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Sea-ice decline could keep zooplankton 
deeper for longer

Hauke Flores    1,11 , Gaëlle Veyssière    2,3,11, Giulia Castellani1, 
Jeremy Wilkinson2, Mario Hoppmann    1, Michael Karcher    1,4, Lovro Valcic    5, 
Astrid Cornils    1, Maxime Geoffroy    6,7, Marcel Nicolaus    1, Barbara Niehoff    1, 
Pierre Priou    6,8, Katrin Schmidt    9 & Julienne Stroeve    3,10

As Arctic sea ice deteriorates, more light enters the ocean, causing largely 
unknown effects on the ecosystem. Using an autonomous biophysical 
observatory, we recorded zooplankton vertical distribution under Arctic 
sea ice from dusk to dawn of the polar night. Here we show that zooplankton 
ascend into the under-ice habitat during autumn twilight, following an 
isolume of 2.4 × 10−4 W m−2. We applied this trigger isolume to CMIP6 
model outputs accounting for incoming radiation after sunset and before 
sunrise of the polar night. The models project that, in about three decades, 
the total time spent by zooplankton in the under-ice habitat could be 
reduced by up to one month, depending on geographic region. This will 
impact zooplankton winter survival, the Arctic foodweb, and carbon and 
nutrient fluxes. These findings highlight the importance of biological 
processes during the twilight periods for predicting change in high-latitude 
ecosystems.

The shrinking and thinning sea-ice cover of the Arctic Ocean allows 
the sunlight to penetrate deeper into the water column and extend the 
sunlit period in subsurface waters1–3. The increased light penetration is 
already causing profound changes to key ecosystem functions, such as 
enhanced primary production in the marginal shelf seas, and a shifting 
phenology of ice algae and phytoplankton blooms4–7. The effects of 
the changing light field on higher trophic levels of the Arctic marine 
ecosystem, however, are not well understood.

The diel change in light intensity is the primary driver of the largest  
synchronized movement of organisms on Earth: the diel vertical migra-
tion of zooplankton8 (DVM). Commonly, zooplankton ascend to the 
surface during the night to feed on plankton and descend to deeper 
waters during the day to avoid visual predators. In the polar regions, 
winter-active zooplankton perform a seasonal vertical migration 

between greater depths during the polar day and shallow depths during 
the polar night9–12. Besides DVM, polar lipid-rich zooplankton perform 
an ontogenetic migration, spending the polar night in deep water to 
overwinter in dormancy13. Vertically migrating zooplankton act as an 
active biological carbon pump (also called a ‘lipid pump’14), account-
ing for 25–132% of the gravitational biological carbon pump driven 
by sinking particulate organic carbon15,16. Furthermore, the foraging 
success of visual predators, such as fish and marine birds and mam-
mals, depends on the interplay between the timing and depth range of 
the zooplankton’s vertical migration and light penetration depth17–19.

Earlier studies using hydroacoustic measurements demonstrated 
that the vertical migration of Arctic zooplankton is particularly sensi-
tive to low light intensities, but these studies were unable to resolve 
the top 20 m of the ice-covered ocean9,10,20–22. However, the water layer 
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below the horizon, an approach considering light penetration during 
the twilight periods is necessary to realistically model changes in the 
seasonal migration of zooplankton under sea ice25.

To investigate how light intensity controls the vertical migration of 
zooplankton in the under-ice habitat of the Arctic Ocean, we deployed 
an ice-tethered, autonomous biophysical observatory drifting across 
the Central Arctic Ocean (CAO) thousands of kilometres away from any 
artificial light and noise sources from September 2020 to April 2021. 
By analysing the data acquired we were able to identify the level of light 
intensity that triggered vertical migration. To predict likely shifts in the 
timing of zooplankton vertical migration in the upcoming decades, 
we applied this trigger level to future light fields derived from experi-
ments of four CMIP6 (Coupled Model Intercomparison Project Phase 
6) models with a new approach that made it possible to model the light 
field under sea ice during the autumn and spring twilight periods. The 
results allowed us to identify potential changes to the functioning of 
the high-Arctic ecosystem caused by new vertical migration patterns.

We deployed an autonomous biophysical observatory on sea 
ice at the end of the MOSAiC drift experiment with RV Polarstern in 

underneath the sea ice, here defined as the ‘under-ice habitat’, is impor-
tant for zooplankton, because microalgae growing in sea ice (‘ice algae’) 
may provide critical food supply, particularly during the polar night23,24. 
Increasing light penetration through a thinning sea ice and reduced 
accumulation of snow may affect the timing of the seasonal migration 
of zooplankton into and out of the under-ice habitat, and hence the net 
duration of access to these resources.

Field observations indicate that the vertical migration of  
zooplankton often follows a trigger level of very low light intensity22. 
This trigger level must be measured under ambient conditions without 
disturbance by noise or light, both of which are typically emitted by 
human-operated research platforms21. Only then can trigger levels be 
implemented in coupled biogeochemical sea-ice–ocean models to 
predict the change in the timing of the seasonal migration into and out 
of the under-ice habitat based on future light penetration scenarios. 
In the polar regions, the low light intensities triggering vertical migra-
tion occur in the twilight periods during autumn and spring; that is, 
after sunset and before sunrise. Because both models and satellite 
products wrongly assume zero incoming radiation once the sun is 
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Fig. 1 | Acoustic backscatter during the drift of the autonomous sea ice 
observatory. a, Map showing monthly drift positions. Bathymetry: International 
Bathymetric Chart of the Arctic Ocean (IBCAO) v.4.0 (ref. 55). b, Time series plot 
of mean volume backscattering strength (Sv) at 125, 200 and 455 kHz for the 

entire observation period. The dashed vertical lines indicate (from left to right) 
the approximate dates of the first day of the autumn nautical twilight period, 
the beginning of the polar night, the end of the polar night and the last day of the 
spring nautical twilight period.
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September 2020 (Polarstern expedition PS122/5)26,27. This observatory 
consisted, among other components, of an Acoustic Zooplankton and 
Fish Profiler (AZFP) measuring acoustic backscatter at 67, 125, 200 and 
455 kHz in the top 50 m of the ocean, a radiation station equipped with 
hyperspectral light sensors measuring irradiance at the ice underside 
between 350 and 920 nm (ref. 28), and a CTD (conductivity, tempera-
ture, depth) buoy measuring salinity, temperature and pressure at 
five depth levels (10, 20, 50, 75 and 100 m) (Extended Data Fig. 1 and 
Supplementary Fig. 1). All data from the observatory were transmitted 
via the Iridium satellite system. Between the beginning of the measure-
ments on 18 September 2020 close to the North Pole and the end of the 
study period on 1 April 2021 north of Greenland, the observatory drifted 
1,035 km across the CAO (Fig. 1a). After the departure of RV Polarstern 
on 20 September 2020, the observatory was not exposed to external 
disturbances by noise, artificial light or human activity.

