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Abstract

The mesopelagic communities are important for food web and carbon pump in ocean, but the large-scale studies
of them are still limited until now because of the difficulties on sampling and analyzing of mesopelagic organisms.
Mesopelagic organisms, especially micronekton, can form acoustic deep scattering layers (DSLs) and DSLs are
widely observed. To explore the spatial patterns of DSLs and their possible influencing factors, the DSLs during
daytime (10:00-14:00) were investigated in the subtropical northwestern Pacific Ocean (13°-23.5°N, 153°-163°E)
using a shipboard acoustic Doppler current profiler at 38 kHz. The study area was divided into three parts using k-
means cluster analysis: the northern part (NP, 22°-24°N), the central part (CP, 17°-22°N), and the southern part
(SP, 12°-17°N). The characteristics of DSLs varied widely with latitudinal gradient. Deepest core DSLs (523.5 m+
17.4 m), largest nautical area scattering coefficient (NASC) (130.8 m2/n mile2+41.0 m2/n mile2), and most
concentrated DSLs (mesopelagic organisms gathering level, 6.7%+0.7%) were observed in NP. The proportion of
migration was also stronger in NP (39.7%) than those in other parts (18.6% in CP and 21.5% in SP) for mesopelagic
organisms. The latitudinal variation of DSLs was probably caused by changes in oxygen concentration and light
intensity of mesopelagic zones. A positive relationship between NASC and primary productivity was identified. A
four-months lag was seemed to exist. This study provides the first basin-scale baselines information of
mesopelagic communities in the northwest Pacific with acoustic approach. Further researches are suggested to
gain understandings of seasonal and annual variations of DSLs in the region.
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1 Introduction

Deep scattering layers (DSLs) were first discovered using
acoustic equipment during World War II. They have been widely
explored in the large-scale investigation of nekton communities
using acoustic methods featuring rapid sampling, as well as non-
invasive and nonextractive advantages (Benoit-Bird and Lawson,
2016). The DSLs are created by micronekton aggregation in the
mesopelagic layers. They reflect the behavior of organisms in
those layers and are considered to be an important characteristic
of the open ocean (Béhagle et al., 2017; Sato and Benoit-Bird,
2017; Boswell et al., 2020).

As one of the largest groups in marine biome, micronekton
include small fishes, crustaceans, cephalopods, and gelatinous
organisms, with length ranging from 2 cm to 20 cm. Micronekton
plays a crucial role in the deep-sea food web (Polis et al., 1997;
Klevjer et al., 2020). These organisms migrate to the surface
(0-200 m) to feed at night and descend to the mesopelagic layers
(200-1 000 m) to escape larger predators after sunrise. This type
of behavior is commonly referred to as diel vertical migration.
The acoustic signature of micronekton at 38 kHz has been widely

used in fishery resource surveys and ecological studies (Bertrand
etal., 2002; Moline et al., 2015; Béhagle et al., 2016; Cascao et al.,
2019). The biomass of micronekton in the pelagic zone is usually
underestimated because of their escape from pelagic trawls.
Thus, their role in the oceanic biogeochemical cycle and food
web may be much greater than our current understanding
(Gjosaeter and Kawaguchi, 1980; Kloser et al., 2009; FAO, 2018).
The behavior and life history of mesopelagic micronekton are
driven by various marine environmental factors that lead to the
spatial and temporal features of the DSLs. For instance, the tim-
ing and speed of their migration are affected by not only the
angle of the sun but also the migration depth and community
composition of organisms in the sound scattering layers (Benoit-
Bird and Lawson, 2016; Boswell et al., 2020). The environmental
properties of water layers, such as dissolved oxygen concentra-
tion, temperature, and light intensity, could influence the migra-
tion depth of mesopelagic organisms (Bertrand et al., 2010; Ak-
snes et al., 2017; Diogoul et al., 2020). Primary productivity has
been proven to be a key influencing factor of mesopelagic bio-
mass in previous studies (Jennings et al., 2008; Escobar-Flores
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et al., 2013; Irigoien et al., 2014; Receveur et al., 2020). Scale ef-
fects are also frequently found in the responses of horizontal and
vertical distributions of DSLs to various environmental variables.
For example, at a global or basin scale, the major driving factors
of DSLs are sea surface temperature, primary productivity, and
dissolved oxygen (Bianchi et al., 2013; Brierley, 2014; Irigoien
et al., 2014; Klevjer et al., 2016; Escobar-Flores et al., 2018). Meso-
scale oceanographic features (e.g., mesoscale eddies and frontal
boundaries) have also been identified as important factors in
driving the dynamics of sound scattering layers (Godo et al.,
2012; Fennell and Rose, 2015; Béhagle et al., 2016). At a local
scale, some oceanographic disturbances (e.g., currents, nutri-
ents, temperature, and dissolved oxygen) caused by seamounts
or upwellings, can strengthen the aggregation of organisms and
significantly promote the acoustic backscattering strength (Urmy
and Horne, 2016; Cascao et al., 2019).

