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Introduction: Small pelagic fishes constitute large proportions of fisheries and are
important components linking lower and higher trophic levels in marine ecosystems.
Many small pelagic fishes in the Northwest Pacific spawn upstream in the Kuroshio
and spend their juvenile stage in the Kuroshio Front area, indicating that the Kuroshio
Current system impacts their stock fluctuations. However, the distribution of these
fish relative to the Kuroshio has not been determined due to dynamic spatio-
temporal fluctuations of the system. Here, the recent development of environmental
DNA (eDNA) monitoring enabled us to investigate the distribution patterns of four
economically important small pelagic fishes (Japanese sardine Sardinops
melanostictus, Japanese anchovy Engraulis japonicus, chub mackerel Scomber
japonicus, and blue mackerel Scomber australasicus) in the Kuroshio Current system.

Methods: The influence of environmental factors, such as sea water temperature,
salinity, oxygen concentration, chlorophyll-a concentration, and prey fish on the
occurrence and quantity of target fish eDNA was analyzed using generalized
additive models. In addition, the detection (presence) of target fish eDNA were
compared between the offshore and inshore side areas of the Kuroshio axis.

Results: Sea water temperature showed important effect, especially on the
distribution of Japanese sardine and Japanese anchovy, whereas the
distribution pattern of chub mackerel and blue mackerel was greatly
influenced by the eDNA quantity of Japanese sardine and Japanese anchovy
(especially potential prey fish: Japanese anchovy). In addition, we found that the
four target fish species could be observed in areas on the inshore side or around
the Kuroshio axis, while they were hardly found on the offshore side.

Conclusion: Based on eDNA data, we succeeded in revealing detailed spatial
distribution patterns of small pelagic fishes in the Kuroshio Current system and
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1 Introduction

Fish production is critical for people’s livelihoods worldwide
(Food and Agriculture Organization of the United Nations, 2020).
Although aquaculture production has developed greatly, capture
fishery production remains important, especially in marine fishery
production where the percentage of capture contributed around
54% in 2016 (Food and Agriculture Organization of the United
Nations, 2020). Small pelagic fish species, such as anchovy, sardine,
and chub mackerel, have been major contributors to the total
marine capture fishery production (Food and Agriculture
Organization of the United Nations, 2020) especially in Japan,
one of the most important fishery countries in the world
(Ichinokawa et al., 2017). For example, the chub mackerel
(Scomber japonicus) catch constituted around 2% of the world’s
total catch in 2018 (Food and Agriculture Organization of the
United Nations, 2020). Large-scale production of small pelagic
fishes is based on prey zooplankton production. Small pelagic
fishes also play critical roles in marine ecosystems as important
prey of large predatory fishes, sea birds, as well as mammals, and
connect lower and higher trophic levels (Cury et al., 2000; Duarte
and Garcia, 2004; Navarro et al., 2009; Cury et al., 2011; Navarro
etal, 2017; Saraux et al., 2019). Thus, it is important to understand
the distribution, migration, and response to climate variability of
small pelagic fishes.

The resource (such as landings and body condition) of small
pelagic fishes is influenced by many environmental factors, such as
sea water temperature and chlorophyll-a concentration (Sumaila

et al,, 2011; Brosset et al., 2017; Quattrocchi and Maynou, 2017) as
well as climate fluctuations or changes (Mantua et al,, 1997;
Brochier et al., 2013; Alheit et al., 2014; Pennino et al., 2020). For
the Northwest Pacific area, rich in small pelagic fishes, the Kuroshio
was found to influence climate, ecosystems, and fisheries (Yatsu
et al,, 2013). The Kuroshio is the western boundary current of the
subtropical gyre in the North Pacific and a warm ocean current that
flows from the northern Philippines and east of Taiwan, along the
south coast of the Japanese Archipelago (Figure 1A). The section of
the Kuroshio that flows eastward toward the open Pacific is called
the Kuroshio Extension. The Kuroshio contains important
spawning and nursery grounds, thought to be associated with
many small pelagic fish species (Nakata et al., 2001; Sassa et al.,
2006; Yatsu et al., 2013; Kaneko et al., 2018). Aggregation in the
frontal eddies in the western boundary currents (Nakata et al., 2000;
Okazaki et al., 2002; Mullaney and Suthers, 2013) as well as
enhanced growth of small pelagic fish larvae in the frontal eddies
(Okazaki et al, 2003) has been observed. Besides, the Kuroshio is
thought to restrict the upstream movement of fishes on its inshore
side (Kai and Motomura, 2022), which is hereinafter referred to as
the “barrier effect”, these results indicate the importance of the
frontal structure of the western boundary currents and their
possible relationship to the distribution of small pelagic fishes.
One of the possible effects of frontal structure on fish
distribution is the thermal effect and oxygen demands (Portner
and Knust, 2007). The relationship between environmental factors
and the distribution of small pelagic fish in the ocean has been
studied. Sabatés et al. (2006) found the distribution of round
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Location of the survey area of this study to the Northwest Pacific (A) and the zooming of the survey area (B). Maps were made in Spyder (Python 3.7)

using Natural Earth data. Free vector and raster map data was obtained from
stations. The stations from different cruises were distinguished by the colors
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sardinella (Sardinella aurita) in the western Mediterranean was
affected by the sea surface temperature (SST). Furthermore,
Georgakarakos and Kitsiou (2008) analyzed the acoustic data of
small pelagic fish and found SST and bathymetric depth are the
environmental variables that provide the best spatial distribution
model to predict the abundance. Similar studies have also been
performed in the small-pelagic-fish-rich Northwest Pacific.
Moreover, the winter catch per unit effort (CPUE) distribution of
Japanese anchovy (Engraulis japonicus) in the Yellow and East
China Seas demonstrated strong relationships with the salinity front
and SST (Liu et al., 2020). The spatio-temporal variation of Japanese
sardine (Sardinops melanostictus) population in the Sea of Japan
was found to be influenced by SST, primary production, and ocean
currents during 1970-1999 (Muko et al., 2018). Furthermore, Sassa
et al. (2010) collected fish larvae in the southern East China Sea and
discovered Scomber australasicus was distributed in the more
southern and warmer (20 to 23°C versus 15 to 22°C) area than S.
japonicus. Occurrence and density of Pacific saury Cololabis saira
larvae and juveniles was found to be highly related to SST with an
optimal temperature of 19-20°C (Takasuka et al., 2014). Therefore,
these previous studies support an idea the SST is one of the main
controlling factors which determine the distribution of small pelagic
fish. This is not surprising because small pelagic fishes are
ectothermic and have a small body size.

However, the SST dependency of small pelagic fish distribution
is impacted by competition between fish species (Fuji et al., 2023).
In the pelagic waters of the Northwest Pacific, the Pacific saury
shifted to a cooler temperature range when the biomass of Japanese
sardine expanded and the potential competition between the two
species increased (Fuji et al., 2023). Small pelagic fish aggregate in
the Kuroshio Front, and therefore, the competition between species
might be enhanced and the effect of SST on distribution might be
modified. This may especially be true for chub and blue mackerel,
which are piscivorous fishes (Robert et al., 2010) whose main prey
are anchovy (Nakatsuka et al., 2010; Robert et al., 2010). Currently
there is no study showing a direct link between the distribution of
chub and blue mackerel and that of Japanese anchovy. However, the
distribution of Spanish mackerel, a predator of Japanese anchovy,
highly depends on the distribution of Japanese anchovy (Liu et al.,
2023). Consequently, in the aggregated frontal region, prey-
predator interaction might alter the distribution characteristics of
small pelagic fish.

Indeed, much is still unknown about the relationship between
frontal structures, such as the Kuroshio Front, and small pelagic fish
distribution. The frontal structures have complex and variable
horizontal and vertical environmental conditions (Kasai et al.,
2002; Nagai et al., 2012). Therefore, high horizontal and vertical
resolution fish distribution data is needed to investigate the
environmental effects and inter-specific effects on fish distribution
in the frontal area. For larvae, it is possible to conduct high spatio-
temporal resolution observations using small larval nets. However,
for juveniles and adult fish, this is difficult because their swimming
ability is high and large sampling nets are required. In addition,
there is a limitation on obtaining information on vertical
distribution differences of fish using fishing net sampling although
there are multi-depth-sampling net systems. Acoustic sonar is
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another method for observing fish distribution but currently there
are still problems with species identification (Wei et al., 2022). The
local fishing catch data is usually needed as a reference in the species
identification during acoustic sonar fish detection, which can be
unfeasible if the fish species composition is expected to be complex
(Georgakarakos and Kitsiou, 2008). Due to these limitations, it has
been difficult until now to clarify the environmental and inter-
specific effects on the distribution of small pelagic fish in the
frontal structures.

