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Abstract

The North Pacific armorhead (NPA), Pentaceros wheeleri, is thought to exhibit an

extended post-spawning epipelagic phase in which larvae disperse to the northeast

Pacific Ocean. Current understanding of juvenile distribution, development, and

mechanisms that drive recruitment variation, however, remains largely incomplete.

The objective of this study was to compare a time series of NPA recruitment to

established climate indices and to environmental covariates to explore drivers of the

NPA life cycle. Additionally, this work investigates potential larval NPA transport

pathways and their positional relationships to the proposed northeastern nursery

grounds. Using Lagrangian particle tracking, trajectories of passive larvae were simu-

lated at depths of 0 and 15 m for 18 years (2001–2018) from the Southern Emperor-

Northern Hawaiian Ridge (SE-NHR) natal habitat. Dispersal distances and particle

end positions were examined for their potential relationships with recruitment. Sea

surface temperature and net primary productivity were evaluated as predictor vari-

ables using generalized additive modeling. Neither regression of particle end-point

characteristics nor environmental covariates resulted in significant correlations with

recruitment here, perhaps owing to data limitations surrounding the nursery zone.

Particles were found to be advected largely within the North Pacific transition zone

in the central north Pacific. Significant seasonal correlations were found between

recruitment and the Arctic Oscillation, Pacific Decadal Oscillation and North Pacific

Gyre Oscillation, suggesting that NPA recruitment mechanisms respond to interann-

ual ocean-atmospheric climate oscillations. Better knowledge of the connections

between recruitment and the environment would be valuable for stock management,

and improvements for advection predictions are discussed.
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1 | INTRODUCTION

Since the late 1960s, North Pacific armorhead (NPA) have experi-

enced intense bottom-trawl fishing pressure in the central North

Pacific. Commercial over-exploitation was immediate following the

rise of a groundfish fishery at the largest concentration of demersal

NPA over the Southern Emperor-Northern Hawaiian Ridge (SE-NHR)

seamounts, and fishing effort then spread throughout the Hawaiian

archipelago (Uchida & Tagami, 1984). Catch of NPA significantly

declined in 1977 and has since remained at extremely low levels
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(Kiyota et al., 2016). The current NPA fishery, which occurs in interna-

tional waters and is managed by the North Pacific Fisheries Commis-

sion (NPFC; a Regional Fisheries Management Organization), is

generally sustained by intermittent recruitment events occurring

every 5–10 years (NPFC, 2021).

NPA remain at-present a data-poor species (Kiyota et al., 2016).

The NPA life cycle consists of an extended epipelagic phase of

approximately 1.5–2.5 years, followed by a transition into the demer-

sal zone in later life stages (Boehlert & Sasaki, 1988). Spawning occurs

over winter between November and March and is believed to occur

solely at the SE-NHR seamounts, shown in Figure 1 (Kiyota

et al., 2016). For the first several months after spawning occurs, eggs

and larvae are neustonic and are either advected in wind-driven cur-

rents or actively move northeastward (Boehlert & Sasaki, 1988;

Humphreys et al., 1993). Juveniles feed and grow steadily in the

northeastern subarctic Pacific, which is hypothesized to provide a

suitable nursery ground habitat (Humphreys et al., 1993; Murakami

et al., 2016). At some point during their pelagic phase, NPA develop a

capacity to swim actively and have been suggested to exhibit school-

ing behavior based on presence of aggregated samples in sei whale

stomach content analyses (Boehlert & Sasaki, 1988; Chikuni, 1970).

Following the pelagic phase, sub-adults return to the SE-NHR sea-

mounts, where recruitment to the adult stock is estimated to occur

principally in late spring to summer (Humphreys et al., 1989, 1993;

Kiyota et al., 2016). NPA recruitment strength has been historically

highly sporadic, producing significant interannual fluctuations in this

species' biomass.

Given the prevalence of variable recruitment strength among

many fish species, recruitment studies in recent years have sought to

investigate physical and biological driving sources of recruitment vari-

ability using multidisciplinary modeling strategies in order to incorpo-

rate these factors into management (Houde, 2008; Ludsin et al., 2014;

Wilson et al., 2008). Local surface environmental conditions such as

sea surface temperature (SST) and food availability are driven by inter-

actions between oceanographic features, geographical morphology,

and weather effects (Keyl & Wolff, 2008) and have significant influ-

ences on fish survival (Pécuchet et al., 2015). Physical transport of lar-

vae is another principal determinant of year-class strength, as fish

commonly rely on current transport during larval stages for dispersal

to nursery zone systems (Norcross & Shaw, 1984). Ocean circulation

patterns, eddy dynamics, and fronts, such as those that occur within

the North Pacific transition zone, are therefore often found to relate

to pelagic species' larval distributions, as well as to migration and for-

aging patterns in later life stages (Laurs & Lynn, 1977; Pattrick

et al., 2021; Polovina et al., 2001; Sánchez-Velasco et al., 2013;

Wolanki & Hamner, 1988). Early NPA survival success theories have

suggested that thermal and prey associations are likely important,

while other research has shown that transport of NPA eggs and larvae

to unfavorable regions during the pelagic phase due to interannual

surface current variations could be a determinant of year-class

strength (Boehlert & Sasaki, 1988). Relating the physical environment

to recruitment is in itself a profoundly difficult endeavor, as the envi-

ronment varies spatially and temporally, and biological responses are

complex and occur at various scales.

