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A B S T R A C T   

A comparative study of the mesozooplankton in four North Atlantic basins is presented. During a trans-Atlantic 
expedition with R/V G.O. Sars in May and June 2013, the Norwegian Sea, Iceland Sea, Irminger Sea and Lab
rador Sea was surveyed twice on a round trip from Bergen, Norway to Nuuk, Greenland. Mesozooplankton 
samples of biomass, species composition and vertical distribution were obtained with WP2 and MOCNESS 
plankton nets, in addition to in situ data obtained from a Video Plankton Recorder (VPR) and Optical Plankton 
Counter (OPC) mounted on a submersible towed vehicle. Size-fractionated biomass samples showed that the 
Norwegian Sea had the highest biomass of small mesozooplankton (180–1000 μm), while Irminger and Iceland 
Seas had the highest biomass of the medium (1000–2000 μm) and largest (>2000 μm) size fractions, respec
tively. The Icelandic Sea large fraction biomass was dominated by Amphipods, Chaetognaths, Krill and Calanus 
hyperboreus. The Labrador Sea had the lowest total mesozooplankton biomass. A total of 9 different species/ 
groups were found to comprise the 5 most numerically dominant species/groups across all basins, with Oithona 
spp. being the most common genus in all basins. C. finmarchicus was, as expected, found to be the most 
numerically common species of the Calanus complex in all basins, but the stage composition varied markedly 
between basins with young copepodite stages dominating only in the Labrador and central Norwegian Seas. In 
terms of both abundance and biomass, the Iceland Sea had a higher fraction of dominating mesozooplankton 
distributed below 200 m. The highest average particle density per 25 m interval was registered in the Norwegian 
Sea during daytime between 25-50 m (OPC data). In the Labrador and Irminger Seas, total estimated particle 
densities in the upper 50 m were lower and the particle densities peaked at intermediate sizes (1–3 mm). In all 
basins there were differences in the particle densities estimated between day and night. Based on VPR data, the 
Irminger and Iceland Seas had the highest density of copepods registered in the upper 200 m, whereas in the 
Labrador Sea, the highest average copepod densities were registered at depth. Densities of gelatinous organisms 
were at least an order of magnitude higher in the Labrador and Irminger Seas than in the Iceland Sea.   

1. Introduction 

Mesozooplankton play a vital role in marine ecosystems as the main 
trophic link between primary producers and carnivorous predators. At 
high latitudes, due to the strong seasonality in solar influx and primary 
production, many species of mesozooplankton have adapted to the 
seasonality in food availability (Falk-Petersen et al., 2009). The northern 
North Atlantic Ocean basins span a latitudinal gradient from around 50 
to 75 ◦N which affects the seasonality significantly. Therefore, the North 
Atlantic cannot be considered as one ecosystem where key meso
zooplankton can successfully utilise a single set of fixed life history 
strategies in relation to the seasonality (Head et al., 2013; Melle et al., 
2014). Large variations in the ocean circulation patterns across the 
North Atlantic (Reverdin et al., 2003; Blindheim, 2004; Holliday et al., 

2006) is also an important factor for the observed regional differences in 
mesozooplankton community and life strategies (e.g. Sundby, 2000). 
During the Euro-BASIN cruise in 2013, four north Atlantic Ocean basins 
– the Norwegian Sea (Nor), Iceland Sea (Ice), Irminger Sea (Irm) and 
Labrador Sea (Lab), were surveyed and the objectives were to increase 
the understanding of the differences and similarities in meso
zooplankton community structure, behaviour and population dynamics. 
In addition, knowledge about the mesozooplankton community is 
essential to tie the physics and ecology of theses basins together, ranging 
from hydrography (Drinkwater et al., this issue), phytoplankton 
(Naustvoll et al., this issue), micronekton (Klevjer et al., this issue a, b) 
and herring (Melle et al., this issue). 
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1.1. North Atlantic Ocean circulation and basin connectivity 

All four seas covered during the cruise contains one or more deep 
basins (Melle et al., 2014), over which local gyres are believed to aid in 
the local retention and the closing of life-cycles of plankton populations. 
According to literature, Calanus finmarchicus has two main over
wintering areas, the western one in the Labrador/Irminger Seas and the 
eastern in the southern Norwegian Sea (Conover, 1988; Planque et al., 
1997; Heath et al., 2000, 2008; Head et al., 2003; Melle et al., 2004; 
Broms et al., 2009). The main overwintering areas are situated in the 
local gyres, and parts of the overwintering generation from these gyres 
seed the populations of the surrounding shelves and shallow seas 
(Sundby, 2000; Melle et al., 2014). The North Atlantic Current (NAC), 
crosses the Atlantic Ocean in a north-eastward direction between 
approximately 50 to 60 ◦N, bringing warm, saline water masses north
wards. South of Iceland and west of the UK, the NAC splits into the 
Norwegian Atlantic Current heading into the Norwegian Sea, while the 
other branch flows into the Irminger Sea in a north-westward direction 
(Irminger Current, IC). The Norwegian Atlantic current flows north
wards along the Norwegian coast bounded by the Norwegian Coastal 
Current (NCC, Sætre, 2007) to the east and the polar front between the 
Norwegian and Iceland Seas to the west (Blindheim, 2004). Flowing 
southward along the east coast of Greenland, is the East Greenland 
Current (EGC), bringing cold Arctic water masses southwards. North of 
Iceland, the EGC branches off into the Iceland Sea or continues 
south-west wards through the Denmark Strait into the Irminger Sea. The 
Iceland Sea branch moves counter-clockwise where it meets the Nor
wegian Sea Current and becomes part of the Norwegian Sea gyre. The 
cyclonic Norwegian Sea gyre of the Norwegian Sea basin is an important 
retention area that has been shown to be a major production area for 
C. finmarchicus, which is likely the most important mesozooplankton 
species in the North Atlantic (Aksnes and Blindheim, 1996; Heath et al., 
2000, 2008; Melle et al., 2004, 2014; Head et al., 2013). In the 
north-eastern Irminger Sea, the EGC meets the NAC branch which turns 
counter-clockwise and they follow the Greenland coast south-westwards 
with the EGC closest to the Greenland coast. The two currents continue 
next to each other around the southern tip of Greenland before moving 
northwards into the Labrador Sea basin where they slowly turn 
counter-clockwise and flow along Canadian coast southwards. This 
circulation pattern is considered the northern boundary of the Subpolar 
gyre, also considered to be a major retention area for mesozooplankton 
and thus important for mesozooplankton production (Planque et al., 
1997; Heath et al., 2008). Due to the predominantly northward flow of 
warm Atlantic water on the east side of the north Atlantic (Norwegian 
Atlantic Current) and the southwards moving cold Arctic water in the 
central (EGC) and west (Labrador current) North Atlantic, the temper
ature isolines across the North Atlantic does not follow a latitudinal 
gradient as should be expected if solar influx where the determining 
cause. Instead, habitats within certain temperature regimes are found at 
high latitudes in the east while further south in the west (Planque et al., 
1997; Sundby, 2000). Species with specific temperature niches can 
therefore be expected to be found at higher latitudes in the northeast 
Atlantic than in the northwest Atlantic. Thus, the same species might 
experience different levels of seasonality, particularly in solar influx, 
which may further affect life history strategies such as onset or termi
nation of dormancy as well as timing of reproduction (Melle et al., 
2014). 

1.2. Mesozooplankton community 

Previous studies have found the overall mesozooplankton biomass in 
the different regions to be dominated by a few important species. In the 
Labrador Sea, the 3 species of Calanus usually make up >70% of 
copepod biomass (Head et al., 2003), with C. finmarchicus usually alone 
making up more than 60% of total biomass and 80% of the total number 
of large copepods in spring and summer. In the Irminger Sea, C. glacialis 

and C. hyperboreus are usually found to be of lesser importance, but 5 
copepod taxa (C. finmarchicus, Paraeuchaeta norvegica, C. hyperboreus, 
Oithona spp. and Oncaea spp.) usually constitute more than 95% of total 
copepod biomass (Gislason, 2003). In the Iceland Sea, the meso
zooplanktom community have been found to differ depending on the 
origin of the dominating water mass (Gislason and Silva, 2012). In 
Atlantic water masses, C. finmarchicus and Pseudocalanus spp. are the 
most abundant species, while C. hyperboreus and C. glacialis dominate in 
water masses of Arctic origin. A third more southerly and coastally 
influenced mesozooplankton community in the Iceland Sea, dominated 
by Temora spp. and Acartia spp. (Gislason and Silva, 2012), was not 
sampled during this Euro-BASIN cruise. The Norwegian Sea basin is 
mainly influenced by Atlantic water masses where C. finmarchicus, 
Oithona spp. and Pseudocalanus spp. are the numerically dominant 
mesozooplankton species (Wiborg, 1955; Tande et al., 2000; Strand 
et al., 2020). However, in the western part of the Norwegian Sea towards 
the Iceland Sea, water masses with an Arctic origin becomes more 
prominent, and with it a mesozooplankton community more dominated 
by Arctic species like C. hyperboreus. C. finmarchicus, however, remains 
an important part of that community as well (Broms et al., 2009; Bagøien 
et al., 2012). Even though significant variations in the mesozooplankton 
community is evident throughout the four basins, C. finmarchicus is 
generally assumed to be the dominant mesozooplankton species in high 
latitude North Atlantic water masses in terms of biomass and annual 
production (Planque et al., 1997; Planque and Batten, 2000; Head et al., 
2013; Melle et al., 2014). 

