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The North Pacific Subtropical Frontal Zone (STFZ) seasonally aggregates economically important fish and pro-
tected species. The aggregation of top predators is hypothesized to be a response to convergent flow at the
prominent thermohaline Subtropical Front (STF) in the STFZ and a sharp northward increase in primary pro-
ductivity, the Transition Zone Chlorophyll Front (TZCF), which is thought to link primary productivity to top
predators via secondary and tertiary consumers. Given existing data gaps in our knowledge on forage biomass,
distribution, and composition in the area, characteristics of micronekton, forage for top predators, were inves-
tigated using in situ multi-frequency active acoustics from three springtime shipboard surveys conducted along
the 158°W meridional. The effects of STF and TZCF on micronekton was accessed using in situ CTD profiles.
Results of this study showed a significant positive effect of the STF on micronekton biomass. The acoustic data
implied that the STF also acted as a boundary for the distribution of micronekton with differing taxonomic
composition from south to its north. The TZCF, as well as Chl-a concentrations, did not show a significant effect
on micronekton relative biomass or composition that might be due to effects of larger-scale variability masked in
the in situ data. Contrary to expectation, significantly higher relative micronekton biomass was associated with

higher temperatures, the mechanisms of which still need to be determined.

1. Introduction

Oceanic convergent frontal regions are known to aggregate marine
fauna across the trophic spectrum, including economically-important
and protected species. One such basin-scale convergent region is the
North Pacific Transition Zone where the cool, low-salinity, productive
waters from the subarctic gyre sink below the warm, saline, oligotrophic
subtropical gyre waters of the North Pacific Ocean (Fig. 1). In the central
Pacific, this convergent region serves as a “nutrition highway” for
several pelagic predator species, such as elephant seals (e.g., Block et al.,
2011; Hazen et al., 2013; Polovina et al., 2017; Robinson et al., 2012),
marine birds (Hyrenbach et al., 2002), loggerhead turtles (Polovina
et al., 2004; 2000), and swordfish (Seki et al., 2002). The importance of
the dynamic North Pacific Transition Zone to top predators has been
recognized by the commercial fishing industry, and the zone is an
important fishing ground for international fleets targeting species such
as Pacific pomfret, albacore, and swordfish (Polovina et al., 2001; Seki
et al., 2002). These species are hypothesized to be attracted to the region
by the availability of highly nutritious prey (e.g., Pearcy, 1991). The
success of the Hawaii-based longline fishery that targets bigeye and
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yellowfin tuna (WPRFMC, 2017) and swordfish (Seki et al., 2002) in the
central and eastern Pacific is affected by the seasonally and interann-
ually varying Subtropical Frontal Zone (STFZ) that forms the southern
boundary of the North Pacific Frontal Zone. Its latitudinal position also
influences survival of endangered Hawaiian monk seals and their pups
in the Northwestern Hawaiian Islands, presumably by affecting the
abundance of prey (Baker et al., 2007; Parrish et al., 2012), as well as
increases bycatch of juvenile loggerhead turtles (Howell et al., 2008)
when turtles occupy regions coinciding with those of the targeted
swordfish.

The STFZ is composed of several fronts that have been defined by
different properties. One of the most prominent fronts is a strong,
meandering thermohaline front (Roden, 1991; Shcherbina et al., 2009,
2010), the Subtropical Front (STF - see Fig. 2, top panels). The STF is
characterized by relatively strong mesoscale eddy activity and enhanced
vertical mixing and defined as the surface expression of the 34.8 iso-
haline and the 17-18 °C isotherm that moves from 40° to 45°N during
July-September to 30°-35°N during January-March (Polovina et al.,
2001; Roden, 1991; Seki et al., 2002). The STFZ is also characterized by
a sharp increase (from south to north) in surface chlorophyll
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concentrations, and this steep gradient defines the Transition Zone
Chlorophyll Front (TZCF - see Fig. 2, bottom panels). The TZCF is
marked by the surface expression of 0.20 mg m~> chlorophyll
concentrations.

The latitudinal position of the STF is governed by atmospheric
pressure and wind stress forcing on the rotating earth, resulting in cur-
rent velocity shear, thermohaline stratification, and heat and salinity
fluxes (Roden, 1991; Shcherbina et al., 2009, 2010), while the governing
forces for the position of the TZCF are less clearly understood. High
productivity associated with the TZCF is thought to be driven by vertical
mixing due to the meandering STF (Seki et al., 2004; Wilson et al.,
2013), but other reports suggest that it is driven by Ekman flow (Ayers
and Lozier, 2010; Bograd et al., 2004; Howell et al., 2017; Juranek et al.,
2012). The high productivity and chlorophyll blooms in the region can
support the aggregation of higher trophic level organisms (e.g., micro-
zooplankton and micronekton like krill and small mesopelagic fishes and
squids) that can serve as an area of rich forage for a wide variety of
marine predators (Seki et al., 2004). Historically, the latitudinal posi-
tions of the STF and TZCF are coincident in space west of 155°W, but to
the east, the TZCF bifurcates north of the STF due to due to characteristic
large-scale patterns in the prevailing winds (Bograd et al., 2004; Polo-
vina et al., 2001).