F IGURE 1 Map of the northeast Pacific showing potential Southern Emperor-Northern Hawaiian Ridge natal seamounts of NPA (black
circles) and the nursery zone polygon employed in this study. Six central seamounts (denoted with an asterisk) were selected as the OceanParcels
simulation particle release locations.
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Large-scale climate indices, which act as proxies for coupled

atmosphere–ocean processes that drive climatic variability (Litzow

et al., 2020), are commonly compared with recruitment data and can

be valuable in detecting drivers of fish stock abundance changes. The

Pacific Decadal Oscillation (PDO) and the North Pacific Gyre Oscilla-

tion (NPGO) climate indices are, respectively, defined as the leading

principal component of SST variability in the North Pacific (Mantua

et al., 1997) and the second principal component of variability in sea

surface height anomalies (Di Lorenzo et al., 2008). The PDO and

NPGO indices have been demonstrated to correlate on interannual

time scales to regional environmental conditions in the northeast

Pacific (Litzow et al., 2018), as well as to marine life fluctuations

throughout the Pacific Ocean (Chavez et al., 2003; Chhak et al., 2009;

Coffin & Mueter, 2016; Johnson et al., 2020; Lee et al., 2009;

Mantua & Hare, 2002). Other indices, including the Arctic Oscillation

(AO), the North Pacific Index (NPI), and the Aleutian Low Pressure

Index (ALPI; Rodionov et al., 2007), have been demonstrated to cou-

ple with marine production (Beamish & Bouillon, 1993; Schwing

et al., 2003). While connections between NPA recruitment and their

environment continue to be mainly unresolved due to this species'

data limitations, a previous analysis that simulated NPA larval dis-

persal observed a negative relationship between catch and the PDO

index (Yonezaki et al., 2017), suggesting that correlations between cli-

mate datasets and NPA may exist.

As the information currently available for managing the NPA fish-

ery is limited, further insight into recruitment processes for NPA is

crucial for maintenance of both the species and the fishery. An

improved understanding of the effects of large-scale atmospheric and

oceanic conditions on NPA recruitment would aid in their assessment

and sustainable harvesting based on the precautionary principles out-

lined by NPFC regulations. This study aims to (1) examine the relation-

ship between NPA recruitment and large-scale and local

oceanographic conditions; (2) investigate egg and larval transport

pathways using a Lagrangian particle tracking approach; and (3) exam-

ine the proposed nursery zone in the northeast Pacific in relation to

simulated end positions of advected particles. We hypothesize that

recruitment may be correlated to basin-scale conditions in the North

Pacific. In particular, elevated SSTs and higher levels of productivity

may show a positive relationship with recruitment strength, and

advection or retention patterns of drifting eggs and larvae may have a

significant effect on recruitment.

2 | METHODS

2.1 | Study area

The SE–NHR is a chain of volcanic submarine seamounts in the cen-

tral North Pacific Ocean, spanning from 32�N to 53�N in the region of

170�E. The seamounts of the SE-NHR have irregular shapes and span

from 50 to 100 km wide (Roden, 1984). The seamounts interact with

the flow of the Kuroshio Extension and the Subarctic Current

(Figure 2), producing variable water current features, as well as

upwelling and downwelling patterns based on individual seamount

topographies (Roden, 1984). Larger seamounts, including Kammu,

Yuryaku, and Koko, may produce more complex current-topography

F IGURE 2 Map of the northeast Pacific showing the potential Southern Emperor-Northern Hawaiian Ridge seamounts (black circles), flow
directions of major North Pacific currents (gray arrows), the nursery zone used in this study (gray polygon), and previous occurrences of NPA
(white triangle points) described by Boehlert and Sasaki (1988), Murakami et al. (2016), Humphreys et al. (1993), and Humphreys (2000)
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effects such as recirculation and increased retention of organisms in

contrast to small-summited guyot-type seamounts such as Colahan

(Boehlert et al., 1994; Humphreys, 2008).

The North Pacific Fisheries Commission (NPFC) bottom fisheries

2021 footprint document (www.npfc.int/statistics) summarizes fishing

activity at 14 of the SE-NHR seamounts, shown in Figure 1. The high-

est relative abundance of NPA at the SE-NHR is suggested to occur

near the central seamounts Colahan, C-H, and Hancock (Uchida &

Tagami, 1984). Six seamounts between 31.3�N and 38.8�N and

171.2�E and 176�E; Jingu, Koko, Kinmei, Yuryaku, Kammu, and

Colahan, were selected for use in our study based on the suggested

center of abundance of NPA. Deeper-summited SE-NHR seamounts

north of 35�N and seamounts closer to the Hawaiian ridge are not

expected to be used by NPA (Uchida & Tagami, 1984) and thus were

excluded as spawning sites. Juvenile NPA have been recorded widely

throughout the central and east North Pacific Ocean, therefore the

simulation study area extended across the North Pacific Ocean

between 25�N to 62�N and 130�E to 120�W.

2.2 | Recruitment data

Evidence from previous studies assessing the NPA stock have indicated

that fishery catches depend almost exclusively on the appearance of

new recruits in each year (Somerton & Kikkawa, 1992; Wetherall &

Yong, 1986). Thus, increases in catches approximately reflect recruit-

ment events (Kiyota et al., 2016). Because of this strong linkage, an

index of recruitment for NPA was calculated based on commercial fish-

ery catch records. The annual catches of NPA from 2002 to 2019 in

the NPFC-managed Convention Area of the northeast Pacific were

obtained from the NPFC website (www.npfc.int/statistics, accessed

August 18, 2020). Historically, no catch limits have existed for NPA;

however, a 700 ton encouraged catch limit has been in place for NPFC

member countries since 2019. The fishery for NPA is carried out with

bottom trawls (Japan and Korea) and gillnets (Japan). Prior to 1990,

Russian trawlers also fished for NPA in the SE-NHR; however, these

catches were not included in the analysis as Russian fishing ceased after

2006. The catches from Japan and Korea NPA fisheries were summed

by year across gear types, and a standardized index of recruitment was

generated by dividing the annual catch by the geometric mean of the

entire time-series of catches. The geometric mean was used due to the

highly right-hand skewed characteristic of the time series where catch

values varied over many orders of magnitude.

