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Abstract. Mesopelagic organisms play a critical role in ma-
rine ecosystems and the global carbon cycle, acting as key
intermediaries between trophic levels through diel vertical
migration (DVM) and seasonal vertical migration (SVM).
However, the seasonal vertical migration patterns of these
organisms, and the environmental drivers influencing them,
remain insufficiently understood. Here, we analyzed 83 603
backscattering coefficient (byp) profiles obtained from 720
BGC-Argo floats deployed in the North Atlantic Ocean from
2010 to 2021. This extensive dataset enabled the identifica-
tion of by, spikes, allowing us to investigate the diurnal and
seasonal vertical distributions of mesopelagic organisms, as
indicated by these by spikes. Additionally, we examined the
horizontal heterogeneity in these distributions and their cor-
relations with key environmental variables. Our findings re-
veal distinct diurnal migrations, characterized by multilay-
ered aggregations predominantly in the mid-ocean during
daylight hours, with prominent signals at depths around 150,
330, 650, and 780 m. At night, a strong scattering layer forms
in the upper ocean, with signals concentrated at depths shal-
lower than 350 m, particularly in the top 100 m. Seasonal
analyses shows that, in spring and winter, the average by
spike intensity is lower in the upper ocean than in the mid-
ocean, although the frequency of by, spikes is higher in the
upper ocean. In contrast, summer and autumn — especially
summer — exhibit both higher mean by, spike intensity and
higher frequency near the surface. Spatially, mesopelagic or-
ganisms migrate deeper in the northeast and remain shal-

lower in the southwest, correlating with higher temperatures
and shallower distributions of mesopelagic organisms. Ran-
dom forest analysis revealed that the vertical temperature
gradient was the most influential environmental factor affect-
ing the distribution of mesopelagic organisms year-round,
with a relative importance of 26.03 %. Other critical fac-
tors include latitude, dissolved oxygen, photosynthetically
active radiation (PAR), salinity, mixed-layer depth (MLD),
and surface chlorophyll concentration, with relative impor-
tance values of 13.92 %, 13.71 %, 8.66 %, 8.29 %, 8.23 %,
and 8.09 %, respectively. This study enhances our under-
standing of the mechanisms driving carbon transfer to the
deep ocean and the energy and material cycles within marine
ecosystems, providing a basis for future fisheries manage-
ment in mesopelagic environments.

1 Introduction

The mesopelagic organisms, comprising species such as zoo-
plankton, shrimp, squid, fish, and jellyfish, are estimated to
harbor around 1 billion tonnes of biomass, representing a
significant fraction of global fish biomass (Irigoien et al.,
2014). This biome is a crucial component of marine ecosys-
tems, serving as a vital link between primary producers and
higher trophic levels and playing a fundamental role in the
ocean’s energy transfer and nutrient cycling (Klevjer et al.,
2016; Kruse et al., 2010). A prominent behavioral adaptation
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in the mesopelagic zone is the diel vertical migration (DVM),
wherein organisms undertake extensive vertical movements
to optimize survival and foraging efficiency. During daylight
hours, they inhabit depths of several hundred meters in the
mesopelagic zone to minimize predation risk, while, at night,
they migrate to the epipelagic zone to exploit food resources.
This migration is recognized as one of the largest-scale mi-
grations on Earth (Kapelonis et al., 2023; Hays, 2003; Petru-
sevich et al., 2020). Additionally, mesopelagic organisms un-
dergo seasonal vertical migration (SVM), adjusting their ver-
tical distribution in response to environmental fluctuations
(Robinson et al., 2010). Both DVM and SVM drive the ac-
tive export of organic and inorganic materials — through ex-
cretion, defecation, respiration, and mortality — into deeper
ocean layers (Lourenco and Jany, 2021). These processes are
not only ecologically important but also play a significant
role in biogeochemical cycling, carbon sequestration, and
mitigating global climate change (Govindarajan et al., 2023;
Hazen, 2022; Gjoesaeter et al., 1980; Hays, 2003; Ramirez-
Llodra et al., 2010; Robinson et al., 2010; Bailey, 2021).

Traditional methods for detecting and sampling
mesopelagic organisms, including trawl sampling and
acoustic surveys, have been widely used in previous studies.
Although trawl sampling is more frequently used, it suffers
from limitations in spatial and temporal resolution and from
biases related to evasion and selectivity, which impede accu-
rate estimates of migration timing, rate, and extent (Sutton,
2013; Underwood et al., 2020; Luo et al., 2000). Acoustic
sampling offers greater precision but is restricted by the
spatial and temporal coverage due to platform constraints,
such as vessels. Additionally, the resolution of acoustic
sensors often fails to detect small, dispersed, and weakly
scattering species at depth, and the high costs associated
with traditional active acoustic methods, including ADCP
and scientific echosounders, further limit extensive in situ
observations (Haéntjens et al., 2020; Chai et al., 2020;
Underwood et al., 2020; Nakao et al., 2021). Recently, the
increased deployment of BGC-Argo floats has enhanced
accuracy and broadened the scope of applications in various
studies, including inter-annual analyses of phytoplankton
communities, quantification of carbon export from the ocean
interior, and observations of mesocosm flux decay due to
fragmentation processes (Rembauville et al., 2017; Xing
et al., 2020; Wang and Fennel, 2022; Gali et al., 2022; Briggs
et al., 2020; Boyd et al., 2019). Bio-optical sensors mounted
on these floats have proven effective in detecting a range
of bio-optical properties, rendering them powerful tools
for large-scale spatial detection of mesopelagic organisms
(Claustre et al., 2019; Haéntjens et al., 2020).