In the early 2000s, concerns over bycatch, as well as efforts to
transition toward implementation of Ecosystem-Based Fisheries Man-
agement, spurred a comprehensive effort to understand the dynamics
and the effects of the STFZ on targeted and protected species (Polovina
et al., 2017). Based on the assumption that top predators aggregate at
the STFZ via bottom-up forcing, most of this research focused on the
TZCF, although its latitudinal position often approximated by the 18 °C
sea-surface temperature (SST) (Howell et al., 2008, 2015). But approx-
imating the position of TZCF via SST prevents assessment of the distinct
roles of the physical and biological fronts might have on top predators
and their forage micronekton. Despite the known influences of forage
distribution and abundance on the movement and distribution of their
predators (e.g., Domokos, 2009; Green et al., 2020; Josse et al., 1998;
Lambert et al., 2014; Menkes et al., 2015; Miller et al., 2018; Pérez-Jorge
et al., 2020), our knowledge of the effects of STFZ on micronekton
(Brodeur et al., 2005), is very limited. Besides the availability of sec-
ondary trophic level organisms as prey, temperature and oxygen are
known to affect the distribution, composition, and abundance of
micronekton (Domokos et al., 2007; Escobar-Flores et al., 2013; Fennell
and Rose, 2015; Hazen and Johnston, 2010; Receveur et al., 2020a,
2020b).
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To help increase our understanding and ability to predict abundance
and distribution of high trophic-level organisms, knowledge of the dis-
tribution, composition, and biomass of micronekton is essential (e.g.,
Kloser et al., 2009; Menkes et al., 2015). However, information on North
Pacific micronekton are limited to regions more readily accessible by
ships equipped with active acoustics and/or trawling equipment that are
typically used to survey micronekton. Active acoustics can provide
spatiotemporally continuous data over large spatiotemporal regions but
interpretation of acoustics signals are limited without a priori knowl-
edge of type and size-range of the ensonified organisms (Benoit-Bird and
Lawson, 2016; Simmonds and MacLennan, 2005). On the contrary, net
samples can provide specific species and size information but sampling
is limited spatiotemporally (Merrett et al., 1991) and can be biased due
to their spatiotemporal limitations, selectivity of the net, and avoidance
(De Robertis et al., 2017; Kaartvedt et al., 2012; McClatchie et al., 2000;
Song et al., 2022) Combination of these methods, complemented by
optical observation can provide more accurate micronekton biomass
estimates than either of these methods alone (Benoit-Bird et al., 2008;
Doray et al., 2007; Escobar-Flores et al., 2022; McClatchie et al., 2000).
However, given the remoteness of the STFZ in the central Pacific, cur-
rent information is limited to a few acoustic surveys, net sampling, and
video observations from regions adjacent to continents or other large
land masses, such as off Japan, the Kuroshio Current region, the Bering
Sea, south of the Aleutian Islands, the California Current region, and the
Hawaii Archipelago (summarized by Brodeur and Yamamura, 2005; and
Song et al., 2022), or stomach content analyses of lesser known preda-
tory fish in the central North Pacific (Choy et al., 2016).

The objectives of this study were to confirm or reject the hypotheses
that 1) enhanced micronekton biomass is associated with the STFZ, 2)
the composition of micronekton is different from the south of the STFZ
to its north, 3) increased chlorophyll concentrations (and the TZCF) are
responsible for any observed effects. In addition to finding answers to
these questions, the observed characteristics of the STFZ are examined
considering its expected sensitivity of the region to larger-scale vari-
ability and change.

2. Data and methods

To examine the effects of STF and TZCF on micronekton, in situ data
(available at Pacific Islands Fisheries Science Center, 2015; Pacific
Islands Fisheries Science Center, 2011; Pacific Islands Fisheries Science
Center, 2009) were collected on board the NOAA Ship Oscar Elton Sette
along three meridional surveys from the subtropical gyre, north of Oahu,
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Fig. 1. Schematic representation of the major current systems of the North Pacific Ocean. The vertical line along the 158°W meridian represents the nominal survey
location, with the box bounded by dash-dotted lines denoting the area represented in Fig. 2. The North Pacific Transition Zone is located between the Subpolar and
Subtropical Gyres bounded by the Subtropical Frontal Zone (STFZ) to the south. The STFZ is the location of the Subtropical Front (STF) and the Transition Zone

Chlorophyll Front (TZCF).



R. Domokos

Hawaii, to the STFZ. The surveys were conducted along the 158°W
meridian during spring of 2009 (22.5-36.0°N, March 17-22), 2011
(23-36.0°N, March 10-25), and 2015 (22.5-32.5°N, April 4-14) in the
central North Pacific (Fig. 1). Small deviations from the 158°W meridian
were necessary during the 2011 northbound transect due to heavy
weather north of 32°N and in 2015 due to time limitations to reach the
TZCF that extended further south to the west of 158°W based on con-
current satellite maps (Fig. 2).

2.1. Oceanographic characteristics

In situ hydrographic data were collected down to 1000 m depth at
stations along the transects using a SBE 911+ CTD system equipped
with redundant temperature, conductivity, and dissolved oxygen sen-
sors and a Seapoint fluorometer for in vivo chloropigment (chlorophyll
+ phaeopigments) determinations. Hydrographic stations were con-
ducted every 0.25° during the northbound transect in 2009 (55 sta-
tions), during the northbound and southbound transects in 2011 (37 and
41 stations), and during the southbound transect in 2015 (25 stations).
Fluorometer data from a Turner Designs model 10-AU fluorometer were
corrected and chlorophyll-a (Chl-a) extracted using liquid chromatog-
raphy on in-situ water samples, as described by Howell et al. (2017). To
assess the positions of the STF (Psrr) and the TZCF (Przcr), the upper
mean 20-m water-column averages of the discrete CTD-derived salinity
and chlorophyll-a values were used. The positions of the fronts were
defined where the upper 20-m mean salinity values reached <34.8 PSU
for the Pgrr and the three consecutive mean upper 20-m chlorophyll

2009

2011
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concentrations reached >0.2 mg m~2 for the Przcr, respectively, a
method adapted from Howell et al. (2017). Meridional averaging of the
Chl-a values were necessary to avoid non-contiguous patches in the
in-situ data (Howell et al., 2017). The Pgrr obtained from the salinity
data corresponded to the positions of the upper 20-m mean temperature
values reaching <17.7 °C, within the expected range of the signature of
the STF.

