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1.  INTRODUCTION 

The world’s oceans are undergoing unprecedented 
changes in temperature, oxygen concentration, and 
acidity (Hallegraeff 2010), affecting deep-water layers 
as suggested in recent studies (Santana-Falcón & Sé-

férian 2022, Tjiputra et al. 2023). While some projec-
tions predict that pelagic fauna will be severely com-
promised under current greenhouse emissions (Ariza 
et al. 2022), others indicate that changes are already 
detectable in mesopelagic communities (Brodeur et 
al. 2019, Bograd et al. 2022, Monteiro et al. 2023). In 
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ABSTRACT: The study of micronektonic organisms in the mesopelagic zone has increased in re -
cent years because of their role in the biological carbon pump. However, most previous studies 
were focused on fishes, while other significant groups remained unaddressed. Here we analysed 
the community of micronektonic crustaceans in the North Atlantic Ocean from 20 to 55°N, at dif-
ferent depth layers from the surface to 2000 m depth, and during the day- and nighttime. We iden-
tified a total of 111 species belonging to 10 different families of the orders Decapoda, Euphausia-
cea, and Lophogastrida. Euphausiids were the most abundant organisms (18.3 and 77.0 ind. 
1000 m–3 during the day and night, respectively), while the Acanthephyridae family (Decapoda) 
contributed the most to the total biomass (31.9 and 59 g C 1000 m–3 during the day and night, 
respectively). Statistical differences in weighted mean depth showed diel vertical migrants (fam-
ilies Oplophoridae, Pandalidae, Penaeidae, Sergestidae, and Euphausiidae) and families with only 
some species migrating (Acanthephyridae, Benthesicymidae, Pasiphaeidae, Eucopiidae, and Gna-
thophausiidae). Based on species composition and abundance, the analyses highlighted 6 different 
assemblages consistent with existing ecoregions, where temperature and salinity emerged as the 
primary drivers. Our analysis also revealed connections between the epi- and bathypelagic zones 
driven by diel vertical migrations. The present study highlights the importance of micronektonic 
crustaceans in the meso- and bathypelagic zones and calls for more comprehensive research to elu-
cidate their role in the biological carbon pump.  
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addition to climate threats, the growing interest of the 
food and nutraceutical industry in ex ploiting meso-
pelagic organisms (Schadeberg et al. 2023) and the 
potential impact of deep-sea mining (Christiansen et 
al. 2020, Drazen et al. 2020) must also be considered. 
As current knowledge of the mesopelagic ecosystem 
relies mainly on studies of fishes, with micronektonic 
crustaceans largely overlooked, this ecosystem re-
mains insufficiently explored. The study of deep-
water zones is therefore essential to assess the eco -
system services provided by pelagic communities 
(Martin et al. 2020). 

Micronektonic crustaceans are a key component of 
pelagic food webs (Choy et al. 2016). Their sensitivity 
to environmental changes can trigger cascading ef -
fects throughout the ecosystem (Kelly et al. 2019). 
These organisms represent a significant portion of 
standing stocks in the epi-, meso-, and bathypelagic 
domains (Omori 1975, Vereshchaka et al. 2019). 
Many species perform diel vertical migrations, re -
maining at depth during daylight, ascending at night 
to feed, and descending again before dawn to avoid 
visual predators. These movements vary widely 
among and within species depending on size and 
developmental stage. Some species also exhibit 
depth-related morphological changes, such as body 
transparency or the presence of photophores (Vest -
heim & Kaartvedt 2009). Migratory ranges may ex -
tend from the bathypelagic (>1000 m) to the meso-
pelagic (200–1000 m), or from the mesopelagic to the 
epipelagic (0–200 m) zone (Vinogradov 1962). Diel 
vertical migration also transports organic matter to 
the meso- and bathypelagic zones, contributing to 
carbon sequestration (Lampitt et al. 2008) on time-
scales ranging from decades to millennia (Döös et al. 
2012). This component of the biological carbon pump 
has major consequences for ocean biogeochemistry 
(Archibald et al. 2019). The downward flux of carbon 
transported by micronekton is highly variable 
(Hernández-León et al. 2019), and decapods play a 
particularly important role in this process (Pakhomov 
et al. 2019). 

Euphausiacea, Decapoda, and Lophogastrida are 
the most abundant micronektonic crustacean taxa. 
Euphausiids are cosmopolitan diel migrants (Brinton 
et al. 2000), commonly inhabiting subsurface to meso-
pelagic layers, although deeper-living forms have also 
been reported (Angel 1989, Brinton et al. 2000). 
Among decapods, Acanthephyridae, Sergestidae, 
Benthe sicy midae, and Oplophoridae are most abun-
dant (Vereshchaka et al. 2019). Some species in these 
families undertake extensive vertical migrations span-
ning large portions of the water column (Suntsov & 

Domokos 2013, Bos et al. 2021). Lophogastrids are pre-
dominantly deep-living, yet little is known about their 
distribution or behaviour (Wittmann & Riera 2012, San 
Vicente 2016, Miranda et al. 2020). Overall, informa-
tion about micronektonic crustaceans re mains limited, 
particularly regarding their assemblages, behaviour, 
and contribution to ocean biogeochemistry. Recent 
barcoding analyses have revealed novel species, 
thereby enhancing our understanding of interspecific 
relationships in deep-sea ecosystems (Vereshchaka et 
al. 2021, 2022). In a previous study, Díaz-Pérez et al. 
(2024) reported that mesopelagic crustacean commu-
nities in the Tropical Atlantic were structured lati -
tudinally, consistent with the ecoregions defined by 
Sutton et al. (2017). However, high variability in abun-
dance data prevented the identification of specific en-
vironmental drivers. The study also characterized the 
diel vertical migration patterns of several abundant 
families across the epipelagic and mesopelagic zones, 
although the analysis was limited by the absence of 
sampling beyond the mesopelagic layer. 