The environmental DNA (eDNA) method is a novel technology
used in organism surveys which has been developed in recent years.
Organisms contain DNA that provides species identification
information (Wolf et al., 1999; Ali et al., 2014). When DNA is
released into the surrounding environment such as water, sediment,
and soil (Thomsen and Willerslev, 2015; Barnes and Turner, 2016;
Nevers et al., 2020) through feces, skin, scales, and other means
(Poinar et al., 1998; Bunce et al., 2005; Lydolph et al.,, 2005), it is
called eDNA. The sampling of fish eDNA is made possible by
collecting and filtering water, enabling high-resolution observations
of fish distribution in frontal regions. The procedure of collecting
water can be simply performed and be combined with a
conductivity temperature depth (CTD) system carried by a
research vessel measuring the environmental factors at different
depths (Yu et al., 2022). Therefore, the sampling of fish eDNA can
be performed with a relatively high horizontal and vertical
resolution together with the environmental measurements.

The eDNA method has been widely used for fish distribution
surveys in inland and coastal waters worldwide (Minamoto et al.,
2011; Kalchhauser and Burkhardt-Holm, 2016; Plough et al., 2018;
Minegishi et al., 2019; Stat et al, 2019). Using eDNA analysis
methods such as quantitative polymerase chain reaction (qPCR)
and metabarcoding, information, including species and quantity,
can be revealed. Recently, an optimized protocol for eDNA
extraction in fish and robust qPCR conditions have been
developed (Wong et al., 2020). A multiplex qPCR system was
developed for the quantitative analysis of six small pelagic fishes’
eDNA (Wong et al., 2022): the Japanese sardine (hereafter sardine,
S. melanostictus), Japanese anchovy (anchovy) E. japonicus, chub
mackerel, blue mackerel (S. australasicus), Japanese jack mackerel
(jack mackerel, Trachurus japonicus), and Pacific saury (saury, C.
saira). The effectiveness of the multiplex qPCR system was
confirmed by the detection of small pelagic fishes in the Kuroshio
Extension (Yu et al.,, 2022). Here, as a new attempt, we used the
validated multiplex qPCR system to analyze open ocean water
samples from the Kuroshio Current system to explore the
environment-dependent distribution patterns of several
economically important small pelagic fishes. This study aimed to
help improve the understanding of environmental and inter-
specific effects on small pelagic fish distribution in the frontal
region. The Kuroshio Current system was used as a testbed
because it is one of the most productive areas of small pelagic
fish. The improved understanding can be extended to other frontal
regions including the Gulf Stream, as well as the Brazil, East
Australian and the Agulhas Currents.

In this study, 488 sea water samples were collected during four
Kuroshio cruises and used to detect the eDNA of six small pelagic
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fishes using qPCR. These fish species were chosen for their
importance in fisheries. Subsequently, qPCR data were integrated
with environmental data to estimate the influence of environmental
parameters on the distribution of the target fishes. Among the six
small pelagic fish we detected, the eDNA detection of saury and jack
mackerel was very limited (details were shown in the Section 3.1), so
the target fishes in this study were sardine, anchovy, chub mackerel,
and blue mackerel.

Our study successfully revealed the environment-dependent
spatial distribution characteristics of these target fishes in the
Kuroshio Current system based on eDNA data. The success of
this study supports the effectiveness of eDNA methods in revealing
the relationship between fish and the environment. We expect a
wider usage of its in other areas and on other species. In addition,
we believe that our findings on the influence of predator-prey
relationships will improve further studies and the understanding of
small pelagic fish distribution patterns.

2 Materials and methods
2.1 Water sampling

Sea water samples were collected at 72 different stations during
four cruises in the Kuroshio Current system (Figures 1, 2, Table S1).
The research cruises KS-18-5 (May 2018), KS-21-8 (May 2021), and
KS-21-11 (June 2021) were performed by the research vessel
Shinsei-Maru, and the KH-20-9 (September-October 2020)
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research cruise was performed by the research vessel Hakuho-
Maru. Shinsei-Maru and Hakuho-Maru are cooperative research
vessels. Their cruise plan is based on open application systems
(https://www.aori.u-tokyo.ac.jp/english/coop/index.html). The
cruise period is limited to two weeks at the maximum for
Shinsei-Maru. The cruise period of Hakuho-Maru is longer, but
the open application is called every three years. Since it is not easy to
conduct research cruises in a specific region for a sufficient period,
we decided to cover the Kuroshio Current system by pooling data
from different cruises.

Samples collected from three cruises, KS-18-5, KS-21-8, and
KS-21-11, were pooled to analyze the effect of environmental factors
(sea water temperature, temperature gradient, salinity, salinity
gradient, dissolved oxygen concentration, chlorophyll-a
concentration; see Section 2.5) on the small pelagic fishes in a
wide area of the Kuroshio (Figures 1, 2). These cruises were all
undertaken during the same season (May or June). Consequently,
the effects of the seasonal environmental variability as well as
seasonal distribution changes, such as seasonal migration of the
target fishes, (Li et al., 2014; Sarr et al,, 2021) was minimized. All
four target species have long spawning periods lasting from winter
to early summer, May-June overlapped with their spawning season.
Furthermore, the target fishes in this study have wide spawning
grounds in the southern coast of Japan (Hattori, 1964; Takasuka
et al., 2008a; Nishikawa, 2018; Kanamori et al., 2021; Kume et al.,
2021). Therefore, pooling samples from the three cruises are
thought to be able to cover the distribution areas including the
wide spawning grounds. The samples are expected to include the
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Positions of OceanDNA sampling stations in this study. Sampling area maps of (A) KS-18-5, (B) KS-21-8, (C) KS-21-11, (D) KH-20-9. Maps were made
in Spyder (Python 3.7) using Natural Earth data. Free vector and raster map data was obtained from @ naturalearthdata.com. The hollow circles
represent the sampling stations. Please note that the colors of hollow circles here were not used to distinguish the cruises. Colors of the
background represent current speeds and arrows represent current velocity vectors on the sea surface (5-day mean of (A) May 10-14, 2018; (B) May
17-21, 2021; (C) June 17-21, 2021; (D) September 20-24, 2020) from Ocean Surface Current Analysis Real-time (OSCAR) data (ESR, 2009; https://
podaac.jpl.nasa.gov/Data hosted and openly shared by the PO.DAAC, without restriction, in accordance with NASA's Earth Science program Data
and Information Policy). The position of Kuroshio axes was also estimated from OSCAR data, based on the method in Ambe et al. (2004).

Frontiers in Marine Science

04

frontiersin.org


https://www.aori.u-tokyo.ac.jp/english/coop/index.html
https://podaac.jpl.nasa.gov/Data
https://podaac.jpl.nasa.gov/Data
https://doi.org/10.3389/fmars.2023.1121088
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yu et al.

information from the mature stages and reproductive early life
stages of the target fishes.

To further test the “barrier effect” of the Kuroshio, this study
analyzed the differences in small pelagic fish distribution between
the inshore and the offshore side of the Kuroshio using the samples
of KS-21-11 and KH-20-9 because those cruises crossed the
Kuroshio at the southern coast of Japan (the detailed method is
shown in Section 2.7). Because these two cruises took place at
different places and in different seasons, they were not pooled but
analyzed separately.