Observations of zooplankton vertical 
distribution
We observed changes in the depth distribution of scatterers in rela-
tion to the seasonal cycle of solar irradiance at 125, 200 and 455 kHz, 
whereas there was nearly zero backscatter at 67 kHz. These frequencies 
are suitable to detect copepods and other mesozooplankton and mac-
rozooplankton as small as 3 mm and make it possible to differentiate 
the main functional groups of Arctic zooplankton12,29. During the end 
and the beginning of the polar day, the bulk of the backscatter was 
confined below a subsurface backscatter maximum (SBM) between 
20 and 30 m depth, and the water above the SBM was virtually void of 
scatterers (Fig. 1b). Once the sun set and true darkness prevailed close 
to the surface, however, most of the backscatter was concentrated 
between the SBM and the ice underside, a water layer we consider as 
the ‘under-ice habitat’ in the context of this study (Figs. 1 and 2).

During the twilight period following the autumn equinox  
(22 September 2020), our data showed a 9-day-long period of pro-
nounced DVM across the SBM (Fig. 2). At 455 kHz, the average integrated 
backscatter (sA) above the SBM varied between about 40 m2 nmi−2 at the 
diel solar minimum and less than 10 m2 nmi−2 at the diel solar maximum 
(Fig. 2a). During the twilight period preceding the spring equinox  
(22 March 2021), a diel migration pattern was again visible at 455 kHz 
(Fig. 2b), but very low acoustic backscatter impeded the detection  
of diel patterns in the higher frequencies (Extended Data Fig. 2).

Multifrequency analysis based on the relative sA at 125, 200 and 
455 kHz (ref. 12) revealed that copepods dominated the acoustic back-
scatter (83%) in the 0–50 m surface layer. Larger zooplankton, such as 
euphausiids or pelagic amphipods, represented 15% of the acoustic 
signal and were concentrated in the top 5 m under the ice (Extended 
Data Fig. 3a). Because our hydroacoustic sampling did not include the 
ice–water interface, ice-associated amphipods probably accounted 
for a negligible part of the backscatter. Mesozooplankton sampling 
prior to the deployment of the autonomous observatory confirmed 
that late copepodite stages and females of Metridia longa and Calanus 
spp. dominated the mesozooplankton biovolume in the top 50 m under 
the sea ice (Extended Data Fig. 3b).

Trigger level of light intensity
To determine a level of light intensity triggering DVM during the twi-
light period, we estimated the light intensity when the zooplankton 
first migrated across the SBM by extrapolating from light measure-
ments at the ice underside into the water column using an exponen-
tial decay of light with depth that was measured during the MOSAiC 
expedition in March and September 2020 (attenuation coefficient 
Kw = 0.14 ± 0.01 m−1). According to this analysis, scatterers crossed the 
SBM on 28 September 2020, as soon as the light intensity above the SBM 
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Fig. 2 | Diel variability of backscatter during the autumn and spring twilight 
periods. a,b, Depth-integrated nautical area scattering coefficient (sA) at 455 kHz 
above the SBM during the autumn (a) and spring (b) twilight periods. Note the 
different scales of the y axis in a and b. Relative change in sA during the day was 

estimated by a loess smoother. c, Echogram of the mean volume backscattering 
strength (Sv) at 455 kHz during the 2020 autumn DVM period. The orange trigger 
level line indicates the depth at which the light intensity under the sea ice equals 
2.4 × 10−4 W m−2.
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decreased below 2.4 × 10−4 W m−2. Based on the standard deviation of 
Kw, this value was associated with an uncertainty of ±0.65 × 10−4 W m−2. 
Once this trigger isolume reached the ice underside on 7 October 2020, 
high backscatter remained distributed in the under-ice habitat until the 
spring twilight period. Between these dates, the scatterers timed their 
vertical migration to stay below the trigger isolume, performing DVM 
while following the movement of the isolume up and down with the diel 
light cycle (Fig. 2c). Accordingly, mean volume backscatter strength 
(Sv) at all three analysed frequencies was significantly lower above the 
trigger isolume than below it during the DVM period (paired t-test, 
P < 0.001 for 125, 200 and 455 KHz, respectively; Methods).

Future scenarios
As a proxy for the expected mid-21st-century shift in the onset of 
autumn and spring DVM, we calculated the difference (in days) between 
the mean date when the trigger isolume reaches 25 m depth in the 
10 year period 2015–2024 and the 2045–2054 period. The depth of the 
trigger isolume was estimated based on light transmitted through sea 
ice and snow calculated from four different CMIP6 models. Each model 

was computed for the two scenarios SSP1-2.6 and SSP5-8.5, respectively, 
which consider different levels of greenhouse gas emissions related  
to socioeconomic growth (Figs. 3 and 4, Table 1 and Supplemen-
tary Figs. 4–7). To derive the light levels when the sun was below the  
horizon, we used twilight downwelling irradiance calculated with the 
radiation scheme of Spitschan et al.25, with corrections for solar angle30.