Micronekton is an important part of marine food web in the
northwestern Pacific Ocean. Several important commercial
fishes (e.g., tunas and billfishes) are largely supported by mi-
cronekton in this area (Chikuni, 1985). Moreover, the mesopela-
gic community including micronekton, was considered to be in-
fluenced by global warming and deep-sea mining in the future
(Proud et al., 2017; Christiansen et al., 2020). The influences are
conspicuous in marine ecological environment due to the com-
plex and unpredictable process of ocean change and the rapidly
increasing number of deep-sea mining areas (Mote and Salathé,
2010; Miller et al., 2018). Nevertheless, our understanding of
mesopelagic community remains limited (St John et al., 2016). In
previous large-scale investigations of DSLs, the spatial distribu-
tion of DSLs and their relationships with the marine environ-
ment in the subtropical Northwest Pacific Ocean were not well
investigated (Irigoien et al., 2014; Bianchi and Mislan, 2016;
Klevjer et al., 2016).

To explore the spatial distribution of DSLs and their response
to environmental factors, acoustic backscatter data at 38 kHz by
shipboard acoustic Doppler current profiler (SADCP) and envir-
onmental data obtained during voyage investigation were ana-
lyzed. Our research was focused on two objectives. First, the dis-
tribution patterns of DSLs were described along the latitudinal
gradient. Second, the relationship between DSLs and marine en-
vironmental factors was analyzed to evaluate the potential envir-
onmental associations of DSLs in the northwestern Pacific
Ocean.

2 Materials and methods

2.1 Studyarea

The study area was located in the seamount region of north-
western Pacific Ocean. The water masses in this area are strongly
influenced by the North Equatorial Current (Lindstrom et al.,
1987; Toole et al., 1988; Hu et al., 2015). The most obvious ocean-
ographic characteristic is that the area is extremely oligotrophic
(Carr et al., 2006; Zhang et al., 2012).

2.2 Acoustic data collection and processing

Ship-based data collection was conducted with a SADCP,
0S38K during COMRA cruise DY48, from August to October
2018. The acoustic transects are shown in Fig. 1. The transducers
were mounted on the bottom of ship and with a central fre-
quency of 38 kHz. This frequency allowed the collection of valid
data down to a depth of approximately 1 000 m. The sampling in-
terval was 10 min, and the vertical cell interval was 24 m. The
measuring range was 50-1 000 m in depth. Although the raw
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Fig. 1. Map of the study area (red box in the insert) and the nav-
igation and acoustic recording route (red line). The study area is
located in the seamount (brighter colored areas) region of the
northwestern Pacific Ocean.

acoustic data were not calibrated or compared with other calib-
rated equipment, these data are considered suitable for evaluat-
ing the relative biomass of mesopelagic community and identify-
ing the vertical distribution of DSLs, according to the principle of
acoustic Doppler current profiler (ADCP) (Bianchi and Mislan,
2016; Receveur et al., 2020) (refer to Table 1 for full name, same
below).