2.2. Micronekton distribution
1. Acoustic surveys

Micronekton horizontal and vertical distribution, relative biomass,
and density were estimated using active acoustic methods. In situ
acoustic backscatter data were collected aboard the NOAA Ship Oscar
Elton Sette continuously during the 2009, 2011, and 2015 surveys at 38,
70, and 120 kHz frequencies. The Sette is equipped with a hull-mounted
split-beam (7° circular angle), narrow-band Simrad EK60 system that
was calibrated prior to each survey using a 38.1-mm-diameter tungsten
carbide sphere and standard methods (Demer et al., 2015). The system
was set to operate with 1024 ps pulse lengths at 2.00, 0.75, and 0.25 kW
power for the 38, 70, and 120 kHz channels, respectively. Mean volume
backscattering strengths (MVBS, in dB re 1 m™ ), were thresholded to
—75 dB to avoid backscatter from plankton and other smaller organisms.
These settings gave approximate ranges of 1600, 750, and 300 m at 38,
70, and 120 kHz, respectively, with a 10-dB minimum signal-to-noise
ratio (SNR) at maximum depths. Data were recorded down to 1200-m
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Fig. 2. Monthly SST (Pathfinder AVHRR v4.1, http://oceanwatch.pifsc.noaa.gov/erddap/griddap/OceanWatch_pfgac_sst monthly.graph) and surface Chl-a (MODIS
Aqua http://oceanwatch.pifsc.noaa.gov/erddap/griddap/OceanWatch_aqua_Chl-a_ monthly.graph) over an area of the central North Pacific for months corre-
sponding to the Surveys (March for 2009 and 2011, April for 2015). Black contours indicate the position of the Subtropical Front (surface expression of the 17.7 °C
contour) and the Transition Zone Chlorophyll Front (surface expression of the 0.2 mg m~> contour) on the SST and Chl-a maps, respectively. Shipboard survey
transects are indicated by dark blue (SST) and orange (Chl-a) lines for the (from left) 2009, 2011, and 2015 Surveys. Red circles with yellow edges indicate the
positions of the 2009 and 2015 trawl stations. Note the main Hawaiian Islands are shown in dark gray at the southern tip of transects. Missing data due to cloud cover

are indicated in light gray on the Chl-a maps.
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depth with the upper 15 m discarded to avoid near-field (nonlinear)
effects and intermittent bubble noise due to inclement weather.

Prior to processing the acoustic data, pings impacted by cavitation
noise and bubble dropout were removed using Echoview software
(Echoview Software Pty Ltd, Hobart, Tasmania) then visually scruti-
nized to ensure high quality of the data. Based on semivariograms, the
elementary data sampling unit (EDSU) was defined as 1-nmi long and
10-m deep. MVBS were averaged per EDSUs and vertically integrated to
obtain nautical area scattering coefficients (NASC in m? nmi~?) to be
used for analyses. MVBS and NASC values are proportional to the den-
sity and biomass of organisms, respectively, when their composition is
relatively stable, since organisms’ backscatter characteristics depend on
their physiology, morphology, size, orientation, and frequency (Lawson
et al., 2008; Simmonds and MacLennan, 2005). For example, while the
use of 38 kHz backscatter as proxy for relative biomass is well estab-
lished in the literature (e.g., Cascao et al., 2019; Irigoien et al., 2014;
Kloser et al., 2009; Proud et al., 2015), it can provide biased estimates as
that frequency is dominated by micronektonic fish and/or gelatinous
organisms with gas inclusions (e.g., Dornan et al., 2019). In scattering
layers of heterogeneous composition, multi-frequency acoustics enable
the classification of organisms into key groups based on their distinct
frequency-dependent responses (de Robertis et al., 2010; Jech and Mi-
chaels, 2006; Korneliussen et al., 2008) and allow for the interpretation
the acoustic signals in scattering layers of diverse composition (e.g.,
Béhagle et al., 2017; Benoit-Bird and Lawson, 2016; Fernandes, 2005;
Korneliussen et al., 2008; Simmonds and MacLennan, 2005). Given the
expectations of significant changes in micronekton composition across
large zonal fronts, the use of NASC from all frequencies were necessary
to provide relative biomass and basic composition estimates.

Since micronekton form ubiquitous dense shallow and deep scat-
tering layers (SSL and DSL) (e.g., Benoit-Bird et al., 2016; Proud et al.,
2017, 2015) and many undergo diel vertical migration (DVM) between
the SSL and DSL or below (D’Elia et al., 2016; Solberg and Kaartvedt,
2017), the density and the vertical position and extent of the layers
exhibit pronounced diel differences. Therefore, backscatter from the SSL
and DSL from daytime and nighttime were assessed separately. Based on
visual inspection of the echograms, vertical integrals of NASC from
above and below 300-m were assigned to the SSL and DSL, respectively,
and “water-column” (WC) data refer to integrals from the surface to the
depth of recording. Based on echograms, excluding data from
05:00-08:00 and 17:00-20:00 were deemed sufficient to omit crepus-
cular periods, during which organisms underwent DVM.

2. Trawl sampling

To aid the interpretation of the acoustic data, simultaneous acoustic
and trawling operations were conducted at predetermined latitudes
using a midwater Cobb trawl with a ~140 m? mouth opening and mesh
size decreasing from 152 mm at the mouth to a cod-end of 3.2 mm
(described in detail by Drazen et al., 2011). However, due to the failure
of the Sette’s trawling system and time limitations, the number of suc-
cessful trawls were limited to tows at 26°N, 32°N, and 36°N during the
2009 survey, and 29.5°N, 30.5°N, and 32.5°N during the 2015 survey,
with no successful trawl in 2011. The locations of successful trawls are
marked as red circles with yellow edges on Fig. 2. The 2009 trawls were
conducted to sample both the nighttime SSL and the daytime DSL,
typically from the surface to ~200-m and roughly between 400 and
800-m depth, respectively. All trawls during the 2015 surveys were
limited to nighttime SSL. There was one trawl per latitude and layer
except for the 32°N and 36°N latitudes during 2009, where there were
two successful trawls for each layer. The number of successful trawls
allowed for eleven trawl samples to be analyzed overall with no repe-
titions of sampling except for one repetition at two stations in 2009.