The detailed water sampling methods of all cruises were as
follows. In the KS-18-5 (19 stations, Figure 2A), water samples were
collected from 13 depths (0, 5, 10, 15, 25, 30, 50, 80, 100, 125, 150,
200, and 300 m). In the KS-21-8 (eight stations, Figure 2B) and KS-
21-11 (nine stations, Figure 2C), water samples were collected from
seven depths (0, 10, 30, 50, 100, 150, and 200 m). At the KH-20-9
(32 stations, Figure 2D), water samples were collected at 10, 50, 100,
and 150 m. Surface water samples (0 m depth) were collected using
a clean bucket. Deeper water samples were collected using Niskin
bottles combined with a CTD system that accurately determined the
sampling depth and recorded environmental data. Sea water
samples from each depth at each station were transferred to a
clean plastic bag (Rontainer, Sekisui Chemical Co., Ltd., Tokyo,
Japan) that had been rinsed three times with the sampled water.
Each sample (~7 L in the KS-18-5 and ~10 L in the KS-21-8, KS-21-
11, and KH-20-9) was weighed and then immediately filtered
according to a previously described method (Yu et al, 2022).
Sterivex-GP pressure filter units (0.22 um pore size in the KS-18-
5 and 0.45 um pore size in the other cruises; Merck Millipore,
Burlington, MA, USA) were used. Each filter unit has an inlet and
an outlet (Wong et al., 2020). When the water filtration was
finished, the interior of each filter unit was immediately filled
with RNAlater (Thermo Fisher Scientific, Waltham, MA, USA)
using a disposable syringe from the inlet and kept in a -30°C freezer
before the next step to avoid DNA degradation. In addition to sea
water samples, we also filtered negative controls on board (two 1.5 L
Milli-Q water samples and two 10 L freshwater samples).

2.2 The eDNA extraction and purification

For the KS-18-5 samples, eDNA extraction and purification
were performed by the Bioengineering Lab. Co., Ltd. (Kanagawa,
Japan) using the procedure based on a previously described
protocol (Miya et al., 2015), details of which have been previously
described (Yu et al., 2022). For samples collected in the KS-21-8,
KS-21-11, and KH-20-9, eDNA extraction and purification were
performed using an in-house protocol described by Wong et al.
(2020). Prior to extraction and purification, the equipment (silicon
tubes, connectors, etc.) was treated with 1% bleach and rinsed with
Milli-Q water to prevent contamination. Before each extraction, the
Sterivex filter units were removed from the freezer and kept on ice
to thaw the RNAlater which was then removed from the outlet by
aspiration. A 2 mL lysis buffer mix (PBS 990 uL, Buffer AL 910 uL,
Proteinase K 100 uL) was introduced through the outlet using a 2.5
mL syringe (Terumo Corporation, Tokyo, Japan). The outlet and
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inlet of each Sterivex filter unit were sealed, and all Sterivex filter
units were incubated at 56°C for 30 min. After incubation, each
Sterivex filter unit was centrifuged to collect the lysate, and the
DNA in the lysate was extracted using the DNeasy Blood and Tissue
Kit. For each column, we twice eluted the DNA with 75 uL of AE
buffer to obtain a 150 UL DNA sample from each Sterivex filter unit.

2.3 The qPCR assays

Real-time qPCR assays were performed to measure the eDNA
of six small pelagic fishes: sardine, anchovy, chub mackerel, blue
mackerel, jack mackerel, and saury (Wong et al., 2022). Detailed
sequence information for the primers and probes is listed in Table
S2. In short, each multiplex real-time PCR reaction system (10 uL)
included 1x Takara probe qPCR mix (Takara), 1x ROX reference
Dye, 1 ug/uL BSA (A4161, Sigma-Aldrich), 0.8 pM forward and
reverse primers for two species, 0.25 UM fluorescent probes for two
species, and 2.5 pl of eDNA template. qPCR reactions were
performed using an ABI 7900HT real-time PCR system (Thermo
Fisher Scientific). The reactions entailed activation at 50°C for 2
min, denaturation at 95°C for 10 min, and then 50 cycles of
denaturation at 95°C for 15 s and annealing and extension at
65°C for 1 min. All samples were assayed in duplicate.

We used qPCR assays to quantify the eDNA of the six small
pelagic fishes in all sea water samples and negative controls (Wong
et al,, 2022). The plasmids of the six small pelagic fishes were used as
the standard samples for the qPCR assays. Plasmids were diluted to a
series of standard samples that contained 10'-10” copies of DNA
molecules per 2.5 pl. During each qPCR assay, the Sequence
Detection System Software v2.4.1 (SDS2.4) in the ABI 7900HT
real-time PCR system recorded the Ct value in each eDNA sample
(sea water sample or negative control) as well as the standard sample.
The standard curve for each qPCR assay was determined using SDS
2.4, based on the Ct values and DNA copy numbers of standard
samples. Then, the eDNA quantity (copy number per microliter) of
each fish species in each eDNA sample was calculated using SDS 2.4,
based on the Ct value in each eDNA sample and the standard curve.
The quantity of eDNA was normalized against the volume of each
filtered water sample. As shown in the Results (Section 3.1), no eDNA
was detected from any negative control, therefore we assumed that
there was no eDNA signal noise caused by contamination in this
study. Consequently, when the eDNA quantity of one fish species in a
sample was greater than 0, this species was judged to be present. In
contrast, we used a normalized eDNA quantity (copy number per
microliter) to represent the fish quantity at each sampling position
(Takahara et al., 2012; Rourke et al., 2021; Everts et al., 2022). As the
detection of saury and jack mackerel was very limited among our
samples (Table S3), we chose sardine, anchovy, chub and blue
mackerel as our target fishes for the following analyses.

2.4 Environmental data collection

Sea water temperature, salinity, dissolved oxygen concentration,
and chlorophyll-a concentration were collected at every 1 m depth
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using a CTD system during sea water sampling (Table S4). Before
the analysis, the chlorophyll-a concentration data were naturally
log-transformed (as listed in Table S4, the lowest chlorophyll-a
concentration value we recorded was 0.007 mg/m’ with no data for
which the chlorophyll-a concentration value was zero).

The sea water temperature and salinity data were treated with a
Gaussian filter (Gaussian sigma = 2.5, width = 11; performed by
scipy.ndimage.gaussian_filterld in Python 3.7) to eliminate
instrument noise. Then, the temperature and salinity gradients
were calculated from temperature data after Gaussian filtering (T)
and salinity after Gaussian filtering (S) within a 10 m depth range.
For example, the temperature and salinity gradients at a depth of 5
m were calculated as follows:

Temperature gradients ,=(T9,,—Ty,,)/10 m

Salinity gradients ,,=(S;9,u—Som)/10 m

2.5 Generalized additive model

We used the Generalized additive model (GAM) to study the
influence of environmental factors on the spatial distribution of the
target fishes (presence/absence or quantity of eDNA). As explained
in Section 2.1, for the GAM analyses in this study, data collected
during the May-June cruises (KS-18-5, KS-21-8, and KS-21-11)
were selected to prevent the effects of seasonal variability. At station
D01 of the KS-21-11 cruise, the measurement of environmental
factors failed because of sensor malfunction in the CTD. Thus, the
DO1 samples were not included in the analysis, and the data of the
remaining 351 samples (from KS-18-5, KS-21-8, and KS-21-11)
were included in the GAM analyses.

First, we used the GAM to investigate the influence of the six
CTD-measured environmental factors (sea water temperature,
temperature gradient, salinity, salinity gradient, dissolved oxygen
concentration, and chlorophyll-a concentration) on the spatial
distribution of the target fishes, which we referred to as the first
GAM. Before the first GAM, we confirmed that collinearity did not
occur among the six environmental factors using the Variance
Inflation Factor method (VIF), calculated by the calculate_vif tool
in Python 3.7. The depth (pressure) data were also measured by the
CTD. However, many characteristics of sea water in the ocean, such
as temperature, salinity, and dissolved oxygen concentration,
change greatly with the depth (Webb, 2019). We also tested the
collinearity when including depth in the environmental factors, and
the results showed depth has the highest VIF value (~4.64) which
suggested the collinearity between depth and other factors.
Therefore, depth was not included in the list of environmental
factors for GAM analysis.

Considering that mackerel (chub and blue) are piscivorous
fishes (Robert et al., 2010) whose main prey are anchovy
(Nakatsuka et al., 2010; Robert et al., 2010), we performed the
second GAM to investigate their spatial distribution. Thus, the
second GAM included anchovy and sardine quantities (both eDNA
quantities) rather than the chlorophyll-a concentration as the food
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factor (i.e., the explanatory variable list included sea water
temperature, salinity, temperature gradient, salinity gradient,
dissolved oxygen concentration, and sardine and anchovy
quantities). Using the VIF method, we also confirmed that
collinearity did not occur among these environmental factors.