In recent years, significant progress has been made in
utilizing backscattering coefficient (bpp) spike signals from
BGC-Argo floats to study marine biological processes. These
signals have shown a strong correlation with mesopelagic
biological information, as evidenced by their high concor-
dance with acoustic trawl observations (Haéntjens et al.,
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2020). Specifically, the by, spike signals are mainly pro-
duced by larger particles that are closely related to biologi-
cal aggregations (Briggs et al., 2011). For instance, the ex-
tensive diatom blooms in the North Atlantic each spring
lead to a substantial increase in particulate matter, consist-
ing of fresh phytoplankton aggregates that rapidly sink to
the seafloor (Lampitt, 1985; Honjo and Manganini, 1993).
Occasionally, large spikes in optical profiles are also inter-
preted as aggregates or zooplankton (Bishop et al., 1999;
Gardner et al., 2000; Bishop and Wood, 2008). The by, signal
captures the entire particle assemblage, including zooplank-
ton, detritus, bacteria, and mineral particles. Notably, signifi-
cant increases in byp are observed when small zooplankton
dominate the mixed-layer community (Rembauville et al.,
2017; Petit, 2023). Furthermore, satellite-based lidar inver-
sion of by, signals has revealed that zooplankton activity can
cause pronounced by, spikes, particularly at night, with these
spikes being most evident in the surface ocean layers, offer-
ing insights into zooplankton diel vertical migration (DVM)
globally (Behrenfeld et al., 2019). Collectively, these studies
indicate that by, spike signals not only reflect the presence
of large particulate matter and tiny zooplankton but also cap-
ture the diel vertical migration of zooplankton, providing a
powerful tool for understanding marine biological dynamics.
Despite  significant advancements in understand-
ing mesopelagic ecosystems, large-scale detection of
mesopelagic organisms remains challenging, leading to
considerable uncertainties in biomass estimates that range
from billions to hundreds of tonnes (Gjoesaeter et al., 1980;
Sarant, 2014). The patterns of diel vertical migration (DVM)
and seasonal vertical migration (SVM), their adaptive
mechanisms, and the multifactorial influences on these
behaviors are still poorly understood (Bandara et al., 2021).
However, recent studies have shown that the aggregation and
vertical migration of mesopelagic organisms are regulated
by a complex interplay of multidimensional environmental
variables. Long-term factors, such as food availability, light,
oceanic physicochemical properties, and dissolved oxygen
levels, form the fundamental drivers (Fennell and Rose,
2015; Della Penna and Gaube, 2020; Devine et al., 2021).
Short-term factors, including cloud cover, ocean currents,
and lunar phases, also dynamically influence these behaviors
(Lampert et al., 1989; Parra et al., 2019; Klevjer et al., 2020;
Hauss et al., 2016). Collectively, these findings indicate that
the spatiotemporal distribution of mesopelagic organisms
results from the interaction of macro-scale oceanic physical
environments, micro-scale nutrient cycling, and periodic
fluctuations. To address these challenges, we leveraged
backscattering by, and spike signals from BGC-Argo floats
in the mid- and high-latitude regions of the North Atlantic.
By examining diurnal and seasonal vertical migrations,
analyzing horizontal distribution patterns, and identifying
key environmental drivers using random forest modeling,
we aimed to elucidate the mechanisms shaping mesopelagic
ecosystems across diverse spatiotemporal scales.
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Figure 1. Total BGC-Argo profile count with the by, layer at

1° x 1° grid resolution. The study area is highlighted in the dotted
red frame.

2 Material and methods
2.1 Study area

The North Atlantic (35-75°N, 0-70°W) is a critical re-
gion for global carbon cycling and marine ecosystems.
Mesopelagic fish, through large-scale diel vertical migra-
tions, efficiently transfer carbon and nutrients between the
euphotic zone and deep sea, playing a key role in material
cycling and energy flow (Lusher et al., 2016). Annually, de-
mersal and pelagic fish on the UK-Ireland continental slope
capture and store over 1 million tonnes of carbon dioxide
equivalent (Trueman et al., 2014). Combined with planktonic
regulation of carbon export via the biological carbon pump
(Brun et al., 2019), these processes form the biological ba-
sis of the regional carbon cycle. The North Atlantic basin,
spanning a large latitudinal gradient, experiences significant
seasonal variations in solar radiation and primary production,
which strongly influence mesozooplankton community dy-
namics. High-latitude overturning circulation and subduction
processes of the subtropical circulation drive deep-sea dis-
solved organic carbon (DOC) transport, forming a key mech-
anism of the biological pump and contributing significantly
to the global carbon cycle (Hansell et al., 2002; Falk-Petersen
et al., 2009). Thus, the North Atlantic is central to address-
ing global climate change, preserving biodiversity, and guid-
ing sustainable marine resource use. Figure 1 is based on
backscattering coefficient (byp) profiles collected by BGC-
Argo floats across the study area, using 1° x 1° grid statis-
tics.

2.2 Data

The dataset used in this study includes BGC-Argo profiles
and remote sensing data collected from 2010 to 2021. The
BGC-Argo dataset consists of profiles from 720 floats, cap-
turing key parameters such as chlorophyll a (Chl), dissolved
oxygen, salinity, temperature, and particle backscattering at
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700nm (byp 700). A total of 83 603 valid profiles were se-
lected based on the detection of by, 700 spikes. Remote sens-
ing data comprise sea surface temperature (SST) and chloro-
phyll a (Chl). The SST data, obtained from the National
Oceanic and Atmospheric Administration (NOAA), consist
of optimally interpolated fields with a spatial resolution of
0.25°, derived from a fusion of Advanced Very High Res-
olution Radiometer (AVHRR) observations from multiple
platforms, providing high accuracy and broad spatial cover-
age. The Chl data, sourced from GlobColour, are a Level 3
ocean color product with a 0.25° resolution, combining out-
puts from multiple chlorophyll sensors to ensure data con-
tinuity, enhance spatial and temporal coverage, and reduce
noise. Satellite-derived parameters such as SST and Chl pro-
vide context for tracking surface ocean dynamics influenc-
ing mesopelagic distributions and examining large-scale sea-
sonal and annual trends. They also establish temporal base-
lines and environmental context for BGC-Argo data, partic-
ularly in regions with limited in situ measurements or where
large-scale trends are assessed. In addition to these key pa-
rameters, we incorporated two additional variables to en-
hance our analysis: photosynthetically active radiation (PAR)
and mixed-layer depth (MLD). These variables provide im-
portant insights into light conditions and the vertical struc-
ture of the ocean, both of which are critical for understanding
the dynamics of mesopelagic organisms. For PAR, we uti-
lized a high-resolution, long-term global gridded PAR prod-
uct (2010-2018) provided by Tang et al. (2021), which has
a temporal resolution of 3 h. Unlike solar altitude, which is
based on latitude and time and may not fully capture the tem-
poral and spatial variability in PAR, this dataset offers a more
accurate and detailed representation of light availability. For
MLD, we used data from the hybrid algorithm and thresh-
old method (Holte et al., 2017). Among them, the hybrid al-
gorithm was preferred for its accuracy, especially in regions
such as the Labrador Sea (LS) and Irminger Sea, where the
threshold method overestimates MLD by 10 % in winter.