Based on changes in the sea ice and snow cover, the four IPCC 
models projected a prolonged penetration of the trigger isolume 
below 25 m depth during the twilight periods, implying marked shifts 
in the onset of autumn and spring DVM in the surface waters for 
large parts of the Arctic Ocean. We plotted the projected shifts on 
continuous pan-Arctic maps (Figs. 3 and 4), and calculated mean 
shifts (± s.d.) for eight large marine ecosystems (LMEs) defined by 
the Arctic Council Working Group for the Protection of the Arctic 
Marine Environment (PAME)31 (Table 1). Each of the CMIP6 experi-
ments had been repeated several times with identical conditions 
apart from slightly modified initial conditions, creating an ensemble 
of experiments (members). The resulting differences between those 
ensemble members are due to internal variability in the simulated 
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coupled systems. In some regions, the simulated internal variabil-
ity gave rise to a large spread of the model ensembles, reflected in 
greater standard deviations (Extended Data Fig. 4). We defined the 
projected mean shifts as ‘robust’ if the ratio of the mean shift to the 
s.d. was ≥2 (Table 1). For autumn, the models for SSP1-2.6 predicted 
robust positive mean shifts between 2 days in the Laptev Sea and 10 
days in the Chukchi Sea and the East Siberian Sea, and for SSP5-8.5 
between 4 days in the CAO and 14 days in the Beaufort Sea (Table 1). 
Notably, in the SSP5-8.5 scenario robust positive shifts of 4–9 days 
were predicted for the CAO, although it was not the most impacted 
region. Projected robust changes of the depth of the trigger isolume 
during spring implied a negative shift of the DVM onset to an earlier 
date between 2 days in the Canadian Archipelago and 9 days in the 
Chukchi Sea for SSP1-2.6, and between 2 days in the Laptev Sea and 
12 days in the Beaufort Sea for SSP5-8.5 (Fig. 4 and Table 1). In spring, 
standard deviations in those regions with the highest projected shift 
were also high due to a large ensemble spread, indicating that pre-
dictions in these regions were associated with greater uncertainty 
(Extended Data Fig. 4b).

Discussion
Our simultaneous observations of zooplankton vertical migration 
and measured light intensities in the CAO revealed that sufficient 
light still penetrated the sea ice to control the DVM of zooplankton 
during the autumn twilight period. This indicates that the timing of 
the DVM phase marking the seasonal vertical migration of zooplank-
ton at the beginning and the end of the polar night is highly sensitive 
to predicted increases in light penetration (Fig. 2c)1. The trigger level  
of 2.4  ✕ 10−4 W m−2 is within the order of magnitude assumed to  
trigger negative phototaxis in crustacean zooplankton32. In a hydro-
acoustic study in the ice-free Kongsfjorden, Hobbs et al.22 found that the 
DVM of zooplankton followed a trigger level of 10−7 µmol photons m−2 s−1, 
which had been experimentally determined in female Calanus spp. 
for certain wavelength bands in the blue and green part of the visible 
spectrum33. Converted to photon flux per wavelength band, the portion 
of energy from our trigger level transmitted within the 530 nm (green) 
band is 2.28 × 10−6 µmol photons m−2 s−1, which is within the experimen-
tally determined value range of 10−8–10−6 photons m−2 s−1 triggering 
phototactic behaviour in Calanus spp. at 525 nm (ref. 33) (Methods).
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DVM is often explained by a trade-off between access to food in 
the surface layer and predation risk8. The darkness of the high-Arctic 
polar night allows zooplankton to exploit resources from the under-ice 
habitat without added predation risk. Accordingly, the winter-active 
copepod Metridia longa resides in the surface layer during winter while 
dwelling at depths >100 m during summer34,35. Likewise, parts of the 
population of Calanus spp. remain active in the surface layer during the 
polar night, whereas the bulk of the population overwinters at greater 
depths36. During the autumn twilight period, chlorophyll-a fluores-
cence measurements by a sensor at the AZFP buoy indicated that some 
phytoplankton was still available for grazers in the under-ice habitat,  
but fluorescence steadily declined towards zero by mid-October  
(Supplementary Fig. 1d). During the polar night, remnant organic 
matter produced by ice algae may constitute a critical carbon source. 
Carbon from this ‘sea-ice food bank’ can be transferred into the water 
column by ice-associated organisms and organic particles released 
by brine rejection, or through friction between moving ice floes37–39.  
Based on recent studies indicating a year-round importance of 
ice-algae-produced carbon in polar food webs24,40,41, we suggest  
that this particle rain and its associated microfauna provide low  
but critical amounts of carbon necessary to satisfy the energy  
demand of winter-active zooplankton42,43. Furthermore, the persistent 
SBM at 20–30 m depth was probably associated with a strong pycno-
cline44 which retained food for zooplankton in the under-ice habitat 
(Methods and Supplementary Fig. 1e–l). The combination of low preda-
tion risk and persistent food availability in and above the SBM probably 
constituted an energetically positive trade-off for certain winter-active 
zooplankton species which ceased vertical migration and stayed in  
the under-ice habitat throughout the polar night.

Future changes in the timing of DVM onset in spring and autumn 
were inferred from projected changes of the depth of the trigger  
isolume during the twilight periods based on the output of a subset of 
four IPCC model ensemble experiments from CMIP6. These models 
had provided reasonable sensitivity of the sea-ice cover to greenhouse 
gas forcing45. However, the results of the model-based projections 

are still subject to various sources of uncertainty, for example, model 
performance and natural variability45. Notably, most of the models 
tend to underestimate present-day sea-ice thickness and to overes-
timate present-day sea-ice concentration in the marginal ice zones. 
This bias is strongest in the regions with the thickest sea ice north of 
the Canadian and Greenland coast in the Canadian Archipelago region, 
which were not the areas of focus in this study. Because we limited our 
study to the effect of changes in sea ice and snow on the light regime 
for which reliable CMIP6 models exist, we did not consider uncertainty 
derived from other potential changes that can affect the light regime 
in the future, for example, a changed albedo. The relations of standard 
deviations to the ensemble means of each model ensemble (Table 1) 
provide an indication of the robustness of the respective predicted 
shifts of the onset of DVM. The standard deviations depend on inter-
nal model variability and differ between the models. Robust results 
across the models show a range of shifts of 4 to 14 days in autumn and 
−2 to −12 days in spring for SSP5-8.5. We note, however, that within 
all four models each ensemble member represents a possible reality  
predicted by its model. Therefore, in some regions, extreme positive and 
negative shifts outside the standard deviations shown in Table 1 cannot  
be excluded (Supplementary Tables 2 and 3).