Trawl samples were separated onboard into four basic groups by
scattering characteristics: fish (predominantly with gas-bladder), squid,
shrimp-like crustaceans, and gelatinous (predominantly without gas-
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inclusions). Wet volumes were measured and weighted by approxi-
mated volume sampled, estimated as 30-min fishing times. Due to severe
limitations of sample size, latitudinal positions of sampling especially
during 2015, the lack of our ability to separate samples from specific
depths and times, as well as inherent biases in trawl data caused by
selectivity of nets and avoidance behavior of organisms (Boersch-Supan
et al., 2017; De Robertis et al., 2017; Pakhomov et al., 2010; Suntsov
et al., 2010), trawl data were only used as simple guides to relative
compositions to help interpret the acoustics data.

2.3. Statistical analyses

The effects of the STF and TZCF on NASC, as well as the relationships
between various environmental variables and NASC were assessed using
generalized linear models (GLM) and analysis of variance (ANOVA).
Given that this study serves as first investigation of the region with
complex variables that can have profound effects on micronekton dis-
tribution and composition, the linear model was chosen in an effort to
help conceptualize the results. Since NASC EDSUs could potentially be
spatiotemporally autocorrelated, the independence of observations
(EDSUs) were assured by confirming random patterns of the model re-
siduals along the surveys and ensuring the absence of autocorrelations of
residuals at the 95% confidence level. Examples of residual plots
showing spatially random patterns as well as their insignificant auto-
correlations are shown in Supplementary Materials Figs. S1 and S2.

NASC values’ dependence on the distance from the fronts over each
layer (water-column, SSL, and DSL) and at all available frequencies were
assessed by the model NASC ~ Dgrr + Drzcp, where Dgyr and Drger
denote the distances to the positions of the fronts, Psyr and Przcr,
respectively. NASC values were also modelled from temperature, Chl-a,
and oxygen, as NASC ~ Temp + Chl-a + Oxy. Temperature and oxygen
values were averaged over the appropriate NASC layer while Chl-a were
calculated as the upper 150 m integrated values for the model.

In addition of obtaining information on the relationships of NASC to
distances to the fronts and to environmental variables, the effects of
varying environmental conditions and variability among surveys were
assessed using N-way ANOVA. The meridional Regions were defined as
the Subtropical Gyre (> 26N° & <Pgz— 0.5°), STF Region
(Pstr £+ 0.5°), TZCF Region (Przcr + 0.5°), and North of TZCF Region
(> Przcr + 0.5°), where Pgrp and Przcp denote the positions of the STF
and TZCF, respectively. To compare the mean NASC values from the four
meridional Regions and from the four Surveys, Regions and Surveys
were used as categorical groups in the N-way ANOVA (NASC ~ {Re-
gions, Surveys}). The significance of the Regions and Surveys to the
mean NASC were established by multiple pairwise comparison tests
performed on the group means.

3. Results
3.1. The environment

In situ salinities (and temperatures) show the estimated position of
the STF at 31.00°N, 32.00°N, 32.00°N, and 30.50°N in the spring of
2009, 2011 north- and southbound, and 2015, respectively (Fig. 3 top
panels and Table 1). In situ Chl-a gave estimated positions of the TZCF at
35.50°N for the 2009 northbound and at 32.00°N and 33.75°N for the
2011 north- and southbound transects (Fig. 3, bottom panels and
Table 1). The 2015 position of the TZCF could not be determined un-
equivocally as only the two northernmost contiguous positions (32.25
and 32.50°N) were >0.2 mg m > in the upper 20 m (indicated by the
dotted lines in Fig. 3b). Dissolved oxygen concentrations increased to the
north with oxygen fronts approximately at the positions of the STF, with
additional increased concentrations near the TZCF (Fig. 3b, top panels).
The mean depth of the 20 °C isotherm along latitudes south of the STF,
used as proxy for the mixed layer depth (MLD), were approximately 180,
150, 120, and 30 m during the four transects, shallowing to the north.
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Fig. 3. Salinity (top left), temperature (bottom left), dissolved oxygen (top right), and Chl-a (bottom right) in the upper 300 m along the (left to right) 2009, 2011
northbound, 2011 southbound, and 2015 transects. Beige and red lines show the estimated positions of the STF and TZCF, respectively. The dotted lines on the 2015
Chl-a and oxygen panels indicate that the position of the TZCF was established by only two contiguous >0.2 mg m > readings. Note that during the 2011 northbound
transect, data south and north of 32°N were obtained along the 158°N and 161°N meridionals.

Table 1

Positions of the fronts, SST (°C) and surface Chl-a (SChl in mg m %) minimum and maximum, the mean depth (m) of the 20 °C isotherm (proxy for MLD in the
Subtropical Gyre Region), as well as integrated 150 m Chl-a for each Survey, as calculated from the CTD data. Surface values are calculated as the upper 20 m means.

Psrr Przcr SSTmin SSTmax 20°Caepth SChlpin SChlpax Chlor
2009 N 31°00° 35°30° 16.7 21.5 180 0.07 0.25 27.00
2011 N 32°00° 32°00° 16.9 22.2 150 0.06 1.42 39.95
20011 S 32°00° 33°45’ 16.52 22.6 120 0.10 1.12 37.48
2015 S 30°30° - 15.9 23.5 30 0.11 0.33 42.90

The MLD showed a strong negative correlation with the SST in the
Subtropical Gyre with a Pearson correlation coefficient of r = — 0.87 and
p < 0.01. Overall, the 2015 Survey showed the warmest maximum and
coolest minimum SST, calculated as the upper 20 m means, among the
Surveys. 2015 also showed the highest upper 150 m integrated Chla
values but had the second to the lowest surface Chl-a maximum
(Table 1).

On a larger scale, monthly satellite SST and surface Chl-a maps show
the meandering SST isotherms primarily in a zonal direction, while the
isopleths of Chl-a show a southwest-northeast slope (Fig. 2). Visual in-
spection of these plots reveal interannual differences with the further-
most extent of cool and warm SST from the north and south during the
2015 Survey, corresponding to the in situ data. However, during the
2015 Survey, monthly sea-surface Chl-a concentrations showed excep-
tionally low values over a large area toward the south, in contrast to
those of the in situ data.