The wide extent and scope of the 2013 Euro-BASIN cruise, together 
with the use of both classic plankton nets and advanced optical sam
pling, will hopefully enable us to shed new light and insight on the 
mesozooplankton composition, biomass, phenology and vertical distri
bution, not previously attempted on a basin wide scale. This paper will 
thus present a comparative analysis of the ecology of the meso
zooplankton community across four northern North Atlantic Ocean 
basins. 

2. Material and methods 

The data used in this investigation were gathered onboard the 
research vessel G.O. Sars on a round trip from Bergen, Norway to Nuuk, 
Greenland during the period 1 May - 14 June 2013 (Fig. 1). Both 
traditional nets and modern optic technology were used during the two 
surveys of the four ocean basins – The Norwegian, Iceland, Irminger and 
Labrador Seas. The results obtained by the plankton nets, WP2 (Fraser, 
1966) and MOCNESS (Wiebe et al., 1985), as well as data from two 
optical instruments, the OPC (Herman, 1992) and VPR (Davis et al., 
1992) mounted on a towed submersible vehicle, MESSOR (Knutsen 
et al., 2013), constitute the main body of data used in this analysis. 

2.1. Plankton net sampling 

At total of 43 stations (Fig. 1) was sampled with a WP2 (Fraser, 1966) 
plankton net (0.25 m2 mouth opening area, 180 μm mesh) hauled 
vertically from 200 to 0 m with a vertical haul speed of 0.5 m per second. 
All samples were split with a Motoda splitter (Motoda, 1959) and one 
half was preserved in 4% buffered formalin. The other half (or less 
depending on the amount of biological material present), was fraction
ated into 3 size groups using sieves (180–1000 μm, 1000–2000 μm and 
>2000 μm). The two smaller size fractions were rinsed in fresh water, 
before being transferred to pre-weighed aluminium dishes and dried at 
60 ◦C and weighed in the laboratory on land (Melle et al., 2014). The 
organisms in the >2000 μm size fraction were rinsed in fresh water 
before being identified to species and counted. Some taxa were also 
length measured before being placed on separate aluminium dishes for 
drying and subsequent weighing. See Melle et al. (2004) for further 
details about onboard sample processing. 

A 1 m2 opening MOCNESS (Multiple Opening and Closing Net and 
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Environmental Sensing System) with a mesh size of 180 μm was used to 
collect depth stratified samples from the four basins. The MOCNESS was 
deployed obliquely, sampling the standardised intervals 1000-800, 800- 
600, 600-400, 400-200, 200-100, 100-50, 50-25 and 25-0 m, thus 
covering the mesopelagic and epipelagic domains. Samples from the 
different depth strata were basically treated as described for the WP2 
net, but a substantial portion of the hauls were not examined for 
biomass, only species composition. There was a total of 25 MOCNESS 
stations (Fig. 1). 23 of the 25 MOCNESS stations were taken during 
daytime (sun above the horizon), and although all 25 stations are used in 
the following analyses, the vertical distribution patterns must be 
considered mainly daytime distributions. For basin-wide comparison of 
vertical distribution, the weighted mean depth (WMD, m) of each 
MOCNESS was calculated for each taxonomic species/group and stage 
(j) where this was determined: 

WMDj =

∑n
i=1Di*Nji
∑n

i=1Nji
1  

where i is MOCNESS net, Di is the mean depth (m) of each MOCNESS 
sample and Nji is the total number of individuals within a sampled depth 
range sampled, calculated as the density (ind. m− 3) of species j multi
plied with the depth range (m) of MOCNESS net i. MOCNESS hauls 
where no individuals of any group/species/stage where not found in 
either nets are omitted from further analysis. 

C. finmarchius and C. glacialis are morphologically very similar and 
are in the current data distinguish by individual size within develop
mental stage. Recent studies have indicated that this may lead to erro
neous classification of the two species, due to overlap in the size- 
distributions within stages (Lindeque et al., 2006; Parent et al., 2011; 
Gabrielsen et al., 2012; Choquet et al., 2018). Since a reanalysis of the 
formalin fixated material from the cruise, either genetically or by 
discrimination of antenna coloration on live material (Nielsen et al., 
2014) it is unfeasible at present, care should be taken when concluding 
on the separation of C. finmarchicus and C. glacialis. 

2.2. In situ mesozooplankton and particle observations 

The OPC (Herman, 1992) and VPR (Davis et al., 1992) mounted on a 
tow-body (MESSOR; Knutsen et al., 2013) provided data on in situ dis
tribution of particles and plankton between some of the stations (Fig. 1). 
During deployment, the towed vehicle was continually tow-yo’ed be
tween 10 and, usually, 400 m. Whereas the VPR is effectively an un
derwater microscope, providing dark-field imagery of particles observed 
in a defined volume (about 150 mL at the settings used, image rate up to 
15 Hz), the OPC counts and estimates in situ particle sizes passing 
through its sampling tunnel (opening area ~50 cm2). At the settings 
used, the VPR has a pixel resolution of about 24 μm, whereas the OPC is 
nominally capable of resolving particles down to a size of about 250 μm. 
Total observation volume for the OPC was assessed by multiplying the 
opening area of the sampling tunnel with flow estimated from a me
chanical flowmeter mounted on the towed body (Knutsen et al., 2013). 
For the VPR the volume observed per image was estimated based on a 
factory calibration for the settings used for image extraction, and 
volumetric densities and coarse identification of particles was done 
using Visual Plankton (Davis et al., 2005; Melle et al., this issue). The 
deployments were not equally spread out, due to a combination of time 
constraints and unfavourable weather (Fig. 1), which is why we have 
few data available from the Norwegian Sea. The deployments in the 
Irminger Sea were close to the coast of Greenland, in an area where 
average fluorescence values from both the underway sampling system 
and the towed body had quite high values compared to values observed 
elsewhere in the Irminger Sea during the cruise. 

The OPC counts and measures all particles entering the sampling 
tunnel (Herman, 1992). On the lower end of the size spectrum the OPC is 
likely to underestimate densities (a function of size and optical trans
parency), whereas in the higher end of the size spectrum interactions 
between the sampling tunnel and the particles (either breakage or 
avoidance of the 2 cm wide by 25 cm high tunnel opening) is likely to 
bias measurement. In combination with lower densities of larger parti
cles this puts an effective upper limit on what sizes of particles can be 
measured. Additionally, the range of observable densities can be 
restricted by particle densities, when the density of particles is high, the 

Fig. 1. Locations of stations during the 2013 Euro-BASIN cruise. Green dots denote stations with deployments of WP2 nets 0–200 m, + signs are stations with 
MOCNESS deployments (0–1000 m), and orange dots show locations of towed vehicle deployments. Current arrows are modified from Knutsen et al. (2017). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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probability of counting multiple non-separable particles as one (“coin
cident counts”) in the observation volume (50 cm2 × 0.4 cm, Herman, 
1992) increases. In practice an upper limit to “measurable” densities of 
~104 particles m− 3 has been estimated (Herman et al., 2004), but this 
limit will also depend on the average size of particles, with larger par
ticles imposing a lower limit. 

From the OPC estimates of particle equivalent spherical diameter 
(ESD) we calculated biovolume for the particles by assuming an prolate 
spheroid shape (Herman, 1992), assuming that the ESD corresponded to 
the length of the major axis of ESD, with a minor axis of 1/3 ESD. We 
calculated relative change in particle densities between day and night as 
the ratio between night densities and the average of day and night 
densities, whereas the difference between day and night was calculated 
as the simple difference between night and day density for a size and 
depth bin. The OPC is not capable of separating between different types 
of particles so counts of i.e. zooplankton cannot be separated from for 
example marine snow or large phytoplankton. Especially in the Irminger 
and Labrador Seas, the imagery from the VPR documented large 
amounts of aggregates of algae and marine snow. 

2.3. Estimation of biomass from abundance data 

In order to make an estimate of species contribution to meso
zooplankton biomass, as well the vertical distribution of biomass, data 
from literature on species and stage prosome length was compiled 
(Table 1) for the majority of the numerically abundant species (Fig. 5) 
present in the four basins. Several equations for the allometric rela
tionship between individual body mass and prosome length in copepods 
and mesozooplankton exists, and here the general relationship from 
Peters (1983), as suggested by Richardson et al. (2006), is used: 

W = 0.08⋅L2.1
p .2  

where W is calculated individual wet weight (mg) and Lp is prosome 
length (mm). 

2.4. Environmental data 

The fluorescence sensors on both the CTD and on the tow-body show 
large interregional variations in peak chlorophyll, with values spanning 
at least 1 order of magnitude, with the exception of the Irminger Sea, 
where only the data from the tow-body sensor spans this range. The per 
area average was highest in the western areas, with both sensors 
showing the lowest values in the Norwegian Sea. The vertical distribu
tion of the fluorescence also varies between the areas, with high values 
only encountered in the upper 100 m in the eastern basins. In the 
western basins, moderately high values were also encountered between 
100 and 200 m, especially in the Labrador Sea. In the Labrador Sea, 
fluorescence values above 0.3 were encountered all the way down to 

~400 m, for both sensors. 