In the period 2045–2055, the peak of the spring phytoplankton 
bloom is expected to be several weeks earlier than at the present6. 
According to a model study by Tedesco et al.5, the spring ice algae bloom 
north of 80° N will be much more productive (up to 2,500% increase 
in gross primary production), but it will peak about 6 weeks earlier in 
the second half of this century compared to the present and will have 
vanished before the end of summer due to ice melt. Hence, in spite of 
increased productivity, delayed seasonal upward migration of zooplank-
ton at the onset of the polar night further increase the gap between the 
peak blooms of phytoplankton and ice algae in early summer and the 
arrival of zooplankton in the under-ice habitat in autumn. Furthermore, 
delayed new-ice formation will largely limit the production of new 
biomass by ice algae in autumn46, leading to lower carbon stocks in the 
‘sea-ice food bank’ during the polar night (Fig. 5). These effects reduce 

Table 1 | Mean shift in onset of DVM in LMEs

LME SSP1-2.6 SSP5-8.5

ACCESS-CM2a MRI-ESM2-0b MPI-ESM1- 
2-HR

MPI-ESM1- 
2-LRa,b

ACCESS-CM2a MRI-ESM2-0b MPI-ESM1-
2-HR

MPI-ESM1- 
2-LRa,b

Autumn

Chukchi Sea 10.1 ± 3.6 6.5 ± 3.0 2.4 ± 2.9 3.6 ± 2.7 12.3 ± 5.0 7.9 ± 4.8 7.4 ± 3.3 6.5 ± 4.8

Beaufort Sea 6.7 ± 2.8 9.6 ± 3.2 4.3 ± 2.1 2.2 ± 1.1 9.1 ± 3.6 14.0 ± 5.4 8.3 ± 3.1 5.8 ± 2.3

Canadian Archipelago 3.5 ± 1.7 5.6 ± 2.4 3.2 ± 1.9 1.3 ± 0.9 4.4 ± 1.9 12.0 ± 4.4 7.6 ± 3.0 3.0 ± 2.3

Central Arctic Ocean 6.2 ± 1.5 5.6 ± 1.5 1.7 ± 1.5 1.4 ± 0.9 8.5 ± 2.1 8.1 ± 3.2 5.0 ± 1.7 3.8 ± 1.9

Barents Sea 2.7 ± 1.7 1.2 ± 0.8 2.2 ± 1.3 0.5 ± 0.9 2.9 ± 1.9 1.0 ± 0.7 3.0 ± 1.9 0.5 ± 1.2

Laptev Sea 5.7 ± 1.4 4.8 ± 1.1 2.5 ± 2.0 2.3 ± 1.1 7.1 ± 2.1 5.0 ± 1.9 5.4 ± 1.7 5.0 ± 2.2

Kara Sea 7.1 ± 3.5 4.1 ± 2.2 4.1 ± 1.7 3.1 ± 1.8 6.8 ± 3.4 4.7 ± 3.2 6.6 ± 1.9 5.5 ± 3.7

East Siberian Sea 10.1 ± 2.5 6.9 ± 1.8 1.9 ± 1.5 2.2 ± 1.4 12.8 ± 2.9 7.7 ± 2.7 5.2 ± 2.3 5.0 ± 2.3

Spring

Chukchi Sea −8.9 ± 4.0 −5.5 ± 3.8 −2.6 ± 2.5 −2.6 ± 2.0 −11.4 ± 5.7 −10.1 ± 6.3 −7.5 ± 4.4 −4.7 ± 3.4

Beaufort Sea −4.6 ± 1.5 −6.1 ± 3.1 −3.1 ± 1.9 −2.1 ± 0.9 −5.8 ± 1.9 −12.0 ± 5.1 −4.8 ± 1.8 −3.6 ± 1.5

Canadian Archipelago −2.9 ± 1.5 −4.4 ± 2.1 −3.2 ± 3.0 −1.7 ± 0.6 −3.7 ± 1.9 −8.2 ± 3.3 −4.5 ± 2.6 −2.8 ± 2.5

Central Arctic Ocean −2.5 ± 1.0 −3.0 ± 1.1 −1.1 ± 1.2 −1.0 ± 0.7 −3.3 ± 1.4 −5.0 ± 1.9 −2.0 ± 1.6 −1.7 ± 1.0

Barents Sea −4.4 ± 3.1 −6.3 ± 3.8 −4.3 ± 3.2 −0.9 ± 1.6 −6.7 ± 3.9 −7.2 ± 3.8 −5.9 ± 3.2 −1.2 ± 2.3

Laptev Sea −3.1 ± 1.4 −1.9 ± 0.8 −0.5 ± 0.9 −0.4 ± 0.7 −2.9 ± 1.6 −3.2 ± 1.0 −1.0 ± 1.2 −2.0 ± 0.9

Kara Sea −3.4 ± 3.5 −4.7 ± 4.1 −2.2 ± 2.9 −2.1 ± 2.1 −4.4 ± 4.5 −8.6 ± 4.7 −2.9 ± 2.4 −4.7 ± 4.4

East Siberian Sea −8.2 ± 2.8 −2.9 ± 1.5 −1.4 ± 1.9 −2.7 ± 1.9 −9.8 ± 3.2 −5.6 + 3.7 −2.8 ± 2.8 −5.1 ± 3.0