Here, we conducted a latitudinal survey in the 
North Atlantic Ocean, from subtropical waters off 
Mauritania to the temperate zone, encompassing the 
Northwest African upwelling, the oligotrophic waters 
of the Canary Current, and the productive waters of 
the North Atlantic. We hypothesized that the eco -
regions defined by Sutton et al. (2017) would delineate 
consistent patterns in the abundance and biomass of 
epi-, meso-, and bathypelagic crustaceans, corre-
sponding to latitudinal and vertical oceanographic 
gradients. We further hypothesized that diel vertical 
migration behaviour would vary along the transect 
and across the epi-meso-bathy layers in response to 
regional productivity and hydrographic structure. 

2.  MATERIALS AND METHODS 

2.1.  Sampling area 

A latitudinal transect was conducted from the 
oceanic upwelling off Northwest Africa near Maurita-
nia (20°N) to the south of Iceland (55°N), between 24 
May and 23 June 2018 (bathypelagic cruise; Fig. 1). 
The transect crossed multiple mesopelagic eco -
regions encompassing distinct water masses. Follow-
ing Sutton et al. (2017), 4 ecoregions were considered: 
Mauritania/Cape Verde (MCV), Central North At -
lan tic (CNA), North Atlantic Drift (NAD), and North-
west Atlantic Subarctic (NAS) (Table 1, Fig. 1). 

Each station was sampled for vertical profiles of 
temperature, salinity, dissolved oxygen, and fluores-
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cence using a Seabird 911Plus CTD profiler equipped 
with SBE dissolved oxygen and Seapoint chlorophyll 
fluorometer sensors. Profiles were averaged every 
1 dBar and visualized with Ocean Data View software 
(Schlitzer 2023). Calibration of fluorescence data 
within the first 200 m to chlorophyll a (chl a) was 
based on samples collected at discrete depths with Ni-
skin bottles (see Hernández-León et al. 2019). Vertical 
sections of oceanographic variables across the tran-
sect were generated with Ocean Data View software 
using the ‘DIVA’ gridding procedure (Schlitzer 2023). 

2.2.  Micronekton sampling 

Micronekton samples were collected using a Meso -
pelagos trawl (Meillat 2012) with a single towing 
cable, a mouth opening of 5 × 7 m, and a total length of 
50 m. Mesh size decreased from 30 mm at the mouth to 
4 mm at the cod end. The VERDA multi-sampler (Cas-
tellón & Olivar 2023) was used to collect samples from 

5 layers: 0–200, 200–500, 500–800, 800–1200, and 
1200–lowest depth (see Table 1). At Stn 7, the trawl 
reached 622 m depth, with samples taken in narrower 
intervals (0–50, 50–100, 100–200, 200–300, 300–400, 
400–500, 500–622 m; Table 1). The VERDA device 
consists of multiple cod ends attached to a revolver 
mechanism at the end of the net, which rotates at 
predefined depths to collect samples from distinct 
layers. Hauls were conducted at 2–3 knots during 
both day and night, although sampling during both 
periods was not possible at all stations (see Table 1). 
The volume of water filtered was estimated from the 
average mouth area (35 m2), ship speed, and haul du-
ration. On board, organisms were sorted and preserved 
in 4% buffered formalin. 

2.3.  Distribution patterns of pelagic shrimps 

In the laboratory, organisms were identified to the 
lowest possible taxon using standard taxonomic refer-
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Fig. 1. Location of the sampling stations. Solid black lines delimit the ecoregions given by Sutton et al. (2017). Ecoregions —
MCV: Mauritania/Cape Verde; CNA: Central North Atlantic; NAD: North Atlantic Drift; NAS: Northwest Atlantic Subarctic
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ences (Crosnier & Forest 1973, Casanova 1997, Perez 
Farfante & Kensley 1997, Brinton et al. 2000, Veresh-
chaka 2000, 2009, San Vicente 2016). Species names 
were checked against WoRMS Editorial Board (2023). 
To obtain wet weight (WW), individuals of the same 
species in each sample were pooled and weighed. Wet 
weights were converted to dry weight (DW) using a 
DW/WW ratio of 0.179 (Pakhomov et al. 2019). Car-
bon biomass was estimated assuming carbon to be 
40% of DW (Olivar et al. 2017, Hernández-León et al. 
2019). Abundance and biomass were standardized to 
the volume of water filtered by the Mesopelagos trawl. 

All statistical analyses were conducted in R (v. 4.2.3; 
R Core Team 2024), using ‘ggplot2’ (Wickham 2016) 
for figure plotting and ‘vegan’ (v. 2.6-4; Oksanen et al. 
2022) for statistical analyses. Principal component 
analysis (PCA) of oceanographic variables was used to 
classify stations into 4 ecoregions (Fig. 1), which were 
later applied as factors in subsequent tests. Sampling 
depth was categorized into epipelagic (0–200 m), 
upper mesopelagic (200–600 m), deep mesopelagic 
(600–1000 m), and bathypelagic (>1000 m) layers. 
Day–night distribution patterns were exa mined by 
calculating the weighted mean depth (WMD) at each 
station for each species, using: 

                                                                                       (1) 

where Pi is the proportion of the taxon in the i th stra-
tum and Zi is the mid-depth of that stratum. Differ-
ences in WMD were tested with ANOVA. When 
assumptions of normality or homoscedasticity were 
not met, the non-parametric Kruskal-Wallis test was 
applied (Fox & Weisberg 2019). 

Multivariate analyses were performed in Primer-7 
(Clarke & Gorley 2015) on log(x+1)-transformed 
abundance data to reduce the influence of dominant 
species. Data were expressed consistently in ind. 
1000 m–3, with no further unit conversions. Alter-
native transformations (e.g. fourth-root) were also 
tested, yielding similar patterns. Hierarchical cluster-
ing was performed using Bray-Curtis similarities, and 
cluster significance was verified with the SIMPROF 
test (p < 0.01; 999 permutations). SIMPER identified 
species contributing most to differences among as -
semblages. Group significance was tested with 1-way 
permutational multivariate analysis of variance 
(PERM ANOVA) (Anderson 2017), followed by pair-
wise PERMANOVA to evaluate differences between 
groups. Finally, canonical correspondence analysis 
(CCA) was used to assess relationships among spe-
cies, assemblages, and oceanographic variables. 

