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Abstract

To explore relationships between spatial distributions of northern shrimp Pandalus eous and
environmental factors along the coastline of Honshu Island in the Sea of Japan, we built delta-
type two-step generalized additive models (delta-GAM) based on bottom trawl surveys con-
ducted in 2013–2022. The models provide the first quantitative analysis of the species’ habitat,
showing that its distribution is associated with bottom sediment type, depth, slope and topo-
graphic position index (TPI) alongside the effects of year and region. From the delta-GAM
response plots, species habitat preferences in the Sea of Japan were estimated as follows: sea-
floor deeper than 283 m; muddy rather than sandy bottoms; gently sloped to flat bottoms
(<0.8° in slope); and valleys rather than ridges (TPI < 0.9). These results were reviewed in
detail along with previously reported distribution records of northern shrimp. Standardized
density (s-density) per fishing grid cell (10′ square latitude–longitude mesh) estimated
from the delta-GAM results indicated that this species is widely distributed on the continental
slope along the coast of Honshu Island. To test plausibility of the s-density analysis, we com-
pared s-density per fishing grid cell with nominal CPUE (kg per haul) per fishing grid cell
based on official logbook data from large offshore trawl fisheries. The two were generally posi-
tively correlated by year, and the delta-GAM results were assumed to be fairly robust. Finally,
potential fishing grounds were explored based on the delta-GAM results.

Introduction

The spatial distribution of marine organisms is affected by various environmental factors,
including abiotic (e.g. water temperature, depth) and biotic factors (e.g. intra- and interspecific
interactions, including predation) (e.g. Lalli and Parsons, 1997). Species distribution models
(SDMs) incorporate data on the abiotic and biotic environment to predict species’ geographic
and environmental ranges (Robinson et al., 2017), which in turn can be used to predict the
potential fishing grounds of fishery species and improve the precision of stock assessments
(e.g. Zainuddin et al., 2008; Cao et al., 2017). SDMs for marine species have been built
with various data sources such as field surveys conducted by researchers and global and
regional databases of biomass and environmental conditions (Melo-Merino et al., 2020).
Research vessel surveys that can simultaneously sample marine organisms (i.e. collect catch
data) and conduct oceanographic observations (i.e. collect environmental data) are particularly
effective for building SDMs.

The northern shrimp, Pandalus eous Makarov, 1935 is a cold-water shrimp distributed on
the continental shelves and slopes of the North Pacific at depths of 16‒1380 m from the Sea of
Japan to Puget Sound, as well as in the Chukchi Sea (Komai, 1999). Members of the genus
Pandalus are protandrous hermaphrodites, meaning that individuals function as males early
in life then change sex and reproduce as females (Bergström, 2000). Northern shrimp popula-
tions in the Sea of Japan are notable for their ontogenetic migration: post-larval shrimp settle
at a depth of around 300‒350m after the planktonic larval stage, then move deeper (400‒600m)
with growth in the juvenile stage; ovigerous females enter shallower waters (around 200 m) to
hatch and then return to deep water (around 400 m depth) after hatching in winter to spring
(Sadakata, 2000b). Until the early 1990s, northern shrimp was treated as a local population of
Pandalus borealis Krøyer, 1838 (e.g. Kubo, 1965; Butler, 1980), but Squires (1992) distin-
guished northern shrimp from P. borealis by several morphological characteristics.
We followed Squires (1992) and assumed that previous reports of P. borealis in the north
Pacific were of northern shrimp.

Northern shrimp is a high-value fishery resource and is caught across much of the Sea of
Japan. Off the Sea of Japan coast of Honshu Island (the largest island of the Japanese archi-
pelago), it is primarily caught at depths of 200–500 m around Sado Island, off the northern
Oki Islands, in Wakasa Bay, around Noto Peninsula, and on the Yamato Bank (Figure 1),
and the majority of the catch in this region is accounted for by large offshore trawlers
(Danish seiners with gross tonnage >15) operating west of 136.5°E (Figure 2).