3.2. Micronekton characteristics

Acoustic backscatter for transects with corresponding in situ envi-
ronmental data are displayed in Fig. 4. The SSL typically occupied the
upper 250-300 m, exhibiting strong diel variability in density and ver-
tical extent, while the more permanent DSL was positioned between 400
and 900 m. Ubiquitous DVM between the two layers were clearly visible
as well as evidence of vertical migration from the DSL to lower depths,
most prominent during the 2015 transect (Fig. 4, bottom panel). While
the SSL was typically composed of a single layer, the DSL tended to form
two prominent layers at approximately 400-600 and 600-800 m depths,
with the deeper DSL being most prominent between ~29 and 35°N. The
strong diel variability in the strength of the SSL and the more permanent
DSL is clearly illustrated in Fig. 5a and b, although the boxplots indicate
notable differences between the daytime and nighttime DSL NASC. Since
regional patterns in the strength of micronekton backscatter and its
relative changes from survey to survey were relatively consistent among
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Fig. 4. MVBS, proxy for density, from the 4 transects with in situ CTD data in the upper 1200 m at 38 kHz. Gray shaded areas above panels indicate nighttime.
Positions of the STF and TZCF are indicated by the beige and red vertical lines, respectively.

all frequencies, Fig. 5 shows only the 38 kHz values for simplicity. See
Fig. S3 in the Supplementary Materials for 70 kHz and 120 kHz values
for the SSL and DSL.

All surveys had significantly higher water-column NASC marginal
means in the STF Region than at any other region, including the TZCF
(Fig. 6a and Table 2). Given that most of the biomass is within the DSL
both day and nighttimes, the regional pattern in the water-column NASC
was due primarily to the pattern of the DSL (Fig. 5). NASC in the STF was
significantly higher than in all other regions with the exception of the
nighttime SSL in the Subtropical Gyre (Table 2b), due to exceptionally
high NASC values during the 20118 survey. The positive influence of
STF on backscatter is confirmed by the ANOVA results on the GLM
NASC ~ Dgrr + Drzcr, showing a significant negative relationship be-
tween distance from the STF and water-column and DSL NASC at both
available frequencies (Table 3). The relationship between the TZCF was
not significant at 38 kHz and only showed a positive relationship at the
70 kHz (Table 3). The SSL showed no significant relationship with dis-
tance to either fronts at the 38 kHz and a positive relationships with the
STF at the 70 and 120 kHz. Fig. 7 provides a visual representation of the
effects of the STF on 38 kHz NASC in the water-column and the DSL but
showing no apparent relationship of the SSL NASC values with distance
from the STF (see also Table 3).

ANOVA on the relationships of NASC and temperature, Chl-a, and
oxygen concentrations, (NASC ~ Temp + Chl-a + Oxy) revealed the
general importance of temperature to NASC, while the effects of Chl-a
and oxygen concentrations on NASC were mostly insignificant
(Table 4). Temperature showed mostly significant positive relationships
with NASC. The relationships between Chl-a and NASC were mostly
insignificant with the exception of a significant positive relationship

with 38 kHz daytime water-column and negative relationships with 70
kHz nighttime water-column and day and nighttime DSL NASC. Oxygen
showed no significant relationship with NASC except for the positive
relationship with daytime water-column values at both 38 and 70 kHz
frequencies (Table 4).

Comparing NASC marginal means among Surveys, the 2015 values
were significantly higher than those from any of the other surveys in the
water-column and the DSL (Fig. 6b and Table 2). No other Survey
showed significantly different marginal means from all other surveys for
these layers. Note that the insignificant differences in the nighttime
NASC values in the SSL between the 2015 and 2011S Surveys (Table 2b)
did not degrade the significance of the higher 2015 total (water-column)
nighttime NASC values relative to those during 2011S. To ensure that
these results are not biased by the lack of data in the 2015 Survey from
the two regions with relatively low NASC values (TZCF and North of
TZCF), the N-way ANOVA NASC ~ {Regions, Surveys} were recalcu-
lated using data only from the two Regions that could be sampled over
all four Surveys. These analyses show no significant changes in the re-
sults (see equivalents of Fig. 6 and Table 2 in Supplementary Materials
Fig. S4 and Table S1).

While the regional patterns in the strength of micronekton back-
scatter were relatively consistent among all frequencies and among
Surveys, apparent differences between the relative contributions of
frequencies were observed (Fig. 8). In general, differences between
frequencies (5 dB, defined as 70-38 kHz, 120-38 kHz, and 120-70 kHz
MVBS) were higher at the STF and to its north than in the Subtropical
Gyre Region, indicating differing composition of the layers between
south and north of the STF. In addition, the 2009 and 2011 8dB values
were all negative, while the mean 2015 3dB values were significantly
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Fig. 6. Water-column NASC marginal means of Regions (left) and Surveys (right) with 95% confidence intervals obtained from the multiple pairwise comparison

tests NASC ~ {Regions, Surveys}.

higher at 95% confidence, reaching positive 6dB in the DSL (Fig. 8).

In contrast to the general pattern of increased NASC values at STF
latitudes for the layers sampled, trawl sample volumes generally
increased from south to north, with highest values at the northernmost
latitudes for all surveys (Table 5). Percent composition of catch in 2009
was highest for fish at 26°N & 32°N and for gelatinous organisms at

36°N. During 2015, however, gelatinous organisms overwhelmingly
dominated the catch at all latitudes. Percent contribution also differed
markedly for crustaceans between 2009 and 2015. During the 2009
trawls, sizes of gelatinous organisms and squids were noted to increase
with latitude.
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NASC marginal means with their standard errors (a) and 95% p-values (b), obtained from the multiple pairwise comparison tests on NASC ~ {Regions, Surveys}.

Significant p-values at the 95% are in bold.