3.  RESULTS 

3.1.  Oceanographic conditions 

We found a broad gradient of temperature along the 
transect (Fig. 2A). Sea surface temperature ranged 
from 20°C at 20°N to 10°C at 55°N. Isotherms became 
shallower towards the north. For instance, the 17.5°C 
isotherm disappeared north of Stn 5, and similarly the 
5°C isotherm occurring at 1500 m depth at 35°N was 
found at 500 m depth at 55°N. Different water masses 
were observed along the transect (Fig. 2B). In shal-
lower waters, the Eastern North At lan tic Central 
Water (ENACW) exhibited salinity values of 37, while 
the Western North Atlantic Water (WNACW) ranged 
between 36 and 37 within the first 200 m depth. The 
Mediterranean Water with a salinity of 36 was de-
tected around 1000 m at 35°N (Liu & Tanhua 2021). 

Sea surface oxygen levels (Fig. 2C) remained rel-
atively stable, exhibiting slight variations across sta-
tions from the southernmost (225 μmol kg–1) to the 
northernmost (275 μmol kg–1) stations. However, the 
oxygen minimum occurred in the 500 m depth layer 
and exhibited the lowest values (100 μmol kg–1) at 
20°N. Northward from this latitude, oxygen levels in -

WMD = Pi Zi
i = 1

n
/

4

Stn        Period         No. of            Vertical            Ecoregion 
                                     layers           range (m) 
 
1                  D                  –                     –                      MCV 
1                 N                   5                 0–2024                 MCV 
2                  D                   5                 0–2033                  CNA 
2                 N                   5                 0–2252                  CNA 
3                  D                   5                 0–2071                  CNA 
3                 N                   5                 0–1844                  CNA 
4                  D                   5                 0–1772                  CNA 
4                 N                   5                 0–1881                  CNA 
5                  D                   5                 0–1817                  CNA 
5                 N                   5                 0–1750                  CNA 
6                  D                   7                 0–1852                  NAD 
6                 N                   7                 0–1899                  NAD 
7                  D                   7                   0–622                   NAD 
7                 N                   7                   0–622                   NAD 
8                  D                  –                     –                       NAD 
8                 N                  –                     –                       NAD 
9                  D                  –                     –                       NAD 
9                 N                  –                     –                       NAD 
10               D                  –                     –                       NAS 
10               N                   7                 0–1755                  NAS

Table 1. Stations sampled for micronekton indicating the 
period (D: day; N: night) sampling, number of depth layers, 
and vertical range sampled for the BATHYPELAGIC oceano-
graphic survey. –: stations where the net could not be de-
ployed. MCV: Mauritania/Cape Verde; CNA: Central North 
Atlantic; NAD: North Atlantic Drift; NAS: Northwest Atlantic  

Subarctic (Sutton et al. 2017)
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Fig. 2. Vertical section of (A) temperature, (B) salinity, (C) dissolved oxygen, and (D) chl a along the BATHYPELAGIC transect. 
In (B), the water masses detected are shown: East North Atlantic Central Water (ENACW), West North Atlantic Central Water 
(WNAC), and Mediterranean Water (MW). In (D), the white gap is due to absence of values in that zone. DIVA gridding  

interpolation was applied for the representation of each variable
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creased, reaching 225 μmol kg–1 at 55°N. Across the 
entire transect, chl a levels were generally low (Fig. 2D), 
increasing north of 45°N. The maximum chl a value of 
3.7 mg m–3 was recorded at 47°N (Stn 7) and the 
second highest value of 2.5 mg m–3 at 55°N (Stn 10). 

PCA separated the stations according to the eco -
regions (Fig. 3, Table 1). Stn 1 differed from the other 
stations, grouped in MCV with a negative relationship 
to the oxygen concentration. Stns 2–5 were grouped 
in CNA stations and showed a positive relationship 
with temperature and salinity in the whole water col-
umn sampled. Stns 6–8 were grouped in NAD and 
were related to oxygen concentration in the water col-
umn. Although Stn 9 belonged to NAD, this station 
was grouped with Stn 10 in the NAS ecoregion. NAD 
and NAS groups were positively related to chl a. 

3.2.  Latitudinal distribution of abundance, 
 biomass, and diversity 

Integrated values of abundance and biomass (see 
Table 1 for depths used in calculations) showed a con-
trasting latitudinal distribution along the transect 

(Fig. 4). The abundance peak (10.3 ind. m–2) was ob -
served at 20°N (Stn 1) during the night in the oceanic 
upwelling off Northwest Africa. From this station, 
 va lues varied between 3 and 5 ind. m–2. Biomass 
showed its maximum value of 0.33 g C m–2 at 40°N 
(Stn 5), and the second highest value of 0.31 g C m–2 
was found at 20°N during the night. The latitudinal 
variation ranged from 0.05 g C m–2 at 30°N to the pre-
viously mentioned peak at 40°N. For both abundance 
and biomass, there were no significant differences be -
tween day and night samples (Kruskal-Wallis test, 
c2

1 = 0.6, p = 0.812, c2
1 = 1.06, p = 0.744, for abun-

dance and biomass, respectively). 
Members of the family Acanthephyridae were the 

main contributors to the total biomass across all the 
stations (Fig. 5), with values ranging between 50 
and 80% of the total. Oplophoridae at Stn 1, and 
Eucopiidae and Gnathophausiidae at Stn 10 collec-
tively accounted for nearly 40% of the total biomass 
at each respective station. Abundance at most sta-
tions was attributed to Euphausiidae and Acanthe-
phyridae except for Stns 5 and 6, where Eucopiidae 
dominated the catches, particularly during night-
time. 