3. Results 

3.1. Biomass and species composition 

The highest biomass in the 0–200 m WP2 samples was found in the 
Iceland Sea, with an average of 5.6 g DW m− 2 (Fig. 2). The lowest 
average biomass was found in the Labrador Sea, 3.3 g DW m− 2. The 
Norwegian and Irminger Seas had intermediate levels of total 
zooplankton biomass, between 4 and 5 g DW m− 2. However, no basin 
had significantly more or less total biomass than others (Table 2). In the 
Iceland Sea, the 3 size fractions (180–1000 μm, 1000–2000 μm, and 
larger than 2000 μm), contributed roughly equally to the total biomass 
(Fig. 2). In the Irminger Sea, the 1000–2000 μm fraction was the largest 
contributor to overall biomass, whereas in both the Labrador and Nor
wegian Seas the smallest fraction was the dominant. The biomass of the 
180–1000 μm fraction was highest in the Norwegian Sea (2.8 g DW 
m− 2); in the 3 other areas biomasses for this fraction were less than 2.1 g 
DW m− 2 (Fig. 2). In the 1000–2000 μm size faction, the largest biomass 
was found in the Irminger Sea (2.3 g DW m− 2), where it constituted 
more than 50% of the total biomass. Biomass of this fraction was a little 
below 2 g DW m− 2 in both the Norwegian and Iceland Seas, and below 1 
g DW m− 2 in the Labrador Sea. Overall the biomass found in the larger 
than 2000 μm size fraction was highest in the Iceland Sea (1.77 g DW 
m− 2), a factor of 3–8 times larger compared to the other areas. There 
were no significant differences between basins for the two smaller size 
fractions, but the Iceland Sea had significantly more biomass in the 
larger size fraction than any other basin (Table 2). 

The high biomass found in the largest fraction in the WP2 0–200 m 
nets in the Iceland Sea was driven primarily by high biomass of 
C. hyperboreus (47%) and Chaetognaths (39%), though also biomass of 
amphipods and krill contributed (Fig. 3). In the Irminger and Labrador 
Seas the largest fraction contained relatively high amounts of Para
euchaeta (27% and 19%, respectively) and Chaetognaths (32 and 47%, 
respectively). Krill did not constitute a dominating part of the large 
fraction in any basin, with a maximum value of 11% in the Labrador Sea. 
The spatial distribution of the biomasses suggests a pattern of high 
biomass in the smallest fraction in areas close to or on the shelves 
(Fig. 4), with the lowest biomasses consistently registered in offshore 
areas. Using bottom depth at the WP2 stations as a proxy for shelf vs. 
basin, a two-sided Spearman correlation test on all WP2 data indeed 
showed significantly less biomass of the smallest size-fraction in basin 
areas compared to shelf areas (p = 0.0068). However, running the same 
test on each basin, only the Irminger Sea had a statistically significant 
correlation (p = 0.0006), but the same trend was found for all basins. 

The mean value of vertically integrated data from the MOCNESS 
show that 9 taxa account for the 5 most, in average, numerically 
dominant species/groups in all basins, with Oithona spp. being the most 

Table 1 
Assigned prosome lengths (mm) for estimation of biomass from abundance data. 1 = Skjoldal et al. (2013), 2 = Madsen et al. (2001), 3 = Conway (2006), 4 = McLaren 
et al. (1988). * denotes our decision on what stage to assume in the biomass estimation, as the MOCNESS data does not contain information on stage for these 
species/groups.  

Species CI–CIII CIV-CV CVIf CVIm larva   Reference 

Pseudocalanus spp. 0.54 0.87 0.86 0.82    1 
Paraeuchaeta spp. 1.30 3.07 6.10 4.40    1,3 
Metridia spp. 1.09 1.55 2.37 1.69    1 
Cirripedia     0.55   1 
Oithona spp.  0.77      1* 
Oncaea spp.   0.68     1* 
Microcalanus pusillus  0.43      1*  

CI CII CIII CIV CV CVIf CVIm  

Calanus hyperboreus 1.19 1.69 2.45 3.41 4.20 6.80 6.80 4,2 
Calanus glacialis 0.89 1.31 1.74 2.48 3.31 3.55 3.55 4,2 
Calanus finmarchicus 0.66 0.96 1.35 1.85 2.45 2.56 2.40 1  
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abundant (likely under sampled – see discussion) across all basins 
(Fig. 5). C. finmarchicus (stages CI-CVI) was the second most common 
species numerically in all basins, except in the Iceland Sea where it 
appeared that Oncaea spp. was the second most common group. Cirri
pedia larva was generally only found small numbers, except for one 
station, near shore close to Nuuk, Greenland, in the Labrador Sea. 
Members of the Larvacea group were common only in the Labrador Sea. 
Ostracods, Pseudocalanus spp. and Microcalanus spp. were registered in 
all basins. 

3.2. Vertical distribution and stage development 

A general observation on the vertical distribution of meso
zooplankton shows that the Norwegian and Iceland Seas appear have a 
shallower distribution compared to what was observed in the Labrador 
and Irminger Seas (Fig. 6). For numerical comparison of the basins, we 
estimated the weighted mean depth (WMD; Table 3; Eq. (1)). The 
pattern of shallower vertical distribution in the Norwegian basin is 
primarily driven by the vertical distribution of Oithona spp. with an 
WMD of 32 m in the Norwegian Seas, while this numerous copepod had 
deeper WMD’s in the Labrador (102m) and Irminger Sea (87m). 

For C. finmarchicus, the highest densities of individuals were found in 
the upper 25 m in the Labrador (p < 0.03), Irminger (p < 0.0006) and 
Iceland (p < 0.0003) Seas (Fig. 7), albeit not in the Norwegian Sea, when 
comparing all depth intervals against each other (one-way Anova). 
Younger stages appear to in general have shallower WMDs than older 
stages (Table 3). The weighted mean depth of C. finmarchicus stage CV 
was found at 119, 121, 59 and 73 m in the Labrador, Irminger, Iceland 

and Norwegian basins respectively. The stage composition of 
C. finmarchicus varied distinctly between basins (Fig. 7). In the Norwe
gian and Labrador Seas, younger stages (CI–CIV) were more dominant 
compared to the Iceland and Irminger Seas where stages CV and CVI 
composed more than 50% of the total number of C. finmarchicus. 

The Labrador Sea was the only place where C. glacialis occurred in 
numbers indicating the existence of a thriving population. C. glacialis 
were not found at all in the Irminger Sea, and only in small numbers at 
shallow depths in the Norwegian and Iceland Seas (Fig. 7). In the Iceland 
Sea, developmental stage CI was the only stage present, while early 
stages (CI–CIII) constituted more than 50% of the individuals in the 
Labrador Sea. 

The highest densities of C. hyperboreus were found in the Labrador 
Sea within the upper 50 m and stage CI (WMD = 30) and CII (WMD =
21) accounted for more than 75% of the total numbers. In the Iceland 
and Norwegian Seas, older stages (CIV+) made up the majority of in
dividuals (Fig. 7). The occurrence of C. hyperboreus was very low in the 
Irminger Sea. Older stages (CV+) had a WMD below 150 m in all basins. 

In terms of contributions to biomass of the large size fraction (>2 
mm), chaetognaths were a major contributor in the Iceland Sea in the 
upper 200 m (Fig. 3), with very little contribution in the Norwegian Sea. 
However, in terms of numerical abundance, chaetognaths were found in 
relatively high numbers in both the Norwegian and Iceland Seas, with an 
average density of around 17 (Nor) and 8 (Ice) individuals m− 3 in the 
upper 25 m. The general trend showed a decreasing density with 
increasing depth with a weighted mean depth of between 181 and 284 in 
all basins. Chaetognaths appeared to be less numerically important in 
the Labrador and Irminger basins compared to the to eastern basins. 

Oncaea spp. was distributed throughout the water column (Fig. 6) in 
low numbers in the two western basins, while in the Norwegian Sea 
members of this genus were found mainly in the upper 200 m (WMD =
108m). In the Iceland Sea, the vertical density distribution was bimodal 
with one peak at the surface, a second one between 400-600m depth, 
and an overall WMD of 282 m. 

No significant differences were detected between basins in surface 
integrated densities of the of males or females of carnivorous copepod 
Paraeuchaeta spp. There were however significantly more individuals of 
stage CIV-CV in the Labrador and Irminger basins compared to the 
Norwegian and Iceland seas (Anova; Ice-Lab: p = 0.0002, Ice-Irm: p =
0.0003, Nor-Lab: p = 0.007, Nor-Irm: p = 0.01). The mean vertical 
distribution in density (ind. m− 3) of stages CI–CIII and CIV-CV com
bined, indicate a peak at 25–50m in the Norwegian Sea, 50–100m in the 
Irminger Sea and 100–200 m in the Labrador Sea. In the Iceland Sea, no 
clear vertical distribution pattern was seen for theses stages. CVI femals 

Fig. 2. Average dry-weight (g DW m− 2) ± standard error of fractionated zooplankton biomass samples from WP2 nets 0–200 m.  

Table 2 
P-values from ANOVA comparing measured dry weight biomass between all 
basins and size fractions/groups. Significant differences (p < 0.05) denoted by *.  