Mean (± s.d.) shift of autumn and spring DVM onset in days for Arctic large marine ecosystems (LMEs)31 (Supplementary Fig. 2) for all models when contrasting 2045–2054 with the baseline 
in 2015–2024 under scenarios SSP1-2.6 and SSP5-8.5. Bold numbers indicate ‘robust’ ensemble mean shifts where the ratio of the ensemble mean shift versus the s.d. is ≥2. aModels with the 
weakest and strongest shifts in autumn (Fig. 3) bModels with the weakest and strongest shifts in spring (Fig. 4)
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the survival probability of winter-active zooplankton, because they 
enter the polar night with lower energy reserves, and will probably find 
less ice-associated organic matter in the under-ice habitat4,5,47 (Fig. 5). In 
addition, earlier downward migration during spring could impact on the 
ecologically important copepod Calanus hyperboreus within its future 
distribution range. Female C. hyperboreus spawn at depth during winter, 
and the early nauplius larvae rise to the surface, while growing into larger 
copepodite stages48,49. An earlier descent of omnivorous copepods such 
as Metridia spp. can lead to increased predation on C. hyperboreus nau-
plius larvae before they have outgrown the prey size range of Metridia 
spp., compromising the recruitment of C. hyperboreus50 (Fig. 5). Other 
dynamics may apply in lower latitudes where boreal Calanus species 
may prevail in the future49. Ultimately, a reduced energetic trade-off may 
overall weaken the cue for vertical migration into the under-ice habitat 
in the future. In the CAO, juvenile and immature polar cod Boreogadus 
saida, the main prey of many Arctic birds and mammals, cover a great 
part of their energy demand from prey taken in the under-ice habitat51,52. 
Less prey in the under-ice habitat and an overall changing prey field will 
negatively impact on the survival of young polar cod in the CAO, with 
cascading effects on higher trophic levels53.

The application of a fully autonomous biophysical observatory 
enabled us to monitor animal behaviour under sea ice during its drift 

across the CAO, a task that has so far required immense logistic effort 
and therefore left considerable knowledge gaps regarding higher 
trophic levels in the Arctic ecosystem54. Similar technology will be 
important for understanding changes of the future Arctic ecosystem 
and its management, for example, under the Central Arctic Ocean 
Fisheries Agreement (CAOFA). By modelling twilight conditions at 
the beginning and the end of the polar night, our results show that 
future changes of the under-ice light field can strongly affect the tim-
ing of the seasonal vertical migration of zooplankton. These changes 
have the potential to impact on the future prosperity of ecological 
key species, their associated ecosystem functions, and biodiversity. 
This implies that considering biological processes during the twilight 
periods would be an important factor determining our ability to predict 
whether the CAO will become a ‘new oasis’ or a ‘desert’6, if the climate 
crisis cannot be controlled.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41558-023-01779-1.
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Fig. 5 | Potential ecological impacts of shifts in the timing of seasonal 
migrations. a,b Present (a) and future (b) scenarios showing potential 
repercussions of negative (spring) and positive (autumn) shifts in the onset 
of DVM on zooplankton within the surface layer (0–50 m) of the Arctic Ocean, 
assuming a ‘business-as-usual’ (SSP5-8.5) scenario. The figure shows a schematic 
annual cycle with the summer in the centre, along a gradient from shelf seas  
at low latitudes (<80° N, left) to the CAO at high latitudes (>85° N, right).  
a, At present, zooplankton feed on the phytoplankton bloom during polar 
day. During the polar night, zooplankton dwelling in the under-ice habitat 
benefit from ice algae-produced carbon stocks, the ‘sea-ice food bank’. The 
springtime downward migration begins after nauplius larvae of the copepod 
C. hyperboreus have migrated to the surface and developed to copepodites. 
b, In the future, the springtime downward migration may begin so early that 

omnivorous zooplankton can prey on the developing C. hyperboreus nauplii 
before they ascend50. When they migrate into the under-ice habitat in autumn, 
zooplankton may have less carbon available due to a shorter productive period 
of ice algae. At high latitudes, a longer starvation period between the end of the 
phytoplankton bloom and the delayed migration into the under-ice habitat at the 
onset of polar night could additionally reduce winter survival of zooplankton. 
The intensity of the green-brown shading in sea ice symbolizes relative changes in 
ice algae-produced carbon stocks. The green shading of phytoplankton blooms 
is not scaled to productivity or biomass. DVM, diel vertical migration during the 
twilight period. Figure not drawn to scale. This figure is based on scenarios shown 
in Soreide et al.56, Leu et al.47, Wassmann and Reigstad4 and Ardyna and Arrigo6, 
under a Creative Commons License (https://creativecommons.org/licenses/
by/4.0/).
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Methods
Autonomous biophysical observatory
We deployed an autonomous biophysical observatory on the ice floe of 
the MOSAiC expedition of RV Polarstern in September 2020 (PS122/5). 
This observatory made it possible to investigate the distribution of 
zooplankton in the top 50 m under the drifting sea ice in relation to 
environmental parameters, without introducing disturbance by inva-
sive sampling gear or artificial light. The main component was an AZFP  
buoy (ASL Environmental Sciences) which recorded zooplankton 
vertical distribution from the autumn–winter transition close to the 
geographic North Pole on 18 September 2020 to the winter–spring 
transition north of Greenland on 1 April 2021. These measurements 
were complemented by under-ice irradiance and oceanographic meas-
urements obtained from several co-deployed platforms.

AZFP buoy. The AZFP was integrated into a rugged sea-ice tethered 
buoy designed to survive the harsh conditions of the ice-covered ocean 
by Bruncin Observation Systems. The surface unit of the buoy was com-
posed of a heavy metal cylinder housing the batteries, a solid frame carry-
ing the main electronics, a glass half-dome with solar panels and a stable 
floatation body around the main hull. The buoy was powered by alkaline 
batteries sufficient for several months of operation, complemented by a 
solar-rechargeable power supply to support a higher sampling interval 
during summer. The surface unit was equipped with additional sensors, 
including GPS position, under-ice fluorescence, temperature, salinity 
and cameras. The underwater unit mainly consisted of the AZFP with 
its four downward-looking acoustic transducers, mounted in a frame 
fixed to the bottom of the battery cylinder with multiple steel wires and 
hanging just beneath the ice base (Extended Data Fig. 1). The buoy ran 
on a Linux operating system, configured to poll the entire sensor suite at 
regular intervals, and to transmit the recordings to a land-based station 
via the Iridium satellite network. AZFP sampling parameters and meas-
urement intervals could be adjusted via a remote satellite connection at 
any time. The buoy was installed on the MOSAiC ice floe on 12 September 
2020, in a hydro-hole through 1.3-m-thick level ice.