To perform the GAM analyses, we used pyGAM tools in Python
3.7 which use models to relate the predictor variables to the
expected value of the dependent variable in the form shown below.

gEYIX]) = By + LX) + LX) + ... + £,(X,,)

X.T = [X;, X5,....X,] are the independent variables, y is the
dependent variable, and g() is the link function that relates our
predictor variables to the expected value of the dependent variable.
The f;() and feature functions were built using several penalized B-
splines (six in this study). The pyGAM tools also judged the
significance of each feature function, which suggested the
significance of the effect of independent variables on dependent
variable. In the first GAM, independent variables were sea water
temperature (°C), salinity (PSU), temperature gradient (°C/m),
salinity gradient (PSU/m), dissolved oxygen concentration (mL/
L), and natural logarithmic transformed chlorophyll-a
concentration (mg/m3). In the second GAM, independent
variables were sea water temperature, salinity, temperature
gradient, salinity gradient, dissolved oxygen concentration, and
natural logarithmic transformed sardine and anchovy eDNA
quantities. The predictor variable was the presence/absence or
eDNA quantity of the target fishes. When examining the
influence of environmental factors on the presence/absence of the
four target fishes, we used PYGAM.LogisticGAM (n_splines = 6) in
which the link function g() is a logit link and binomial error
distribution was assumed. Therefore, the model was structured as
follows.

P(y = 1|X)

log( P(y = 0[X)

)= By +HX0) +HX) + -+ £(X,)

When examining the influence of environmental factors on the
eDNA quantity of the four target fishes, we used
PyGAM.LinearGAM (n_splines = 6) in which the link function g
() is an identity link, normal error distribution was assumed, and
only samples where the target fish eDNA quantity was >0 were
included. The model was structured as shown below.

E[y|X] = By + (X)) + o00) + -+ - + f(X,)
The fish eDNA quantity was logarithmically transformed before
the GAM analyses. The GAM model with the lowest AICc (small-

sample corrected Akaike Information Criterion) value was selected
as the optimal model in the GAM analyses.

2.6 Temperature preference index analysis

The temperature preference index (TPI; Lluch-Belda et al,
1991) was used to evaluate how the spatial distribution of the
target fishes (based on the presence/absence or eDNA quantity)
actually varied among places with different sea water temperatures.
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If the effects of temperature are dominant, the TPI and temperature
effects derived from the GAM are expected to show similar trends.
To calculate the TPI, we divided the eDNA samples in this study
into different temperature range groups (according to the CTD-
measured temperature, groups were set every 2°C to ensure at least
two samples per group). Then, for each target fish, the TPI of fish
presence/absence (TPI(y/;)) and fish eDNA quantity (TPI)) in a
specified temperature range was calculated as shown below.

Nl (TlawerNTupper)/E NI
{NO(TIower~Tupper)+N1 (TlowerNTupper)} /(2 NO"'E NI)

TPl p=

T,
> T;,:,::, dpNa/>, dona

TPI )= — =
@ {NO(Tlawer Tupper)+N1 (Tlower Tupper)}/(E NO +2 NI)

whereN; (Ny) means the number of samples with presence
(absence) (of the given target species) within a temperature range
between Tjoyer and Typper. gpna means the DNA quantity (of the
given target species). The numerator represents relative frequency
of presence or DNA quantity within the specific temperature range
and the denominator represents relative sampling effort. Therefore,
a TPI >1 indicated the possibility that the target fish preferred that
temperature range, while a TPI<1 indicated the opposite.

2.7 Analyses for the influence of
the Kuroshio

The KS-21-11 and KH-20-9 cruises transected the Kuroshio
Current (Figures 2C, D), and we investigated the influence of this
current on the distribution of target fishes using samples collected
from the above cruises. We compared the presence percentage of
each target fish between samples collected on the offshore and
inshore sides (the inshore side included the Kuroshio axis in this
study). This axis represents the locally strongest part of the sea
surface velocity field which was estimated based on the method
introduced in Ambe et al. (2004). The percentage of samples present
was calculated for either inshore side or offshore of KS-21-11 or
KH-20-9, as well as for each station.

The percentage of samples at, for example, sardine on inshore
side samples in the KS-21-11 cruise (R gs.21-11-IN-sardine) Was
calculated as shown below.

number of samples in which sardine presented

100%
number of inshore side samples in KS—21-11 ! ’

RKS—ZI ~11-IN-sardine=

The percentage of samples at, for example, station A02 of the
sardine (Rygs-sardine) Was calculated as shown below.

number of samples in which sardine presented

. ; *100%
samples number in A02 station

Rypo2-sardine=

2.8 Ethics approval statement

This study did not involve any live animal experiments.
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3 Results

3.1 qPCR assay results for six small
pelagic fishes

Our qPCR assays did not detect any small pelagic fish eDNA in
the negative controls (Milli-Q water and fresh water). Among the
488 sea water samples, chub mackerel eDNA was detected in 118
samples (24.18% of all samples), blue mackerel in 53 samples
(10.86%), anchovy in 115 samples (23.57%), saury in 2 samples
(0.41%), sardine in 184 samples (37.70%), and jack mackerel eDNA
was detected in 15 water samples (3.07%). Detailed results of the
qPCR assays are listed in Tables S3 and S5. As saury and jack
mackerel showed limited distribution (<5%, Table S3), we excluded
them from the analysis. The eDNA quantity vertical distributions of
each species are shown in Figures 3 and S1-59. DNA from the four
target fishes was detected from water samples taken at various
depths (Figures 3, 4) and horizontal locations (Figures 5, S10-13),
but samples containing high eDNA quantities were mostly located
above 50 m depth (Figure 4). As for the horizontal distribution in
different depth layers, the eDNA of all target fishes were more
abundant in the ocean area around the Boso Peninsula, especially in
the water layer above 50 m depth (Figures S10, 11). A large number
of chub mackerel eDNA was also located close to the Kii Peninsula
and Shikoku (Figures S10-13). Generally, the eDNA of target fishes
are more common in the inshore (northern) side than the offshore
(southern) side of the Kuroshio axis (the Kuroshio Extension)
(Figures S3-59 and 3).

3.2 Environmental effects on target fish
distribution revealed by the first GAM

For the first GAM, which included six CTD-measured
environmental factors as explanatory variables, the optimal
models for the presence/absence and quantity of the four target
fishes (fish quantity was represented by the eDNA quantity) are
summarized in Table 1. The partial dependence functions of the
explanatory variables that had a significant effect (p<0.05, judged by
pYGAM tools, same in the following) in the optimal models are
listed in Figures S14-S21.

Each optimal model included different environmental factors,
but only sea water temperature (ranging from 4.5 to 26.5°C here)
was included in the optimal models for the presence/absence and
quantity of all target fishes (Table 1). Moreover, the effects of
temperature were significant in most optimal models except for
presence/absence of blue mackerel. Temperature gradient was
included in the optimal models for the presence/absence of blue
mackerel, and the quantity of anchovy and chub mackerel. Salinity
was included in all optimal models except those for the quantity of
anchovy and blue mackerel. Salinity gradient was only significant
for the quantity of blue mackerel. Chlorophyll-a concentration was
included in all optimal models except those for the presence/
absence of chub mackerel or the quantity of blue mackerel.
Dissolved oxygen concentration was included in all optimal
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models except those for the presence/absence of sardine and
blue mackerel.

Sea temperature showed the most prevalent and significant
effect compared to other environmental factors analyzed here. A
temperature of 5-12°C had a positive effect on the presence of
sardine, whose quantity reached a maximum at 12-21°C
(Figures 6A, B). For anchovy, the presence possibility increased as
the temperature increased, and the maximum quantity was
observed at 21°C (Figures 6C, D). For chub mackerel, the
maximum was reached at 19°C, regardless of its presence or
quantity (Figures 6E, F). For blue mackerel, both the presence
possibility and quantity always increased as temperature increased
(Figures 6G, H).

Lower salinity generally correlated with an increase of presence
or quantity of fishes (Figures S14-S16, S18, S20). Higher

chlorophyll-a concentration also correlated with the increase of
the presence and quantity of sardine and the quantity of anchovy
(Figures S14, S18, S19), whereas it did not show any systematic
tendency for the presence of anchovy and blue mackerel and
quantity of chub mackerel. Lower dissolved oxygen concentration
showed the increase of the presence or quantity of fishes (Figures
S15, S16, S18, S20). Stronger salinity gradient showed the quantity
increase of blue mackerel (Figure S21).