(@)
Day WC Night WC Day DSL Night SSL
Mean SE Mean SE Mean SE Mean SE
Regions
Subtropical Gyre 845.81 38.59 1077.78 42.38 683.25 35.26 547.53 29.96
STF 1372.16 56.89 1510.19 61.20 1185.92 51.98 572.49 43.26
TZCF 1054.22 99.39 697.17 88.97 826.56 90.81 119.21 62.89
North of TZCF 675.10 96.52 1054.34 118.25 583.98 88.19 250.95 83.59
Surveys
2009 846.29 63.61 715.41 69.58 723.64 58.76 134.47 49.19
2011IN 861.15 61.24 1002.95 57.45 737.69 56.57 471.96 40.61
20118 901.22 60.33 1193.53 61.17 744.71 55.73 626.58 43.24
2015 1338.63 69.66 1477.59 93.93 1207.83 64.35 257.16 66.40
®
p-values
Day WC Night WC Day DSL Night SSL
Region 1 Region 2
STF Subtropical Gyre 0.00 0.00 0.00 0.96
STF TZCF 0.04 0.00 0.01 0.00
STF North of TZCF 0.00 0.01 0.00 0.01
TZCF Subtropical Gyre 0.22 0.00 0.46 0.00
North of TZCF Subtropical Gyre 0.36 1.00 0.72 0.01
North of TZCF TZCF 0.04 0.07 0.22 0.55
Survey 1 Survey 2
2015 2009 0.00 0.00 0.00 0.00
2015 2011N 0.00 0.00 0.00 0.02
2015 20118 0.00 0.04 0.00 0.34
2011N 2009 1.00 0.01 1.00 0.00
20118 2009 0.91 0.00 0.99 0.00
20118 2011N 0.96 0.09 1.00 0.04
Table 3
ANOVA results on GLM for the relationship between NASC and distances to the STF and TZCF. Significant p-values at the 95% are in bold.
WC SSL DSL
tTest F p tTest F 14 tTest F 14
38 kHz STF —2.45 6.01 0.02 0.74 0.55 0.46 —6.13 37.53 0.00
TZCF 0.39 0.16 0.69 1.11 1.24 0.27 —-1.40 1.95 0.17
70 kHz STF -3.09 4.93 0.00 2.39 5.70 0.02 —5.55 30.77 0.00
TZCF 5.29 0.57 0.00 1.55 2.41 0.12 4.11 16.91 0.00
120 kHz STF - - - 2.22 4.93 0.03 - - -
TZCF - - - 0.76 0.57 0.45 - - -

4. Discussion

The results of this study indicate that the STF had a significant pos-
itive effect on the relative biomass of micronekton and acted as a
boundary for the distribution of specific micronekton taxonomic groups,
displaying the typical characteristics of an ecotone (e.g., Kark and van
Rensburg, 2006). Water-column NASC marginal means were signifi-
cantly higher at the STF Region than any of the other regions at all
frequencies, indicating that the increase was at least partially due to an
increase in relative biomass of organisms. The observed decrease in
relative biomass with northward distance from the STF is in agreement
with the positive relationship found between temperature and NASC
values, a somewhat unexpected result based on the general assumption
that warm temperatures are typically associated with oligotrophic re-
gions depleted of nutrients (e.g., Gnanadesikan et al., 2011; Polovina
et al., 2008) leading to decreased biomass of higher trophic level or-
ganisms based on bottom-up forcing. However, the present study found
no evidence of an effect of chlorophyll concentrations on micronekton
biomass, but the results are in agreement with previous studies

indicating a positive effect of the convergence at fronts (e.g., Béhagle
et al., 2014; Domokos, 2009; Lehodey, 2001; Lima, 2002). Higher
micronekton biomass associated with warmer temperatures is also re-
ported by other studies (Béhagle et al., 2016; e.g., Fennell and Rose,
2015), and it could be due to differences in other hydrographic char-
acteristics associated with changes in water masses with differing tem-
peratures. For example, a study showed that relatively warm water
masses carried by the South Equatorial Counter Current contained
significantly higher micronekton biomass than the surrounding cooler
South Equatorial Current waters in the southwest Pacific, likely the
result of differences in hydrographic and/or biogeochemical conditions
downstream (Domokos, 2009).

The delineation of species distribution by the STF, as indicated by the
8dB values, have been shown by other studies at different water-mass
boundaries and at thermohaline fronts (e.g., Pearcy, 1991). Further,
Brinton (1962) found specific euphausiid species almost exclusively
occurring either in subtropical waters or in the North Pacific Transition
Zone. In this study, the generally higher 8dB values north of the STF
relative to its south are in agreement with lower percent biomass of fish
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Fig. 7. Scatterplots of distances from the STF for the (from left) water-column, DSL, and SSL 38 kHz nighttime NASC.
Table 4
ANOVA on GLM of in situ environmental variables with NASC per layer, day and night-times, and at each available frequencies. Significant p-values are marked with
bold.
Night WC Day WC Night SSL Night DSL Day DSL
tStsat F P tStsat F P tStsat F P tStsat F P tStsat F P
38 kHz Temp 3.78 14.27 0.00 0.12 0.01 0.91 3.37 11.36 0.00 0.48 0.23 0.64 2.72 7.37 0.01
Chl-a —0.47 0.23 0.64 3.77 14.19 0.00 1.07 1.15 0.29 —0.24 0.06 0.81 —0.66 0.43 0.51
Oxy —0.83 0.69 0.41 3.89 15.16 0.00 —1.04 1.09 0.31 -1.26 1.59 0.22 0.09 0.01 0.93
70 kHz Temp 2.76 7.63 0.01 2.58 6.67 0.02 3.49 12.15 0.00 1.20 1.45 0.01 4.90 23.98 0.00
Chl-a -3.11 9.65 0.00 —1.44 2.09 0.16 1.00 0.99 0.32 —2.26 5.09 0.03 —4.32 18.64 0.00
Oxy —0.03 0.00 0.98 3.35 11.25 0.00 -0.76 0.57 0.46 —1.03 1.05 0.31 0.46 0.21 0.65
120 kHz Temp 3.01 9.09 0.01
Chl-a 0.94 0.89 0.35
Oxy —0.51 0.26 0.61