The relationship between the distribution of northern shrimp and environmental factors such
as water temperature, sediment type, salinity and depth has long been discussed (Shumway et al.,
1985). The species has generally been recorded in cold waters (usually 0‒5°C) on seafloors with
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gently sloped to flat bathymetry, and mud to sand/mud bottoms
(e.g. Ivanov, 1970; Kitano and Yorita, 1978). However, such infor-
mation on the distribution of the species, bottom sediment and sea-
floor topography has been mostly qualitative. Importantly, the
factors for which there is a lack of quantitative knowledge on the
species’ preferences could be critical to understanding its distribu-
tion (Kurata, 1981; Bergström, 2000), and so comprehensive

analyses of these preferences along with the other environmental
variables are urgently needed. Ship-based survey data could fill
this knowledge gap and be used to build quantitative SDMs,
which could identify the environmental factors that affect northern
shrimp distributions in the Sea of Japan.

In the present study, we clarify the distribution of northern
shrimp along the coastline of Honshu Island in the Sea of

Figure 2. Timeseries of northern shrimp catch (bars) along the coast of Honshu Island in the Sea of Japan and standardized CPUE (solid line) calculated from
official logbook data for offshore trawl fisheries (after Naito et al., 2024). Total catch is divided into catch by large offshore trawlers operating west of 136.5°E
(regions A‒F; red), large offshore trawlers operating east of 136.5°E (regions G‒I; blue) and other fisheries (green).

Figure 1. Map of annual trawl survey locations (red dots). Dotted and dashed lines show 200 and 500 m isobaths, respectively. Uppercase letters (A–I) show admin-
istrative offshore trawl fishing areas, with borders shown by black lines.
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Japan. To fully understand the habitat of the species, we built a
spatially explicit SDM by using a generalized additive model
(GAM) framework based on bottom trawl surveys conducted at
more than 200 stations over a 10-year period. The length of the
monitoring period allows us to identify correlations between spe-
cies distributions and environmental factors while reducing
uncertainty stemming from interannual variability. Finally, we
discuss the characteristics of the spatial distribution of northern
shrimp along the Sea of Japan coast of Honshu Island based on
the output of the SDMs and potential fishing grounds. Our results
will hopefully contribute to improved stock assessment and more
precise management of this species in this region.

Materials and methods

Study area

The study was conducted on continental slopes and shelves in the
Sea of Japan at longitudes of 130°E to 140°E and at depths of
60–500 m along the coastline of Honshu Island in the Japanese
Archipelago (Figure 1). This study area includes the main local
habitat of northern shrimp, which extends from depths of 200
to 550 m (Ito, 1976). To compare the various fishing grounds
used by large offshore trawl fisheries in this area, we divided
the study area into nine regions (Figure 1A‒I) according to the
conventional fishing areas of Japanese offshore trawlers. The
regions were established by the Japanese Ministry of
Agriculture, Forestry and Fisheries, and take into account the
characteristics of benthic fauna, the stock structures of some ben-
thic organisms, and differences in trawl operations and fishing
strategies among regions.

Bottom trawl surveys

Bottom trawl surveys were conducted to sample the density distri-
bution of northern shrimp and obtain environmental parameters
in Japanese coastal areas of the Sea of Japan. In the western and
central Sea of Japan (from 130°E to 138°E), an otter trawl (net
mouth dimensions approximately 17 × 3.5 m, cod end with 20
mm stretch mesh) was deployed from T/S Tanshu-Maru
(Hyogo Prefectural Kasumi High School, Japan). In the northern
Sea of Japan (from 138°E to 140°E), otter trawls were unsuitable
because of the prevalence of steep and rough seafloor bathymetry.
Instead, a beam trawl (net mouth dimensions 6.8 × 1.0 m, cod end
with 20 mm stretch mesh) was towed from R/V Tenyo-Maru
(Japan Fisheries Research and Education Agency, Japan). A sum-
mary of the two bottom trawl surveys is shown in Table 1.

At each site, the collected shrimps were counted and weighed
onboard. Latitude, longitude and depth at the beginning and

ending of each tow were recorded with a GPS (GP-500, Furuno,
Hyogo, Japan) and fish finder (FCV-1500L, Furuno) aboard T/S
Tanshu-Maru and with the SCANMAR system (SCANMATE6,
Scanmar AS, Vestfold, Norway) aboard R/V Tenyo-Maru.
Towed distance was calculated from the GPS data. The net-mouth
opening of the otter trawl was monitored with a combination of
the SCANMAR system and a Net Recorder (CN-2220-40L-P,
Furuno). Bottom temperature was measured at each site with a
compact salinity–temperature–depth profiler (RINKO-Profiler
ASTD-150, JFE Advantech, Hyogo, Japan) and the values from
the Net Recorder were used when the profiler was not available
(0.4% of all records). The area swept was calculated as a product
of the towed distance and the average net-mouth width (for the
otter trawl) or the width of the beam trawl (6.8 m), and the dens-
ity of northern shrimp (kg km–2) was calculated as catch per area
swept.