Throughout the transect, we identi-
fied 111 species across 10 different fa -
milies belonging to 3 orders (Table S1 
in the Supplement at www.int-res.
com/articles/suppl/meps15063_
supp.pdf). During nighttime, higher 
values of both abundance and biomass 
were observed. The most abundant 
family was Euphausiidae, comprising 
77.0 ind. 1000 m–3 of the total abun-
dance during the night, followed by 
Acanthephyridae with 60.8. In terms of 
biomass, Acanthephyridae was the 
pre dominant family during night- and 
daytime, accounting for 78.5 and 40.1 g 
C 1000 m–3 of the total biomass, re-
spectively. The contribution of the re   -
maining families was relatively lower. 
However, families such as Euco piidae 
exhibited notable abundance values 
during both day- (17.5 ind. 1000 m–3) 
and nighttime (18.0); Oplophoridae 
also showed a significant  contribution 
during the night (12.6 ind. 1000 m–3 for 
abundance and 10.3 g C 1000 m–3 for 
biomass). At the species level, the ma -
jor contributor to the total biomass was 
Acanthephyra purpurea, ac counting 
for 19.4 g C 1000 m–3 during the day 

6

Fig. 3. Principal component (PC) analysis ordination plot of the stations 
where the net was deployed, shown on the first and second PC axes, which 
explain 69.8 and 19.1% of the variance, respectively. K-means clustering 
grouped the stations according to the sampled ecoregions. The vectors rep-
resent normalized temperature, salinity, oxygen, and chlorophyll a (chl a) 
concentrations in the epipelagic (0–200 m), mesopelagic (200–1000 m), and 
bathypelagic (>1000 m) zones. Note that chl a was measured only in the 
epipelagic zone. Ecoregions — MCV: Mauritania/Cape Verde; CNA: Cen-
tral North Atlantic; NAD: North Atlantic Drift; NAS: Northwest Atlantic  

Subarctic (Sutton et al. 2017)

https://www.int-res.com/articles/suppl/meps15063_supp.pdf
https://www.int-res.com/articles/suppl/meps15063_supp.pdf
https://www.int-res.com/articles/suppl/meps15063_supp.pdf
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and 35.7 g C 1000 m–3 at night. In terms of abundance, 
Euphausia gibboides displayed high values of 3.2 and 
16.1 ind. 10003 m–3 during the day and night, respec-
tively. Likewise, Nema to  brachion sexspinosum was an 
im portant species,  contributing 2.4 and 13.0 ind. 
1000 m–3 during the day and night.  

3.3.  Vertical distribution 

We observed patterns of diel vertical distribution at 
stations where both day and night sampling were per-
formed (Stns 2–7). Overall, during the night an 
important portion of organisms was collected in the 

7

Fig. 4. Latitudinal distribution of integrated values (see Table 1) of (A) total abundance, and (B) total biomass. At Stns 1 and 10,  
samples were obtained only at night

Fig. 5. Percentage of the total abundance and biomass of each family at each latitude during day- and nighttime
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surface layer (0–100 m) showing abundance values of 
7.8 ind. 1000 m–3 and biomass values of 0.22 g C 
1000 m–3. By contrast, the community was predomi-
nantly found in deeper layers (between 350 and 
1000 m depth) during daytime (Fig. 6), showing abun-
dance and biomass values close to 2 ind. 1000 m–3 and 
0.1 g C 1000 m–3, respectively (Fig. 6A,C). However, 
Stn 6 did not follow this pattern, exhibiting the high-
est biomass value (0.58 g C 1000 m–3) in the upper 
50 m depth during the day (Fig. 6D). 

The day–night vertical distribution pattern varied 
for all identified families. Euphausiidae showed a 
clear diel vertical distribution, with the highest values 
near the surface during the night and a shift to deeper 
layers during the day (Fig. S1A,B; WMD in Table S1). 
Acanthephyridae showed the same vertical distribu-
tion with a slightly more diffuse pattern (Fig. S1C,D). 
These vertical patterns were statistically validated by 

comparing the WMD across stations for each family 
and day- or nighttime (Table 2). This analysis con-
firmed the vertical mi gration behaviour for Euphausi-
idae but the absence of migration for Acanthephyri-
dae. Moreover, the families Pandalidae (Fig. S1G,H), 
Penaeidae (Fig. S2A,B), and Sergestidae (Fig. S2E,F) 
were identified as migrants, whereas Oplophoridae 
(Fig. S1E,F), Benthesicymidae (Fig. S2C,D), Pasi-
phaeidae (Fig. S2G,H), Eucopiidae (Fig. S3A,B), and 
Gnathophausiidae (Fig. S3C,D) were considered non-
migrants. 

3.4.  Community structure and assemblages 

Cluster analysis showed that the community of 
micronektonic crustaceans was structured according 
to depth and ecoregions, displaying 6 groups (SIM-

8

Fig. 6. Vertical distribution of (A,B) abundance and (C,D) biomass during day- and nighttime. (A,C) Average values and  
standard errors for all stations at each depth layer, and (B,D) values along the latitudinal transect
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PROF test 5%, Fig. 7). The groups were identified at a 
similarity level of 30%. Samples falling below this 
threshold were not assigned to any group due to their 
low similarity to other samples, indicating distinct 

composition. Group A comprised samples from MCV 
and CNA, characterized by organisms mainly found 
in epipelagic and upper mesopelagic layers. Acanthe-
phyra purpurea, Systellaspis debilis, and Thysanopona 

9

Fig. 7. Hierarchical clustering of station similarities (Bray-Curtis) based on the abundance matrix (log(x+1) transformed). The 
SIMPROF test identifies clusters that are not significantly different from a random grouping of samples. Red dots in the den-
drogram indicate non-significant groupings, meaning there is no statistical evidence to consider these as distinct clusters. The 
Ecoregion factor represents the 4 regions sampled (Central North Atlantic, CNA; North Atlantic Drift, NAD; Mauritania/Cape 
Verde, MCV; and North Atlantic Subarctic, NAS) (Sutton et al. 2017). The Layer factor for the 4 depth layers established is also 
shown (epipelagic: 0–200 m; upper mesopelagic: 200–600 m; deep mesopelagic: 600–1000 m; bathypelagic: >1000 m). Groups  

are indicated by colours

Taxa                                      Variable type                Hypothesis test                    Statistic                         p                            Behaviour 
 