3.3 Temperature preference indexes of
target fish distribution

Given the broad and significant effects of temperature found by
the GAM analyses, we further calculated the temperature preference

TABLE 1 The optimal GAM models (derived from the first GAM) showing how environmental factors influence the distribution of each target fish.

temperature temperature gradient salinity salinity gradient In(chl) oxygen  pseudo R
sardine-0/1 b = o O e - 0.4401
anchovy-0/1 ox - > - * il 0.3756
chub mackerel-0/1 h - bl O - b 0.1204
blue mackerel-0/1 O h O o - 0.1901
In(sardine) * - i - * b 0.1211
In(anchovy) * (@) - - ok O 0.3831
In(chub mackerel) b b o - ot * 0.6314
In(blue mackerel) * - - oex - O 0.6273

‘fish name-0/1" refers to the absence (value = 0) or presence (value = 1) of this fish. ‘In(fish name)’ refers to the In(x) transformed OceanDNA quantity of this fish. " marks and ‘O’ represent the
significance of the influence from each factor; **** means p< 0.001, **” means p< 0.01, *” means p< 0.05, ‘O’ means p > 0.05. -" means this factor was not included in the optimal GAM model.
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Effects (derived from the first GAM) of sea water temperature on the presence/absence (A, C, E, G) and the eDNA quantity (B, D, F, H) of four target
fish. The x-axis shows the value of the explanatory variable (temperature), and the y-axis shows the contribution of the explanatory variable to the
fitted values: presence/absence and eDNA quantity of (A, B) sardine (Sardinops melanostictus), (C, D) anchovy (Engraulis japonicus), (E, F) chub
mackerel (Scomber japonicus), (G, H) blue mackerel (Scomber australasicus). The area between the two red dotted lines represents the 95%

confidence intervals.

indices of the presence/absence and quantity of each target fish
(Figures 527, 528). In the presence of sardine, the TPI was >1 at 4.5-
18.5°C, decreasing as the temperature decreased (Figure S27A). In
contrast, the preference index increased as the temperature
increased in the presence of anchovy (>1 at 18.5-26.5°C, Figure
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S27B) and blue mackerel (>1 at 16.5-26.5°C, Figure S27D). For the
presence of chub mackerel, the TPI had no obvious regularity with
temperature change (Figure S27C).

For the quantity of sardine and anchovy the TPI was >1 at 12.5-
20.5°C and 18.5-22.5°C, respectively (Figures S28A, B). For the
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quantity of chub mackerel, the TPI was >1 at 16.5-20.5°C and 22.5-
26.5°C (Figure S28C). For the quantity of blue mackerel, the TPI
was >1 at 18.5-20.5°C (Figure S28D).

3.4 Environmental effects on the
distribution of mackerel revealed by the
second GAM

For the second GAM, where we replaced chlorophyll-a
concentrations in the explanatory variable list with sardine and
anchovy quantities, the optimal models for the presence/absence
and quantity of mackerel are summarized in Table 2. The partial
dependence functions of the explanatory variables that had
significant effects in the optimal models are listed in Figures $22-525.

Compared with the first GAM, the optimal models of the
second GAM showed a higher fitting (higher pseudo R?). The
quantity of anchovy and sardine was included in most of the
optimal models (Table 2), where the former had significant effects
in all optimal models for both chub and blue mackerel (Table 2).
Sardine quantity also had significant effects in the optimal models of
the presence/absence of the two mackerel (Table 2) but was
excluded from the optimal models of blue mackerel quantity, and
its effect on chub mackerel quantity was not significant.

For chub mackerel, the presence possibility increased with an
increase in either sardine or anchovy quantities (Figures 7A, C). In
the case of chub mackerel quantity, the effect of the quantity of
sardine and anchovy was more complex (Figures 7B, D). The chub
mackerel quantity appeared to increase with an increase in sardine
quantity, but the dependency on anchovy quantity had the
maximum when anchovy quantity was around 20 copies/uL. In
the case of the combined effect of sardine and anchovy quantities,
the chub mackerel quantity maximum appeared when the anchovy
and sardine eDNA quantity was 20 and 150 copies/UL, respectively
(Figure $26). The possibility and quantity of blue mackerel
increased with anchovy quantity (Figures 7F, G).

3.5 Distribution difference of target fishes
between the inshore and offshore sides of
the Kuroshio

In both KS-21-11 and KH-20-9, the average presence
percentages of each target fish were higher at the inshore stations

10.3389/fmars.2023.1121088

(including those on the Kuroshio axis) than the offshore stations
(Tables 3, S6). In KS-21-11, the average presence percentage of
anchovy was 85.7 and 4.8% among inshore and offshore stations,
respectively. In KH-20-9, the average presence percentage of
anchovy was 25.0 and 0.0% among inshore and offshore stations,
respectively. In the case of blue mackerel, the average presence
percentage was 16.7% in KS-21-11 inshore stations, 0.0% in KS-21-
11 offshore stations, 21.4% in KH-20-9 offshore stations, and 2.8%
in KH-20-9 offshore stations. Moreover, sardine and chub mackerel
were only detected at the inshore stations. The Student’s t-test
results confirmed the significant difference between the presence
percentage of inshore and offshore stations (p< 0.0001, the presence
sample percentage data were normally distributed in both KS-21-11
and KH-20-9 samples).

4 Discussion

Here, we analyzed the environment-dependent distribution of
four small pelagic fishes in the Kuroshio Current system based on
eDNA data, the first study of its kind to our knowledge. By
measuring fish eDNA quantity in sea water samples using qPCR,
we obtained information on the spatial distribution of the target
fishes in this system. We then analyzed the influence of each
environmental factor on the target fish distribution, mainly using
GAM and preference index analyses. In this section, we discuss our
findings and potential limitations of the above analyses.

4.1 The environment-dependent small
pelagic fish distribution pattern in the
May—-June Kuroshio current system

The optimal models produced by the first GAM, revealed how
six CTD-measured environmental factors influenced the
distribution of four targeted small pelagic fishes (Table 1; Figures
S14-21). To simplify the description, we only consider the
significant effects on fish occurrence here. The optimal
environmental range for sardine to occur included temperature<
12°C, salinity< 34.8 PSU, and chlorophyll-a concentration > 0.14
mg/m’. The optimal environmental range for sardine quantity
included temperature > 8°C, salinity< 33.9 PSU, and chlorophyll-
a concentration > 0.37 mg/m’. As a result, the optimal
environmental range for sardine is regarded as temperature

TABLE 2 The optimal GAM models (derived from the second GAM) showing how environmental factors influence the distribution of mackerels.

temperature

temperature gradient

salinity

In In

chub mackerel-0/1

In(chub mackerel)
blue mackerel-0/1 - -
In(blue mackerel) O

salinity gradient ~ oxygen G (anchovy) pseudo R?
o ‘ 02022
_ Ie) o ot ‘ 0.6771
- * el ‘ 03066
- B . o ‘ 0.7198

‘fish name-0/1’ refers to the absence (value = 0) or presence (value = 1) of this fish. ‘In(fish name)’ refers to the In(x) transformed OceanDNA quantity of this fish. *” marks and ‘O’ represent the

significance of the influence from each factor; ***
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means p< 0.001, ** means p< 0.01, *’ means p< 0.05, ‘O’ means p > 0.05. -’ means this factor was not included in the optimal GAM model.

frontiersin.org


https://doi.org/10.3389/fmars.2023.1121088
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yu et al.