2.3 | Independent data

2.3.1 | Advection model

The dispersal of larval NPA in this study was simulated using Lagrangian

particle tracking from OceanParcels (Probably A Really Computationally

Efficient Lagrangian Simulator) version 2.2 (Delandmeter & van

Sebille, 2019; Lange & van Sebille, 2017). The OceanParcels framework

is designed to generate virtual Lagrangian particle trajectories using

ocean circulation model outputs as current fields. Global ocean surface

velocity field datasets were obtained from the Globcurrent project at

marine.copernicus.eu/ for a 18 year period from 2001 to 2018. The

Globcurrent multi-observation product MULTIOBS_GLO_-

PHY_REP_015_004 (Global Monitoring and Forecasting Center, 2020;

Rio et al., 2014) provides daily average ocean surface velocity fields at a
1/4 degree spatial resolution from a combination of Copernicus Marine

Service satellite geostrophic currents and modeling of Ekman currents.

Although the specific distribution of NPA larvae in the water col-

umn remains unknown, individuals have been collected for study via sur-

face drift nets in the top several meters of the ocean (Murakami

et al., 2016). Current knowledge of NPA accepts that eggs and early-

stage larvae are distributed in the ocean's surface region for the first

several months (Boehlert & Sasaki, 1988). Two full Globcurrent field

datasets were therefore acquired; one at the ocean surface (0 m depth)

and another below the surface at 15 m depth. This allowed us to simu-

late particles at both depths to account for a range of larval vertical dis-

tributions at the ocean surface and to compare particle trajectories

between depths. Using the Globcurrent velocity fields, OceanParcels

base advection kernels were applied to NPA particles and particle posi-

tions were calculated using OceanParcels' default integration, the

fourth-order Runge Kutta integration (van Sebille et al., 2018). While

OceanParcels has the functionality to program for specific particle

behavior within the water column, no description of NPA larval behavior

currently exists, and we assumed passive transport for eggs and larvae.

Particle trajectories were thus directly dependent on the flow dynamics

provided by Globcurrent and OceanParcels' base advection scheme.

Two separate simulation runs were executed over the 2001–

2018 study period, one using the 0 m depth dataset and one using

the 15 m depth dataset. Previous studies have estimated the NPA

spawning period to occur from approximately November to March

based on histological and otolith analyses, with peak spawning occur-

ring from December to February (Table 1). To center the estimated

TABLE 1 Historical estimates of spawn timing and pelagic
duration for North Pacific armorhead in the Emperor Seamounts

Spawning
date

Pelagic
duration
(days) Source

December–March 365–1095 Uchiyama and

Sampaga (1990)

November–March 365–1642.5 Boehlert and Sasaki (1988)

November–March 1460+ Uchida and Tagami (1984)

November–March 729–999 Humphreys (2000)

Winter 912.5+ Humphreys et al. (1993)

December–February 547.5–912.5 Humphreys et al. (1989)

November–March 730–1642.5 Kiyota et al. (2016)

December–February 912.5+ Murakami et al. (2016)

November–February 912.5–1460 Yonezaki et al. (2017)

December–March 547.5–912.5 Somerton and

Kikkawa (1992)
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spawning peak, simulations were executed over a period of four win-

ter months from November 15 to March 15. A central point at each

of the six study seamounts was designated as a release location

(Figure 1), from which particles were deployed daily. A drift trajectory

of 120 days was generated for each particle to approximate a poten-

tial timeline of swimming capability development. The assumption of

active swimming development at 120 days old was utilized previously

by Yonezaki et al. (2017) based on the determination of NPA larval

standard lengths using the von Bertalanffy growth curve (Murakami

et al., 2016). Particle trajectories were recorded, and end points were

extracted to give measures of straight line distance (SLD), cumulative

distance (CD), end longitude, and end latitude for both depth

simulation runs.

2.3.2 | Environmental variables

Two environmental variables were examined for their potential rela-

tionship with NPA recruitment: SST and net primary productivity

(NPP). SSTs describe the thermal conditions which drive primary pro-

duction and larval development. NPP is the rate of photosynthetic

carbon fixation excluding the fixed carbon used for metabolic pro-

cesses (Behrenfeld & Falkowski, 1997a). Ocean color models, which

utilize satellite-derived chlorophyll-a pigments data to estimate NPP,

provide a measure of marine phytoplankton biomass that can act as

important environmental data in fisheries studies (O'Reilly et al., 1998;

Saba et al., 2011). Stomach content analyses on NPA have shown that

their diet is often comprised of zooplankton (Kiyota et al., 2016),

which feed on phytoplankton (Solanki et al., 2008). Food resource

availability is a principal determinant of pelagic larval fish survival and

recruitment (Cury & Roy, 1989), thus relating fish distributions and

abundances to remotely sensed seasonal chlorophyll-a and SST varia-

tions is often a goal of pelagic fish studies (Lanz et al., 2009; Mugo

et al., 2010; Shaari & Mustapha, 2018; Zainuddin, 2011). The daily

SSTs and MODIS NPP (surface chlorophyll-a in mg C m�2 d�1) were

estimated based on values nearest to the daily position of each NPA

particle. Temperature estimates were available daily at a 1/4� spatial

resolution from The Optimum Interpolation Sea Surface Temperature

(OISST) analysis v2.1 (www.ncdc.noaa.gov/oisst; Huang et al., 2020).

MODIS NPP estimates were available on 8 day intervals from 2002 to

2019 at a 1/4� resolution from sites.science.oregonstate.edu/ocean.

productivity/ (Behrenfeld & Falkowski, 1997b). The combined dataset

consisted of a date, daily position, daily geo-located SST, and geo-

located NPP measurements every 8 days for each particle represent-

ing an NPA larva released from seamounts in the northeast Pacific.