2.3 Methods
2.3.1 BGC-Argo spike layer observations method

To investigate the aggregation patterns of mesopelagic organ-
isms, we utilized a previously established spike layer detec-
tion algorithm (Haéntjens et al., 2020) to extract bpp spike
signals. The extraction process involved several key steps.
Initially, we filtered by, profiles, selecting those with more
than 30 sampling points and a maximum depth greater than
50m. Subsequently, the raw by, signal of each profile was
smoothed using a 15-point Hampel filter, establishing a base-
line signal. Next, we computed the difference between the
original by, signal and the baseline. Signals exhibiting dif-
ferences exceeding twice the smad were identified as spike
signals (see Eq. 1 for smad calculation, where smad repre-
sents the minimum threshold of the profile and by, (1) repre-
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sents all by, signals in each profile). These detected spike
signals were subsequently clustered hierarchically using a
depth parameter of 50 m, and the results were categorized
based on distinct features. Spike signals with identical fea-
tures that occur simultaneously in two or more profiles are
aggregated into a spike layer. To avoid the misalignment of
spike layer positions across different profiles during statisti-
cal analysis, we have made certain improvements to the ref-
erence method by extracting the internal spike point infor-
mation of the aggregated layers. For each layer, we quanti-
fied the intensity, depth, and spike count of each spike point,
which were then recorded for further analysis. Furthermore,
the by, spike signals we analyzed include not only zooplank-
ton but also spikes from sinking material aggregates with
high precision (> 90 %) (Haéntjens et al., 2020). The spike
layer extraction workflow is illustrated in Fig. 2.

1
d=———"——
s V2- erfcinv(%)
-median(|bpp (i) — median(byp(1))]), €Y

where smad represents the minimum threshold of the profile,
defined as the standardized median absolute deviation of the
signal distribution. byp (i) represents each backscattering co-
efficient by, value in the profile, while by (1) refers to the set
of all byp values in the profile. The calculation of the median
is performed on the deviations of all spike values from the

median of spikes in the profile. The erfcinv (%) term, the in-

verse complementary error function evaluated at 3. serves as
a scaling factor for standardizing smad.

We firstly removed outliers from the environmental pro-
files and interpolated missing data points. Subsequently, a
25-point median filter followed by a mean filter was applied
to the environmental data to minimize the influence of out-
liers and missing values on the analysis accuracy. After pre-
processing, we calculated the temperature gradients for each
profile, along with the mean dissolved oxygen and salinity
values over depth intervals of 0-200, 200-500, and 500-
800m. Given the higher variability in chlorophyll and tem-
perature in the upper and middle layers, we averaged these
parameters over depth ranges of 0-50, 50-200, and 200—
500 m. These averaged values served as environmental in-
puts for the random forest model. Additionally, sea surface
chlorophyll and sea surface temperature data, with a spatial
resolution of 0.25° and a temporal resolution of 1 d, were in-
tegrated with the BGC-Argo profile data to enhance the anal-
ysis.

2.3.2 Statistical method

To clarify the daily vertical migration of mesopelagic organ-
isms, the water column was partitioned into 10 m depth in-
tervals, and profiles were categorized into daytime and night-
time based on the local solar time. In each interval, the spik-
ing signals were normalized by calculating the proportion of
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Figure 2. Extraction process of spike layer signal. “Profile 1” and
“Profile 2” are considered concurrent if their depth ranges overlap
and if the overlap count exceeds a predefined threshold.

spiking points relative to the total number of detected points,
and the environmental factors were averaged.

For the seasonal analysis, we categorized profiles con-
taining spiking layers and selected those with comprehen-
sive environmental data, resulting in 1045 profiles for spring,
1722 for summer, 1739 for autumn, and 801 for winter. Re-
ferring to established literature and conventional definitions
of depth ranges for the upper (0-200 m) and middle (200-
800 m) oceanic zones, we quantified the intensity and fre-
quency of spiking signals for each season. To account for
seasonal variations in the number of profiles, we normal-
ized the frequency distributions. Frequency, defined as the
number of spikes per unit depth, represents the likelihood
of aggregation for specific taxa. Intensity, measured as the
median number of by, signals within each pinnacle layer,
serves as a proxy for species composition (size) or abundance
within the mesopelagic zone. To account for seasonal varia-
tions in both the number of profiles and the overall signal
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strength, both frequency and intensity distributions were nor-
malized. Specifically, in each 10 m depth bin, the frequency
and intensity were normalized by dividing the total number
of spike points and the signal strength, respectively, by the
total number of detected spike points across the total num-
ber of profiles for each season. This normalization procedure
minimized potential biases arising from seasonal differences
in sampling effort or signal intensity, enabling meaningful
comparisons of vertical distribution patterns across seasons.