Details of SDM dataset

The dataset was composed of the survey year, region (A‒I,
Figure 1), presence/absence and density of northern shrimp,
environmental variables (depth [obtained from the field surveys],
bottom-water temperature [from the field surveys], bottom sedi-
ment type [mentioned below] and bathymetry [mentioned
below]). Bottom sediment type was based on the 15-arc-minute
gridded seafloor sediment data for the NW Pacific provided by
the Marine Information Research Center, Japan Hydrographic
Association (Tokyo, Japan) (hereinafter the ‘SS data’). The SS
data are compositional data consisting of the per cent coverages
of 12 sediment types [land, rock, gravel, coarse sand, sand
(medium sand), fine sand, sand and mud (weight ratio of sand
50%), sand and mud (weight ratio of sand 25%), mud, clay,
coral and shells] linked to a 15′-square mesh grid. We recalculated
the bottom sediment percentages of each mesh grid after exclud-
ing the land percentage (e.g. the sediment composition of a grid
that is 50% land, 40% sand and 10% mud is recalculated to
80% sand and 20% mud) and summarized the SS data into a sin-
gle principal component matrix to facilitate interpretation using
principal components analysis. Negative values of the first princi-
pal component (PC1) were associated with a high per cent cover-
age of mud, and positive values with a high per cent coverage of
sand (Figure S1). Because PC1 explained 60.8% of the total vari-
ance (Figure S1), we assumed that it sufficiently reflects the char-
acteristics of the bottom sediment and included it as a parameter
in the subsequent analyses. The slope and topographic position
index (TPI; a terrain classification index for which a negative
value indicates a valley and a positive value indicates a ridge) of
each 0.25′-square mesh were calculated based on the depth of
each grid and its eight neighbouring grids from the General

Table 1. Summary of bottom trawl surveys

T/S Tanshu-Maru R/V Tenyo-Maru

Years 2013‒2022 2018‒2022

Months May to June July

Study area Western-to-central Sea of Japan (regions A‒G) Northern Sea of Japan (regions H‒I)

Depth 176‒504 m 60‒523m

Number of sites in annual surveys 147 60

Total number of tows 1324 241

Gear Otter trawl Beam trawl

Duration of haul 30 min in most cases 20 min in most cases

Average trawl speed 3.0 knot 2.0 knot
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Bathymetric Chart of the Oceans (GEBCO, British Oceanographic
Data Centre) by using the ‘terrain’ function in the package ‘raster’
(Hijmans, 2022) in R (R Core Team, 2021). For each site in the
trawl surveys, the PC1 of the nearest mesh grid was calculated as
a proxy for bottom sediment, slope and TPI based on the position
at the beginning of a trawl haul by using the function ‘st_within’ in
the package ‘sf’ (Pebesma, 2018) in R.

Generalized additive models

To explore relationships between the spatial distribution of nor-
thern shrimp and environmental factors along the coastline of
Honshu Island in the Sea of Japan, we applied a delta-type two-
step model (Lo et al., 1992) incorporated with GAMs (Hastie and
Tibshirani, 1986). GAMs can account for non-linearity in the spa-
tial distribution of northern shrimp, which is abundant at a nar-
row range of depths and bottom temperatures (e.g. Kojima et al.,
1969; Ito, 1976). In addition, a delta-type two-step model can sep-
arately identify environmental factors that influence presence/
absence and density, and enables estimation of a standardized
density considering zero catches. Prior to the model construction,
we examined correlations among the potential explanatory vari-
ables other than year and region, to avoid issues stemming
from multicollinearity. Because depth and bottom temperature
were highly correlated with each other (r =−0.61, Figure S2),
we excluded bottom temperature from both models, following
the collinearity threshold identified by Booth et al. (1994) and
Rhodes et al. (2009). The full delta-type two-step GAMs
(delta-GAMs) were as follows:

logit (P)�a1 + Year+ Region+ s(PC1)

+ s(Depth)+ s(Slope)+ s(TPI)+ Region∗s(Depth)
(First-step model)

log (Density)�a2 + Year+ Region+ s(PC1)