Acanthephyridae                   Normal                             ANOVA                       F1,14 = 0.010                  0.922                   Non-migratory 
Oplophoridae                     Non-normal                  Kruskal-Wallis                  c2

1 = 0.016                   0.897                   Non-migratory 
Pandalidae                               Normal                             ANOVA                       F1,7 = 18.960                 0.007                        Migratory 
Penaeidae                                 Normal                             ANOVA                       F1,14 = 5.625                  0.098                        Migratory 
Benthesicymidae                   Normal                             ANOVA                       F1,14 = 0.609                  0.450                   Non-migratory 
Sergestidae                              Normal                             ANOVA                       F1,14 = 4.623                  0.053                        Migratory 
Pasiphaeidae                           Normal                             ANOVA                            F1,9 = 0                      0.988                   Non-migratory 
Eucopiidae                               Normal                             ANOVA                       F1,13 = 0.115                  0.741                   Non-migratory 
Gnathophausiidae                 Normal                             ANOVA                      F1,10 = 0.433)                 0.433                   Non-migratory 
Euphausiidae                      Non-normal                  Kruskal-Wallis                  c2

1 = 4.267                   0.039                        Migratory

Table 2. Results of the hypothesis tests for the comparison between weighted mean depth (WMD) and phase for each family. All 
variables are homoscedastic. The ‘Statistic’ column reports the test value together with its degrees of freedom, following the  

format Fdf1,df2 = … or c2
df = …, depending on the test applied
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obtusifrons were the primary contributors to the simi-
larity of the group, accounting for an average similar-
ity of 39.7% (Table 3). By contrast, Group B consisted 
of samples from CNA with deep mesopelagic organ-
isms, except for 2 samples at Stn 5 associated with the 
upper mesopelagic zone. The major contributors to 
the overall similarity in this group were A. purpurea, 
Eucopia unguiculata, and Gennadas valens, resulting 
in average similarity of 41.7% (Table 3). Group C was 
made up of bathypelagic samples from both MCV 
and CNA stations, including a deep mesopelagic 
sample and another one from the epipelagic layer. 
The key species contributing to the similarity within 
this group were Bentheogennema intermedia, E. un -

guiculata, and Sergia japonica, resulting in an aver-
age similarity of 40.0% (Table 3). 

Group D grouped only 2 deep mesopelagic stations 
and 1 upper mesopelagic station from CNA with an 
average similarity of 33.4%. Only 4 species achieved 
at least 90% of the total similarity within this group: A. 
purpurea, E. unguiculata, Gennadas sp., and B. inter-
media. Group E represented a mix of samples from 
epipelagic, upper, and deep mesopelagic layers from 
CNA and NAD ecoregions. This group had an aver-
age similarity of 39.9%, and Nematobrachion boopis, 
Nema toscelis megalops, and A. purpurea made the 
most significant contribution to the similarity. Group F 
consisted mostly of samples collected in deep meso-
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     Group A (Sim. 39.74%)                            Group B (Sim. 41.68%)                          Group C (Sim. 39.96%) 
Species                                        Contrib.  Cum.    Species                                Contrib.  Cum.     Species                                        Contrib.  Cum. 
                                                            %            %                                                             %            %                                                                      %            % 
 
Acanthephyra purpurea            16.47     16.47    Acanthephyra purpurea    37.34     37.34      Bentheogennema intermedia  14.12     14.12 
Systellaspis debilis                     10.87     27.34    Eucopia unguiculata          25.99     63.33      Eucopia unguiculata                  11.03     25.15 
Thysanopoda obtusifrons          8.62      35.95    Gennadas valens                 15.40     78.73      Sergia japonica                             9.44      34.59 
Gardinerosergia splendens       6.71      42.66    Sergia japonica                     2.75      81.48      Acanthephyra purpurea             8.18      42.78 
Eucopia unguiculata                   5.15      47.81    Robustosergia robusta        2.44      83.92      Thysanopoda obtusifrons          6.90      49.68 
Euphausia gibboides                  5.06      52.87    Hymenodora glacialis         2.22      86.14      Sergia tenuiremis                         5.33      55.01 
Nematoscelis megalops              4.31      57.18    Acanthephyra pelagica      2.14      88.28      Hymenodora gracialis                5.17      60.18 
Systellaspis pellucida                 4.16      61.34    Systellaspis cristata             1.78      90.06      Gennadas kempi                          5.17      65.35 
Oplophorus spinosus                   3.57      64.92                                                                                     Eucopia grimaldii                        4.81      70.16 
Gennadas valens                          3.53      68.45                                                                                     Eucopia sculpticauda                 3.77      73.93 
Nematobrachion boopis             3.27      71.72                                                                                     Gardinerosergia splendens       2.88      76.81 
Plesionika richardi                      3.16      74.88                                                                                     Systellaspis debilis                       2.85      79.66 
Robustosergia robusta                2.82      77.70                                                                                     Nematoscelis megalops              2.66      82.31 
Deosergestes henseni                 2.47      80.16                                                                                     Nematobrachion boopis             2.48      84.80 
Sergia tenuiremis                         2.38      82.54                                                                                     Acanthephyra stylorostratis      2.19      86.99 
Sergia japonica                             2.06      84.60                                                                                     Meningodora vesca                     1.77      88.76 
Systellaspis cristata                     1.27      85.87                                                                                     Gennadas valens                          1.63      90.39 
Thysanopoda monacantha        1.26      87.13                                                                                                                                                                   
Bentheuphausia amblyops        0.94      88.08                                                                                                                                                                   
Deosergestes corniculum           0.93      89.00                                                                                                                                                                   
Eucopia grimaldii                        0.92      89.93                                                                                                                                                                   
Allosergestes sp.                           0.91      90.83                                                                                                                                                                   
 