To capture the complex, nonlinear relationships influenc-
ing the distribution of mesopelagic organisms, we employed
a random forest model, building upon methodologies from
previous studies (De Forest and Drazen, 2009; Scales et al.,
2016; Cuttitta et al., 2018; Villafafia and Rivadeneira, 2018;
Song et al., 2022; Alexander et al., 2023). We firstly con-
ducted Spearman correlation analysis to explore the asso-
ciations between the depth and intensity of spiking signals
within the pinnacle layer and environmental variables. Sub-
sequently, the random forest model was applied to elucidate
the regression relationships between mesopelagic organism
densities and environmental factors, offering a more detailed
understanding of their interactions. The random forest model
was parameterized with 500 trees (ntree), balancing perfor-
mance and computational efficiency. We used the default
number of variables per split (mtry), where the value of mtry
was set to the square root of the total number of input fea-
tures. This configuration allowed the model to capture intri-
cate, nonlinear patterns in the data. The model exhibited ro-
bustness in handling high-dimensional data, achieving an R>
value of 0.64, indicating moderate explanatory power with-
out signs of overfitting.

3 Results
3.1 Diurnal vertical migration

Our findings reveal a distinct diurnal migration pattern with
a multilayered structure in mesopelagic organisms. Normal-
ized data indicate prominent intensity bands within the by
spike layer at depths of approximately 150, 330, 650, and
780 m during daylight hours. In contrast, nighttime observa-
tions show a strong scattering layer at a shallower depth of
around 350 m. Notably, the mean intensity of the by, spike
layer at depths shallower than 380 m is 1.24 times higher at
night compared to daytime, increasing to 1.28 times at depths
shallower than 100 m. Conversely, at a depth of approxi-
mately 380m, the average daytime intensity is 1.17 times
higher than nighttime values (Fig. 3a, b).

These patterns align with observations by Klevjer et al.
(2016) in the southern North Atlantic, where mesopelagic
organisms exhibited significant aggregation between 400-
600 m after dawn, followed by a substantial migration to
the upper layers (0200 m) after dusk. In addition, Grimaldo
et al. (2020) reported three distinct sound scattering layers
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(SSLs) between 46-50°N and 21-26° W, with layers ob-
served at 100-250, 300-360, and 420-700 m during day-
light hours. These findings correspond with our observations,
where mesopelagic organisms’ backscatter during the day is
predominantly concentrated in the mesopelagic layers. This
is further supported by Fennell and Rose (2015), who found
higher deep scattering layer (DSL) densities in years with
increased sea temperatures at the depths of major DSL con-
centration (400—-600m) in the western North Atlantic. Fur-
thermore, Klevjer et al. (2020), in their study of the Irminger
Sea, located northeast of our study area, observed a weak,
non-migrating layer at approximately 700 m. This depth co-
incides with the lower edge of the scattering layer observed
in the northeastern region of our study area, providing addi-
tional context for the consistency of our results across neigh-
boring regions in the North Atlantic.

3.2 Seasonal vertical migration

Seasonal analysis reveals notable variability in the intensity
of by, spike layer signals across different ocean layers. The
average intensity between the upper and middle layers ex-
hibits minor differences in spring and autumn (below 10 %),
whereas more substantial disparities are observed in summer
and winter (over 50 %). In spring and winter, by, spike inten-
sity in the upper ocean is generally lower than in the middle
layer, with the opposite pattern in summer and autumn. In the
upper-ocean layer, the spike intensity peaks at 0.002290 m~!
during summer and reaches its minimum at 0.001635m~! in
winter. Within the middle layer, the highest spike intensity is
observed in winter at 0.005748 m~—!, while the lowest inten-
sity of 0.001502 m~! occurs in autumn (Table 1).

The distribution of extreme values in the by, spike layer
intensity exhibits clear seasonal patterns. In spring, extreme
signals appear around 350, 510, and 700 m, with a spike in-
tensity at 510 m (0.003369 m~!). During summer, the high-
est intensity shifts to the near-surface layer, around 20m
(0.003225m™!). In autumn, intensity is primarily concen-
trated between 300 and 600 m, with a spike around 440 m
(0.002064 m~!). Winter signals concentrate between 200 and
700m, with maximum intensity at 600m (0.005748 m™—!)
(Fig. 4). These findings suggest that the maximum intensity
of the by, spike layer predominantly occurs in the middle-
ocean layer during spring and winter, reflecting a multilayer
aggregation pattern, while, in summer, the highest intensity
is near the surface. In autumn, the difference between the up-
per and middle layers is less pronounced, consistent with the
findings of Loisel et al. (2002) for the same region. Addition-
ally, the depth of the strongest by, spike signal demonstrates
a distinct seasonal dynamic: it is deepest in winter (around
600 m), ascends in spring (approximately 510 m), rises fur-
ther to near-surface levels in summer (around 100 m), and
descends in autumn (about 440 m).

The normalized frequency distribution of the by, spike
layer across different seasons (Fig. 5) reveals a con-
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Figure 3. This figure illustrates the diurnal distribution of by, signals and environmental factors, with colored lines indicating daytime and
gray lines representing nighttime. Specifically, panel (a) depicts by, signals, and panel (b) shows chlorophyll levels.

Table 1. Seasonal average intensity of mesopelagic organism aggregation in the upper and middle layers of the ocean; the spike intensity
denotes the highest intensity recorded for a particular layer, with the depth indicating the precise location.

Season Layer (depth) Intensity (m~1) Spike intensity m~! (depth)
Sprin Upper layer (0-200 m) 0.001699
pring Middle layer (200-800 m) 0.001760  0.003369 (510m)
Summer Upper layer (0-200 m) 0.002290  0.003225 (20m)
Middle layer (200-800 m) 0.001647
Autumn Upper layer (0-200 m) 0.001665
Middle layer (200-800 m) 0.001502  0.002064 (440 m)
Winter Upper layer (0-200 m) 0.001635
Middle layer (200-800 m) 0.002582  0.005748 (600 m)

sistent trend of relatively high-frequency aggregation of
mesopelagic organisms at depths shallower than approxi-
mately 350 m. In spring and winter, the average frequency
of byp spike signals within the upper 350m is elevated by
factors of 1.28 and 1.33, respectively, compared to deeper
waters. Additionally, there is a significant increase in the pro-
portion of organisms migrating to the upper 200 m during
spring, rising from 1.17 in winter to 1.58, indicating a no-
table shift toward shallower depths. In summer and autumn,
the mean frequency of by, spike signals at depths shallower
than 350 m is 1.85 and 4.15 times higher, respectively, than
at greater depths. Notably, there is a pronounced aggregation
of high-frequency signals in the near-surface layer, shallower
than 50 m.