The AZFP recorded acoustic backscatter of zooplankton and fish 
in the water column at four frequencies: 67, 125, 200 and 455 kHz. In 
this study, we present data from the 125, 200 and 455 kHz transduc-
ers. The manufacturer calibrated all frequencies of the AZFP before 
deployment (±1 dB re 1 m−1). The transducers had a nominal −3 dB 
beam angle of 10° at 67 kHz, 8° at 125 and 200 kHz and 7° at 455 kHz. 
The pulse length was set to 500 µs, and the ping rate was 0.5 Hz in all 
frequencies. Measurements were averaged over burst periods of 2 min 
and a vertical cell height of about 0.5 m.

The AZFP buoy was fully operational on 18 September 2020. The 
last data transmission was recorded on 7 May 2021. For the purpose  
of this study, we limited the data to the period from the start of the twi-
light period at the end of the polar day on 18 September 2020 (89.1° N 
107.4° E) to the end of the twilight period at the end of the polar night 
on 1 April 2021 (84.6° N 22.3° W). During this period, the observatory 
was mainly drifting over the Arctic Basin.

To maintain sufficient battery power, we applied an adaptive inter-
val scheme. At the start of the survey on 18 September 2020, AZFP meas-
urements were conducted every 2 h for a period of 20 min (10 bursts), 
and for 10 min (5 bursts) after 30 September 2020 (Supplementary 
Table 1). To save battery power during darkness, the interval between 
measurements was set to 12 h between 19 and 29 October 2020, and 
the measurement duration was increased to 20 min on 20 October 
2020 (Supplementary Table 1). After 29 October 2020, the interval 
between measurements was set to 3 h, and the duration of measure-
ments was reduced to 6 min (3 bursts). To maintain sufficient battery 
power until the end of the winter, the interval between measurements 
was further increased to 4 h on 12 January 2021 (Supplementary Table 1).  
The hydroacoustic data of the AZFP buoy are available at https://doi.
org/10.1594/PANGAEA.954939 ref. 57.

Hydroacoustic data processing. Acoustic data were processed with 
Echoview 12 (Echoview Software). We used Echoview’s built-in algo-
rithm to remove background and impulse noise, applying a minimum 
signal-to-noise ratio of 10 (refs. 58,59) In addition, echograms were visu-
ally inspected for bad data regions and artefacts, which were manually 
removed. Data were expressed as volume backscattering strength (Sv 
in dB re 1 m−1) for each measurement cell (~0.5 m × 2 min) between 1 m 
below the ice and 50 m depth. Initial data exploration revealed the pres-
ence of a pronounced SBM between about 20 and 30 m depth, which 
persisted from the beginning of the measurements until mid-March 
2021 (Fig. 1). This SBM corresponded to a strong difference in salinity 
between CTD sensors positioned above and below the SBM and a strong 
density gradient (Supplementary Fig. 1), indicating that the elevated 
backscatter could have been related to both the impedance by a pycno-
cline and the aggregation of zooplankton at the pycnocline (Extended 
Data Fig. 3)44. The overlap of potential zooplankton backscatter with 
pycnocline-related backscatter did not compromise observations 
of the relative shifts in the vertical distribution of scatterers. For the 
analysis of DVM in the twilight periods (Fig. 2a,b and Extended Data 
Fig. 2), we integrated the backscatter data in 2-min-long cells reach-
ing from 1 m depth to approximately 2 m above the SBM. For each 
inte gration cell, we calculated the nautical area scattering coefficient  
(sA in m2 nmi−2). A multifrequency analysis was conducted to discrimi-
nate the acoustic signal from different functional zooplankton groups 
based on their acoustic frequency response12. In short, the Sv echograms 
were divided into 2-min-long by 1-m-deep cells before being com-
pared. Cells where Sv125kHz < Sv200kHz < Sv455kHz were assigned to copepods, 
cells where Sv125kHz > Sv200kHz < Sv455kHz were assumed to be dominated by 
larger zooplankton such as euphausiids or amphipods, and cells where 
Sv125kHz < Sv200kHz > Sv455kHz were assigned to chaetognaths. Data analysis 
and graphical presentation was conducted in R v.3.6.1 (ref. 60), using 
the editor RStudio v.2023.06.0 (ref. 61) as a programming tool.

Radiation station. A spectral radiation station consisting of three 
spectral radiometers (RAMSES-ACC-VIS, TriOS) was installed ~50 m 
from the AZFP buoy on 27 August 2020. The upward-looking under-ice 
sensor was installed 0.5 m below the ice base of a refrozen melt pond to 
measure transmitted irradiance. The sensor also carried an inclination 
and pressure module. A second upward-looking sensor was installed 
above the surface to measure incident irradiance as a reference. An 
external tiltmeter was attached to the sensor. The station also carried 
a third downward-looking radiometer measuring reflected irradi-
ance, a light chain to measure in-ice light attenuation, a snow pinger 
to measure snow accumulation and a camera to monitor the state of  
the observatory (not used here). The radiation station stopped operat-
ing on 13 November 2020. The radiation station data are available at 
https://doi.org/10.1594/PANGAEA.948838 ref. 62.

CTD buoy. Water column structure was recorded and transmitted via 
the Iridium satellite network by a buoy equipped with five SBE37IMP 
Microcat CTDs (Sea-Bird Scientific) at 10, 20, 50, 75 and 100 m depth 
along an inductive modem tether. The buoy itself was built by Pacific 
Gyre. It was deployed at a location ~120 m from the AZFP buoy on 28 
August 2020. The transmission interval was set to 10 min. A more 
detailed description of the buoy is given in Hoppmann et al.63. The data 
of this buoy are available online at https://doi.org/10.1594/PANGAEA. 
954992 ref. 64.