Size fraction/ 
group 

Compared basins 

Ice-Nor Irm-Ice Irm- 
Nor 

Lab-Ice Lab- 
Irm 

Lab- 
Nor 

Total biomass 0.91 0.58 0.93 0.29 0.88 0.62 
180–1000 μm 0.88 0.97 0.63 0.99 0.99 0.86 
1000–2000 μm 0.99 0.90 0.91 0.57 0.20 0.53 
>2000 μm 0.00003* 0.00001* 1.00 0.00136* 0.81 0.82 
C. hyperborues 0.00003* 0.00001* 0.99 0.00012* 0.99 0.99 
Chaetognatha 0.00003* 0.00005* 0.94 0.01098* 0.60 0.35 
Pareuchaeta 0.98 0.56 0.34 0.33 0.92 0.18 
Krill 0.49 0.60 0.99 0.93 0.94 0.87 
Amphipoda 0.35 0.17 0.98 0.24 0.99 0.98  
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appears to be distributed deepest in the Norwegian (WMD = 468) and 
Icelandic Seas (WMD = 455), somewhat shallower in the Irminger Sea 
(WMD = 354) and most shallow (WMD = 251) in the Labrador Sea. 

Pseudocalanus spp. appeared to be most abundant in the Iceland and 
Norwegian Seas with CVI females being the most common stage (Fig. 8). 
This was however only significant when comparing the Iceland Sea to 
the Irminger (p = 0.003) and Labrador (p = 0.006) basins. The weighted 
mean depth of this stage was deeper, but not significantly, in the Iceland 
Sea (WMD = 132m) compared to the Norwegian Sea (WMD = 59m). The 
density of younger stages (CI–CIII and CIV-CV) peaked in the upper 25m 
in the Iceland and Labrador Seas and the upper 50m in the Norwegian 
Sea (Fig. 8). Pseudocalanus spp. were rare in the Irminger Sea. 

3.3. Calanus finmarchicus phenology 

The stage distribution of C. finmarchicus on the westward and east
ward surveys of the four seas are shown in Fig. 9. At the two first stations 
in the Norwegian Sea we observed many CI–CIII, few CIV and more CV- 
CVI. This was interpreted as the overwintering generation (G0), still 
being present in stages CV-CVI while the new generation (G1) had 
recruited to the three youngest copepodite stages, CI–CIII. In the Iceland 
and Irminger Seas, G0 dominated the population on the westward 

survey, although some G1 were present in the Irminger Sea in low 
numbers (CI–CIII). When entering the Labrador Sea, the first two sta
tions were close to the West-Greenland shelf and most of the populations 
were already in G1, although some individuals of the G0 remained in 
stages CV and CVI. On the eastward leg, the central parts of the Labrador 
Sea were surveyed and stage distribution there seemed to be a mix of G0 
and G1, like near the Greenland shelf, but with fewer young stages of G1. 
Some young stages of G1 were present in the Irminger Sea during the 
eastward survey. In the Iceland Sea and the three western stations in the 
Norwegian Sea, G0 still dominated the population. The last station much 
closer to the Norwegian shelf where we observed active recruitment to 
G1 on the westward leg some young stages still lingered, but the pop
ulation was dominated by older stages, presumably belonging to G1. 

The relationship between the number of C. finmarchicus of stages CV- 
CVI and the depletion of nitrate during the bloom development 
(Naustvoll et al., this issue) is shown in Fig. 10. These stages mainly 
represented the G0 as described above. While nitrate was depleted from 
the mixed layer, the number of CV-CVI diminished. When about 0.2 mol 
m− 2 were used, few CV-CVI of the G0 were left. 

Fig. 3. Taxonomic composition of the >2000 μm size fraction (% of total) in the 0–200 m WP2 nets in the four basins. Number on top of columns show the basin 
specific average total biomass (g DW m− 2). The “Other” group contains what remains on the 2000 μm sieve after removing the other taxa, including fish and larger 
jellies (not shown). 
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3.4. Optical plankton counter 

The highest average particle density per 25 m interval (e.g. sum of all 
sizes), was registered in the Norwegian Sea (daytime, 25–50 m, ~7600 
m− 3). In the Labrador and Irminger Seas, total estimated particle den
sities in the upper 50m were lower (peak ~5600 m− 3), but the particle 
densities peaked at intermediate sizes (1–3 mm) (Fig. 11). As a conse
quence, the biovolume estimated by the OPC in the Labrador Sea was 
more than 3 times greater than in the Norwegian and Iceland Seas in the 
upper 200 m (Fig. 12 A1-4). To make the OPC data more comparable 
with the WP2 data, we split the biovolume measurements into different 
size-fractions (Table 4), based on ESD. Compared to the Norwegian and 
Iceland Seas, the two western basins had higher total biovolumes (two 
sided Mann-Whitney U test of daytime biovolumes for particles in the 
size range 0.3–5 mm integrated from 20 to 180 m per MESSOR cast, N =
41/42, W = 1612, p « 0.001), as well as larger average particle sizes (two 

sided Mann-Whitney U test of daytime weighted average size of particles 
in the size range 0.3–5 mm, integrated from 20 to 180 m per MESSOR 
cast, N cast = 41/42, W = 1624, p « 0.001) and thereby a higher pro
portion of biovolume in the larger ESD classes (see Fig. 12 A1-4 and 
Table 4). 

In all areas there were differences in the particle densities estimated 
between day and night (Fig. 12 B1-4). In the eastern basins, densities of 
particles in the range ~0.63–~1.6 mm ESD had reduced densities at 
depth during night-time compared to during day (Fig. 12 B1-4). In the 
Irminger and Norwegian Seas, biovolumes of particles in the size range 
of ~1–2.5 mm ESD increased strongly close to the surface during night- 
time (Fig. 12 C2, C4). To summarise estimates of biovolume changes 
over the diel cycle (Fig. 12 C1–C4), we integrated the biovolume of 
particles in the size range 0.5–2.5 mm ESD day and night (Fig. 12 D1- 
D4). In the two eastern basins, biovolumes estimated deeper than 100 
m during night-time were on average lower than those found during 

Fig. 4. Spatial distribution of average dry weight (g DW m− 2) of the three size fractions from the 0–200 m WP2 samples. Coloured symbols denote stations assigned 
to the different basins. Green: Labrador Sea, Red: Irminger Sea, White: Iceland Sea, Yellow: Norwegian Sea. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 5. Boxplot of the numerical abundance of the most common species. Nine taxa account for the 5 most numerically dominant species/groups across all 
investigated basins. All stages included. Oithona spp. was the most common genus in all basins. 
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daytime, whereas in the western basins biovolumes estimated deeper 
than 100 m was higher during night-time (Fig. 12 C1–C4, D1-D4). The 
magnitude of differences varied between depths and areas, with the 
highest drop in biovolume during night-time found in the Irminger and 
Labrador Seas, in the depth range 30–80 m (Fig. 12 D1-D4). 

3.5. Video plankton recorder 

The images from the video plankton recorder (VPR) were sorted into 
5 categories, Copepods, Pseudocalanus females with eggs, gelatinous 
organisms, primary producers (aggregates of algae) and marine snow. 
Based on the categorization (Melle et al., this issue) and the observation 
volume of the VPR, densities of the different categories were calculated 
for the different areas and depth strata (Fig. 13). For the Norwegian Sea, 
the dataset was limited (only 3.5 h sampling time). In the Irminger and 
Iceland Seas the highest copepod densities were registered in the upper 
200 m, whereas in the Labrador Sea, the highest average copepod 
densities were registered at depth (Fig. 13). Estimated densities of 
gelatinous organisms were at least an order of magnitude higher in the 
Labrador and Irminger Seas than in the Iceland Sea. In the western ba
sins, especially the coastal areas of the Labrador Sea, the VPR also 
registered high amounts of primary producers in the form of algae and 
aggregates of algae. The densities of the aggregates peaked close to the 
surface. Marine snow occurred in all basins, at all depths, densities 
peaking at about 100m. Estimated densities were highest in the western 
basins (Fig. 13). 

3.6. Estimation of biomass from abundance data 

In terms of numerical abundance, species/stages with small prosome 
lengths (0–1 mm) dominated the samples in all basins (Fig. 14A), with 
Oithona spp. being on average the most common species in the 
(0.75–1.0 mm) prosome length bin group. In the smallest length bin, 
Microcalanus pusillus, Oncaea spp. and C. finmarchius stage CI (see 
Table 1) were common. In addition, Cirripedia larva occurred in this bin 
in the Labrador Sea. 

The estimated biomass based on prosome length, showed a distinctly 
different pattern when compared to the numerical abundance. Where 

small species/stages dominated numerically, the biomass distribution 
based on prosome length showed bimodal distribution (Fig. 14B), and in 
the case of the Iceland Sea, a multimodal distribution. The first biomass 
peak at 0.75–1.0 mm prosome length, apparent in all basins, were made 
up from Oithona spp., Pseudocalanus spp. and C. finmarchicus stage CII. 
The second peak, at 2.0–2.5 mm prosome length in the Iceland Sea and 
at 2.5–3.0 mm in the Labrador, Irminger and Norwegian Seas, were 
composed primarily by C. finmarchicus stage CV and CVI. However, in 
the Iceland Sea, and to a lesser extent the Norwegian Sea, Metridia spp. 
appeared to also play an important part of the biomass within this bin 
range. The third peak, clearly visible only on the Iceland Sea, were made 
up from older stages of C. hyperboreus. 