Biogeosciences, 22, 5635-5650, 2025

3.3 Horizontal spatial distribution

The horizontal spatial distribution of mesopelagic organ-
isms was analyzed by calculating the mean depths of all
by, spike layers within a 1° x 1° grid across mid- and high-
latitude regions of the North Atlantic (Fig. 6). The results
indicate a predominantly shallow distribution in the north-
western North Atlantic, with mean depths around 200 m. In
contrast, the Labrador Sea shows a deeper average by, spike
layer depth of approximately 400 m, while the Irminger Sea
averages around 300 m. In the eastern Iceland Sea, organisms
are found at substantially greater depths, averaging around
800 m. Prominent frontal zones, including the Greenland—
Icelandic—Norwegian, East Greenland, Labrador Front (II),
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Figure 4. The diagram depicts the density distribution of mesopelagic organisms in different seasons. The four seasons are represented by
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Figure 5. This figure illustrates the intensity and density of the vertical distribution of mesopelagic organisms, with red areas indicating mul-
tiple occurrences of these organisms throughout the mesopelagic zone. The color bar represents the proportion of occurrences of mesopelagic
organisms within each 5 m bin relative to the total seasonal frequency.
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Figure 6. The figure shows the spatial differences in the depth
distribution of mesopelagic organisms, with a spatial resolution of
1° x 1°. The map shows the Iceland Sea (a), Irminger Sea (b), and
Labrador Sea (¢). The North Atlantic Drift Front (I), Labrador Front
(II), East Greenland Front (III), and Greenland—Iceland—Norway
Front (IV) are indicated.

and North Atlantic Drift fronts, show by, spike layers at
depths ranging from several tens of meters to a few hundred
meters.

3.4 Environmental driving factors

Random forest variable importance analysis revealed that
the vertical temperature gradient made the greatest contri-
bution to the model, accounting for 26.03 % of the vari-
ance. Following this, latitude (13.92 %), dissolved oxy-
gen at 500 m (13.71 %), photosynthetically active radiation
(PAR; 8.66 %), salinity at 500 m (8.29 %), mixed-layer depth
(MLD:; 8.23 %), chlorophyll concentration (8.09 %), temper-
ature (7.10 %), and solar altitude (6.68 %) were also found to
be significant. Among these, the vertical temperature gradi-
ent was the most influential in determining the seasonal and
spatial distribution of mesopelagic organisms. Latitude, as a
key geographical factor, also exerted a considerable influence
on the spatial distribution patterns. Excluding the northeast-
ern regions, mesopelagic organisms were generally found at
shallower depths in higher latitudes. The model’s response
curves further elucidated the relationships between environ-
mental factors and the aggregation depth of mesopelagic or-
ganisms in the open ocean. Within certain ranges, increas-
ing latitude, higher dissolved oxygen levels, greater mixing,
reduced light penetration, and decreasing temperatures all
corresponded to shallower aggregation depths for midwa-
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ter organisms. Across all regions, the distributions in sum-
mer and autumn tended to be shallower, whereas spring and
winter distributions were generally deeper. These observa-
tions partially explain the consistency between the spatial
distribution of midwater organisms and the heterogeneity of
the physiological environment. In contrast, when consider-
ing the intensity of biological aggregation as a response vari-
able, stronger signals from mesopelagic organisms typically
originated from shallower depths. It is important to note that,
while random forest analysis can capture broad trends within
specific ranges of environmental variability, the detailed sea-
sonal differences across individual subregions require fur-
ther multifactorial analysis for a more comprehensive under-
standing.

4 Discussion

During the daytime, mesopelagic organisms predominantly
reside within the mesopelagic zone (150-800m), forming
distinct signal bands. Conversely, nocturnal migrations lead
these organisms to occupy shallower pelagic strata, particu-
larly those below 380 m. Despite these observations, the en-
vironmental dynamics within these shallower strata remain
insufficiently defined. Comparative analyses indicate that el-
evated chlorophyll concentrations, more favorable thermal
conditions, and reduced nocturnal illumination in the upper
pelagic layers collectively reduce predation risk and avoid
hypoxic conditions. These factors create a more favorable
environment for mesopelagic organisms, thereby enhancing
their nocturnal migrations and intensifying the by, signal in
the upper pelagic layers, consistent with satellite-based li-
dar observations (Behrenfeld et al., 2019). Additionally, the
interaction between diurnal by, spiking layer characteristics
and environmental factors such as chlorophyll and tempera-
ture emphasizes the importance of thermal and salinity gra-
dients. Enhanced spiking signals are observed above these
gradients, driven by increased food availability and physi-
ological predispositions favoring aggregation in regions of
chlorophyll maxima and thermal gradients (Sameoto, 1986).
These findings align with random forest model results, which
demonstrate that pronounced temperature gradients correlate
with shallower mesopelagic distributions.