     Group D (Sim. 33.42%)                           Group E (Sim. 39.91%)                          Group F (Sim. 46.12%) 
Species                                        Contrib.  Cum.    Species                                Contrib.  Cum.     Species                                        Contrib.  Cum. 
                                                            %            %                                                             %            %                                                                      %            % 
 
Acanthephyra purpurea            75.25     75.25    Nematobrachion boopis    34.76     34.76      Eucopia unguiculata                  22.51     22.51 
Eucopia unguiculata                   7.08      82.32    Nematoscelis megalops     23.50     58.26      Acanthephyra pelagica             19.91     42.42 
Gennadas sp.                                 5.72      88.04    Acanthephyra purpurea    20.49     78.75      Eucopia grimaldii                       13.54     55.97 
Bentheogennema intermedia   4.29      92.33    Thysanopoda obtusifrons   5.46      84.21      Hymenodora gracialis               11.34     67.30 
                                                                                      Systellaspis debilis               4.07      88.28      Gennadas kempi                          8.13      75.43 
                                                                                      Gennadas valens                  2.54      90.81      Bentheuphausia amblyops        5.30      80.74 
                                                                                                                                                                       Parapasiphaea sulcatifrons       3.71      84.44 
                                                                                                                                                                       Acanthephyra purpurea             3.25      87.70 
                                                                                                                                                                       Sergia japonica                             2.65      90.34

Table 3. Species contribution to the similarity for each assemblage obtained in the SIMPER analysis. Average similarity (Sim.)  
for each group is also shown in parentheses
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pelagic and bathypelagic zones, and a few from epi -
pelagic and upper mesopelagic zones, from CNA, 
NAD, and NAS ecoregions. This group exhibited a 
similarity of 46.1%, driven by the contribution of E. 
unguiculata, A. pelagica, and E. grimaldii. PERM-
ANOVA showed significant differences between 
groups (F6,75 = 9.79, p = 0.001). Those differences 
were evident in pairwise tests, except between 
Groups A and D, B and F, C and D, and D and E 
(Table S2). 

CCA (Fig. 8) showed that both temperature and 
salinity were the environmental drivers that best 
explained the abundance of the species that most 
contribute to the formation of each group shown in 
cluster and SIMPER analyses. Thus, temperature and 
salinity were correlated negatively with the first axis 
(–0.87 and –0.81, respectively). In contrast, oxygen 
showed a lower relationship with both axes (0.51 with 
the first axis and –0.55 with the second axis). Chl a 
was not related to any axis (0.03 with the first and 
–0.16 with the second). 

4.  DISCUSSION 

This study encompassed a wide geographic region 
of the North Atlantic Ocean from 20 to 55°N, and 
from the epipelagic to the deep bathypelagic zones, 
showing contrasting oceanographic conditions. Our 
results provide a snapshot of the micronektonic com-
munity of crustaceans, describing their variability in 
composition and abundance, as well as the vertical 
distribution patterns during day- and nighttime 
across a latitudinal transect. 

4.1.  Methodological constraints 

Micronekton sampling is time-consuming on board 
oceanographic vessels and, together with CTD casts 
and zooplankton sampling, requires a significant 
amount of time at each station. However, the Meso -
pelagos trawl (Meillat 2012) coupled with the multi-
sampler VERDA (Castellón & Olivar 2023) allowed 
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Fig. 8. Canonical correspondence analysis (CCA) with environmental variables (temperature, salinity, oxygen, and chl a) 
and species that most contributed to the formation of each group. Abbreviations of the species name are shown in the figure, 
and the full name is given in the SIMPER analysis (Table 3). The correlation value of each axis, eigenvalues, the proportion  

explained, cumulative proportion, and the correlation of each variable with each axis are also shown
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stratified samples to be collected at 5 depth ranges in 
approximately 6 h of trawling, significantly reducing 
the time required compared with independent trawls 
at each stratum by traditional pelagic nets. This de -
vice also enabled day- and nighttime sampling to ex -
plore diel vertical migrations. Nevertheless, differ-
ences in trawling strategy (oblique vs. vertical), 
speed, gear dimensions, and mesh size affect catch 
efficiency and the ability to capture certain taxa (Pak-
homov et al. 2010). 

The Mesopelagos net is suitable for sampling a 
broad range of mesopelagic fish species (Olivar et al. 
2017, 2022). Similarly, our results indicate that the net 
captures a high diversity of micronektonic crustaceans 
relative to the number of species reported for the 
North Atlantic Ocean. Thus, 66 decapods were identi-
fied from a total of 90 species previously re ported 
(Vereshchaka 2009, Judkins 2014, Vereshchaka et al. 
2016), 9 lophogastrids from a total of 16 species (San 
Vicente 2016), and 21 euphausiids from a total of 47 
species reported for the area (Brinton et al. 2000). The 
relatively low number of euphausiid species found was 
due to the mesh size of the Mesopelagos net, ranging 
from 30 mm at the mouth to 4 mm in the cod end. Thus, 
the net underestimated euphausiids, as adult stages 
range between 10 and 60 mm (ex cept for larger 
bathypelagic species such as Thysanopoda cornuta) 
(Brinton et al. 2000). Rare decapods such as Amphio-
nides reynaudii and Psathyrocaris in firma, previously 
reported in the North Atlantic Ocean (Landeira & 
Fransen 2012, De Grave et al. 2015), were not detected. 
In addition, small and fragile organisms such as Lucifer 
typus, frequently collected in plankton samples (Lan-
deira et al. 2013), were also absent. 

One advantage of using the VERDA multi-sampler 
is that it prevented organisms from being pushed to 
the bottom of the cod end for an extended period, 
leading to the recovery of less damaged individuals 
for identification. Based on our experience, tradi-
tional integrated pelagic trawls yield more damaged 
samples, frequently hindering species-level identifi-
cations. This problem is especially pronounced in the 
case of soft-bodied species such as those belonging to 
Gennadas and Eucopia. Moreover, the reduction in 
mesh size of the Mesopelagos trawl, from 30 mm to 
4 mm, appeared adequate for capturing small-sized 
specimens, as previously observed for small mycto-
phid and stomiiform fishes (Olivar et al. 2017). 