Overall, the majority of the biomass were located above 200 m, but 
the average values were different between basins (Fig. 14C, red lines) 
and also between length groups (Fig. 14C, bars). The Labrador and 
Irminger Seas appeared to have the shallowest distributed biomass, with 
more than 80% of biomass found above 200m. In the Iceland Sea, the 
distribution seemed deeper with 36% of the biomass found below 200m. 

3.7. Environmental data 

The fluorescence sensors on both the CTD and on the tow-body show 
large interregional variations in peak chlorophyll, with values spanning 
at least 1 order of magnitude, with the exception of the Irminger Sea, 
where only the data from the tow-body sensor spans this range. The per 
area average was highest in the western areas, with both sensors 
showing the lowest values in the Norwegian Sea. The vertical distribu
tion of the fluorescence also varies between the areas, with high values 
only encountered in the upper 100 m in the eastern basins. In the 
western basins, moderately high values were also encountered between 
100 and 200 m, especially in the Labrador Sea. In the Labrador Sea, 
fluorescence values above 0.3 were encountered all the way down to 
~400 m, for both sensors. 

4. Discussion 

In terms of biomass in the upper 200 m, we found no significant 
differences in size fractionated biomass the 180–1000 and 1000–2000 

Fig. 6. Vertical distribution of numerically common groups (all stages). The vertical resolution corresponds with the depth intervals used for the MOCNESS.  
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μm fractions, but the Iceland Sea had significantly more biomass in the 
>2000 μm fraction. In terms of numerical abundance, Oithona spp. was 
most common in all basins. The Irminger Sea differed from the others, 
having fewer copepods, while, in the Labrador Sea, we observed high 
densities of larvaceans and cirripeds. In terms of biomass, our results are 
similar to previous studies, which have found the overall biomass in the 
different regions to consist of only a few dominant species. In the Lab
rador Sea, three species of Calanus complex (C. finmarchicus, C. glacialis 
and C. hyperboreus) usually make up > 70% of copepod biomass (Head 
et al., 2003), with C. finmarchicus usually alone making up more than 
60% of total biomass and 80% of numbers of large copepods in spring 
and summer. In the Irminger Sea, C. glacialis and C. hyperboreus are 
usually found to be of lesser importance, but five copepod taxa 
(C. finmarchicus, Paraeuchaeta norvegica, C. hyperboreus, Oithona spp. and 
Oncaea spp.) usually constitute more than 95% of total copepod biomass 
(Gislason, 2003). Gislason and Silva (2012) identified three main mes
ozooplankton communities in the Subarctic Iceland Sea, “(i) an Atlantic 
community in the east, with C. finmarchicus and Pseudocalanus spp. most 
abundant, (ii) an Arctic community at high latitudes, with large numbers 
of C. hyperboreus and C. glacialis, and (iii) a community with coastal 
affinities at lower latitudes, with large numbers of Temora longicornis 
and Acartia spp.” As can be seen from our data from the Iceland Sea, 
most of our samples are similar to community (i) described above. 
However, older stages (CIV-CV) of C. hyperboreus were also present in 
the Iceland Sea, but with very few younger stages (CI–CIII) present at the 
time of sampling. In the Labrador Sea, all stages of the Arctic species 
C. glacialis and C. hyperboreus were present in some quantities, despite 
the samples coming from a lower latitude than the Iceland Sea. In the 
Norwegian Sea, the mesozooplankton community biomass is dominated 
by the copepods, making up 60–75% during summer and more than 50% 
year-round (Wiborg, 1954). C. finmarchicus, Pseudocalanus spp., Oithona 
spp. and Oncea spp. are the most abundant of all species, other taxa 
being at least an order of magnitude less abundant (Østvedt, 1955). The 
biomass of C. finmarchicus during spring and summer have been found 
make up more than 80% of the copepod biomass (Wiborg, 1954). 

4.1. Basin scale variation in biomass and species abundance observed by 
net-sampling 

The biomass of the smallest size fraction (180–1000 μm) in the upper 
200 m of the water column was highest in the Norwegian Sea. When 
comparing the observed biomass data from the WP2 in the Norwegian 
Sea with the species and stage abundances from the MOCNESS within 
the same depth range, it is likely that a significant proportion of the 
small biomass was Oithona spp. and small stages of C. finmarchicus. With 
an adult body length of approximately 500 μm (Castellani et al., 2007), 
all Oithona spp. retained by the 180 μm MOCNESS and subsequently size 
fractionated, should end up in the 180–1000 μm size category. On the 
other hand, nauplii stages are probably severely undersampled since 
their body lengths are less than ~250 μm (Gallienne and Robins, 2001). 
Unlike C. finmarchicus, Oithona spp. is active and reproduces year 
around, and there are thus likely to be individuals of most stages present. 
In the Irminger Sea, Castellani et al. (2007) reported that of all Oithona 
spp. individuals, 74.9% in spring, 62.6% in summer and 76.9% in 
winter, were at the naupliar stages. Of the investigated basins, the lowest 
biomass in the small size fraction was found in the Irminger Sea (1.71 g 
DW m− 2), which had the largest biomass of the middle size faction 
(1000–2000 μm). Since Oithona spp. ends up in the smallest size fraction, 
it is likely that larger stages of C. finmarchicus makes up the majority of 
biomass in the middle size fraction, considering the stage composition of 
C. finmarchicus in the upper 200 m from the MOCNESS data (Fig. 7). 

The biomass of the >2000 μm size fraction in the upper 200 m was 
higher in the Iceland Sea than in the other basins (Fig. 3.) and was 
composed mainly of C. hyperboreus and chaetognaths. Krill and amphi
pods also had higher average biomass in the Iceland Sea basin compared 
to the other three basins. The size structure of zooplankton communities 

Table 3 
WMD (m) ± SD of dominant species/groups and stages in the 4 surveyed North 
Atlantic basins based on MOCNESS samples. Number in parenthesis denotes 
number of profiles with valid calculation of WMD, and thus (0) means no ob
servations, (1) mean one profile with data and hence no SD.  

Species/Group Stage Lab Irm Ice Nor 

Calanus 
finmarchicus 

CI 25 ± 10 
(6) 

17 ± 7 
(7) 

27 ± 12 
(7) 

19 ± 5 
(4) 

Calanus 
finmarchicus 

CII 27 ± 10 
(6) 

17 ± 6 
(7) 

98 ±
166 (8) 

19 ± 5 
(4) 

Calanus 
finmarchicus 

CIII 29 ± 15 
(6) 

23 ± 12 
(7) 

41 ± 39 
(8) 

18 ± 4 
(4) 

Calanus 
finmarchicus 

CIV 49 ± 23 
(6) 

40 ± 18 
(7) 

61 ± 46 
(8) 

27 ± 15 
(4) 

Calanus 
finmarchicus 

CV 119 ± 72 
(6) 

121 ±
57 (7) 

59 ± 35 
(8) 

73 ± 18 
(4) 

Calanus 
finmarchicus 

CVI female 44 ± 21 
(6) 

38 ± 20 
(7) 

49 ± 34 
(8) 

43 ± 11 
(4) 

Calanus 
finmarchicus 

CVI male 87 ± 34 
(6) 

72 ± 74 
(7) 

110 ±
68 (8) 

63 ± 31 
(4) 

Calanus glacialis CI 28 ± 15 
(3) 

(0) 13 (1) 13 (1) 

Calanus glacialis CII 33 ± 35 
(4) 

(0) 13 (1) 13 (1) 

Calanus glacialis CIII 121 ±
212 (5) 

38 (1) 239 ±
210 (4) 

13 ±
0 (2) 

Calanus glacialis CIV 51 ± 66 
(4) 

292 ±
360 (2) 

243 ±
243 (8) 

(0) 

Calanus glacialis CV 88 ± 63 
(4) 

(0) 171 ±
127 (5) 

75 (1) 

Calanus glacialis CVI female 215 ±
116 (5) 

372 ±
225 (4) 

156 ±
109 (8) 

300 ±
0 (2) 

Calanus glacialis CVI male 118 ± 39 
(3) 

75 (1) 265 ±
157 (3) 

(0) 

Calanus 
hyperboreus 

CI 30 ± 10 
(5) 

13 (1) 400 ±
141 (2) 

17 ± 3 
(2) 

Calanus 
hyperboreus 

CII 21 ± 4 
(5) 

13 (1) 21 ± 14 
(3) 

279 ±
455 (3) 

Calanus 
hyperboreus 

CIII 96 ± 26 
(6) 

312 ±
168 (3) 

160 ±
115 (7) 

69 ± 79 
(4) 

Calanus 
hyperboreus 

CIV 93 ± 36 
(6) 

224 ±
145 (7) 

101 ±
63 (8) 

136 ± 75 
(4) 

Calanus 
hyperboreus 

CV 210 ±
138 (6) 

177 ±
183 (7) 

163 ±
89 (8) 

219 ± 95 
(4) 

Calanus 
hyperboreus 

CVI female 210 ±
119 (6) 

301 ±
143 (7) 

273 ±
88 (8) 

390 ±
134 (4) 

Calanus 
hyperboreus 

CVI male 700 (1) (0) 498 ±
131 (6) 

(0) 