with swim-bladders relative to those of gelatinous organisms and
shrimp-like crustaceans at the northern stations obtained in the trawl
catches (e.g., Béhagle et al., 2017; Benoit-Bird and Lawson, 2016;
Dornan et al., 2019; Korneliussen and Ona, 2003), a composition change
observed in prior studies (Cox et al., 2013). Note that the limited number
and unsuitable locations of the net samples, exacerbated by the inability
to separate organisms caught by depth and the exact time of fishing,
limits the utility of the trawl results to qualitative indications of changes
in the relative composition of the SSL and DSL and cannot reflect ac-
curate changes in their relative biomass. Further, trawls can only pro-
vide a “limited window of reality” (Merrett et al., 1991) due to their
spatiotemporal limitations, rendering comparisons to biomass and
composition estimated from the continuous acoustics data problematic.
Trawl data have not been found to correlate to acoustics data in most
cases (e.g., Donaldson and William, 1972; Irigoien et al., 2014; Sutton,
2013) as they can provide reliable biomass estimates only when pre-
dominant species are well sampled by the net (McClatchie et al., 2000),
apparently not the case in the present study. Trawls are also known to
disproportionally under-sample organisms due to avoidance behavior,
limitations imposed by the type and size of net, damage to soft-bodied
organisms, and light conditions (Boersch-Supan et al., 2017; De Rob-
ertis et al., 2017; Drazen et al., 2011; Kaartvedt et al., 2012). The net
used in this study has been shown to better sample micronekton with a
bias toward larger sizes relative to two other nets with smaller mouth
openings and mesh sizes (Pakhomov et al., 2010; Suntsov et al., 2010).
Larger micronekton are likely better able to escape the net, raising
further questions regarding the accuracy of trawl-volume estimates.
The lack of a significant effect of chlorophyll concentrations on
micronekton biomass, linked via three tropic levels, does not necessarily

indicate the lack of bottom-up forcing but could be the result of the
highly dynamic environment. It could also be due to seasonal variability
in the position of the TZCF (Ayers and Lozier, 2010) and/or lagged ef-
fects of environmental conditions on organisms (e.g., Milligan and
Sutton, 2020). Thermohaline fronts acting as seasonal boundary for
species distribution have previously been observed in other regions (e.
g., Menkes et al., 2015; Moku et al., 2003). Hydrographic conditions or
processes in nearby environment might also be affecting micronekton in
the survey area. For example, Suntsov and Domokos (2013) found in-
fluence of the North Equatorial Counter Current on macrozooplankton
and micronekton several degrees north from its boundary. It is also
important to note that not all micronekton undergo DVM and species
that invariably occupy deeper depths are outside the influence of chlo-
rophyll concentrations in the euphotic zone. The observed
frequency-dependent variability in scattering layer response to the
fronts is likely due to the differences in backscatter properties of
non-migratory organisms that exclusively occupy depths of the DSL (and
below) or the SSL, and of those that undergo DMV.

The observed positive effect of temperature in combination with the
lack of a significant effect of chlorophyll concentrations (and the TZCF)
on micronekton could also be due to micronekton responding to large-
scale forcing that is masked by meso- or sub-mesoscale variability in the
in situ chlorophyll data. Meso- or sub-mesoscale forcing in chlorophyll
concentrations and the lack of response by micronekton is consistent
with the observed variability in the latitudinal position of the TZCF with
a corresponding the lack of significant differences in overall micro-
nekton biomasses between the two 2011 Surveys, approximately one
week apart (compare Fig. 3 and Table 1 to Table 2b). The dominance of
meso- or sub-mesoscale variability in the in situ chlorophyll
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Fig. 8. 8dB values during the 2009 (red), 2011 (blue), and 2015 (yellow)
transects, separate by day (left panels) and night (right panels) at the four re-
gions defined by the positions of the fronts from south to north represented
from bottom to top plots. Note that 2015 values for the TZCF and North of TZCF
regions are not available since the 2015 survey did not reach the TZCF ac-
cording to the in situ data.

Table 5

Total wet volumes (V in dl per 30 min, left) and percent contributions from the
four major groups of organisms for the 2009 daytime DSL (top), 2009 nighttime
SSL (middle), and 2015 nighttime SSL (bottom) trawls at the three meridional
positions with available data. Trawl positions are as indicated on Fig. 2 by
yellow-edged red circles.

Total Wet % % % %
Volume Fish Squid Crust. Gelatinous
(dL)
2009 DSL 26°00N  3.62 48.72 10.26  25.64 15.38
32°00'N 5.44 55.04 5.29 25.43 14.24
36°00'N  11.31 19.99 1.28 10.84 67.89
SSL 26°00'N  13.40 63.41  9.76 17.07 9.76
32°00'N 5.50 51.72 22.41 20.69 5.17
36°00'N  45.89 6.49 2.07 5.24 86.20
2015  SSL 29°15'N  3.52 2872 17.05 0.96 53.28
30°30'N 6.10 9.82 8.98 0.97 80.23
32°30'N 7.47 7.22 11.96 3.23 77.59

concentrations is further indicated by the apparent inconsistencies be-
tween the in situ and monthly satellite surface chlorophyll concentra-
tions during the Surveys: on the lager-scale, surface chlorophyll
concentrations were lowest during the 2015 Survey (Fig. 2, bottom
panels), while in situ data showed the highest surface chlorophyll con-
centrations (Table 1). The importance of mesoscale forcing on the
meridional position of the TZCF, in addition of largescale influences
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(Qiu and Chen, 2011), is postulated by Howell et al. (2017).