2.3.3 | Climate indices

The PDO index, defined as the leading principal component of SST

variability in the North Pacific (Mantua et al., 1997), shifts between

positive and negative regimes depending on the strength of the Aleu-

tian low (Rodionov et al., 2007). When the PDO regime shifts to

positive values, the northeast Pacific experiences positive SST anoma-

lies, while negative SST anomalies occur in the central and western

North Pacific (Newman et al., 2016). The NPGO index is the second

principal component of variability in sea surface height anomalies, and

is known to play an important role in driving North Pacific conditions

including salinity and chlorophyll-a (Di Lorenzo et al., 2008). The AO

index is the leading empirical orthogonal function of sea level pressure

in the Northern Hemisphere, and acts predominantly on the Arctic

region and a mid-latitude zone over both the North Pacific and the

North Atlantic (Hamouda et al., 2021; Thompson & Wallace, 2000).

In addition to the PDO, NPGO, and AO, many other climate indices

have been related successfully to fish-based indices. A collection of

seven commonly used climate indices was selected for comparison with

NPA recruitment. Datasets were obtained from the National Oceanic

and Atmospheric Administration (NOAA, US) Climate Prediction

Center (www.cpc.ncep.noaa.gov/) for the PDO (Mantua et al., 1997;

NOAA National Centers for Environmental Information, 2022), the AO

(NOAA Climate Prediction Center, 2022a) and the Ocean Nino Index

(ONI; NOAA Climate Prediction Center, 2022b). We obtained the multi-

variate ENSO Index (MEI, NOAA Physical Sciences Laboratory, 2022),

the North Pacific Gyre Oscillation (NPGO; Di Lorenzo et al., 2008; o3d.

org/npgo/roms.html), the North Pacific Index (NPI; National Center for

Atmospheric Research, 2022; Trenberth & Hurrell, 1994; Wallace &

Gutzler, 1981), and the Aleutian Low Pressure Index (ALPI, Surry &

King, 2015; www.dfo-mpo.gc.ca/science/documents/data-donnees/

climatology-climatologie/alpi-eng.txt).

2.4 | Statistical analyses

2.4.1 | Linear regression

All analyses were conducted with R software version 4.1.1 (R Core

Team, 2021). Significance was determined at the p < 0.05 level. Since

the recruitment index data were available from 2002 to 2019, all

other acquired datasets were adjusted to this time period for analyses.

The advection dataset was obtained beginning at 2001 to account

allow comparison with recruitment data at lags. Particle trajectories

and end points were plotted for both depth datasets. End-point den-

sity rasters were generated using the R raster package (Hijmans & van

Etten, 2012) and were projected in a Mercator projection centered on

the North Pacific Ocean. The end-point raster's figures allowed visual-

ization of the particle distribution and density across the simulation

fields. Each 1 km2 cell displays the count of particles situated within

the cell area after 120 days of advection with OceanParcels. For each

end-point density raster, we calculated center of gravity, skewness,

and kurtosis, which were compared using linear regression to the NPA

recruitment index.

Linear regression models were used to examine the relationship

between the recruitment index and the simulation particle trajectory

data (SLD, CD, end longitude, and end latitude). Regression analyses

using these variables were performed on trajectories originating dur-

ing the peak spawning season (December–February). Sensitivity
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analyses were also completed on spawning occurring outside of this

temporal window (November–March). While estimates of NPA's

pelagic period duration (Table 1) have previously varied in length to

account for the possibility of other more lengthy migration routes,

Boehlert and Sasaki (1988) proposed that the pelagic phase occurs

over a period of 1.5 to 2.5 years for fish migrating in the northeastern

direction. Trajectory data were thus regressed against the recruitment

index with 1 and 2 year lags to account for uncertainty in the period

of dispersal to the nursery zone. The ratio of SLD to CD for each tra-

jectory was used as an approximation of vorticity, which was

regressed with recruitment to explore the existence of a potential

relationship between particle meandering and recruitment.

In order to quantify the advection characteristics of simulated parti-

cles, we assigned a zone of particle retention around the spawning habi-

tat at the SE-NHR seamounts and a hypothetical nursery zone in the

northeast Pacific. A 200 km-wide buffer was generated around the six

seamount release locations to function as a spawning ground retention

zone. Particles that ended within this zone were characterized as

“retained.” Coordinates of historical NPA pelagic occurrences in litera-

ture from Boehlert and Sasaki (1988), Murakami et al. (2016), Hum-

phreys et al. (1993), and Humphreys (2000) were plotted as spatial

points, around which a polygon was loosely fitted to represent potential

nursery grounds (Figure 2). Particles that reached this polygon were con-

sidered “nursery zone-advected.” We applied mask raster layers of the

retention zone and nursery zone over each of the end-point density ras-

ters to compute quantities of particles that dispersed into each zone for

every year and to run descriptive statistics. The recruitment index was

regressed with the percentages of retained particles and of advected

particles at 1 and 2 year lags for the 0 and 15 m depth datasets.

Regression models were additionally used to test for significant

relationships between the NPA recruitment index and the seven cli-

mate indices. Annual climate index values were evaluated, as well as

shorter time period subsets to detect significant relationships

between seasonal indices and recruitment. Climate indices for which

monthly values were available, including the PDO, the NPGO, the AO,

and the NPI, were subset into the following seasons; fall (September–

November), winter (December–February), spring (March–May), and

summer (June–August). The MEI index values represent two overlap-

ping months; thus, each value was isolated as a subset and regressed

with recruitment. This same process was conducted with the ONI

index, for which values are a 3-month running mean.