Despite the limited availability of seasonal data, our ob-
servations across all regions reveal a consistent pattern: the
vertical distribution of mesopelagic organisms is shallower
during summer and autumn and deeper during spring and
winter. This trend is largely attributable to the light-driven
seasonal patterns that govern mesopelagic organism distri-
bution. The seasonal variations in the backscattering coef-
ficient (bpp) spike layer intensity are influenced by a suite
of environmental factors, including water temperature, ocean
currents, dissolved oxygen levels, light availability, and food
sources (Bianchi et al., 2013; Klevjer et al., 2016). The im-
pact of these factors varies significantly across different re-
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Figure 7. Response curves from the random forest model, with the blue line indicating the influence of various environmental factors. The
small black ticks along the horizontal axis represent the distribution density of the data, while the gray points represent individual data points.
The x axis displays the range of feature values. The y axis shows the accumulated local effect (ALE) of each feature on the response variable
(p), which reflects the anomaly in depth change of the primary spike layer. Positive values indicate a deepening of the spike, while negative

values indicate a shoaling.

gions and seasons (Klevjer et al., 2020), leading to fluc-
tuations in the mean intensity, intensity maxima distribu-
tion, and frequency of by, spike layer signals within the
mesopelagic layer. During spring and winter, the mean in-
tensity of the by, spike layer in the upper mesopelagic zone
decreases, while its frequency increases relative to the mid-
dle mesopelagic layer. This shift is likely driven by the or-
ganisms’ preference for specific depths influenced by lower
temperatures, deeper mixed layers, limited light availability,
and reduced phytoplankton concentrations in the upper lay-
ers during these seasons.

As spring progresses and temperatures and light levels
rise, the mixed layer becomes shallower and phytoplankton
blooms increase. In response, mesopelagic organisms mi-
grate to the upper layers to exploit improved foraging oppor-
tunities, resulting in higher-frequency aggregations and a rel-
ative decrease in the mean intensity of the mesopelagic spike
signal (Allan et al., 2021; Henson et al., 2012; Lutz et al,,
2007; Woodd-Walker et al., 2002; Briggs et al., 2011; Ve-
denin et al., 2022). In the cooler months of spring and winter,
strong downwelling increases surface water density, while
salinity differences and stratification in high latitudes and
the Atlantic Ocean facilitate the transfer of dissolved oxy-
gen to deeper waters. Consequently, mesopelagic organisms
migrate to greater depths in search of suitable habitats and
food resources, thereby avoiding elevated predation pressure
in surface waters (Freeman, 2006; Garcia-Soto et al., 2021;

https://doi.org/10.5194/bg-22-5635-2025

Yin et al., 2024). This migration results in a higher concen-
tration of organisms in the middle layer and leads to a mul-
tilayer aggregation phenomenon. The correlation between
dissolved oxygen in the 200-500 m layer and the negative
correlation in the 500-800 m zone indicate a distinct oxy-
gen minimum zone around 500—600 m, delineating the emer-
gence of a prominent mesopelagic signal layer at approxi-
mately 600 m depth. During summer and autumn, the mean
frequency of by, spike signals at depths shallower than 350 m
is 1.85 and 4.15 times higher, respectively, than at greater
depths. Notably, there is a pronounced aggregation of high-
frequency signals in the near-surface layer, shallower than
50m. In summer, a stable shallow mixed layer isolates the
surface from deeper waters, concentrating mesopelagic or-
ganisms in the upper middle layer. High-intensity and high-
frequency signal layers emerge at the ocean’s surface dur-
ing summer and autumn. In autumn, these strong signals
are frequently associated with chlorophyll maxima around
200 m depth. Increased solar radiation enhances phytoplank-
ton photosynthesis, significantly boosting primary productiv-
ity and providing abundant food resources for larger marine
organisms (Flombaum et al., 2013). Warmer sea surface tem-
peratures also create favorable conditions for species thriving
in warmer waters, promoting the survival, reproduction, and
growth of larger marine organisms (Chen et al., 2019; Bova
et al., 2021). Additionally, ocean circulation and upwelling
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transport nutrient-rich deep waters to the surface, attracting
larger marine species to feed during the day.

Our analysis of by, spike signal frequency and intensity re-
veals significant seasonal differences between the upper and
middle layers of the ocean. In spring and winter, although the
average by, spike intensity in the upper ocean is lower than
in the middle layer (where spike values are primarily dis-
tributed), mesopelagic organisms still aggregate at specific
depths in the middle layer and migrate to the upper ocean for
foraging. In contrast, in summer and autumn, especially sum-
mer, both the average intensity and frequency of by, spikes
are significantly higher in the upper layer than in the mid-
dle layer, with a marked concentration in the near-surface
zone. This shift indicates a seasonal change in mesopelagic
behavior, with a heightened preference for upper-layer habi-
tats and foraging during warmer months. A similar pattern
in the mesopelagic scatterers of intermediate to deep lay-
ers was noted by Powell and Ohman (2015), who inves-
tigated the scattering characteristics of migratory and non-
migratory zooplankton in frontal regions. Their study found
that shallower migratory layers, which consist of smaller
but more abundant scatterers, are more homogeneously dis-
tributed at finer scales. In contrast, deeper non-migratory lay-
ers likely consist of fewer but larger scatterers, and these
are associated with a lower abundance of organisms, which
are likely non-migratory in nature. The 400-500 m depth
range of the mesopelagic layer, typically inhabited by non-
swimming species or crustaceans, is shaped by vertical fluxes
of organic carbon and particulate matter (Marohn et al., 2021;
Liu, 2011; Sikder et al., 2019; Henson et al., 2012; Lutz et al.,
2007). Based on our findings, lower-intensity but higher-
frequency signals may correspond to smaller-sized plankton
or particle-based signals, while higher intensity and lower
frequency signals are likely associated with larger, but fewer,
organisms. This distribution pattern may be driven by multi-
ple mechanisms: firstly, larger mesopelagic organisms, with
stronger swimming abilities, tend to migrate to deeper wa-
ters to avoid currents, while smaller organisms remain in the
upper layers (Lin and Costello, 2023; Sorochan et al., 2023).
Secondly, during spring and winter, the deeper mixed layer
and unstable water column in the North Atlantic, along with
transient stratification events often disrupted by storms, favor
the accumulation of organic matter in the deeper mixed layer,
resulting in increased biotic aggregation frequencies in the
mid-ocean (Dall’Olmo et al., 2016). These mechanisms col-
lectively shape the vertical distribution and seasonal dynam-
ics of mesopelagic organisms, providing new insights into
the structure and function of marine ecosystems.