There were continuous DSLs and regular diel vertical migra-
tions along all acoustic transects. In the echogram, the vertical
migration of mesopelagic organisms in this area is characterized
by descent from the surface at around 6:00, stabilization at a
depth of 400-800 m (core region 400-600 m) at around 10:00, and

Table 1. List of abbreviations in the present study

Acronym Full name Unit
NASC (s,) nautical area scattering coefficient m2/n mile?
ASC (s,) area scattering coefficient m?/m?
MGL mesopelagic gathering level %
VBC (s,) volume backscattering coefficient m-!
MVBS(S,)  mean volume backscattering strength ~ dBre4nm™!
CM center of mass m
UBD upper boundary depth m
LBD lower boundary depth m
MA migration amplitude n mile?/m?
MP migration proportion %
WMD weight migration depth m
LAC light attenuation coefficient m!
NPP net primary productivity mg/(m?-d)
(according
to carbon)
MLD mixed layer depth m
SST sea surface temperature °C
SSS sea surface salinity -
MAT mesopelagic average temperature °C
MAS mesopelagic average salinity -
MAO mesopelagic average oxygen concentration  pmol/kg

Note: — represents no unit.
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ascent at around 14:00, finally reaching the surface at around
19:00 (Fig. 2).

Midday and midnight were defined as the periods of
10:00-14:00 and 20:00-02:00, respectively. The acoustic data from
midday was mainly used in the subsequent analysis for two reas-
ons. First, a large proportion of mesopelagic organisms migrate
up to the surface for feeding, but the 38-kHz SADCP was not ap-
propriate for obtaining data from 0 m to 50 m in depth. In con-
trast, most of the mesopelagic organisms migrated down to
400-800 m during the day and thus were integrally detected in
our investigation. Second, the downwelling depth of mesopela-
gic organisms was relatively stable, making it easy to eliminate
diel vertical migration (DVM) disturbances during these periods
(Fig. 2).

The mean volume backscattering strength (MVBS, dB re 4n
m-!) was calculated from the recorded backscattering echo in-
tensity E (counts) based on the sonar equation in Mullison
(2017),

S, =C+101g (R* x (Tx + 273.16)) — Lpgm — Ppem + 20R+
10 Ig (10““3135) - 1) , (1)

where S, means MVBS; C means a system constant provided by
the ADCP manufacturer, which includes the transducer and sys-
tem noise characteristics; Cis -172.19 dB for the Workhorse Long
Ranger functioning at a frequency of 38 kHz. The other variables
are as follows: Tx is the temperature of the transducer (°C); R is
the range along the beam to the scatterers (m); Lyg,, is 101g
(transmit pulse length, 24 m); P, is 24 dB; « is the sound ab-
sorption coefficient of seawater (0.011 dB/m); and K, is a beam-
specific scaling factor (dB/count), is typically assumed to be 0.45;
E, is the received signal strength indicator (RSSI) value when
there is no signal present, which is determined from the minim-
um values of the RSSI counts obtained from the cell at the most
remote depth (Deines, 1999; Mullison, 2017).

S, is the logarithmic form of s, (volume backscattering coeffi-
cient, VBC) in Eq. (2), and s, is integrated with depth using the

formula in MacLennan et al. (2002) to produce the area backscat-
tering coefficient, s, (m?/m?). The most common scaled coeffi-
cient, the nautical area scattering coefficient (NASC), is denoted
by the symbol s, (m?/n mile?) (MacLennan et al., 2002). The
NASC calculated from the 38 kHz acoustic frequency was used as
a proxy of micronekton biomass (Kloser et al., 2009; Béhagle et
al., 2016).

Sy =10 Igs,, 2
S = / 50 (2) dz, 3)
Z
sa = 4m x 18522 x s,, 4)

where z means water depth (m), and s, (2) is the backscattering
coefficient at depth z.

The boundaries and central depth of the DSLs were used to
describe the vertical distribution of micronekton. The DSL cen-
ter (CM, m) was derived for the DSL using the approach provided
by Urmy et al. (2012) as Eq. (5).

Zy
/ zs, (z) dz
Z1

/ Zzs,, (2)dz 7

Jzy

CM = )

where z, and z, represent the upper and lower depths of DSLs’
boundaries.