2.4.2 | Generalized additive modeling

Non-linear relationships between recruitment and oceanographic vari-

ables were explored with generalized additive models (GAMs) using

the mgcv package in R (Wood, 2006; Wood, 2011). Recruitment (y)

was modeled as a smoothed function of temperature variables and

productivity variables:

y¼ stemperatureþ sproductivityþε,

where s indicates a thin-plate regression spline and the errors, ε, are

normally distributed. Recruitment was log-transformed to meet the

assumption of normality. Two temperature variables were obtained

for use as GAM predictor variables; the annual mean SST calculated

along the particle trajectory path, and the annual mean number of

degree-days calculated using a base temperature of 9�C (Chezik et al.,

2014). Two productivity variables, the annual mean NPP along the

path of simulated larval drift and the cumulative NPP since January

1 along-path of the larval drift, were similarly obtained as predictor

variables. Variable selection was conducted to reduce unnecessary

model complexity using a combination of approximate p value, esti-

mated degrees of freedom and generalized cross-validation score

(GCV; Wood, 2006). Mean SST and mean degree days were highly

correlated and generated identical GAMs with each productivity vari-

able. Since this too was the case for the productivity variables, only

one of each variable type was necessary for subsequent GAM ana-

lyses, and mean SST and mean NPP were set as GAM covariates.

Relative model fits to the data were evaluated using the Akaike

information criterion corrected for small sample sizes (Burnham &

Anderson, 2002). To reduce overfitting on such a small dataset, a basis

degrees of freedom of k = 4 was used in each GAM to decrease the

number of potential inflection points in the smoothed fit. Although

GAMs are fairly robust to violations of assumptions of normality, the

model residuals were examined to detect for any violations of this

assumption. To determine the best model fit to data, exploratory

model analyses also evaluated alternative error structures for all

GAMs, including the Tweedie and gamma distributions. Neither of

these distributions resulted in improved model diagnostics over the

Gaussian distribution.

3 | RESULTS

3.1 | Recruitment index

The catches of NPA in the SE-NHR region ranged from 242 metric

tons (mt) in 2016 to 25,460 mt in 2012 (mean = 5221 mt, sd = 7674

mt). The index of recruitment computed from the geometric mean of

the catch time series ranged from approximately 0 to 12.9 over the

18 years of data (Figure 3). Most years experienced low recruitment,

with peaks occurring in 2004, 2008, 2010, and 2012.

3.2 | Advection model

Over the simulation, a total of 20,568 particles were released

(10,284 at each depth). Mean SLD travelled by particles after

120 days was approximately 860 km for the 0 m depth dataset parti-

cles, and 710 km at 15 m depth. Mean CD was approximately

2,220 km at 0 m depth and 2,050 km at 15 m depth. Mean end parti-

cle latitude was 32.6�N for both the 0 depth dataset and for the 15 m

depth dataset, while mean end longitudes were 162.3�W longitude

6 LAVERY ET AL.



F IGURE 3 NPA recruitment time series
calculated from the annual catch by Japan and
Korea. Labeled years indicate recruitment peaks.

F IGURE 4 Raster plots showing the nursery zone (green polygon), and the density and distribution of particles in the northeast Pacific ocean
after 120 days of advection with OceanParcels at 0 m depth. Each cell that displays a particle count outlined by the legend covers an area of
1 km2. The top left grid panel displays the full North Pacific study area and includes a smaller rectangle, which depicts the bounds of the other
panels in the plot.
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and 164.6�W longitude at 0 and 15 m depths, respectively. Regres-

sion of the 0 and 15 m depth datasets revealed no significant relation-

ships between recruitment and SLD, CD, end longitude, or end

latitude. A marginally insignificant negative linear relationship

(p = 0.06, R2 = 0.155) occurred between recruitment and CD at depth

15 m at a lag of 2 years. Sensitivity analyses assessed the inclusion of

spawning months November and March but did not produce mean-

ingfully different results to when the analysis was constrained to the

peak spawning period from December to February. Vorticity, calcu-

lated as the ratio of SLD to CD, was not a significant predictor of

recruitment at either depth.

The drift trajectories in most years indicated that many particles at

both 0 m (Figure 4) and 15 m (Figure 5) drifted to the northeast from the

seamounts, and that particles simulated at 0 m depth tended to exhibit a

wider dispersal. The end-point rasters displayed areas of peak concentra-

tion in all years. In many years (e.g., panel 2001–2002 in Figure 4), a

bimodal pattern of end points was apparent, where one high density

patch of larvae occurred to the northeast, and one to the southeast

closer to the SE-NHR. All end-point rasters for both depths had positive

skewness values consistent with non-uniform and non-normal dispersal.

Kurtosis values indicated relatively flat distribution of points throughout

the rasters for both depths. No clear relationship was found when

recruitment was tested against the measures of center of gravity, skew-

ness and kurtosis for the 0 m and 15 m depth rasters. On average, a

larger quantity of 0 m depth-simulated particles reached the nursery zone

compared to the 15 m depth dataset. Percentages of nursery-zone

advected particles were not found to be extraordinarily high; values over

the simulation period fell between 9.1%–36.8% for the 0 m depth data-

set (Figure 6), and 2.6%–17.8% for the 15 m depth dataset (Figure 6).

Particles were also not retained at the SE-NHR in high percentages;

between 1.8–10.3% of particles were retained at 0 m depth and 2.7–

12.4% were retained at 15 m depth (Figure 6). Figure 7 shows the cumu-

lative particle distributions across all simulation years for each depth in

relation to the SE-NHR seamounts and the nursery zone. No linear rela-

tionships were found between recruitment lagged at 1 or 2 years and

percentages of retained or advected particles at 0 or 15 m depth.