For euphausiids, the net configuration allowed suf-
ficient individuals to be caught to describe vertical 
patterns only for some abundant species. Thus, for 
this small micronektonic group, the Mesopelagos 
configuration seemed more suitable than the large 

pelagic trawls used in the Canary Current by Bordes 
(2009) and Ariza et al. (2016), which had a mesh size 
of 80 cm near the trawl opening and decreased to 
1 cm in the cod end. However, the IKMT net, fitted 
with mesh sizes from 0.5 to 10 mm, is likely more 
suitable for sampling euphausiids (Baker 1970). Nev-
ertheless, the absence of a multi-sampler has the dis-
advantage of requiring multiple trawls to obtain 
samples from different depth strata, making opera-
tions more time-consuming and inevitably leading to 
contamination of organisms from upper layers due 
to integrated samples. 

Additionally, horizontal and oblique trawls are less 
effective at catching pelagic crustaceans than vertical 
trawls, since, unlike mesopelagic fish, they usually es-
cape by quickly jumping in the vertical direction 
(Veresh chaka et al. 2019). In fact, the authors re ported 
that vertical trawls resulted in about 24 times higher 
biomass estimates than other trawling methods. In ad-
dition to this lower efficiency, the capture efficiency 
(CE) of the Mesopelagos trawl is still unknown, and 
CEs of about 20–50% are commonly assumed for this 
gear (Hernández-León et al. 2019). Therefore, our 
catches underestimate the biomass and abundance of 
micronektonic crustaceans. This issue should be con-
sidered when assessing the real ecosystem services 
(e.g. active flux) provided by micronektonic crusta-
ceans, especially in comparison with other, more ex-
tensively studied components such as fish. 

4.2.  Community assemblages 

We identified 6 different assemblages of pelagic 
shrimps based on composition and abundance across 
the transect and depth, which could be categorized 
into 2 latitudinal subdivisions: a southern set (Groups 
A to D) and a northern set (Groups E and F) (Fig. 7). 
Under this scenario, we described a gradient of spe-
cies and assemblages linked to oceanographic con-
ditions. However, establishing statistically significant 
relationships was particularly challenging due to the 
high variability in abundance and diversity. 

The statistical analyses demonstrated the high sig-
nificance of the formation of all groups and the differ-
ences between them (Fig. 7; Table S1). However, al -
though the SIMPROF test in the cluster analysis 
showed the significance of the formation of Group D, 
it did not show significant differences from almost all 
other groups. This seems to indicate a transition area 
in the mesopelagic zone where Groups A, B, and E 
converge, with a gradient of abundance between 
them. 
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The southernmost region was represented by Stns 
1–5, showing high stratification as expected in the 
subtropical ocean (Gévaudan et al. 2021). Here, 
Group A included a combination of epipelagic and 
upper mesopelagic species typical of tropical and 
subtropical waters (Table 3, Fig. 8). Group B over-
lapped vertically with Group A but also included sam-
ples from the deep mesopelagic and upper mesopela-
gic layer of the CNA ecoregion. This group consisted 
of a limited number of species classified as migrants 
or deep-dwelling species (Table 3, see Section 4.3) 
(Burghart et al. 2007, Judkins 2014). 

The deepest assemblage within this ecoregion was 
identified as Group C, characterized by large-range 
migrant species along with bathypelagic non-migrant 
species such as Eucopia spp., Bentheogennema inter-
media, Hymenodora gracilis, and Meningodora vesca 
(see Section 4.3) (Burghart et al. 2007, Lunina et al. 
2024). 

Conversely, the northern region (Stns 6–10) dis-
played a more homogeneous water column structure 
due to the subsidence of the mixing layer (Dall’Olmo 
et al. 2016). Group E included samples from both CNA 
and NAD (Stns 3, 4, 6, 7) and spanned from the epipe-
lagic to the deep mesopelagic layers. This group rep-
resented a transition zone between the southern and 
northern assemblages and coincided with the shoaling 
of the seasonal thermocline and weak stratification. 
This was observed in the CCA (Fig. 8), which high-
lighted temperature and salinity as the main drivers. 

Consequently, this area (Group E, CNA–NAD 
ecoregion) denoted a shift in faunal composition, 
serving as a transition from the subtropical to the 
temperate Atlantic Ocean, as proposed by Fasham & 
Foxton (1979). Stn 7 showed a maximum of 3 mg chl a 
m–3 (Fig. 2D), but the CCA revealed no effect on 
abundance distribution (Fig. 8). This group (Group E) 
was dominated in terms of abundance by euphausi-
ids, specifically Nematobrachion boopis and Nema-
toscelis megalops, which are known to be abundant in 
the epipelagic and upper mesopelagic layers (Brinton 
et al. 2000). 

The northernmost assemblage, Group F, consisted 
of samples from deep and cold waters of the CNA, and 
samples collected in the NAD and NAS ecoregions. A 
notable feature of this group was the dominance of 
deep-water crustaceans, including E. unguiculata, E. 
grimaldii, H. gracilis, and Bentheuphausia amblyops, 
consistent with previous studies of micronektonic 
crustaceans in cold-temperate waters (MacIsaac et al. 
2014). Additionally, there was a shift from A. purpurea 
to A. pelagica in the catches, a latitudinal replace-
ment previously documented by Foxton (1972). 

In this study, temperature and salinity emerged as 
the main drivers shaping the abundance of pelagic 
crustaceans across the transect, consistent with pre-
vious findings in the North Atlantic Ocean for deca-
pod species (Foxton 1972, Fasham & Foxton 1979). 
Examining the relationship between abundance and 
environmental factors remains essential to anticipate 
the potential impacts of ocean warming on pelagic 
crustacean communities. 