Oithona spp.  102 ± 21 
(6) 

87 ± 26 
(7) 

81 ± 67 
(8) 

32 ± 15 
(4) 

Chaetognatha  222 ± 81 
(6) 

284 ±
147 (7) 

237 ±
83 (7) 

181 ± 97 
(4) 

Metridia spp.  293 ±
141 (6) 

364 ±
162 (7) 

248 ±
96 (8) 

204 ± 46 
(4) 

Microcalanus 
pusillus  

171 ± 58 
(6) 

232 ±
83 (7) 

270 ±
111 (8) 

173 ± 65 
(4) 

Oncaea spp.  294 ±
115 (6) 

383 ±
189 (7) 

282 ±
234 (8) 

108 ± 55 
(4) 

Paraeuchaeta spp. CI–CIII 235 ± 63 
(6) 

162 ±
28 (7) 

358 ±
240 (8) 

246 ±
267 (4) 

Paraeuchaeta spp. CIV-CV 191 ± 63 
(6) 

198 ±
79 (7) 

465 ±
227 (8) 

248 ±
213 (4) 

Paraeuchaeta spp. CVI female 251 ± 81 
(6) 

354 ±
50 (7) 

455 ±
152 (8) 

468 ±
213 (4) 

Paraeuchaeta spp. CVI female 
w/egg 

500 ±
0 (3) 

388 ±
102 (3) 

528 ±
167 (7) 

150 (1) 

Paraeuchaeta spp. CVI male 457 ±
207 (6) 

524 ±
132 (7) 

480 ±
213 (8) 

477 ±
287 (4) 

Pseudocalanus 
spp. 

CI–CIII 125 ±
134 (6) 

340 ±
166 (7) 

52 ± 56 
(5) 

42 ± 20 
(4) 

Pseudocalanus 
spp. 

CIV-CV 209 ±
123 (6) 

310 ±
110 (7) 

197 ±
157 (8) 

79 ± 100 
(4) 

Pseudocalanus 
spp. 

CVI female 252 ± 89 
(6) 

259 ±
72 (7) 

132 ±
107 (8) 

59 ± 75 
(4) 

Pseudocalanus 
spp. 

CVI male 313 ±
231 (5) 

352 ±
238 (7) 

132 ±
156 (6) 

149 ±
149 (4)  
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is known to be affected by ambient temperature (Martin et al., 2006; 
Chiba et al., 2015), where cold-water habitats favour larger forms with 
longer generation times, while smaller sizes and shorter generation 
times are favoured by warm-water communities. Across the investigated 
North Atlantic basins, this trend were seen where larger copepod forms 
such as C. glacialis and C. hyperboreus were more dominant in water 
masses influenced by cold Arctic water (Spearman correlation test: log 
(integrated abundance) ~ temperature; p = 0.007 and p = 0.000003, 
respectively). No effect of water temperature was found on the abun
dance of C. finmarchicus (p = 0.795) which indicate that all surveyed 
basins have temperatures that are within optimal range for this species. 
This study thus substantiates these temperature mediated patterns in 
abundance variation of these three species of the Calanus complex 
(Broms et al., 2009; Falk-Petersen et al., 2009). However, also other 
zooplankton groups may show similar patterns. In our data, this is 
especially clear in the case of chaetognaths when comparing the biomass 
of chaetognaths large enough to be retained in the >2000 μm size 
fraction in the WP2 nets (Fig. 3) with the numerical surface integrated 
densities based on MOCNESS samples within the same depth range 
(200-0m). The Iceland Sea had a significantly higher biomass of chae
tognaths than the Norwegian Sea (Fig. 3, Table 2), but numerically, 
more individual chaetognaths (Fig. 6) were on average found in the 
Norwegian Sea (1502 ind. m− 2) than the Iceland Sea (1407 ind. m− 2). 
Thus, the cold Iceland Sea is likely to have larger individuals compared 
to the warmer Norwegian Sea, possibly due to the presence of the large 
Arctic species Pseudosagitta maxima (Kulagin and Neretina, 2017). 
However, also differences in development could partly explain this 
pattern, but that cannot be addressed by the current dataset. The same 
pattern is also suggested when comparing the biomass (Lab = 0.24/Nor 
= 0.017 g DW m− 2) and surface integrated densities of chaetognaths 

from the cold Labrador Sea (427 ind. m− 2) with the Norwegian Sea, even 
though the difference in biomass is not significantly different (Table 2). 

A pattern seen in the biomass data, is the increased biomass in the 
smallest fraction (180–1000 μm) close to the coast (Fig. 4). Since the 
pelagic ecology of the basins was the focus of the study, we had rela
tively few stations close to the coast, and the pattern is therefore pri
marily driven by high values found at a few stations. On-shelf areas 
typically have different water-masses than the deeper basins (i.e. East 
Greenland Current, Icelandic Coastal Current, Norwegian Coastal Cur
rent) and the timing of the spring bloom in these areas is likely to be 
different to that found in the basins. However, the basins covered by the 
cruise varied from pre-bloom to post-bloom phase (Naustvoll et al., this 
issue). While not statistically significant in all basins on a per basin test, 
increased biomasses in the smallest fraction was indicated in all basins, 
which may suggest that the observed increases were not solely an effect 
of differences in relation to bloom-timing. Also, it is known that small 
species of genera like Pseudocalanus, Temora, Acartia, Centropages could 
be abundant in shelf sea waters (Bucklin et al., 2000; Durbin and Kane, 
2007; Gislason and Silva, 2012; Staurland Aarbakke et al., 2014), but 
such regions could also be more subject to freshwater runoff that could 
host a range of additional small species, like Podon and Evadne and 
larvae of benthic invertebrates (cf. Skjoldal et al., 2013), although spe
cies phenology will determine which organisms could impact biomass of 
the smaller size fraction at a given place and time. There are several 
other possible processes that potentially could contribute to increased 
coastal biomass in the small fraction, ranging from physical (i.e. tem
perature driven), to bottom-up (i.e. differences in productivity levels 
and types of primary producers) and top-down driven (i.e. reduced 
predation from vertically migrating planktivores (Klevjer et al., this 
issue b)). A possible coastal-offshore gradient in size distribution of 

Fig. 7. Vertical distribution of Calanus developmental stages. The vertical resolution corresponds with the depth intervals used for the MOCNESS.  
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mesozooplankton is an interesting pattern for future studies since such 
difference is likely to have ecological consequences, but it will require a 
more specific sampling design than was undertaken on this cruise. 

The Norwegian Sea and the Irminger/Labrador Sea Sub-polar Gyre 
are the core overwintering areas for C. finmarchicus in the North Atlantic 
(Heath et al., 2004), and thus distance from these areas is believed to 
play an important role in understanding varying abundance of 
C. finmarchicus (e.g. Heath et al., 2000; Speirs et al., 2004; Torgersen and 
Huse, 2005; Heath et al., 2008; Head et al., 2013; Melle et al., 2014). 
While some C. finmarchicus were caught deeper than 50 m in all basins, a 
very high proportion of the total C. finmarchicus population was 
concentrated in the upper 50 m (Fig. 7). 

Abundance of C. hyperboreus in the MOCNESS data was highest in the 
Labrador Sea, with intermediate abundance in the Iceland Sea, and 
overall low levels in the Irminger and Norwegian Seas. In both the Ice
land and Norwegian Seas the older stages dominated the population, 
whereas the smaller stages dominated in the western basins. This is re
flected in the distribution of biomass of C. hyperboreus from the WP2 
catches where C. hyperboreus was a major contributor to the biomass of 
the >2000 μm fraction in the Iceland Sea, while in the other areas the 
contribution was minimal. That C. hyperboreus is an important part of 
the larger copepod assembly in the Iceland Sea is further supported by 
the biomass estimated from abundance data (Fig. 14B). In the western 

areas, where the population was dominated by young stages of cope
podites, the population was concentrated in the upper 50 m, whereas the 
older stages in the eastern areas distributed more evenly from the sur
face down to at least 200 m (Fig. 7). The Irminger Sea had the lowest 
C. hyperboreus biomass (Figs. 3 and 14B) which agrees with the findings 
of Gislason (2003). 

Pseudocalanus spp. were common in the Norwegian and Iceland Seas 
and rare in the western basins while Paraeuchaeta spp. were most 
abundant in the Irminger Sea and least abundant in the Iceland Sea 
(Fig. 8). The females of Pseudocalanus were found down to several 
hundred meters in the Iceland Sea, but densities peaked near the surface. 
This is reflected in the distribution of the category “females with eggs” in 
the VPR (Fig. 13), which is suspected to be the adult females with egg 
sacs of Pseudocalanus spp. Paraeuchaeta spp. were the most deeply 
distributed copepod species that we looked more closely into. The Par
aeuchaeta spp. are carnivorous species that feed on other copepods and 
perform extensive diel migrations into shallow waters during night (Yen, 
1985; Fleddum et al., 2001; Skarra and Kaartvedt, 2003; Irigoien and 
Harris, 2006). These species also carry egg sacs, and may have 
contributed to the mentioned category of the VPR (see also Melle et al., 
this issue). 