F IGURE 5 Raster plots showing the nursery zone (green polygon), and the density and distribution of particles in the northeast Pacific ocean
after 120 days of advection with OceanParcels at 15 m depth. Each cell that displays a particle count outlined by the legend covers an area of
1 km2. The top left grid panel displays the full North Pacific study area and includes a smaller rectangle, which depicts the bounds of the other
panels in the plot.
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3.3 | Environmental variables

The SSTs encountered by our simulated particles at the ocean surface

ranged from 13.42�C to 24.81�C, with a mean of 17.2�C (1.44�C stan-

dard deviation [sd]). The mean NPP was 577.21 mg C m�2 day�1

(205.44 mg C m�2 day�1 sd), with a range of 239.27 to 5233.3 mg

C m�2 day�1. The GAMs did not show significant correlations with

the predictor variables as judged by the approximate p-values.

However, the GAM that used mean SST and mean NPP to predict log

recruitment explained 23.1% of the deviance in the data (Figure 8).

The GAM partial effect plots showed that recruitment decreased line-

arly with increasing SST (p = 0.09). The effect of NPP as a predictor

variable was highly insignificant (p = 0.76), though the partial effects

plot appears to illustrate a potential optimal relationship with the

index of recruitment at intermediate productivity values

(NPP � 600 mg C m�2 day�1).

F IGURE 6 Percentages of simulated particles
advected to the proposed northeast Pacific
nursery zone and percentages of particles retained
adjacent to the SE-NHR spawning grounds are
shown for the 0 and 15 m depth datasets.

F IGURE 7 Raster plots showing the total
particle count in each 1 km2 cell summed across
all years from Figures 4 and 5 for each depth. The
green polygon represents this study's nursery
zone, and the blue polygon represents an
approximate location of the North Pacific
Transition Zone. The blue circular points indicate
the locations of the six study seamounts.
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3.4 | Climate indices

Three of the seven climate indices had significant linear relationships

with the NPA recruitment index. The index of recruitment was found

to correlate with the PDO during summer months from June to

August (p = 0.01), with the model explaining approximately 35% of

the variability in recruitment (R2 = 0.35; Figure 9). A significant nega-

tive regression was found between recruitment and AO values during

winter months from December to February (R2 = 0.435, p = 0.003;

Figure 9). During spring months from March to May, the NPGO was

found to have a moderately significant positive relationship with

recruitment (R2 = 0.23, p = 0.04; Figure 9). Significant relationships

were not found between the index of recruitment and climate indices

including the ALPI (p = 0.10), the MEI (p = 0.09), the NPI (p = 0.51),

and the ONI (0.26) using linear regression.

4 | DISCUSSION

We employed Lagrangian particle analysis to investigate potential cor-

relations between physical transport in the North Pacific ocean and

recruitment in NPA. Trajectory simulations resulted in areas of high

concentrations of particle end points, and notable percentages of par-

ticles that were advected to the northeast of the SE-NHR. The

recruitment index was not found to be significantly related to trajec-

tory variables for particles released during the spawning season,

F IGURE 8 Partial plots of estimated
smoothness of SST and NPP for the best-
fitting generalized additive model. The
partial effect of the variable is shown on
the y axis, and the shadow
section represents one standard
deviation.

F IGURE 9 Shown are regression
plots of NPA recruitment and climate
indices where a significant linear
relationship was found. Climate data
shown are seasonal; index values for
the PDO are from summer months
(June–August), values for the AO are from
winter months (December–February), and
values for the NPGO are from spring
months (March–May).
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however significant correlations resulted from regression of promi-

nent North Pacific ocean-climate indices against the index of NPA

recruitment. Based on the GAM analysis results, we suggest that an

important association between recruitment and SST may exist.

4.1 | Recruitment analysis

Given the pronounced differences in NPA abundance year-to-year,

stock-independent factors such as environmental processes have

been proposed to drive a large portion of the annual NPA recruitment

variation (Wetherall & Yong, 1986). The recruitment index for this

analysis was calculated from the geometric mean of the catch, which

assumes that NPA recruitment events are solely the cause of biomass

fluctuations and commercial catch is a direct representation of recruit-

ment. While this assumption has been made in previous NPA studies

(Somerton & Kikkawa, 1992), it may be problematic to rely on catch

data to calculate a recruitment index considering the uncertainties in

year-class strength drivers for the species.

As catch data were only available for 18 years, our study period

was constrained to a relatively short time series. The presence of high

and low recruitment events provided contrast for exploration in this

study; however, analyses of long-term environmental variability and

dispersal patterns were not possible with existing data availability.

4.2 | Behavior and habitat

Six central SE-NHR seamounts surrounding the historical center of

NPA abundance were chosen as particle release locations. For species

that have strong associations with a specific habitat, such as demersal

NPA with seamount habitat post-settlement, habitat can be used as a

reliable proxy for spawning location (Swearer et al., 2019). Among the

central seamounts, however, there are notable differences in topogra-

phy, productivity, assemblages, and fishing histories (Sasaki, 1986).

Yonezaki et al. (2017) found that quantities of advected particles

arriving from different origin seamounts to the nursery area after

120 days were substantially different, with particles originating from

Jingu almost three times more prevalent than Koko, and Kammu-

originated particles making up only 0.1%. Because spawning at spe-

cific locations is an important determining factor of end-point loca-

tions and success for many fish species (Schilling et al., 2020) and

NPA dispersal trajectories may differ considerably between sea-

mounts, current data on NPA spawning events would be valuable to

the study of this species.

As the exact timing and location of NPA batch spawning events

remain unknown, particles were deployed at a constant daily rate over

the study simulation period to account for variability in oceanographic

conditions, producing maps of potential end points from each day of

the spawning season. Consequently, it is likely that true NPA larvae

locations after 120 days in the ocean differ somewhat from our simu-

lated particle end points. Patches of high densities of larvae end

points similar to those shown in Figures 4 and 5 were expected to

occur due to current patterns and mesoscale eddies, which can

entrain larvae and produce areas of comparatively higher concentra-

tions (Lobel & Robinson, 1986). It is possible that in nature, these con-

centrated patches may occur at even higher densities than those

generated in this study using a uniform temporal particle dispersal.