+ s(Depth)+ s(Slope)+ s(TPI)+ Region∗s(Depth)
(Second-step model)

where P and density are the probability of presence and density of
occurrence of northern shrimp, and the first and second steps are
represented by GAMs with binomial and Gaussian errors,
respectively. α1 and α2 represent the intercept in each step
model. Year and region were used as categorical explanatory vari-
ables with fixed effects, and the environmental factors (PC1,
depth, slope and TPI) were used as continuous explanatory vari-
ables. s indicates a smoothing spline and is a penalized cubic
regression spline which has its penalty shrink towards zero at
high smoothing parameter values. The explanatory variables in
each step are year (2013‒2022, 10 categories), region (A‒I; 9
categories), PC1 as a proxy for grain size (mud or sand, dimen-
sionless), depth (m), slope (°), TPI (dimensionless) and the
interaction of region and depth. Here, year represents annual
abundance variability. Region explains putative regional differ-
ences caused by variables that could not be included in the
model (e.g. settlement variability, regional fishing mortality and
ontogenetic migration) but can also include differences in catch
efficiencies between otter trawls (used in regions A–G) and
beam trawls (used in regions H‒I). Depth reflects the general
depth preferences of northern shrimp regardless of region as
well as variations in individual weight. This is because northern
shrimp undergo ontogenetic migration towards deeper habitats
with growth (Sadakata, 2000b) (i.e. northern shrimp show a size-
specific distribution in which small shrimp occur at shallower
depths than large shrimp). The interaction term was added
because the habitat depths and preferred bottom temperatures
of northern shrimp differ among regions (regional differences
in depth preferences: e.g. Ito, 1976; Sadakata, 2000b) and cannot

Table 2. Summary of generalized additive models

First-step model

Year Region PC1 Depth Slope TPI Region × Depth AIC ΔAIC

+ + + + + + + 778.4 −

+ + + + + + 779.0 0.6

+ + + + + + 780.0 1.6

+ + + + + + 780.4 2.0

+ + + + + + 781.0 2.6

+ + + + + + 804.7 26.3

+ + + + + + 818.1 39.6

+ + + + + + 867.9 89.5

Second-step model

Year Region PC1 Depth Slope TPI Region × Depth AIC ΔAIC

+ + + + + + 2716.6 −

+ + + + + 2717.1 0.5

+ + + + + 2720.4 3.8

+ + + + + 2742.6 26.0

+ + + + + 2751.6 35.0

+ + + + + 2766.3 49.7

+ + + + + 3002.6 286.0

+ indicates the factors included in each model. PC1, first principal component; TPI, topographic position index; AIC, Akaike information criterion; ΔAIC, change in AIC as explanatory variables
are removed from the best model.
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be explained by individual region and depth effects alone.
Moreover, as large (i.e. old) individuals are much heavier than
small (young) ones and the response variable is total catch (in
kilograms), the interaction of depth and region might not only
reflect differences in the depth at which shrimp are abundant in
each region but also differences in size distribution in each region.

The optimum degree of smoothing was determined by the
generalized cross-validation criterion by using the function
‘gam’ in the package ‘mgcv’ (Wood, 2011) in R. We selected
the best models with the lowest Akaike information criterion
(AIC) value from the candidate models with all possible combina-
tions of the explanatory variables, and used the selected model in
the following analysis. Performance of the best first-step model
was evaluated by using receiver operating characteristic (ROC)
analysis (Swets, 1988). ROC evaluates the relationship between
the sensitivity and specificity of a model and the results are sum-
marized through the metric of the area under the curve (AUC).
AUC varies between 0.5 and 1.0 and the model performance is
higher if AUC is closer to 1.0. AUC was estimated in the ROC
analysis by using the function ‘performance’ in the package
‘ROCR’ (Sing et al., 2005) in R. To confirm that the logarithm
of density based on the best second-step model follows a
Gaussian distribution, we drew a quantile–quantile (Q–Q) plot

(Wilk and Gnanadesikan, 1968) by using the function ‘qq.gam’
in the package ‘mgcv’ (Wood, 2011) in R.