Zooplankton sampling
On 16 September 2020 at station PS122/5_62-71 of the MOSAiC expedi-
tion, the epipelagic zooplankton community was sampled vertically 
from 50 m depth to the surface (Hydrobios Multinet Midi; 150 µm 
mesh size, 0.25 m2). The multinet was equipped with an electronic 
flow meter measuring the amount of filtered water in m3 for each  
sample. Immediately after sampling, the animals were preserved in a 
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4% formaldehyde–seawater solution buffered with hexamethylenete-
tramine, and stored at room temperature until quantitative analysis 
at the Alfred-Wegener-Institute using the ZooScan scanning system65 
(Biotom, Hydroptic). The sample was size-fractionated by sieving over 
70 µm, 500 µm and 1,000 µm meshes to avoid overlapping large and 
small organisms on the scanner. The three size fractions were then 
scanned with a resolution of 2,400 d.p.i. The resulting scan was pro-
cessed and separated into images with single objects using ZooProcess 
v.7.29 (ref. 65), a macro applied in ImageJ v.1.41o (ref. 66). The length 
and width of each individual (major axis, minor axis) were automati-
cally measured. The single object images were uploaded to EcoTaxa67, a 
web application for the semiautomatic taxonomic classification of the 
images and sorted into taxonomic categories. Assuming each object 
to be an ellipsoid, the volume (mm3) of each zooplankton individual 
was calculated using the formula:

V = 4π
3 × a

2 × (b2 )
2

(1)

where V is the volume of an organism, a is the major axis and b is  
the minor axis. The biovolume of each taxonomic category was then 
calculated as the sum of all such individual volumes divided by the 
amount of filtered water of each sample (mm3 m−3).

Modelling under-ice light and projecting shift of DVM onset
Calculation of light intensity triggering vertical migration. To esti-
mate the level of light intensity triggering the autumn DVM of zoo-
plankton into the under-ice habitat above the SBM, we first identified 
the date on which the DVM crossed the SBM. To this end, we calculated 
the mean Sv within the under-ice habitat for each measurement interval 
between 20 September and 15 October 2020 (Supplementary Fig. 3). 
This figure reveals a very clear transition between low mean scattering 
values (around −90 dB) to higher mean scattering values (between 
−85 dB and −80  dB). This transition occurred between consecutive 
AZFP readings at 12:14:18 and 15:56:47 (UTC) on 28 September 2020. 
Then, we used the measured under-ice irradiance data from the radia-
tion station and propagated it into the water column using an expo-
nential decay following:

Iw = Iui × exp(−kw × dz) (2)

where Iw is the light intensity in W m−2 transmitted into the water col-
umn, Iui is the under-ice light intensity measured by the radiation buoy, 
kw is the water attenuation coefficient and dz is the incremental depth 
in metres.

We calculated the attenuation in the water (kw) from spectral light 
measurements (400–700 nm) conducted by a remotely operated 
vehicle68 during seven dives in March and September 2020 (n = 1,213 
measurements)69. The mean kw over the first 25 m depth was esti-
mated at 0.14 ± 0.01 m−1 (mean ± s.d.). We provide the trigger level as 
irradiance (W m−2) and a photosynthetic photon flux density (PPFD, 
µmol photons m−2 s−1). For the irradiance, we considered the visible 
part of the spectrum (400–700 nm) from the measurements. For 
the PPFD, the trigger level was first estimated in W m−2 considering 
the total spectrum available (320–950 nm), and then converted into 
µmol photons m−2 s−1 following Castellani et al.70. The resulting irradi-
ance light level at the depth of the SBM when DVM began (25 m) was 
2.4 × 10−4 W m−2. Based on the standard deviation of kw, this value was 
associated with an uncertainty of ±0.65 × 10−4 W m−2. The correspond-
ing PPFD value was 6.2 × 10−4 µmol photons m−2 s−1, with an uncertainty 
of 1.6 × 10−4 µmol photons m−2 s−1. In addition, we provide the light 
threshold for two single wavelengths in the blue part of the spectrum 
(455 nm) and the green part of the spectrum (530 nm) to compare our 
results with previous studies. The light thresholds for 455 and 530 nm 
were 7.06 × 10−6 and 2.28 × 10−6 µmol photons m−2 s−1, respectively. We 

then plotted the evolution of this trigger isolume and its uncertainty 
range as a function of time and depth with the backscatter data (Fig. 2c).

The trigger isolume rose through the SBM on 28 September and 
continued to become shallower in depth until it fully reached the sur-
face on 7 October 2020. To statistically confirm the visual impression 
that the upper limit of high zooplankton backscatter followed the evo-
lution of this trigger isolume during this period (Fig. 2c), we performed 
a one-sided paired t-test testing the null hypothesis that, within each 
measurement interval, mean Sv values above the trigger isolume were 
not significantly lower than below it. Mean Sv values above and below 
the trigger isolume between 28 September and 7 October 2020 were 
calculated by first transforming Sv values into their linear form sv to 
compute mean sv within each measurement interval, and then trans-
forming the mean sv back into its logarithmic form Sv. Paired t-tests for 
all three analysed frequencies showed that mean Sv was significantly 
lower above the trigger isolume than below it throughout the period 
of DVM (125 kHz: t = −29.707, d.f. = 586, P < 0.001; 200 kHz: t = −32.095, 
d.f. = 585, P < 0.001; 455 kHz: t = −24.485, d.f. = 586, P < 0.001). This 
confirmed the notion that most zooplankton scatterers stayed below 
the trigger isolume and followed its daily up and down motion within 
the under-ice habitat.

