across northern Calanus 
populations are the result of a single, shared recipe for growth and 
development playing out across varying prey and temperature 
cycles. 

This hypothesis has proved surprisingly difficult to reject! Both the 
high adaptive capacity, and limits on adaptive capacity, of this way 
of being a copepod, arise in our simulations from this general 
arithmetic of development rate, growth rate, and days of net energy 
gain per year. 

This is a powerful result for large-scale modelling of future climate-
change impacts. However, it means that identifying the role of 
species-level adaptations and constraints in shaping that future will 
require different kinds of evidence. 
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