The threshold filtering method has been used in many stud-
ies to identify the location of DSLs. However, these threshold val-
ues were not uniform (Béhagle et al., 2016; Klevjer et al., 2016).
The DSLs could be divided into two parts, the core DSLs and dif-
fuse DSLs (Fig. 2). The core DSLs represent the main stable
blocks of mesopelagic communities. Since the ADCP acoustic
data were not calibrated in this study, the threshold method
could not be used. Therefore, we used the gradient of backscat-
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Fig. 2. Echogram (38 kHz) after noise-removal showing the diel vertical migration of mesopelagic organisms (at local time 0:00-24:00,
September 10, 2018). The red lines indicated the period of midday (at local time 10:00-14:00), when the dwelling depth of mesopelagic
organisms was relative stable and it was easy to eliminate the disturbance of diel vertical migration. And the black lines indicated the
period of midnight (at local time 22:00-next day 2:00). The black arrow indicated the core part of deep scattering layers (DSLs), and

the white arrow indicated the diffuse part of DSLs.
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tering strength as an index of identified DSLs boundaries (Eq.
(6)). The values for the gradient (from the surface to deep layer)
were used to select the upper boundary and lower boundary.
First, the DSLs zone should be estimated from echograms, since
the vertical distribution of gradient fluctuated. For example, the
DSLs were located at the depths of 400-800 m in the study area
(Fig. A1). Second, the maximum and minimum gradient values
were selected as points corresponding to the upper and lower
boundaries of core DSLs (Fig. 3).

Sui - svi—l
A= depth; — depth,_,’ ©
where A is the gradient of backscattering strength (dB/m), and i
is the layer number. The DSL thickness was calculated by sub-
tracting the lower DSL depth from the upper DSL depth.

The coefficient of variation (CV) was used to measure the de-
gree of dispersion (Everitt and Skrondal, 1998). In this study, the
mesopelagic organisms gathering level (MGL) was explained by
the CV of backscatter strength in the mesopelagic zone (Eq. (7)).

g

MGL = —2
S,

; @)

where o is the standard deviation of mesopelagic MVBS (200-
1000 m) and S, is the mean value of mesopelagic MVBS.
Migration amplitudes (MA) were calculated as the difference
between daytime and nighttime mesopelagic NASC (s, (m?/
n mile?), 200-1 000 m). The migrating proportion of mesopelagic
organisms (MP) was calculated as the ratio of migration amp-
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litudes to mesopelagic daytime NASC values. Weighted migra-
tion depth (WMD) was calculated as the weighted mean of the
difference between daytime and nighttime mesopelagic NASC
and depth in mesopelagic zone (Klevjer et al., 2016).

MA = SA?day - sA?night; (8)
MA

MP = x 100, )
SA?day

il 000 m
Z (svday (l) - svnight (l)) X depthi

i200 m

WMD =

. (10)

i1 000 m

Z (Svday (l) - Svnight (1))

i200 m

where s,_q,, and s, ;g are mesopelagic NASC during midday
and midnight, respectively. S,4,, and S, are MVBS during
midday and midnight, respectively. Finally, i is the layer number
of corresponding depth.

2.3 Environmental data collection and processing

A suite of available environmental variables was selected to
explore the environmental associations of DSLs. In this study, all
environmental data were retrieved from public sources. Monthly
average of 490 nm light attenuation coefficient (LAC 490 nm)
data with a (1/24)° resolution were obtained from the NASA web-
site (https://search.earthdata.nasa.gov/search?fst0=Oceans).
The LAC was calculated as Eq. (11).
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Fig. 3. An example about identifying the boundaries of core deep scattering layers (DSLs) according to gradient method. a. Vertical
distribution of mean volume backscattering strength (MVBS); b. vertical distribution of changes in gradient of MVBS. The dots are

identified boundaries of core DSLs.
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1 light
k=— \ X, 11
depth, x nlighto’ (an

where kis LAC and depth, is certain depth underwater. light, and
light, is the light intensity at the certain depth underwater and
surface light intensity, respectively (Padial and Thomaz, 2008).