The hypothesis that micronekton respond partially to largescale
forcing is supported by the observed significantly higher micronekton
biomass (Fig. 6b and Table 2) and changed composition (Fig. 8) during
the 2015 Survey relative to those of the other Surveys. The changes in
2015 hydrological observations relative to those of the other Surveys are
consistent with the expected effects of the 2014-2017 extreme warming
event, the “Blob” (Bond et al., 2015; Newman et al., 2016). The highest
maximum SST, as shown by the monthly satellite data (Fig. 2, top
panels), corroborated by in situ temperatures (Table 1), the largest
extent of the highly oligotrophic area observed in the monthly satellite
data (Fig. 2, bottom panels), and the shallowest MLD (Table 1) during
2015 are all the expected signatures of the Blob (Amaya et al., 2016,
2021; Bond et al., 2015; Eakin et al., 2017; Khangaonkar et al., 2021;
Newman et al., 2016). Note that the lowest SSTy;;; during the 2015
Survey (Fig. 2 top panels and Table 1) apparently reflects the strong
Aleutian low extending furthest to the south during the 2015 strong
positive Pacific Decadal Oscillation phase. However, note that the 2015
Survey was conducted approximately 2.5 weeks later in the year than
the other three Surveys, potentially contributing to the marked differ-
ences in micronekton characteristics during that year. Phenology can
also vary on an inter-annual scale, adding another possible source for the
differences. The horizontal distribution patterns in the in situ and sat-
ellite SST at the location of the Surveys are in agreement with concurrent
2015 SST anomaly (SSTA) values (maps and data available from NOAA
CoastWatch at https://coastwatch.pfeg.noaa.gov/erddap/griddap/
erdAGtanmmday.graph) that indicate positive basin-scale SSTA with
negative values along the 158°W meridian (not shown). However,
during preceding months the SSTA in the survey area was positive, in
result of the furthest expansion of the Blob to the west (Amaya et al.,
2016; Bond et al., 2015; Peterson et al., 2014, 2016) that moved to the
east by the April 2015 survey. The observed 8dB and trawl results are in
agreement with a previous study that found significant increase in
gelatinous micronekton, and in some instances cephalopod biomass as
well as an overall increase in diversity in response to the 2014-2017
heat-wave in the Eastern North Pacific due to significant differences in
pelagic communities further to the west (Brodeur et al., 2019).

Extension of highly oligotrophic regions, such as the Subtropical
Gyre (Polovina et al., 2008) and an increase in SST due to reduced
vertical mixing and a shoaling of the thermocline leading to shallower
MLD (Alexander et al., 2018; Capotondi et al., 2012; Whitney, 2015) are
also the in agreement with the signatures of long-term climate change.
The observed increase of micronekton biomass with increasing tem-
perature are in agreement of studies indicating that micronekton
biomass is expected to increase on a global scale due to climate warming
and changes in the ecosystem, especially in the DSL (Proud et al., 2017;
Receveur et al., 2021) and in the epipelagic and mesopelagic zones away
from the equator (Costello and Breyer, 2017). In addition, the significant
increase in 8dB during the 2015 Survey relative to the preceding Surveys
are also in agreement with size structure studies showing that increased
temperatures result in a shift from larger to smaller sizes of organisms
and species preference (Daufresne et al., 2009; Sheridan and Bickford,
2011; Woodworth-Jefcoats et al., 2015; Yvon-Durocher et al., 2011),
based on the size-dependence of acoustic backscatter at different fre-
quencies (e.g., Lebourges-Dhaussy et al., 2014; Simmonds and
MacLennan, 2005). Note that the highest in situ upper 150-m integrated
chlorophyll concentrations observed in 2015 (Table 1) could have pro-
vided the necessary support for the increased micronekton biomass
during that year. However, the limited availability of data prevent the
assessment of largescale variability or climate modes on micronekton in
the region. Further, the results of the present study are contrary to some
model predictions (Bryndum-Buchholz et al., 2019; Kwiatkowski et al.,
2019; Lefort et al., 2015; Lotze et al., 2019) indicating that based on
current knowledge, the effects of largescale variability on micronekton
are biomass and compositions are largely uncertain.
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5. Conclusions

The seasonally varying STFZ in the central North Pacific aggregates
top predators and serves as focus for commercial fishery activities. It is
also a region of concern over bycatch of protected species. Top predators
are assumed to be drawn to the area by the increased presence of prey,
micronekton, which is thought to be the results of increased chlorophyll
concentrations in the STFZ. In this study, the presence of increased
micronekton biomass was confirmed in the STFZ; however, the increase
was associated with another prominent front in the STFZ, the thermo-
haline STF. The STF was also found to serve as a boundary between
species associated with lower-salinity, warmer waters to its south and
with the relatively more saline, cooler waters to its north. Chlorophyll
concentrations or the meridional position of the TZCF did not show an
effect on micronekton relative biomass or composition. On a larger
scale, data from this study also corresponds to the expected effects of
large marine heatwaves and warming.

As a region where relatively stark changes in contrasting conditions
occur over a relatively small geographic distance, the STFZ is expected
to exhibit a more dramatic sensitivity to climate variability and change
in comparison to the relatively more homogeneous gyres to its north and
south. Data from the last few decades indicate that the warm, oligo-
trophic North Pacific Subtropical Gyre is expanding (Polovina et al.,
2008), and the decline in primary productivity with warming temper-
atures is predicted to result in a decline in top predator biomass followed
by a similar decline in fisheries performance (e.g., Polovina et al., 2008;
Woodworth-Jefcoats et al., 2017). However, based on our current
knowledge, it is unclear how climate change will influence the spread of
nutrient-poor waters and how this expansion will affect the phenology of
target and protected species along the STFZ.

The present study serves as a first insight into the role of the two most
prominent fronts within the STFZ, the STF and TZCF, on the relative
biomass and composition of micronekton in the central North Pacific.
However, future surveys are necessary to understand the mechanisms
involved and to confirm the observed effects. Further, development of
time series over the STFZ in the central North Pacific are needed to
understand the broader effects of mesoscale variability and the effects of
largescale events and climate change on this economically important
region.
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