Fig. 8. Vertical distribution of Paraeuchaeta spp. and Pseudocalanus spp. stages. The vertical resolution corresponds with the depth intervals used for the MOCNESS.  
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Fig. 9. Surface-integrated number of Calanus finmarchicus stages CI-CVI. From MOCNESS net samples (0–200 m). Along x-axis numbers denote station numbers and 
the abbreviations, Nor, Ice, Irm and Lab, denotes the four seas. The station to the left was the first station near Norway, the two first stations in the Labrador Sea were 
also visited during the westward survey, all stations after that are from the eastward survey. 

Fig. 10. Surface-integrated number of individuals of Calanus finmarchicus stages CV-CVI (# m− 2) from WP2 net samples (0–200 m) versus the depletion of nitrate 
(mol m− 2). See Naustvoll et al. (this issue). 
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4.2. Stage distribution and phenology of Calanus finmarchicus 

Stage distribution of C. finmarchicus was interpreted as recruitment 
to G1 in the eastern Norwegian Sea and the West-Greenland Shelf of the 
Labrador Sea on the westward survey during the first half of May, as well 
in the Labrador Sea on the eastward survey during late May and early 
June. At weather Station Mike in the Norwegian Sea, number of CI 
peaked at more than 70 000 ind. m− 2, indicating that we did not see the 
peak of recruitment to G1 anywhere at the time of the cruise. The last 
station close to the Norwegian shelf was also dominated by G1. The 
other stations were dominated by G0. This interpretation is in line with 
the results reported for the Norwegian sea by Broms and Melle (2007), 
Broms et al. (2009) and Bagøien et al. (2012). They found that the 
phytoplankton bloom was delayed by 1 month from coastal to Arctic 
water masses in the Norwegian sea and recruitment to CI and CIII was 
delayed by 1–2 months. This fits with our interpretation that on the 
eastward leg, we still observed G0 close to the Arctic front (see also 
Melle et al., this issue) and mainly G1 near the Norwegian shelf in the 
east. Further west, in Arctic proper waters of the Iceland Sea, the 
recruitment to younger stages of the G1 peaked in June (Asstthorsson 
and Gislason, 2003). Similarly, in the Labrador Sea, Head et al. (2013) 
showed that recruitment to G1 peaked in June–July, while the over
wintering generation diminished from May to July when it was reduced 
to low numbers. A similar pattern was observed on the Labrador shelf, 
while in the Eastern Labrador shelf the reproduction and subsequent 
recruitment to young copepodite stages of C. finmarchicus preceded the 

other two areas, as we also observed when entering the Labrador Sea on 
the westward survey, close to the Greenland Shelf. 

Reproduction and stage development is dependent on both the onset 
of the spring bloom (Melle and Skjoldal, 1998; Niehoff et al., 1999; 
Hirche et al., 2001; Melle et al., 2014) as well as stage development 
being highly dependent on ambient temperature (Campbell et al., 2001; 
Kvile et al., 2014). Presence of young stages have thus been reported in 
post-bloom conditions in areas influenced by Arctic water (Broms et al., 
2009; Plourde et al., 2009). In the Labrador Sea, a strong spring bloom 
was evident (Fig. 14), coinciding with young stages of G1 (Fig. 7). The 
young stages of C. finmarchicus in the Norwegian Sea would be subject to 
very different feeding conditions compared to the Labrador Sea 
(Fig. 14B), with the young stages present in the Norwegian Sea during 
the cruise evidently missing the spring bloom. 

Broms and Melle (2007) states that “When the number of individuals of 
each copepodite stage was plotted against the consumption of nitrate, repre
senting the phytoplankton development, the same events in the life cycle of C. 
finmarchicus were found at similar nitrate consumptions in different 
geographical areas in the Norwegian Sea”. In Fig. 10, CV-CVI of the G0 
were no longer present in the population at a nitrate use above 0.2–0.3 
mol m− 2. This is at about the same level of depletion as reported by 
Broms and Melle (2007). Naustvoll et al., (this issue) showed that there 
was an inverse relationship between the shallowing depth of the mixed 
layer and the depletion of nitrate in the upper 100 m caused by algal 
growth. This shows that nitrate depletion can be used as a proxy for the 
development and timing of both the phytoplankton production and the 

Fig. 11. OPC estimated densities of particles in different size-ranges, split according to depth and ocean area. Black circles show night-time data (solar elevation <
10), grey circles show daytime data. 
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population of C. finmarchicus. Further, it is an indication of the existence 
of a functional relationship leading from water column stabilisation, 
phytoplankton bloom development to development and reproduction of 
C. finmarchicus (Melle and Skjoldal, 1998; Broms and Melle, 2007; 
Bagøien et al., 2012). It has not previously been shown that this mech
anism may be valid across water masses and basins. 

4.3. Basin scale variation in abundance and biomass by optical methods 

In all OPC density profiles, the density of particles smaller than ~0.4 
mm ESD was low, suggesting that particles smaller than this were not 
sampled efficiently. Above a size of ~2.5 mm ESD variability in the 
measurements is very high, due to low overall counts, suggesting that 

Fig. 12. A1-A4: OPC estimated daytime biovolume (cm3 m− 3) by particle equivalent spherical diameter (ESD, mm) and depth (m), for each of the 4 basins. B1–B4: 
day to night relative changes (%) in particle numbers by particle ESD and depth, with positive values signifying night-time increase. C1–C4: night to day difference in 
biovolume (cm3 m− 3) by size and depth, with positive values signifying night-time increase. D1-D4: biovolume distribution (cm3 m− 3) in the 0.5–2.5 mm ESD range, 
day (grey points and line) and night (black points and line). Red vertical bars show 1/10 of depth interval (vertical span) integrated night to day differences in 
particle biovolume (cm3 m− 2), with lines to the left of zero indicating net loss during night. Figures in the first column (A1-D1) are based on data from MESSOR 
deployments in the Labrador Sea, column 2 (A2-D2) are from Irminger Sea, column 3 (A3-D3) from Iceland Sea and A4-D4 from the Norwegian Sea. (For inter
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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larger particles are not efficiently measured, at least not at this aggre
gation level and unless the local densities were high (e.g. Labrador Sea). 
The highest average particle densities, even in the upper layers, were 
well below the upper limit of 104 m− 3 previously suggested as an upper 
limit for the OPC (Herman et al., 2004). These high particle concen
trations were estimated in the Norwegian Sea, however the average size 
of these particles were small. The distributions of particle densities 
measured by the OPC may suggest that coincidence counts were a 
problem at shallow depths in the western basins (Fig. 11), since particle 
size distributions peaked at intermediate size, with very few small par
ticles registered, coinciding with peaks in the sum of particle 
cross-sections. However, these peaks in the biovolume spectra also 
coincide with the location of peaks predicted from the copepods in the 
MOCNESS catches (Fig. 14), which may suggest that they are not an 
artefact. 

Even at greater depths in the Labrador and Irminger Sea, where 

particle concentrations presumably were low enough to allow proper 
quantification of particle spectra by the OPC, the concentration of larger 
particles were higher than in the eastern basins. Also, if coincidence 
counts were a major influence on the surface near observations in the 
western basins, it is unclear why the night-time density reductions 
(Fig. 12 B1–B4) were restricted to a relatively narrow size-range. The 
VPR data suggested that the concentrations of all identified components 
(e.g. copepods, gelatinous plankton and marine snow) were higher in 
the western basins, which contrasts with observations from MOCNESS 
data. 

The plots of OPC biovolume densities (Fig. 12 A1-A4) showed that 
the particle sizes are shifted towards larger sizes in the western basins, 
even at depth. We assume that this shift reflects actual size-differences, 
although the OPC estimates particle sizes based on light attenuation, and 
particle transparency may therefore have an effect (Herman, 1992). 
Larger particles, all other factors being equal, have a higher probability 

Table 4 
Integrated OPC biovolume and estimated dry-weight of particles in the upper 0–200m for the three size fractions 0.5–1.0 mm, 1–2 mm, and 2–5 mm ESD day and night 
in the targeted basins. Vol2DW columns shows estimated dry-weights (biovol*0.2; Skjoldal et al., 2004) for the respective biovolumes.  

Area Time of Day N casts Biovolume 0–200 m (cm3) Vol2DW conversion (~g DW m− 2) 

Size fraction, ESD (mm) Size fraction, ESD (mm) 

0.5–1 1–2 2–5 0.5–1 1–2 2–5 

Labrador Sea Day 27 9.6 53.6 35.4 1.9 10.7 7.1 
Night 23 11.2 53.4 44.6 2.2 10.7 8.9 

Irminger Sea Day 16 5.3 31.2 18.3 1.1 6.2 3.7 
Night 21 6.8 29.2 17.9 1.4 5.9 3.6 

Iceland Sea Day 30 3.4 3.5 5.9 0.7 0.7 1.2 
Night 48 2.9 3.8 5.4 0.6 0.8 1.1 

Norwegian Sea Day 6 6.5 5.8 3.3 1.3 1.2 0.7 
Night 5 5.6 11.6 6.0 1.1 2.3 1.2  

Fig. 13. Vertical profiles of densities of the identified categories from the VPR, split into day (grey points) and night (black points) and according to area.  
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of being identified in the VPR data (e.g. more pixels available), relative 
biases are therefore possible in the profiles of identified plankton. In the 
Iceland Sea, where the abundance was dominated by small species 
(Oithona spp., Oncaea spp.) in the upper waters, the VPR estimated total 
copepod densities at least one order of magnitude below the MOCNESS 
estimates (Fig. 6). On the other hand, in the Labrador Sea, where large 
calanoid copepods made up more than 50% of the total meso
zooplankton abundance in the upper 50 m, VPR and MOCNESS esti
mates are of the same order of magnitude, down to a depth of 200 m. 
Below 200 m, however, the VPR estimates are at least 1 order of 
magnitude higher. The ratios of copepods to total identified particles in 
the VPR data were very low in the 50–200 m depth range in the Labrador 
Sea (not shown). This is a result of high densities of both algal aggregates 
and marine snow in this depth range (Fig. 13), as densities of copepods 
for this depth range in the Labrador Sea generally exceeded those 
registered in the other areas. 