Modelling. As a proxy of the expected mid-21st-century shift in the 
onset of the autumn and spring DVM, we calculated the difference 
(in days) between the mean dates when the trigger isolume reaches 
25 m depth in both seasons for the 10 yr period 2015–2024 and for the 
2045–2054 period. The projected shifts were determined considering 
future sea-ice concentration, sea-ice thickness, snow depth, cloud 
area fraction and surface temperature. To achieve this, we used model 
outputs based on the scenarios SSP1-2.6 and SSP5-8.5 from four dif-
ferent IPCC CMIP6 model ensembles. The model experiments used 
in this study have shown a reasonable climate-change-driven sea-ice 
loss compared to the change in global mean temperature45. Further 
selection criteria were the availability of daily outputs and of multiple 
ensemble members. The models were (number of ensemble members 
in parentheses): ACCESS-CM2 (5)71, MPI-ESM1-2-HR (2)72, MPI-ESM1-2-LR 
(29)73 and MRI-ESM2-0 (5)74. Decadal means for the periods 2015–2024 
and 2045–2054 were calculated for sea-ice concentration, sea-ice 
thickness, snow depth, cloud area fraction and surface temperature 
for each ensemble member for the autumn–winter transition (Sep-
tember–December) and for the winter–spring transition ( January to 
March). All ensemble members of each of the model scenario experi-
ments were used to accommodate internal model variability (Sup-
plementary Figs. 4–7).

Downwelling shortwave radiation at the surface was taken from 
the Clouds and the Earth’s Radiant Energy System (CERES) synoptic 
satellite-based products75. These products were available daily, at 
a 1° × 1° resolution over the Arctic Ocean and from instruments on 
board the Terra and Aqua satellites. Because future downwelling radia-
tion is unknown, and our investigation focuses on the relative effect 
of future sea-ice and snow conditions predicted by climate model 
experiments, we used observed downwelling radiation for the period 
1 September to 20 December 2020 and 1 January to 31 March 2021 for 
all years. As twilight and night light levels of downwelling shortwave 
radiation are not provided by this remote sensing dataset, we used 
twilight downwelling irradiance estimates based on the Commission 
Internationale de l’Eclairage (CIE) daylight model, extended with imple-
mented supplementary basic functions based on field measurements, 
with corrections for solar angles25,30. For the purpose of this study, we 
calculated incoming solar spectra for sun angles between −28° and 
0° at a 2° resolution. The broadband albedo was calculated based on 
observations during the SHEBA ice-drift experiment and considered 
constant at 0.84 (ref. 76).

The light transmission through snow and sea ice was calculated 
using an exponential decay of light through snow and sea ice using 
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varying extinction coefficients based on physical conditions7. With this 
approach, snow depth and sea-ice thickness subgrid scale distributions 
are applied to account for the variability within each grid cell. For the 
water column, we applied the extinction coefficient determined during 
the MOSAiC expedition (Kw = 0.14 m−1). Then, we calculated the depth 
profiles of transmitted light into the water column in each grid cell of 
the 25 km EASE grid, averaged for the 2015–2024 and the 2045–2054 
decades, respectively. These datasets were used to determine the 
Julian day at which the trigger level of 2.4 × 10−4 W m−2 (6.2 × 10−4 µmol  
photons m−2 s−1) is reached at a depth of 25 m in autumn and spring. The 
average ensemble values, standard deviations, minimum and maxi-
mum for each model in the different Arctic LMEs31 displayed in Table 
1 and Supplementary Tables 2 and 3 were estimated using the Arctic 
mask shown in Supplementary Fig. 2. All calculations and analyses 
performed in the section Modeling under-ice light and projecting shift 
of DVM onset were performed in Python 3.7.13 and MATLAB_R2021.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
AZFP data are available at https://doi.org/10.1594/PANGAEA.954939 
(ref. 57). CTD buoy data are available at https://doi.org/10.1594/PAN-
GAEA.954992 (ref. 64). Spectral light data are available at https://doi.
org/10.1594/PANGAEA.948838 (ref. 62) and https://doi.org/10.1594/
PANGAEA.935688 (ref. 69).

Code availability
Code for analysing AZFP and zooplankton data, including related data-
sets, is available at https://doi.org/10.5281/zenodo.8100957 (ref. 57).  
Code for the multifrequency analysis of AZFP data, including related 
datasets, is available at https://doi.org/10.5281/zenodo.8124371  
(ref. 77). Code for calculating a trigger isolume for zooplankton 
vertical migration and calculating shifts in vertical migration onset 
based on CMIP6 model outputs is available at https://doi.org/10.5281/
zenodo.8130995 (ref. 78).
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Extended Data Fig. 1 | Autonomous bio-physical sea-ice observatory. a, Schematic of drifting observatory; b, CTD buoy surface unit; c, AZFP buoy surface unit;  
d, Radiation station; e, AZFP buoy underwater package photographed by a remotely operated vehicle.
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Extended Data Fig. 2 | Diel variability of depth-integrated backscatter 
during the autumn and spring twilight periods. Solar angle and nautical area 
scattering coefficient (sA, m2 nmi−2) at 125, 200 and 455 kHz above the surface 

backscatter maximum during the autumn (a-d) and spring (e-h) twilight periods. 
Dark blue lines indicate the relative change in sA during the day estimated by a 
loess smoother.
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Extended Data Fig. 3 | Taxonomic composition of zooplankton in the 
0-50 m surface layer. a, Vertical distribution of the different functional 
groups of zooplankton based on multifrequency analysis according to Darnis 
et al.12. Copepods dominated the acoustic signal in 83% of the cells and larger 
zooplankton, such as euphausiids and amphipods, dominated in 15% of the cells. 

The multifrequency analysis indicates aggregation of larger zooplankton at the 
Subsurface Backscatter Maximum (SBM), but this assignment by the algorithm 
may be an artefact from the strong density gradient. b, Relative biovolume of 
zooplankton taxa in the top 50 m sampled with a multinet at station PS122/5_62-
71 on 16 September 2020.
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Extended Data Fig. 4 | Variability of potential projected future shift in diel 
vertical migration (DVM) onset. Pan-Arctic maps of the standard deviation of 
the potential mean shift of the autumn (a) and spring (b) DVM onset for SSP1-2.6 

and SSP5-8.5, over all ensemble members of the models projecting the most 
extreme shifts shown in Figs. 3 and 4, when contrasting 2045–2054 with the 
baseline in 2015–2024.
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