Spatially, our findings on the spatial distribution of
mesopelagic organisms align well with Klevjer’s study of
four North Atlantic basins, with the shallowest distributions
around 200 m in the Labrador Sea (LS) and the deepest at
500-600 m in the Icelandic Sea (ICS) (Klevjer et al., 2020).
Our study area is situated in a high-latitude region, and, with
the exception of the unique Norwegian Sea area, the distri-
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bution of mesopelagic organisms follows a different mech-
anism across other regions. As latitude increases, dissolved
oxygen levels rise, light penetration diminishes, and tempera-
tures decline. In this context, mesopelagic organisms tend to
aggregate at shallower depths. This behavior indicates that,
despite the higher predation risk associated with the shal-
lower distribution of the deep scattering layer (DSL) in the
North Atlantic’s high-latitude regions, these organisms still
prefer areas with richer dissolved oxygen. The general depth
distribution in the northeastern part of our study area is much
deeper, whereas the distribution of mesopelagic organisms
along the left coastline of Greenland at the same latitude is
much shallower. Even at the same latitude, there is consider-
able variability in the depth distribution; therefore, it is mis-
leading to directly infer that mesopelagic organisms become
shallower with increasing latitude. Considering the complex-
ity of the North Atlantic, factors such as sea ice coverage, the
North Atlantic Oscillation, and various current systems could
influence the distribution of midwater organisms (Gu et al.,
2024; Puerta et al., 2020; Lynch-Stieglitz et al., 2024), high-
lighting the need to address different regions separately.
Currently, the two primary mechanisms driving
mesopelagic  aggregation are temperature-dependent
physiology and light-dependent foraging. Diel vertical
migration (DVM) of midwater fish is highly correlated with
latitude. Our study area’s northeastern section, including the
Greenland Sea, Iceland Sea, and Norwegian Sea, is the only
deep-sea basin above the Arctic Circle that remains largely
ice-free throughout the year (Klevjer et al., 2015). For the
distribution of mesopelagic organisms, a hypothesis suggests
that, due to the extreme light climate in high-latitude areas,
the foraging conditions are poor, limiting the success of
mesopelagic fish in these environments. The persistent
daylight in summer limits safe foraging in the upper layers
during “nighttime”, while continuous darkness in winter
may restrict visual foraging at any time of day (Kaartvedt,
2008). Therefore, we hypothesize that seasonal differences
in our results are primarily driven by light conditions,
but latitude-driven distribution differences cannot be fully
explained by light alone. While it is theoretically expected
that the light comfort zone remains consistent across oceans
with varying levels of light penetration, Aksnes et al. (2009)
highlight that oxygen-poor waters, in contrast to oxygen-rich
waters, exhibit reduced light penetration. The mechanism
linking light attenuation to dissolved oxygen may involve
microbial heterotrophic degradation of particulate organic
matter, leading to the release of CDOM, which exacerbates
light attenuation in oxygen-deprived waters (Aksnes et al.,
2009; Nelson and Siegel, 2013; Catal4 et al., 2015). From
a biological distribution perspective, our results challenge
the general assumption that mesopelagic organisms tend
to inhabit deeper layers in clearer waters and shallower
layers in waters with higher light attenuation coefficients
(Braun et al., 2023). In high-latitude regions, we observe
that mesopelagic organisms tend towards shallower distri-
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butions, which contradicts the expected pattern where light
attenuation should correlate with deeper distributions. This
discrepancy may be linked to CDOM spikes associated with
zooplankton foraging and excretion behavior, producing
fluorescent proteins or amino-acid-like fluorescence. This
is fundamentally different from the mesopelagic by, spike
signals we detected, which reflect aggregates of zooplankton
or sinking materials. Therefore, in high-latitude regions, the
latitude-driven distribution of zooplankton or sinking mate-
rial aggregates is not solely influenced by light conditions.
Environmental differences also suggest that the western
coast, influenced by the Greenland cold water current, has
lower temperatures and reduced nutrient availability. The
colder sea temperatures may reduce the activity of large
predators, providing relatively safe habitats and suitable
nutrient conditions for mesopelagic organisms (Chawarski
et al., 2022). Previous studies have suggested that the light
climate in high latitudes limits the northward extension of
larger mesopelagic fish populations, as both summer light
nights and winter darkness limit food availability; in the
ICS, migration into the epipelagic zone is restricted by noc-
turnal light levels (Kaartvedt, 2008; Norheim et al., 2016).
Langbehn et al. (2022) found that, in high latitudes, light
conditions primarily regulate the distribution and population
dynamics of mesopelagic fish, with temperature playing
a secondary role. In winter, as daylight diminishes, prey
disperses, and most organisms remain dormant in deeper
waters. Cold temperatures and low metabolic demands
enable mesopelagic fish to conserve energy despite limited
food availability. In summer, warmer temperatures and
longer daylight hours force mesopelagic fish to forage near
the surface, but increased predation risk drives them to
venture outside the optimal light zone in search of food
(Langbehn et al., 2022). Our results also indicate a clear
trend of deeper biological distributions in spring and winter,
which is similar to the long overwintering phase of squid
species that feed and reproduce in deeper waters (Berge
et al., 2012).

In polar regions, ocean ecosystems are considerably
shaped by seasonal changes in light and sea surface temper-
ature. While light plays a crucial role in the vertical migra-
tion of zooplankton and fish, affecting their predation and
survival (Kaartvedt, 2008; Ljungstrom et al., 2021), tem-
perature directly affects physiological rates (Gillooly et al.,
2001). Our study region is also influenced by polar water
masses and by acoustic and oceanographic measurements,
and several studies have demonstrated that latitude-driven
variations in upper-layer communities align with the polar
boundary defined by deep-sea temperature gradients (Saupe
et al., 2019; Sallée et al., 2021). As mesopelagic organisms
transition into polar water masses, the acoustic backscatter-
ing of these organisms suddenly weakens, and vertical scat-
tering increases, altering the structure of the mesopelagic
zone (Ingvaldsen et al., 2023). In conclusion, our findings
demonstrate that light is the primary driver of the seasonal
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distribution of mesopelagic organisms in the study area, par-
ticularly in high-latitude regions, whereas vertical tempera-
ture gradients govern their vertical distribution.