Migratory behaviour could partly explain how these 
variables affect different groups, since diel vertical mi-
grants experience broader temperature and salinity 
ranges by crossing distinct water layers, whereas 
deep-dwelling non-migratory species re main within 
narrower ranges (Werner et al. 2012). This might ac-
count for the formation of groups ob served in Fig. 7, 
although the metabolic responses to temperature and 
salinity and the precise tolerance ranges of pelagic 
crustaceans are still largely unknown. In contrast, oxy -
gen showed little influence on abundance, likely be-
cause it was not limiting across most of the transect, 
dropping below 75 μmol kg–1 only near the Cape 
Blanc upwelling, and be cause pelagic shrimps exhibit 
metabolic adaptations to oxygen minimum zones 
(Childress 1975), complicating any clear relationship 
with this variable. Similarly, chl a showed a weak asso-
ciation with crustacean abundance. Although Veresh-
chaka et al. (2016) reported linear regressions between 
chl a and decapod wet biomass across depth layers, 
the correlation coefficients were low, whereas in the 
same study, zooplankton biomass showed a stronger 
relationship with chl a. This disparity is likely due to 
decapods, despite their omnivorous habits, showing a 
preference for zooplankton prey (Omori 1975, Hopkins 
et al. 1994), an aspect that should be considered in 
 future efforts to predict the abundance or biomass of 
micronektonic shrimps. 

In a previous study, we investigated the latitudinal 
assemblages of micronektonic crustaceans in the 
Tropical Atlantic using the same gear and stratified 
sampling strategy as in the present study (Díaz-Pérez 
et al. 2024). However, the vertical range of the pre-
vious sampling was restricted to 1000 m, while in the 
present study, the survey extended to 2000 m. This 
expanded depth coverage was essential for capturing 
the vertical connectivity between epipelagic migrants 
and deep-resident assemblages mediated by diel ver-
tical migrations (Fig. 7), a process unresolved in the 
previous study owing to methodological limitations. 
Moreover, although Díaz-Pérez et al. (2024) identified 
latitudinal clusters, they were unable to relate them to 
specific environmental drivers. In contrast, by inte-
grating a broader depth range and encompassing 
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subtropical to temperate regions of the North Atlan-
tic, the present study not only corroborates the exis-
tence of distinct biogeographic assemblages but also 
identifies temperature, salinity, and depth as key 
structuring variables. Therefore, while both studies 
are complementary, the present work advances bey-
ond descriptive grouping and provides a mechanistic 
framework linking crustacean community structure 
to environmental gradients and vertical connectivity 
within the Biological Carbon Pump. 

4.3.  Vertical distribution patterns 

Vertical migration is a common behaviour among 
many micronektonic crustaceans (Omori 1975). 
Nonetheless, the absence of stratified sampling in 
most studies has limited a more comprehensive 
understanding of migration patterns at the species 
level (Foxton 1970). Our sampling strategy and de -
tailed taxonomic identifications enabled the de -
scription of fundamental information regarding 
species behaviour. 

Across the transect, statistical analyses determined 
diel vertical migration at the family level. Neverthe-
less, analysing the species-level patterns (Table S1) is 
imperative, since several migrant species were de -
tected within families categorized as non-migrants. 
For example, at the family level, Oplophoridae did 
not show migrant distribution patterns, mainly due to 
the significant variability in the vertical profile ob -
served between 40 and 47°N (Stns 5–7). 

The statistical analyses did not show evidence of 
vertical migration for one of the most abundant oplo-
phorids, Systellaspis debilis. Thus, our observations 
agree with the results reported by Pakhomov et al. 
(2019) in Hawaiian waters. However, Bos et al. (2021) 
in the Gulf of Mexico and Foxton (1970) in the Canary 
Current found strong patterns of vertical migration. 
This disparity in migratory behaviour may be attrib-
uted to factors such as satiation levels, food availabil-
ity, and size-dependent distribution of the population 
(Pearre 2003, Bos et al. 2021). The latter factor seems 
crucial for understanding the behaviour of this spe-
cies, as Foxton (1970) described ontogenetic migra-
tions, which involves individuals gradually moving to 
deeper layers as they grow. Foxton (1970) noted that 
adult individuals, residing in the deep scattering 
layer during the day, were truly migrating upwards at 
night, while small juvenile individuals were highly 
abundant and remained in the upper layers. This size-
dependent distribution pattern could mask the signal 
of vertical migration when combining records from 

juveniles and adults to estimate abundance. There-
fore, future studies should describe the vertical distri-
bution according to the size of individuals. 

In our study, the faunal composition of assemblages 
showed vertical transitions (e.g. between Groups A, 
B, and C; Fig. 7), which are suggested to be finger-
prints of Vinogradov’s ladder of migration (Vinogra-
dov 1962), consisting of the connection of the epi- and 
bathypelagic layers. Such a pattern is exemplified by 
euphausiids, which played a pivotal role in bridging 
the gap between epipelagic and mesopelagic layers. 
Notably, certain species were recorded as bathy -
pelagic organisms (as indicated in Table S1), such as 
Menin go dora spp., Notostomus spp., and Hymeno-
dora gracilis (Angel 1989, Angel & Pugh 2000). For 
the family Acanthephyridae, A. purpurea is a well-
known diel vertical migrant moving between the epi- 
and mesopelagic layers (Foxton 1970). This behav-
iour explained its high contribution to the character-
ization of Groups A and B. Finally, the deepest groups 
(C and F) were characterized by species that could be 
found in the transition between deep meso- and 
bathypelagic layers. 

The entire process of vertical movements has a sig-
nificant impact on the functioning of the biological 
carbon pump. If predator–prey interactions are prop-
agated through Vinogradov’s ladder of migration, 
this mechanism has the potential to transport signifi-
cant amounts of carbon below the base of the perma-
nent thermocline. There, the carbon could be seques-
tered for centuries or millennia, on time scales 
relevant to climate change (Hernández-León et al. 
2020). Therefore, the role of micronektonic crusta-
ceans needs to be reconsidered as a core component 
of the oceanic biological carbon pump and the global 
carbon cycle. 
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