Standardized density (hereinafter s-density) in each fishing
grid cell estimated with the best occurrence and density models
was used to infer the locations of potential fishing grounds with
high northern shrimp density along the Sea of Japan coast of
Honshu. Briefly, s-density along a 10′ latitude–longitude square
mesh grid (hereafter, the fishing grid) was estimated on the
basis of the GEBCO bathymetry for depths of 200–550 m, the
main habitat depth of northern shrimp in the Sea of Japan (Ito,
1976). We did not include Yamato Bank, Oki Bank or
Hakusanse Bank in the prediction domain because these potential
fishing grounds are geologically separated from the continental
shelves along the Honshu coast and are not covered by the sur-
veys. The fishing grid, bottom sediment (PC1), slope and TPI
data for predicting the distribution of northern shrimp were
extracted or calculated from the latitude, longitude and depth of
each GEBCO grid, and were applied to all possible combinations
of years and regions. The s-density was then calculated as a prod-
uct of catch probability and a positive catch density, both pre-
dicted from the dataset and the best models by using the
function ‘predict.gam’ in the package ‘mgcv’ (Wood, 2011) in
R. The s-density was finally averaged by year and grid cell.

Figure 3. Response plots for the best generalized additive models (first-step models) showing the effect of year, region and environmental variables on catch
probability from 2013 to 2022 along the coast of Honshu Island in the Sea of Japan. In the bar graphs, error bars show standard error. In the line graphs, rug
plots along the x-axis indicate the number of observations. Solid lines show response curves and shaded regions show 95% confidence intervals. PC1, first principal
component; TPI, topographic position index.
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We also obtained nominal CPUE for each fishing grid cell
from the official logbooks of offshore trawl vessels to test the
plausibility of the s-density by testing the concordance between
the predicted and actual fishing grounds. Furthermore, we com-
pared s-density with nominal CPUE to identify new potential
fishing grounds. Because the northern shrimp catch by large off-
shore trawlers in the northern and central Sea of Japan (>136.5°E)
is minuscule, we focused on the region to the west of 136.5°E,
namely regions A‒F. The logbooks include the northern shrimp
catch (kg), the number of tows, the date of each cruise and the
location of the representative fishing grid cell.

We considereddata onlywith a northern shrimpcatch>0 kg from
May to July in 2013–2022 (the same period as used in themodel con-
struction). May to July corresponds to the peak season for northern
shrimp catch along the coastline of Honshu in the Sea of Japan (21
March to 30 June and 1 September to 5 November, after and before
the snow crab season, respectively). The nominal CPUE per fishing
grid cell was then calculated as total catch/total number of tows
(kg/tow) by year based on the extracted dataset.

Results

Northern shrimp SDMs

The full SDM including seven variables (year, region, PC1, depth,
slope, TPI and the interaction of region and depth) and a partial

model excluding year were selected as the best first- and second-
step models, respectively, based on AIC (Table 2). The best first-
and second-step models had high explanatory power, accounting
for 68% and 78% of the deviance, respectively (Table S1).
The AUC from the ROC analysis of the first-step binomial
model was 0.97 (Figure S3). Swets (1988) divided model perform-
ance into three categories of ‘poor’ (0.5‒0.7), ‘medium’ (0.7‒0.9)
and ‘high’ (0.9‒1.0) based on AUC. Under this categorization,
our first-step model shows ‘high’ performance. A Q–Q plot for
deviance residuals of the second-step model showed a distribution
similar to a straight line, and the density of northern shrimp was
found not to deviate significantly from a Gaussian distribution
(Figure S4).

Comparison of ΔAIC among candidate models indicated that
the interaction of region and depth was the most important
explanatory variable for models of occurrence and density, fol-
lowed by PC1, year, depth, region, TPI and slope in the first-step
model, and region, slope, PC1, TPI and depth in the second-step
model (Table 2). The effect of each explanatory variable in the
presence/absence and density models are shown in Figures 3‒6,
respectively. The effect of year on northern shrimp presence
was greater during the years 2014−2022 than in 2013
(Figure 3). The effect of region A was higher than that of region
E in the first-step model (Figure 3), and higher than that of
regions C–G in the second-step model (Figure 5). Estimated
averages of the bottom sediment effect were positive at PC1 <