While factors relating to current transport alone could be responsible

for the presence of high-density particles areas, particle clustering

could also point towards evidence for early schooling behavior, which

has been suggested for NPA but not well-documented (Boehlert &

Sasaki, 1988).

A point of significant uncertainty in this study and others is the

absence of data on the development of NPA movement behaviors

throughout the epipelagic phase. There is evidence that fish in early

developmental stages may be able to exhibit vertical movement in the

water column in response to light, food and predation, as well as to

detect and avoid turbulence (Olla & Davis, 1990; Swearer

et al., 2019). While it seems plausible that in later larval stages NPA

would begin to exhibit more complex behavior, such as horizontal

swimming, programming of complex particle behavior during our sim-

ulations was not possible due to the lack of data. Significant differ-

ences in larval transport can be produced by small vertical positional

changes and horizontal movements within the water column; thus,

knowledge of depth distribution and behavior is important in dispersal

modelling (Swearer et al., 2019). Further data on the developmental

timeline of NPA larvae would be required to include larval movement

into biophysical modeling; however, there are no current viable means

to acquire this data. Assessment of pelagic NPA would involve long,

expensive surveys and likely low encounter probability given the vast-

ness of the potential grounds in which they may be found.

4.3 | Advection and nursery zone

Our results show that many of the simulated particles were located

somewhere between the SE-NHR and the designated nursery zone at

the end of 120 days (Figure 7); particle retention at the SE-NHR was

not strong at either depth and neither dataset produced exceedingly

high percentages of nursery zone-advected particles. Murakami et al.

(2016) proposed that larval NPA that occur near 32�N could likely be

entrained in an east-northeast geostrophic current, sending them in

the direction of the hypothesized nursery zone. As our six release sea-

mounts are located from approximately 31.3�N to 38.8�N, this current

may contribute to our particle end point distributions. Particles

advected at 0 m depth had greater mean SLDs and CDs and reached

more eastern longitudes compared to the 15 m depth particles, which

is logical due to faster-moving currents at the ocean surface. At both

0 and 15 m depths, recorded mean SLDs were much shorter than

mean CDs indicating a meandering of particles during their trajectory,

though a direct correlation between our measure of vorticity and

recruitment was not found. The trajectory variables we investigated

did not present strong relationships with the recruitment index. Nar-

rowing the particle deployment period from November–March to

December–February to simulate the peak spawning season raised
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significance of the relationship, albeit only marginally. The lack of

strong relationships here between recruitment and advection vari-

ables may suggest that a small amount of variability in larval positions

within the northeast Pacific may not have a significant impact on

recruitment, or at least not at 120 days.

This study's nursery zone polygon was based on historical occur-

rence data points from Boehlert and Sasaki (1988), Murakami et al.

(2016), and Humphreys et al. (1993, 2000). The polygon, similar to

that depicted in Murakami et al. (2016), covered an area of ocean in

the northeast Pacific from 178�E to 140�W, and 35�N to 55�N

(Figure 2). Our analysis was not able to model a correlation between

dispersal to a particular nursery zone and recruitment. However, some

combination of advection and active movement after the first

120 days could propel NPA within a similar area to the nursery zone

tested in this work. A distinct spatial separation between year classes

across the eastern North Pacific has been described previously, where

younger specimens are found closer to the SE-NHR region and larger

specimens occur northward and eastward (Boehlert & Sasaki, 1988;

Murakami et al., 2016). Following this pattern, perhaps larvae at

120 days are merely still in transit toward optimal nursery conditions.

Alternatively, perhaps what can be characterized as NPA nursery

grounds is very broad, either encompassing a large spatial area or sev-

eral areas with ideal conditions for various life stages.

4.4 | Environmental variables

SST, a widely used environmental indicator and GAM variable in fish-

eries studies, has been found to be the best predictor for habitat (Lien

et al., 2014; Mugo et al., 2010) and abundance from CPUE (Abdellaoui

et al., 2017) for other pelagic species. The GAM methods employed in

this analysis showed a potential negative relationship between water

temperature and NPA recruitment, although the relationship was not

statistically significant. Since temperature affects fish larvae both

directly by acting on their larval development rate, and indirectly

through effects on production of prey (Otterson & Loeng, 2000), it is

likely correlations between NPA and SST patterns or surface thermal

features do exist despite not being illustrated here using this index of

recruitment.

Epipelagic NPA have been collected in temperatures between

8.6�C and 15�C (Boehlert & Sasaki, 1988) and have been found to

occur within significantly different mean SSTs based on their age class

during summer sampling in the nursery zone (Murakami et al., 2016).

The SSTs encountered by our simulated particles ranged from

13.42�C to 24.81�C, the lower end of which is comparable to the

approximate temperatures where age 0 class fish were found to occur

by the Murakami et al. (2016) study. In Murakami et al. (2016), NPA

appeared to prefer lower SSTs with increasing age. Within the range

of temperatures found in this study, relatively low SSTs were associ-

ated with more northern latitudes encountered by particles.

Northeastward-directed advection after 120 days would presumably

follow this pattern, with older fish occurring in increasingly lower SSTs

as noted by Murakami et al. (2016).

NPP, or ocean color data, is often assessed alongside SSTs as an

environmental driver of fish abundance and distribution, as SSTs and

chlorophyll-a are often tightly linked (Behrenfeld, 2014; Behrenfeld

et al., 2006; Solanki et al., 2005) and their covariance is highly depen-

dent on regional conditions (Dunstan et al., 2018). The ocean color

variable used in our GAMs was not found to be a significant predictor

for NPA recruitment. These results could indicate a weak relationship

between the two or could likely be attributed to the indices used in

this work to compare the primary production level to NPA larvae sev-

eral trophic levels above. Although insignificant, there did appear to

be a possible optimal relationship between the index of recruitment

and NPP, shown in Figure 8. Given the trophic separation between

NPA and phytoplankton, it is difficult to decipher the true relationship

between them. In some marine food webs, abundances of phyto-

plankton, zooplankton, and pelagic fish do not necessarily overlap spa-

tially and temporally, producing a mismatch between trophic levels

(Grémillet et al., 2008).