Monthly average of net primary productivity (NPP) data with
a (1/6)° resolution were obtained from the Ocean Productivity
website (http://orca.science.oregonstate.edu/1080.by.2160.
monthly.hdf.vgpm.m.chl.m.sst.php). Monthly average of mixed
layer depth (MLD) data and profile data of temperature and sa-
linity with 1° resolution and 5 m vertical interval were obtained
from the Argo website (http://mixedlayer.ucsd.edu/). Monthly
average of oceanic dissolved oxygen concentration profile data
with a 1° resolution comes from the world oceanic database
(WOD, https://www.ncei.noaa.gov/access/world-ocean-atlas-
2018/). Three environmental variables mesopelagic average tem-
perature, salinity, and dissolved oxygen concentration (meso-
pelagic average temperature (MAT), mesopelagic average salin-
ity (MAS), and mesopelagic average dissolved oxygen (MAO)) at
200-1 000 m were also calculated to describe the mesopelagic
zone. The natural adjacent interpolation method (Sibson, 1981)
was used to process the gridded environmental data and match it
with each acoustic location, thereby obtaining profile data for
each point.

2.4 Statistical analysis

A k-means cluster analysis (Legendre and Legendre, 2012) of
environmental variables (MLD, sea surface temperature (SST),
sea surface salinity (SSS), MAT, MAS, MAO, LAC, and NPP) was
used to divide the study area into different environmental
groups. The distributions normality and variance homogeneity of
the data were tested first. If the hypothesis was not met, non-
parametric tests (Kruskal-Wallis test) were used to test the differ-
ence among groups.

To reveal the relationships between primary productivity dur-
ing different months and NASC, we used remote-sensing data to
construct a new dataset of monthly NPP for the 12 months be-
fore the cruise period (August-October) according to the month
of each station. Twelve linear regression analyses were conduc-
ted to detect the time lag in the link between NPP and NASC. The
statistical analysis for this part was performed using R-3.6.3. The
linear regressions were conducted using the Ime function of the
mgcv R package (Lindstrom and Bates, 1988).

3 Results

3.1 Environmental conditions

Strong latitudinal gradients of environmental variables were
observed in this area. (Fig. 4). Based on the results of cluster ana-
lysis, three environmental parts were identified: the northern
part (NP, 22°-24°N), the central part (CP, 17°-22°N), and the
southern part (SP, 12°-17°N) (Fig. 5). The SP was distinguished
from other parts by the lowest values of MAT (8.5°C+0.7°C) and
MAO (89.9 pmol/kg+13.0 umol/kg). In contrast, the mesopelagic
community of NP was located in warmer (MAT, 10.7°C+0.2°C),
and oxygen-rich (144.4 pmol/kg+1.2 pmol/kg) conditions (Fig. 6).

3.2 Spatial variation of DSLs

The distribution of DSLs also showed a strong latitudinal
gradient. The spatial variation of DSLs among three parts was sig-
nificant (Kruskal-Wails test, p<0.01). The mesopelagic NASC of
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NP ((130.8+41.0) m?/n mile?) was 2.4 times higher than that of CP
((55.24+27.3) m?/n mile?), and 5.9 times higher than that of SP
((22.245.5) m?/n mile?) (Fig. 7a). A shallower CM ((502.1+21.8) m)
was observed in SP than those in NP ((532.5+17.4) m) and CP
((524.0+17.0) m) (Fig. 7b). The gathering level showed that the
mesopelagic organisms were more diffuse in SP (3.3%+0.5%)
than those in NP (6.7%+0.7%) and CP (5.6%+0.8%) (Fig. 7c). Both
the upper boundary depth (UBD) and lower boundary depth
(LBD) showed a shallower trend along the latitudinal gradient
from the north to the south (Figs 7d, e).

3.3 Spatial variation of DVM

The characteristics of DVM of mesopelagic organism also
showed strong spatial variation (Fig. 8). The MP in NP, CP, and
SP were 39.7%, 18.6%, and 21.5%, respectively. The average WMD
gradually increase along the latitudinal gradient from the north
to the south (574 m, 606 m, 663 m, in NP, CP, and SP, respect-
ively).