10.3389/fmars.2023.1121088

A chub mackerel-0/1 B chub mackerel-quantity
15 T 150
10 e 1.25
s T 1.00
oz e 0.75
sl T 0.50
,,,,,, 025
-1.0 potoes
-7 0.00
151 .7
-0.25
-0 -8 -6 -4 E 0 4 6 -0 -8 -6 -4 -2 0 2 4
In(sardine quantity) In(sardine quantity)
C chub mackerel-0/1 D chub mackerel-quantity
- -2
2 e -4
1 e -6
T T -8
0 et =
JIPtte Pt -10
af ,/"/ -12
7 -14
-2 e
P -16
-10 -5 0 10 0
(anchovy quantity) In(anchovy quantity)
E blue mackerel-0/1
4 /‘/ .
/,/ \\\
.
3 L
r/
.
2 \
\
\
__________ \
10 e T >~
-7 ~, AN
- ~ .
0 B
\\
N
-1 \\
\
\
\
-2 \\
-0 -8 -6 -4 -2 0 2 4 6
In(sardine quantity)
F blue mackerel-0/1 G blue mackerel-quantity
6
/. s
2
4 //
¥
S
2 R 1 >
e L .
/”" // > T T T
0 S e 0 o =
P A N L Pt
- , - -
Y e /’ _______ -
_____________ e -1 7
e -
-4 o L
N g -2 e
6] TTTmemee - Pig
-10 -5 5 10 -10 -5 0 10

FIGURE 7

0
In(anchovy quantity)

In(anchovy quantity)

Effects (derived from the second GAM) of the quantity of sardine and anchovy on the presence/absence (A, C, E, F) and the eDNA quantity (B, D, G)
of mackerel. The x-axis shows the value of the explanatory variables: (A, B, E) In(x) transformed sardine quantity; (C, D, F, G) In(x) transformed
anchovy quantity. The y-axis shows the contribution of the explanatory variable to the fitted values: (A, C) presence/absence of chub mackerel; (E, F)
presence/absence of blue mackerel; (B, D) In(x) transformed chub mackerel quantity; (G) In(x) transformed blue mackerel quantity. The area
between the two red dotted lines represents the 95% confidence intervals.

between 8 and 12°C, salinity< 33.9 PSU, and chlorophyll-a
concentration > 0.37mg/m’. The optimal environmental range for
anchovy to occur included temperature > 6.5°C, salinity< 33.9 PSU,
and oxygen concentration< 4.2mL/L. The optimal environmental
range for anchovy quantity included temperature > 15.0°C and
chlorophyll-a concentration > 1.9 mg/m”. As a result, the optimal
environmental range for anchovy is regarded as temperature >
15°C, salinity< 33.9 PSU, and chlorophyll-a concentration > 1.9

mg/m’.
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Catch data in the Sea of Japan also indicated the influence of
SST and primary production on sardines (Muko et al., 2018). The
CPUE distribution in the Yellow and East China Seas was found to
be influenced by SST and sea surface salinity (SSS; Liu et al., 2020).
A comparison of larval and juvenile growth in the Northwest Pacific
showed clear dependency on prey availability for sardine growth
but not for that of anchovy, whereas growth of both sardine and
anchovy also depended on temperature (Takahashi et al., 2009).

Those results are consistent with eDNA derived information on
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TABLE 3 The presence sample percentages at inshore (including the Kuroshio axis) and offshore sides of the Kuroshio.

sardine

4.8%

inshore side (0.0~28.6%)

KS-21-11
0.0%
offshore side ’
(0.0%)
0
inshore side 3:6%
(0.0~25.0%)
KH-20-9
10
offshore side 0.0%
(0.0%)

anchovy chub mackerel blue mackerel

85.7%
(57.1~100.0%)

64.3%
(0.0~100.0%)

16.7%
(0.0~42.9%)

4.8% 0.0% 0.0%
(0~14.3%) (0.0%) (0.0%)
25.0% 5.4% 21.4%

(0.0~100.0%) (0.0~25.0%) (0.0~25.0%)

0.0%
(0.0%)

0.0%
(0.0%)

2.8%
(0.0~25.0%)

The table listed ratio of detection in each region (inshore side or offshore side). Ratios in brackets indicate range of the ratio at each station.

environmental dependency. The eDNA sampling is relatively
simple and enables high horizontal and vertical resolution fish
distribution observation corresponding to the environment.
Our results support the possibility of using eDNA to better
understand the relationship between fish species distribution
and environments.

4.2 The role of sea water temperature in
target fish distribution

For sardine and anchovy, significant effects of sea water
temperature on the occurrence and quantity of eDNA were
revealed (Table 1). Moreover, as temperature-dependent patterns
derived from GAM and TPI analyses were always similar (e.g.,
Figures 6A vs. S27A; 6C vs. S27B), it can be concluded that sea water
temperature was a decisive factor influencing the distribution of
sardine and anchovy in the Kuroshio Current system. In addition,
our results showed the different temperature preferences where
anchovies preferred warm water while sardines preferred
cooler environments.

Differences in temperature preferences of sardine and anchovy
have been noted in previous studies, and a hypothesis on the
different temperature responses to explain the alternations
between the two species was proposed (Takasuka et al., 2007;
Takasuka et al., 2008b; Itoh et al., 2009). For example, otolith
analysis by Takasuka et al. (2007) showed that anchovy and sardine
larvae had the highest growth rate at 22.0 and 16.2°C, respectively.
They also found that the preferred spawning temperatures of the
two species (Takasuka et al., 2008b) had the same temperature
dependence difference. As GAM analyses decomposed and
inspected the contribution of each feature, our study supported
this hypothesis by providing clearer evidence for the effects of
temperature on the distribution of sardine and anchovy.

For chub and blue mackerel, researchers have also studied the
relationship between temperature and their distribution. For
example, larval sampling in the southern East China Sea by Sassa
and Tsukamoto (2010) showed that the habitat temperature range
of blue mackerel larvae was higher and narrower than that of chub
mackerel, which was consistent with the distribution pattern
revealed when sardine and anchovy quantity information was not
considered (Figures 6E vs. 6G; 6F vs. 6H). However, our results
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suggest that the influence of temperature on the distribution of
mackerel is less decisive. Although the GAM and TPI analyses for
blue mackerel occurrence showed similar trends (Figure 6G vs.
S27D), this temperature effect was not significant (Table 1).
Moreover, for blue mackerel quantity as well as chub mackerel
occurrence, the GAM and TPI analyses did not find the same
temperature-dependent pattern. Thus, we speculated that
temperature may not be the most important factor in
determining the mackerel distribution—other factors are also
involved, such as the anchovy and sardine quantity effects which
will be discussed further in the next section (Section 4.3). In fact, the
results of our study have revealed that the temperature is less
effective in determining mackerel distribution when sardine and
anchovy quantity information is considered (see Section 3.4).

Sea water temperature not only changes with horizontal
position but also usually decreases with depth. Therefore, it is
possible that the effects of temperature deduced from the GAM
included the effects of preferred habitat layer differences among
species. Sardine and anchovy have different temperature
preferences, as shown in the GAM analysis. Indeed, for the
occurrence of these fishes, the vertical distribution pattern
deduced from eDNA data (Figure S29) partially revealed a
mirrored structure. However, in terms of eDNA quantity, all
target fishes were concentrated in the water layer at 0-50 m
depth (Figure S30), which did not explain the temperature
preference of the target fishes (Figure S28). An earlier study also
did not support the hypothesis that sardine and anchovy prefer to
stay at different depths (Yatsu et al., 2005). Indeed, the distribution
of target fish eDNA on the water temperature and depth plane
(Figure 4) revealed the significant temperature effects on the
distribution of sardine and anchovy. The occurrence of sardine
eDNA was obviously concentrated at cooler temperatures
regardless of depth.

However, the temperature range shifts to cooler with depth.
Because sardine larvae are distributed mainly in the surface layer
shallower than 50 m (Hayashi, 1990; Matsuo et al., 1997), the
temperature range shift might reflect the different temperature
preferences of sardine in different life stages. Because a high
eDNA quantity appeared more often in the layers shallower than
50 m, it follows that it appeared between 14 and 20°C. These
characteristics are consistent with the GAM results (Figures 6A, B).
The occurrence of anchovy eDNA was mainly distributed in the
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warmer temperature range compared with that of sardine in all
depth layers (Figure 4B). In addition, the samples with high
anchovy eDNA quantities mainly appeared when the water
temperature was 21°C above 50 m depth (Figure 4B). These
characteristics are also partially consistent with the GAM results
(Figures 6C, D). Thus, we suggest that the temperature effects
deduced from the GAM analyses mostly reflect the temperature
preferences of the target fishes. However, because the eDNA
methods are unable to distinguish different body sizes or life
stages in the same species, the GAM-deduced temperature effect
for one species might be evaluating the overall water temperature
preferences of a fish group that includes different life stages. Special
caution is needed for this issue, as discussed in Section 4.5.

The fishing catch can provide direct information on fish,
including species, abundance, size, and life history. However, the
use of scientific fishing surveys has been limited, especially in the
open ocean. The research vessels included in this study also did not
have equipment such as large nets for fishing. Acoustic sonar,
another technology used for fish surveys, can measure fish size and
abundance (Medwin and Clay, 1998; Boswell and Wilson, 2011) but
cannot accurately distinguish fish species. Moreover, with the prior
knowledge from fishing, it is possible to judge the life history stage
from fish size. Therefore, in the future survey, we suggest combining
the use of eDNA with other methods such as acoustic sonar (and
fishing, if possible), to provide more accurate data on small pelagic
fish distribution patterns.