Mesopelagic organisms also exhibit significant aggrega-
tion behaviors in frontal zones, where alternating down-
welling and upwelling currents induce vertical displacements
with substantial ecological impacts. In addition to these
vertical mechanisms, mesoscale fronts also separate water
masses through horizontal mixing, creating potential habi-
tats for zooplankton (Martin, 2003). These horizontal pro-
cesses, combined with light availability and nutrient dy-
namics, shape the spatial distribution of mesopelagic organ-
isms and their aggregation behaviors in frontal zones (Pow-
ell and Ohman, 2015). Together, these mechanisms high-
light the ecological complexity and importance of frontal
regions. Frontal regions are characterized by steep environ-
mental gradients, such as variations in sea surface tempera-
ture, chlorophyll concentration, sea surface height, and dis-
solved oxygen. These factors significantly influence fish dis-
tribution (Owen, 1981; Woodd-Walker et al., 2002). Frontal
zones, marked by distinct thermal gradients resulting from
the convergence of different water masses, also serve as bio-
diversity and productivity hotspots (Longhurst, 2007). In the
study area, an average of three to four water masses in-
teract, with polar fronts demarcating the boundary between
Atlantic and polar water masses. The interaction between
colder northern waters and terrestrial runoff creates gradi-
ents of declining temperature and salinity, forming distinct
physiographic environments that influence mesopelagic dis-
tribution (Sutton et al., 2017; Astthorsson et al., 2007). No-
tably, the Greenland-Iceland—Norway Front, characterized
by a significant temperature-salinity gradient, corresponds to
deeper mesopelagic aggregations, driven by the separation
of colder Arctic and warmer Atlantic waters and the result-
ing temperature—salinity gradient, which critically impacts
marine productivity and spatial distribution. Moreover, verti-
cal mixing within frontal zones enhances nutrient upwelling,
supporting higher primary productivity and providing abun-
dant food resources for mesopelagic organisms (Ljungstrom
et al., 2021). Previous studies have similarly highlighted
the role of water masses and frontal zones in influencing
mesopelagic distributions (Yin et al., 2024).

5 Conclusions

Comparative analysis using acoustic trawl and satellite lidar
detection confirms that by, from BGC-Argo effectively cap-
ture the biological signal of mesopelagic organisms. During
the day, mesopelagic organisms predominantly inhabit the
middle layers, exhibiting multilayered aggregation patterns.
At night, reduced light levels lower predation risks, driving
a general upward migration into the upper layers, where pro-
nounced diel vertical migration (DVM) is observed.
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Seasonally, the mean intensity of by, spikes in the upper
layers remains lower than in the middle layers during spring
and winter, although the frequency of these spikes in the up-
per layers is higher. In contrast, summer and autumn show
an increase in both the intensity and the frequency of by, sig-
nals in the upper layers, particularly near the surface. This
seasonal shift reflects a change in habitat utilization, with
mesopelagic organisms becoming more active in the upper
layers for foraging. The depth of the strongest by, signal ex-
hibits a periodic pattern, becoming more shallow from winter
through spring and summer and deepening in autumn, which
corresponds to seasonal fluctuations in mixed-layer concen-
tration.

Horizontally, the study area reveals deeper distributions
in the northeast and shallower distributions in the south-
west. In the northwestern North Atlantic, mesopelagic or-
ganisms typically reside at an average depth of 200 m, while,
in the eastern Iceland Sea, they are found at greater depths,
around 800 m. The Labrador Sea features an average signal
layer depth of 400 m, whereas the Irminger Sea has it at ap-
proximately 300 m. Oceanic fronts, such as the Greenland—
Iceland—Norway, East Greenland, Labrador, and North At-
lantic Drift fronts, present pronounced temperature gradi-
ents, favorable light conditions, and nutrient-rich waters, at-
tracting significant concentrations of mesopelagic organisms
and leading to substantial biological aggregations.

Spatiotemporal distribution patterns highlight that
mesopelagic depth distribution is influenced by multiple
environmental factors. Correlation and random forest
analyses underscore temperature as a primary determinant
year-round, with temperature gradients emerging as the
most significant factor affecting mesopelagic distribution in
spike layers. Seawater salinity, dissolved oxygen, sea surface
chlorophyll concentration, and latitude also play important
roles.

BGC-Argo data provide valuable insights into the spatial
distribution and seasonal variability of mesopelagic organ-
isms, promoting our understanding of organic carbon trans-
fer to the deep sea, ecosystem energy and material cycling,
and fisheries management. Future research should incorpo-
rate additional environmental factors, such as eddies, cur-
rents, and oceanic fronts, to further elucidate the complex
dynamics influencing mesopelagic organisms. Despite the
extensive vertical profile data provided by BGC-Argo, clus-
tering effects and limited sampling of certain environmen-
tal parameters suggest that advancements in lidar technology
could substantially improve mesopelagic organism detection
capabilities.

Data availability. BGC-Argo data are accessible via the
Biogeochemical-Argo portal at https://biogeochemical-argo.
org/data-access.php (last access: 26 July 2025). The Glob-
Colour sea surface chlorophyll (Chl) dataset can be found at
http://hermes.acri.fr/index.php (last access: 26 July 2025). Sea sur-
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face temperature data are available at https://doi.org/10.1175/JCLI-
D-20-0166.1 (Huang et al., 2020). The direct URL to ac-
cess the dataset is:  https://data.tpdc.ac.cn/zh-hans/data/
16795f34-cd08-48b0-al1d6-4f85d195ad9e/ (last access:
10 October 2025). The new PAR product is downloadable at
https://doi.org/10.11888/RemoteSen.tpdc.271909 (Tang, 2021).
MLD data were sourced from http://mixedlayer.ucsd.edu (last
access: 26 July 2025).
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