Zooplankton, which have been found by past studies to be central

prey items to NPA diets (Kiyota et al., 2016; Nishida et al., 2016), are

known to aggregate at the Transition Zone Chlorophyll Front (Glover

et al., 1994; Polovina et al., 2001). The front migrates seasonally

within the North Pacific transition zone from approximately 31�N to

43�N (Polovina et al., 2017), and is known to be an important foraging

environment for various epipelagic species including Pacific saury,

Pacific pomfret and mackerel species due to the enhanced trophic

exchange (Pearcy, 1991). When plotted spatially, a large number of

our particle end points for both years appear to fall within the transi-

tion zone (Figure 7). In fact, the bimodal particle density spatial pat-

tern that appears at both depths in many years (Figures 4 and 5) and

cumulatively in Figure 7 generally aligns with the transition zone

northern boundary at the Subarctic Front and the southern boundary

with the Subtropical Front. These boundaries are characterized by

localized regions of higher productivity. Given the occurrence of NPA

within the transition zone boundaries as spawning adults and likely

during some periods of their epipelagic phase, favorable NPA foraging

conditions are expected to be produced during at least some of the

year within the transition zone.

4.5 | Climate

Three climate indices were found to be significantly related to the

index of recruitment; the AO, the NPGO, and the PDO. Wintertime

AO values (p = 0.003) and PDO during summer months (p = 0.01)

were negatively correlated to recruitment. A similar relationship with

PDO was observed previously by Yonezaki et al. (2017), where catch

of NPA was relatively low during positive PDO phases. PDO phase

changes have been shown to correspond to water mass transports

and related temperature-dependent zooplankton community changes

in the North Pacific (Di Lorenzo et al., 2013; Hipfner et al., 2020) and

have caused dramatic and opposite effects in fish stocks historically

(Peterson & Schwing, 2003). Pacific Salmon are a well-studied exam-

ple of this; PDO-related climate forcing drives changes in zooplankton
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abundance and species composition, which are tracked by regional

trends in salmon (Graham et al., 2021; Keister et al., 2010). How NPA

catch and recruitment relate mechanistically to the PDO was not dis-

tinguished by Yonezaki et al. (2017) and remains unclear in the pre-

sent study. It is possible, however, that a bottom-up correlation

between zooplankton and the PDO could translate into the PDO-

NPA relationship found here.

A moderate correlation was found between recruitment and the

NPGO during spring months between March to May. Murakami et al.

(2016) previously suggested a link between NPA larval transport and

phases of the NPGO, which is characterized as the second leading prin-

cipal component of northeast Pacific sea surface height anomalies

(Di Lorenzo et al., 2008). A strong geostrophic current between the SE-

NHR region and the nursery zone to the northeast is proposed to

strengthen during positive NPGO index phases, which could transport

larvae directly towards the posited nursery zone (Murakami

et al., 2016). If this effect is captured by the NPGO, it is reasonable that

the relationship would be strongest in spring, when larvae are passive

and located at the ocean's surface following the spawning season.

The dominant climate modes of the northeast Pacific, such as the

PDO and the NPGO, reflect different sources of wind and circulation

variability (Coffin & Mueter, 2016), and relationships between indices

fluctuate through time (Litzow et al., 2020). As stated by Newman et al.

(2016) regarding the PDO, climate indices reflect patterns that are

forced by a combination of many physical processes occurring at vary-

ing time scales. The complexities driven by climate oscillations render

discerning the true impact of each mechanism on NPA, their prey, and

their surrounding physical conditions extremely difficult. Presumably,

climate-ocean forcing captured by indices including the AO, PDO and

NPGO exerts a host of direct and indirect influences on NPA beyond

what was captured by the data and modeling within this study.

5 | CONCLUSIONS

The results of this study showed that there are clear linkages between

basin-scale oceanographic conditions and NPA recruitment. While

statistical correlations were not found here between larval advection

to the nursery polygon and recruitment success for this time series, a

significant proportion of simulated particles were located between

the spawning grounds and the supposed nursery grounds after

120 days of advection with OceanParcels. The distributions of particle

end points were found to coincide with the North Pacific transition

zone. This may point to broadly-defined nursery grounds for NPA, or

may suggest that juveniles are largely being advected through the

transition zone during early stages of the pelagic phase, followed by a

farther-reaching active migration later in the pelagic phase.

An extended time series of NPA recruitment may allow for better

comparison with climate modes or temperature and productivity

regimes. Advection predictions could be greatly improved with a bet-

ter understanding of NPA behavioral ecology, particularly of the spe-

cific timeline of horizontal swimming development. More

comprehensive data on broad conditions of the northeast Pacific

nursery zone and the species-specific relationship with SST and sea-

sonal prey conditions would aid in deciphering the ideal conditions for

early development of NPA and how their pelagic migrations are

advantageous for their life history.

The fishery for NPA at the Emperor Seamounts since 2019 has

been managed only through effort controls on vessels from Japan par-

ticipating in the fishery, with encouraged catch limits depending on

the estimated level of recruitment (NPFC, 2021). As such, the fishery

currently relies on the periodic appearance of strong year classes that

are heavily fished, removing most of the newly settled recruits (Kiyota

et al., 2013; Somerton & Kikkawa, 1992). The fishery catches then

remain depressed until the next large year class appears. Knowledge

of the linkages between recruitment and the environment will allow

for more informed management of the stock by the North Pacific

Fisheries Commission.
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