In the Labrador Sea the VPR registered high densities of marine snow 
(Fig. 13) in addition to high densities of phytoplankton in the upper 
waters. Densities of (large) marine snow particles seen in the VPR data 
were also relatively high (e.g. ~100 m− 3) down towards 400 m depth. In 
the Labrador Sea the sensors on both the CTD and the towed body also 
registered relatively high fluorescence signals all the way down to 400 m 
(Fig. 15). The high fluorescence values were detected at depth both 
night and day, documenting that in this area vertical flux from the upper 
layer was intense. Similar patterns have been previously found during 
spring bloom in the North Atlantic (Briggs et al., 2011). This vertical flux 
of particles with still active chlorophyll could potentially also serve as a 
source of food for the mesozooplankton at depth (Moller et al., 2012), 
and is one potential factor in explaining why densities of copepods 
observed with the VPR increased with depth in the Labrador Sea. 

4.4. Day night differences in particle/species vertical distribution 

In the Norwegian Sea, the concentration of particles in the range 
from ~1 to 2.5 mm ESD (the size range expected to be most effectively 
sampled by the OPC) from ~100 m and downwards was lower during 
the night, and a corresponding increase in surface-near densities was 
observed (Fig. 12 B4). Despite few casts, this corresponds to the classic 
pattern of DVM. The same pattern of reduction in the 1–2.5 mm class at 
depth was detectable also in the Iceland Sea (Fig. 12 B3), although 
clearly weaker. Especially in the Norwegian Sea data there is an indi
cation that biovolume loss during night occurs from progressively larger 
size-classes as depth increases (Fig. 12 B4, C4), indicating that there is a 
correlation between organism size and migration amplitude. Diel 
changes in biovolume in the western areas were different, with a clear 
reduction in biovolume densities in the near-surface waters (down to 80 
m) during the night, apart from in the very shallowest measured depth 
range in the Irminger Sea (Fig. 12 C1–C2). 

A potential explanation for the observed diel changes in biovolume 
would be a diel signal in the vertical distribution of algal aggregates 
(bloom category in the VPR data) and marine snow. Previous studies 
have shown that densities of marine snow can vary over the diel cycle (e. 
g. Lampitt et al., 1993). The near-surface reduction co-occurred with an 
increase in particle densities at depth during night (Fig. 12 C1), and the 
overall diel pattern in biovolume changes were similar for both the 
Labrador and Irminger Sea, despite the differences in the overall particle 
(Fig. 11) and marine snow densities (Fig. 13) in these two areas. In the 
Labrador Sea, in particular, a relatively high proportion of particles 
identified at depth with the VPR (Fig. 13) were copepods, and densities 
of copepods in deep waters were higher (Labrador Sea) or similar 
(Irminger Sea) during night, suggesting that the pattern observed in the 
OPC data is influenced by diel patterns in copepod densities. The 
observed pattern of night-time reduction in biovolume near the surface 

Fig. 14. Abundance and biomass by prosome length groups. Row A shows the integrated abundance (0–1000m) of common mesozooplankton divided into prosome 
length groups from MOCNESS samples. Row B shows the calculated biomass given prosome lengths (Peters, 1983). Row C bars shows the relative abundance of 
biomass above and below 200m, while the red line shows the fraction of total biomass in each basin positioned above 200m. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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is compatible with reverse diel vertical migration, and the overall pat
terns of diel biovolume change (Fig. 12 C1–C2) were similar in both the 
Labrador and Irminger Seas. 

Traditionally “normal” DVM, where the organisms swim toward the 
productive surface waters under the cover of darkness, is seen as an 
adaptation to minimize the impacts of visual predation (Hays, 2003). 
Conversely, reverse DVM has usually been explained as an adaptation to 
cope with a dielly migrating predator (Ohman et al., 1983). The eastern 
areas had epipelagic fish present during daytime (Klevjer et al., this issue 
a, b; Melle et al., this issue), whereas backscatter from epipelagic 
schooling fish were largely absent in the western areas (Klevjer et al., 
this issue b), suggesting that for mesozooplankton, average predator 
fields in the epipelagic during daytime differed between the areas. In 
both areas DVM of mesopelagic nekton was observed, giving rise to 
increased densities of planktivorous nekton in upper waters during the 
night. The densities of gelatinous organisms observed with the VPR were 
high in the western basins (see also Klevjer et al., this issue a), and at 
least for the Labrador Sea the VPR data suggests that this group per
formed normal DVM (Fig. 11). Of the 2 groups of Schypozoans domi
nating the trawl catches in the western areas (Atolla sp., Periphylla 
periphylla, Klevjer et al., this issue a, b), at least one is known to be a 
vertically migrating species (e.g. Kaartvedt et al., 2011). Dielly 
migrating predatory gelatinous plankton normally do not rely on vision 
to capture prey and would have increased the predation pressure on 
mesozooplankton in the epipelagic during night especially in the west
ern areas, since biomasses were higher here. In sum the data suggest that 
in the western areas there would have been increased predation pressure 
on the mesozooplankton size-fraction in the epipelagic during night, 
since densities of both visual and non-visual planktivores were low in 
the epipelagic during day. This increased nocturnal predation pressure 
could presumably be a “driving force” behind the observed reverse DVM 

of mesozooplankton in these areas. 

4.5. Strengths, weaknesses and variation in sampling gear 

The data from our cruise span different phases of the spring bloom in 
the different basins, with fluorescence levels indicating that the bloom 
was ongoing in the Labrador Sea, and that we were in pre-bloom con
ditions in the Irminger Sea and later or post-bloom conditions in the 
Norwegian Sea during the return (see Naustvoll et al., this issue). As 
such, the results obtained only provide a snapshot of the local conditions 
during our passing. In the Labrador Sea, delaying the cruise by just one 
week would presumably have significantly increased the biomass of 
C. finmarchicus, as chlorophyll levels were high, and the population here 
was dominated by early copepodite stages. Data obtained from identi
fication and enumeration of net catches are necessary to understand 
taxonomic composition as well as population dynamics and state. From 
the composition of the net catches it was found that the abundance of 
small copepods in the upper 25m were almost one order of magnitude 
higher in the eastern basins, especially in the Norwegian Sea. While this 
could be a temporal pattern related to the timing of the cruise in relation 
to the phenology of the zooplankton community, it does suggest that at 
the time of the cruise, the overall ecology in the upper 25 m were very 
different from east to west. 

Since nets are labour intensive to work up, it is hard to obtain enough 
data to study all aspects of plankton ecology in a robust and meaningful 
way. Using just the net-samples from the cruise, it would for instance be 
difficult to evaluate DVM patterns for the 4 basins. The OPC data shows 
that day and night differences in particle distributions differs between 
the eastern and western basins, with classical DVM (e.g. deep during the 
day, shallow during the night) indicated for larger mesozooplankton in 
the eastern basins, and reverse DVM in the western. This pattern could 

Fig. 15. Fluorescence data from the tow-body (grey 
points show 5 s averages for all deployments), and 
from vertical SeaBird 911plus CTD casts (black points 
are averages for 5 m bins from stations with MOC
NESS deployments). Blue points show vertical aver
ages for 5 m bins over all MESSOR deployments, red 
points are vertical averages for 5 m bins over all 
Seabird 911plus CTD deployments. (For interpreta
tion of the references to color in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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be related to the relative timing of sampling in relation to the bloom, to 
latitudinal differences (generally the sampling in the eastern basins were 
further north), to differences in the primary production or to the pred
ator field (more gelatinous plankton in the western basins, more 
epipelagic (Melle et al., this issue) and possibly migrating mesopelagic 
(Klevjer et al., this issue a, b) fish in the eastern basins). However, it 
could also be related to other ecological or environmental factors such as 
phytoplankton aggregates formation and increased chlorophyll levels at 
depth in the Labrador Sea as discussed above, and the high resolution of 
OPC data allows us to identify such patterns. Given the relatively small 
observation volume of the VPR, small errors in the estimated observa
tion volume of the VPR can give rise to large errors in the estimated 
densities (Basedow et al., 2013). With an observation volume of ~150 
mL per image, relatively high abundances are also needed to give ac
curate density estimates, at an average density of 100 copepods per m3 

one would only expect one observation per ~4 s at 15 Hz frame rate. In 
our case the VPR seems to have a too small sampling volume to identify 
the patterns seen in the OPC data, but it allows us to identify the par
ticles seen by the OPC, and gives us information on gelatinous organ
isms, marine snow and phytoplankton aggregates, which otherwise can 
be difficult to sample properly. These categories dominated the VPR 
objects that we could identify (Melle et al., this issue). 
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