Figure 4. Response plots for the best generalized additive models (first-step models) showing the effect of the interaction between region and depth in regions A–I
on catch probability from 2013 to 2022 along the coast of Honshu Island in the Sea of Japan. Rug plots along the x-axis indicate the number of observations. Solid
lines show response curves and shaded regions show 95% confidence intervals.
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0.0, depth >282 m, slope <0.7° and TPI < 0.0 (but almost flat) in
the first-step model (Figure 3), and at PC1 < 0.0 (with minor
exceptions), depth >345 m, slope <0.8° and TPI from −17 to
0.9 in the second-step model (Figure 5). The effect of depth by
region varied across both models. In the first-step model, the
depth effect tended to be higher at greater depth but with some
exceptions (e.g. region A) (Figure 4). Also, the trends were some-
times unclear due to large uncertainties (e.g. regions C and D). In
the second-step model, complex patterns were observed for each
of the regions but generally, stronger effects were observed at dee-
per depths (Figure 6). Importantly, the strongest depth effect
occurred at a different depth in each region.

Northern shrimp spatial distribution

Estimates of s-density indicate that northern shrimp is widely dis-
tributed across the continental shelves and slopes along the coast
of Honshu Island in the Sea of Japan (Figure 7A), and that inter-
annual differences in s-density trended to be fairly small
(Figure S5). s-density was high in fishing grid cells that include
the 500 m isobath, and low in shallower grids (Figure 7A). In add-
ition, the fishing grid cells in the northern area (east of Noto
Peninsula) with steep slopes and including both the 200 and

500 m isobaths tended to have lower s-density (Figure 7A).
Among the nine regions, regions A and C had numerous low
s-density grid cells, whereas the other regions included higher
s-density grid cells (Figure 7A). In the major offshore trawl fishing
areas (regions A‒F), fishing grid cells with higher s-density were
generally characterized by higher nominal CPUE (Figure 7A, B).

Survey-based s-density was positively correlated with logbook-
based nominal CPUE by year and fishing grid cell (r = 0.16‒0.63)
in most cases, and correlation coefficients ranged from 0.339 to
0.628 in all years, which corresponds to moderately positive cor-
relation (r = 0.3‒0.7; Ratner, 2009), except for 2014 and 2022
(Figure 8).

Discussion

Our results demonstrate that the distribution of northern shrimp
along the coast of Honshu Island in the Sea of Japan is influenced
by a range of environmental parameters (Table 2). We success-
fully built delta-GAM models based on data from two bottom
trawl surveys. Among all explanatory variables in models of
both occurrence and density, the interaction of region and
depth was the most important variable with the highest ΔAIC
(Table 2). Because the depth at which the effect was strongest

Figure 5. Response plots for the best generalized additive models (second-step models) showing the effect of region and environmental variables on positive catch
density from 2013 to 2022 along the coast of Honshu Island in the Sea of Japan. In the bar graph, error bars show standard error. In the line graphs, rug plots along
the x-axis indicate the number of observations. Solid lines show response curves and shaded areas show 95% confidence intervals. PC1, first principal component;
TPI, topographic position index.
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differed among regions, we assume that regional deviations from
the ‘standard’ ontogenetic depth distribution are important in
explaining northern shrimp distributions in the Sea of Japan.

Habitat preferences of northern shrimp in the Sea of Japan

The environmental characteristics of northern shrimp habitat as
inferred from the present study are largely consistent with previ-
ous reports on the species (Table 3). Our findings on preferred
seafloor topography generally agreed with previous reports, but
the estimated habitat depth and preferred bottom temperature
in the Sea of Japan were deeper and colder, respectively, than in
other regions, as was previously mentioned by Ito (1976) and
Sadakata (2000b) (Table 3). These habitat differences could
explain the differences in growth and breeding of this species in
the Sea of Japan as compared to other regions – northern shrimp
in the Sea of Japan show slower growth rates, longer lifespans,
longer ovigerous periods and a biennial spawning pattern
(Sadakata, 1999, 2000a, 2000b). Each of the key environmental
factors is discussed below.

The estimated depth effect suggests that northern shrimp in
the Sea of Japan are abundant on seafloors deeper than 283 m
(Figures 3 and 5), where bottom water temperatures are below
2.6 °C. These results are generally consistent with catch records
from previous studies in the Sea of Japan (Kojima et al., 1969;
Ito, 1976). This depth boundary is roughly consistent with that

of Japan Sea Proper Water, a homogeneous water mass that
occurs at depths deeper than 200 m and is characterized by
extremely low temperature (0‒1 °C, Uda, 1934). Because northern
shrimp is cold adapted, this suggests that populations in the Sea of
Japan prefer thermal environments with little seasonal change
under the strong influence of Japan Sea Proper Water.