4.3 Anchovy and sardine quantity effects
on mackerel distribution patterns

Abiotic environmental factors, such as temperature, together
with chlorophyll-a concentration (or primary production), have
long been used to analyze the distribution patterns and estimate the
habitat areas of small pelagic fishes, including chub and blue
mackerel (Chen et al., 2009; Li et al., 2014; Lee et al., 2018; Yu
et al., 2018). Conversely, although researchers have recognized the
piscivorous habits of chub and blue mackerel (Yoon et al., 2008;
Robert et al., 2010), prey fish have not yet been considered as
influencing factors in their distribution patterns.

Mackerel (chub and blue) are piscivorous fishes (Robert et al.,
2010) whose main prey is anchovy (Nakatsuka et al., 2010; Robert
etal, 2010). Our results suggest an influence of anchovy and sardine
quantity on the distribution patterns of chub and blue mackerel in
the Kuroshio Current system. Indeed, abiotic environmental
factors, including temperature (Table 2), as well as chlorophyll-a
concentration (Table 1), appeared less influential when compared
with sardine and anchovy eDNA levels, especially anchovy
(Table 2). The results revealed anchovy-dependent patterns in
chub and blue mackerel distributions in that as the density of
anchovy increased, the possibility of the presence and density of
mackerel increased (Figures 7, S26). Based on our data, the
estimated blue mackerel quantity (derived from the GAM)
increased more than seven times when the anchovy quantity
increased from the minimum to the maximum (Figure 7). Higher
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anchovy quantities also had a positive effect on chub mackerel
quantity (Figures 7, S26).

However, eDNA method does not detect the fish size or life
stage, and capturing larger mackerel which has high swimming
speed is difficult. Indeed, the Shinsei-Maru and Hakuho-Maru
research vessels are unable to conduct a large size net survey.
Thus, we did not collect any fish body samples. Therefore, direct
information about predation, such as the stomach content of
mackerels, was not available. However, considering anchovy is the
main prey of mackerel (Nakatsuka et al., 2010; Robert et al., 2010), it
might be hypothesized that the GAM results indicate prey-predator
interaction between anchovy and mackerel. In the offshore waters,
between the Kuroshio Extension and Oyashio Front (mixed water
region), distribution temperature overlapped between anchovy and
chub mackerel in early summer (Fuji et al., 2023), which was
confirmed by a surface trawl survey. Nakatsuka et al. (2010)
confirmed anchovy in the stomach contents of chub mackerel in
the mixed water region. Those results support our hypothesis that
mackerel distribution depends on anchovy because mackerel prey
on anchovy. However, this is still a hypothesis and there are other
possible explanations, such as that the mackerel and anchovy came
to the same place to predate on the same kind of zooplankton.
Therefore, a future study combining the eDNA survey with a net
survey is recommended.

Even if we know the prey-predator relationship, it is difficult to
investigate the influence of prey fishes on predator fish distribution
because of the lack of distribution data for both these fish types.
Studies on the effect of prey fishes on fish distribution have been
limited to large predators such as tuna (Schick and Lutcavage, 2009;
Lezama-Ochoa et al., 2010) and Spanish mackerel (Liu et al., 2023).
Most habitat models for fish distribution have used satellite-derived
data that can cover wide spatial-temporal scales. Our results
indicate the effectiveness of eDNA in investigating predator-prey
overlap and interactions and also suggest that there is a great need
to analyze the role of prey fish, seldom thought to be an influence in
the distribution of piscivorous fishes (Pepin et al., 1987; Cabral and
Murta, 2002; Emmett and Krutzikowsky, 2011). The predator-prey
overlap shown by eDNA, combined with the data from other
methods like stomach content analysis, can improve the
understanding of the relationship between prey fish and the
distribution of piscivorous fishes. The collaboration of eDNA
with other methods can also help with the study of the diet
selectivity of the predator. The typical idea to analyze diet
selectivity is to compare diet composition in the stomach content
with prey availability (Pine et al., 2005). This analysis needs the
distribution of prey species around the predator, which could be
more easily obtained by the eDNA method.

4.4 Small pelagic fish distribution
differences between inshore and offshore
sides of the Kuroshio

In addition to the environmental factors discussed above, this
study also tested the “barrier effect” of the Kuroshio on the
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distribution of our targeted small pelagic fishes. Our results showed
that anchovy, chub mackerel, and blue mackerel were significantly
more abundant on the inshore side of the Kuroshio (or on the
Kuroshio axis) than on the offshore side (Tables 3, S6). The
occurrence of these target fishes decreased suddenly or even
disappeared in the offshore side (Tables 3, S6). Despite of its low
occurrence, sardine was only detected on the inshore side. Our
eDNA sampling indicated the “barrier effect” of the Kuroshio on the
distribution of the small pelagic fishes.

The distribution characteristics were consistent with those
reported in previous studies. Nishikawa et al. (2022) suggested
that the environmental condition (temperature and Chl-a
concentration) on the inshore side/axis of the Kuroshio is suitable
for sardine and anchovy larvae. It was shown that chub mackerel
larvae on the northern (inshore) side of the Kuroshio axis have
better growth chances (Higuchi et al., 2019; Sogawa et al., 2019; Guo
et al, 2022). The first GAM results showed a lower salinity
preference in the presence of sardine, anchovy, and chub
mackerel (Figures S14-16) as well as the quantity of sardine and
chub mackerel (Figures S18, 20). The inshore side of the Kuroshio
axis has lower salinity than the offshore side; therefore, this lower
salinity preference tendency corresponds to a higher abundance of
the small pelagic fishes in the inshore side of the Kuroshio.

Zooplankton are an important food source for small pelagic
fishes; therefore, the different distributions of zooplankton
(Watanabe et al., 2002; Miyamoto et al., 2017) on the two sides of
the Kuroshio axis could be one of the reasons for the different
distributions of fish. For example, Miyamoto et al. (2017) found that
in zooplankton samples, copepod abundance was highest in the
north-frontal area of the Kuroshio. To clarify whether the different
distributions of zooplankton caused the different distributions of
fish on the two sides of the Kuroshio axis, a simultaneous and co-
located distribution information of fish and zooplankton are
needed, which can be provided by the eDNA method. For
example, Minegishi et al. (2023) simultaneously measured the
spatiotemporal distribution of chum salmon (Oncorhynchus keta)
eDNA as well as the eDNA of its three zooplankton prey
(Pseudocalanus newmani, Eucalanus bungii, and Themisto
japonica) in the Otsuchi Bay, using the same water samples.
Similarly, by simultaneously measuring the distribution of
targeted small pelagic fish and their zooplankton prey (e.g., the
species found in fish stomach contents) in the Kuroshio, we expect
the eDNA method can be helpful in clarifying the reasons of fish
distribution difference between the two sides of the Kuroshio axis.
However, the reasons for this difference remain unclear and the
possible influence of other factors (such as water current velocity)
cannot be ignored, necessitating further research for any possible
reasons in the future.

4.5 Seasonal difference of small pelagic
fish distribution patterns

The sections above have discussed the environment-dependent

distribution patterns of the small pelagic fishes that were observed
in this study. Those analyses on the effects of six CTD-measured
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environmental factors and the potential prey fish on the small
pelagic fish distribution were all based on samples from three
cruises during May-June (KS-18-5, KS-21-8, and KS-21-11).
However, the environmental conditions and the fish distribution
in the ocean may vary among different seasons. We wanted to
compare the distributional characteristic of the small pelagic fishes
in September. But, in KH-20-9, the detection of small pelagic fishes
was limited to 2, 16, 3, and 13 for sardine, anchovy, chub and blue
mackerel, respectively. The presence data was too few to conduct
GAM analyses. Therefore, this study could not evaluate seasonal
variability of distributional characteristics of the small pelagic fishes.
Especially, September is not active spawning season for the target
fishes, which may alter the environmental dependency of the fish
distribution. Thus, we need to suggest that the dependency of the
small pelagic fish distribution on environments and potential prey
fish, we revealed in this study, may only be representative in certain
seasons or for fish in certain ontogenetic stages. The comprehensive
understanding of the distribution pattern of these fishes requires
more study in the future.

4.6 Limitations and challenges of eDNA on
fish distribution surveys

Being non-invasive and having low energy consumption
(compared with traditional trawling sampling), eDNA methods
have been actively used in fish surveys. Even so, as eDNA methods
cannot directly observe individual fish, there are several limitations
and challenges in eDNA observation for detecting fish distribution.