3.4 Relationships between mesopelagic NASC and primary pro-

duction

We attempted to detect whether there were any possible
delays in the transfer of primary production to the upper trophic
levels. The variances of correlations between NASC values dur-
ing the cruise period and NPP values in the previous 12 months
were distinct (Fig. A2). During the sampling time, the linear cor-
relation coefficient between the mesopelagic NASC and NPP was
weak (R?=0.08, p<0.05). With an increasing time lag, the link
between NASC and NPP became stronger and peaked at four
months leg (R2=0.58). The NASC was significantly positively cor-
related with NPP at lags of 4-7 months (R?, 0.42-0.58), while the
link was weak in other months (Fig. A1).

4 Discussion

4.1 Spatial variation of DSLs

The dissolved oxygen of water column has been proposed as
a key factor affecting the depth of DVM (Bianchi et al., 2013; Net-
burn and Anthony Koslow, 2015; Klevjer et al., 2016). There are
two possible reasons. First, the oxygen could affect the metabol-
ism and behavior of organism and communities (Seibel, 2011).
However, some species of micronekton have strong adaptation to
low oxygen conditions, the depth of DSLs would be affected, only
in some extreme hypoxia zones (Urmy et al., 2012; Netburn and
Anthony Koslow, 2015). Second, to avoid the predators with
higher oxygen demand (e.g., billfishes, tropical tunas, and other
tropical pelagic fishes), mesopelagic organisms descend to the
layers with low oxygen levels for refuge during the daytime
(Stramma et al., 2012).

In the study area, stronger stratification at lower latitudes res-
ulted in a lower mesopelagic average oxygen concentration in SP
than that in NP. The average oxygen concentration of mesopela-
gic layers in the study area is unlikely to limit the vertical distri-
bution of DSLs directly, since the oxygen levels are far from ex-
tremely hypoxic (<23 pmol/kg; Netburn and Anthony Koslow,
2015).

Skipjack and tuna were the main predators of micronekton
(Coull, 1993). They were more sensitive to oxygen concentration
(>160 pmol/kg), compared with mesopelagic organisms (Cayre,
1991; Ingham et al., 1977; Prince and Goodyear, 2006). The limit-
ation of <160 umol/kg oxygen concentration on these predators
would influence the vertical distribution of DSLs. Another factor
potentially affecting the depth of DSLs is light intensity, which
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can limit above predators relying on sight (Bianchi and Mislan,
2016; Inoue et al., 2016; Aksnes et al., 2017; Boswell et al., 2020).
Colored dissolved organic matter is an important light absorber

LAC/m™!

in the water column, and it is mainly produced by phytoplank-
ton (Stedmon and Nelson, 2015; Oestreich et al., 2016). In the
study area, the DSLs were persistently deeper than the depth of
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Fig. 5. The distribution of environmental variables according to
k-means clusteringmethods in study area. Green group is the northern

part, yellow group is the central part, and red group is the southern part.

0.01% surface light intensity (Fig. 9), which was figured as an im-
porant impact factor for DSL (Aksnes et al., 2017). We concluded
that the light intensity controlled the vertical distribution of DSLs
on the whole; nevertheless, the distribution pattern of CM depths
(deeper in the north and shallower in the south, Fig. 7b) was in-
fluenced by the restriction of dissolved oxygen on the predator in
mesopelagic zones.

4.2 Spatial variation of DVM
This active carbon flux has been widely considered to be an
important carbon resource for bathypelagic and seafloor com-

munities in the deep sea (Steinberg et al., 2008b; Grabowski et al.,
2019; Hernandez-Ledn et al., 2020). The migrating proportion
and weighted migration depth are two key parameters to evalu-
ate the DVM of mesopelagic community. The carbon export of
biological pump is dependent on many factors: the migrating
biomass, the metabolism rate and the depth of migration
(Longhurst and Glen Harrison, 1989; Steinberg et al., 2008a;
Kwong et al., 2020). Therefore, the spatial variation of DVM can
provide an important biological oceanographic reference for the
establishment of regional environmental management plans by
the International Seabed Authority.