The first concerns the adequacy of using eDNA quantity to
represent fish quantity. Many previous studies have shown notable
positive correlations between eDNA concentration and fish biomass
or number of individuals in aquarium experiments (Takahara et al.,
2012; Doi et al, 2015; Horiuchi et al, 2019). In addition, by
comparing eDNA data with data from other survey methods,
similar relationships have also been recorded in field surveys in
large natural waters (Yamamoto et al., 2016; Minegishi et al., 2019;
Salter et al.,, 2019). For example, Salter et al. (2019) found
significantly positive correlations (p =0.003) between the trawl-
biomass and eDNA quantity of Atlantic cod (Gadus morhua) in
oceanic waters around the Faroe Islands. Therefore, the idea to
represent fish quantity by eDNA quantity has its rationale.
However, because the proportionality coefficient between eDNA
concentration and abundance is species-specific, it is not possible to
compare the relative abundance of fish species by eDNA
concentration. Additional laboratory experiments and field data
comparisons are essential for developing methods for estimating
fish abundance using eDNA.

The second is the spatio-temporal representativeness of eDNA
data. After being released into water, eDNA remains detectable for a
while during which time it may move to other places. In one field
experiment by Murakami et al. (2019) using caged fish at the sea
surface in Maizuru Bay (Kyoto, Japan), it was found that eDNA was
only detectable<2 h after release and mostly found within 30 m
horizontally and 4 m vertically from the fish cage (Murakami et al.,
2019). Other studies also suggested that the spread of eDNA was
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limited from the release point both horizontally (O'Donnell et al.,
2017; Yamamoto et al., 2016) within 100-150 m and vertically
(Yamamoto et al., 2016; Jeunen et al., 2019; Littlefair et al., 2020)
within 5-30 m. These studies support the idea that eDNA is swiftly
degraded and not advected far from the fish; therefore, we
considered that eDNA distributions represent fish distributions.
However, since degradation time depends on temperature and
species, and the advected distance depends on the current speed,
more studies on the degradation and transportation of eDNA are
necessary, like those by Tsuji et al. (2017); Saito and Doi (2021), and
Murakami et al. (2019). In addition, knowledge regarding eDNA
sedimentation is limited. Although the modeling performed by
Allan et al. (2021) suggested that settling, as well as other physical
processes such as mixing and advection, only caused a 10-20m
vertical displacement, more fieldwork data is needed to truly
understand the vertical space accuracy of eDNA signals.

Another problem with eDNA methods is the inability to
determine whether the DNA originates from a living individual.
Thus, carcasses, or even DNA left in predator feces (Parsons et al.,
20065 Deagle et al., 2009), may become unexpected eDNA sources
and result in false-positive detections. For example, the sardine
DNA signals we found in several 300 m water samples (Table S5
and Figure 3A) may have come from the eDNA source that sank
from the upper layer. Because of gravity, large carcass pieces or feces
sink quickly rather than remaining in a certain water layer, so they
are likely to gather at the sea bottom. However, the sea bottom is
much deeper than where we collected our samples at most of the
stations (e.g., the sea bottom depth of stations in Line 1 is deeper
than 5000 m; Table S1), so the large pieces of eDNA on the sea
bottom are not likely to contribute to the eDNA of our samples,
except for KS-21-8 Lines 3 and 4 and KH-20-9 Line 8. The effect of
the sea bottom was not obvious in KS-18-5 Lines 1 and 2. The
smaller particles from carcasses or predator feces are also likely to
suspend and aggregate in the pycnocline, where the vertical water
density gradient is high. However, neither temperature nor salinity
gradients were included as significant influencing factors in the
optimal GAM models for the eDNA distribution of either sardine or
anchovy (Table 1, Figures S14, 15, 18, 19). Indeed, an extremely
high eDNA quantity was not detected in the thermocline layer in all
the vertical sections. In KS-18-5 Lines 1 and 2, where water samples
were collected at 300 m, sardine were detected even at that depth.
Because the temperature gradient was not high in the layer
(Figures 3, S1), it was difficult to consider the eDNA aggregates
there. As mentioned above, sardine larvae are concentrated above
50 m, but there is also a sardine egg record at a depth of 300 m
(Hayashi, 1990). Therefore, we could not conclude that the eDNA
at 300 m originated from this layer. Prior knowledge of this problem
is limited and inconsistent. For example, Kamoroff and Goldberg
(2018) found that goldfish (Carassius auratus) carcasses in tanks
produced detectable eDNA, but less than that from live goldfish. In
contrast, Curtis and Larson (2020) found that crayfish
(Procambarus clarkii) carcasses in streams did not produce any
detectable eDNA. Therefore, we did not consider eDNA sources
other than those from live fish here, but we suggest that further
research is needed on the contribution of fish carcasses or predator
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feces as eDNA sources, in terms of their transportation in the ocean
and how much DNA they produce.

Finally, there is another limitation when performing eDNA
analysis on fish rather than on microorganisms. A suitable
environment for a fish can vary with its growth and development
(Fernandez-Corredor et al., 2021), but its eDNA is unable to deliver
information on its body size or life stages. Thus, the results of our
study may combine the environmental preferences of larvae and
adults of the same fish species. As mentioned in Section 4.2, we
found that the temperature range preference of sardine appeared to
shift to cooler as the depth increased (Figure 4A), whereas the
warmer temperature preference of anchovy was not obvious in
layers deeper than 100 m (Figure 4B). One possible explanation for
this phenomenon is that eDNA signals on the surface mainly
originated from larvae and juveniles, while those in deeper layers
mainly originated from adult fish, and, in our case, the sardine and
anchovy adults were better adapted to lower temperatures than
their larvae and juveniles. Previous studies on related species have
supported this assumption. For example, Boyra et al. (2016) found
that juvenile anchovy (E. encrasicolus) in the French sector of the
Bay of Biscay moved from above 50 m to 100 m depth or deeper
(where it is also much cooler) as they grow. Similarly, as eDNA
cannot tell us whether the mackerel were large enough to prey on
the anchovy within the same area, we cannot deduce whether the
prey-predator relationship actually existed. We can only deduce the
relationship between prey fish and the distribution pattern of chub
mackerel and blue mackerel based on eDNA data, like we have
discussed in Section 4.3. Although the inability to distinguish fish
sizes and life history stages limits the accuracy of the fish
distribution pattern derived from eDNA data, researchers have
not developed a solution for this problem in eDNA methods. Using
a newly developed technology called environmental RNA (eRNA),
which detects RNA released by organisms into the environment
(Cristescu, 2019), it is possible to estimate the physiological status of
target organisms (Tsuri et al., 2020). Therefore, combining eRNA
with eDNA may be a potential way to distinguish the different life
stages of fish. Conversely, as fish catches can provide direct
information about their size and life history stages and acoustic
sonar is also able to measure fish sizes (Rudstam et al., 1987),
combining traditional and mature survey methods such as net
sampling and acoustic sonar with eDNA methods may be another
feasible solution to upgrade the accuracy of eDNA survey data.
However, further efforts are needed to overcome the limitations of
eDNA methods for fish surveys.

5 Conclusion

This study researched the environment-dependent distribution
patterns of four small pelagic fishes, sardine, anchovy, chub
mackerel, and blue mackerel, in the Kuroshio Current system
based on eDNA data. The GAM revealed the diverse relationships
of target fishes with the environment, which showed the influence
of multiple environmental factors, such as sea water temperature,
salinity, dissolved oxygen concentration, and chlorophyll-a
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concentration. Among the four target fish species, the influence of
sea water temperature was especially decisive for the distribution of
sardine and anchovy, and the different temperature preferences of
sardine and anchovy—that sardine prefers cooler water than
anchovy—were supported by the results of this study. Our results
suggest the distributions of chub and blue mackerel are highly
dependent on anchovy and sardine quantities in the Kuroshio
Current system, and we hypothesized that a prey-predator
relationship between anchovy and mackerel influenced the
mackerel distribution. We emphasized the necessity to consider
prey fish effects when investigate piscivorous fish distribution. In
addition, the comparison of target fish eDNA data between the two
sides of the Kuroshio axis in this study showed the concentrated
distribution of all target fishes in the inshore side and confirmed the
“barrier effect” of the Kuroshio on the small pelagic fishes.
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