The mesopelagic fishes can be divided into two groups: mi-
grating and non-migrating by their behavior, and the migrating
fishes have higher metabolism rate than non-migrating fishes
(Salvanes and Kristoffersen, 2001). It indicates that the biological
carbon pump of micronekton was highest in the NP because of
the highest migrating proportion and amplitude among the three
parts. It can be predicted that the carbon pump of micronekton
will weaken by the global warming due to the hypoxia expansion
and decline of primary productivity (Keeling et al., 2010; Stein-
acher et al., 2010). However, more precise evaluation of this act-
ive flux could not be achieved in this study due to the lack of ap-
propriate samples for calculating the biomass and metabolic rate
of mesopelagic species (Ariza et al., 2015; Pakhomov et al., 2019).
In future studies, a combination of acoustic survey and trawl
sampling is needed.

4.3 The link between NASC and primary production

The main taxa of mesopelagic micronekton in tropical and
subtropical oceans are Myctophidae and Cyclothone (Gorelova,
1984; Phillips et al., 2009; Escobar-Flores et al., 2013). They have a
short life span and low fecundity rates (McKelvie , 1989; Catul et
al., 2011). A recent study showed that a linear correlation
between S, ,pcp (75 kHz) and S,, ¢, (70 kHz) was significant (Re-
ceveur et al., 2020). It indicated the uncalibrated ADCP acoustic
data is suitable for evaluating their relative biomass.
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The subtropical Pacific Ocean is a typical oligotrophic ecosys-
tem where the primary productivity is strongly limited by nutri-
ent concentrations (Karl et al., 2001; Shen and Shi, 2002). In low-
productivity areas, bottom-up control dominates the marine
food web, and primary productivity is thus a key factor that con-
trols the biomass of higher trophic levels (Jennings et al., 2008).
The primary productivity is dominated by picoplankton in the
tropical oligotrophic ocean (Liu et al., 1997). This means that the

trophic web is dominated by microbial loops and the time of en-
ergy transfer from primary producer to higher trophic organisms
is extended. Moreover, the mesopelagic fishes generally own
short lifespans in low latitudes, and most of mesopelagic species
spawn only once in their lifetime (Salvanes and Kristoffersen,
2001). The 38 kHz acoustics have an object detection limit of
2 cm and larger (McKelvie, 1989; Catul et al., 2011), thereby mesop-
elagic fishes were only detectable when they grow up from tiny
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Fig. 9. The echogram at midday along latitudinal gradient. The yellow curve is 160 pmol/kg dissolved oxygen isoline and the red

curve is the depth of 0.01% surface light intensity isoline.

eggs, which must take a time period. Therefore, the ontogenesis
of mesopelagic organisms and the limited target size of acoustic
detection method both could result in the time lag between our
observed peaks of NASC and the primary productivity.

The time lag between primary production and higher trophic
levels was also observed in other studies. For example, Urmy and
Horne (2016) reported that the response time of increase of zo-
oplankton and micronekton biomass to surface high productiv-
ity burst gradually extended from surface to deep layers, based
on their time series observation data in the Monterey Bay. Other
studies revealed that there were five months delay of biomass of
micronekton following the chlorophyll a peak during July-Au-
gust period (Condie and Dunn, 2006; Smeti et al., 2015).
Moreover, primary productivity reached its peak during the
spring in the north of study area (Fig. A3), which was consistent
with the seasonal variation of primary productivity in the North
Pacific Subtropical Gyre (Longhurst, 2007). In addition, the
southern part of study area exhibited low primary productivity
conditions all year round (Fig. A3). The regional differences re-
flected obvious seasonal variations in the horizontal distribution
of primary productivity along the latitudinal gradient and ac-
counted for the delay effect observed in our study.
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Fig. A1. Midday vertical distributions of backscattering strength and its changing gradient in the whole study area. a, b. The vertical
distributions of increasing gradient and decreasing gradient, respectively; c. the vertical distribution of mean volume backscattering
strength (MVBS). Black curves are identified upper and lower boundaries of DSLs (UBD and LBD). x-axis is the column data number.
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Fig. A2. The linear correlations between the mesopelagic nautical area scattering coefficient (NASC) during cruise and net primary
productivity (NPP) in the past twelve months. The blue lines were fitting curves with R2 (p<0.05).
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Fig. A3. Maps of remote-sensing-based net primary productivity (NPP) in study area during a year (from November 2017 to October
2018).
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