Regional variations in the effect of depth on northern shrimp
occurrence (Figure 4) and biomass (Figure 6) can partly be
explained by ontogenetic migration towards deeper areas
(Sadakata, 2000b). For example, differences in the depth of max-
imum effect on biomass in regions B (ca. 300 m) and C (ca. 400
m) could reflect the greater horizontal distance required for onto-
genetic migration in region B, where the continental slope is
much broader than in region C (Figure 6). Also, regional differ-
ences in the relationship between depth and environmental char-
acteristics (e.g. bottom temperature) could also play a role.
Further data collection is needed to test these hypotheses (see
also the Limitations section below).

Our results also show that northern shrimp prefers muddy
rather than sandy bottoms (Figures 3 and 5). This could reflect
the species’ tendency to feed not only on benthic organisms
such as crustaceans but also on organic matter contained in the
bottom sediment itself (Rice et al., 1980). The density of the con-
generic P. borealis is positively correlated with the organic matter
content of bottom sediment (e.g. Wigley, 1960; Haynes and
Wigley, 1969). Moreover, Saito and Ikehara (1992) have noted

Figure 6. Response plots for the best generalized additive models (second-step models) showing the effect of the interaction between region and depth in regions
A–I on positive catch density from 2013 to 2022 along the coast of Honshu Island in the Sea of Japan. Rug plots along the x-axis indicate the number of observa-
tions. Solid lines show response curves and shaded areas show 95% confidence intervals.
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that organic matter content is generally positively correlated with
mud content in Japanese waters. If organic matter is an important
food source for northern shrimp, this would explain its high
abundance on muddy sediment containing high levels of organic
matter. However, it is also possible that northern shrimp does not
feed selectively on bottom sediment and that any consumed sedi-
ment is incidentally ingested alongside prey items (Rice et al.,
1980). Further study is needed to determine the importance of
organic carbon as a food source for this species.

The results also indicate that northern shrimp prefers gently
sloped to flat seabeds and flat valley bottoms as habitat (Figures
3 and 5). This is consistent with previous reports. Sadakata
(2000b) reported that northern shrimp habitats off Noto
Peninsula occur on gentle slopes. Additionally, according to

submersible observations, this species is more abundant in nat-
ural shallow holes and on ploughed seafloors (plough tracks) to
improve seabed environment (e.g. Yasuda, 1987; Kasutani,
1993).

Year was only selected as a variable in the first-step model and
was not included in the second-step model (Figures 3 and 5). We
hypothesize that northern shrimp density is already reaching the
limit of ecological carrying capacity in the study region and that
annual fluctuations of stock size reflect expansions or contractions
in range, thus only affecting occurrence probabilities. The stan-
dardized CPUE of the offshore trawlers have been at a historical
high since 2015 (Figure 2; Naito et al., 2024), and our results
may reflect the strong stock status of northern shrimp in this
area. Further biological information such as annual fluctuations

Figure 7. Density and catch per unit effort (CPUE) of northern shrimp along the Sea of Japan coast of Honshu Island. (A) Standardized density (s-density) in each
fishing grid cell estimated with the best occurrence and density models. Grid cells on Yamato Bank, Oki Bank and Hakusanse Bank were excluded from the analysis.
(B) Nominal CPUE in each fishing grid cell based on logbook data of offshore trawl fisheries from May to July of 2013 to 2022 (values are averaged across years). The
nominal CPUE on Yamato Bank is not shown. Dotted and dashed lines show 200 and 500 m isobaths, respectively. Uppercase letters show administrative regions
with borders shown in black lines.
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in food resources for this species, competition and predation is
needed to prove our hypothesis.

In addition, the importance of some variables differed between
the two models. For instance, PC1 (a metric of grain size) was
important for northern shrimp presence/absence but had little
effect on density (Table 2). We hypothesize that there is a thresh-
old of grain size beyond which northern shrimp cannot inhabit,
and that this directly affects the presence or absence of the species.
In fact, the effect of PC1 in the first-step model drastically chan-
ged around a value of −0.1 (the inconsistency of the trend for
PC1 > 0.3 can be attributed to data deficiency) (Figure 3).
Bottom sediment type has a strong influence on the distribution
of many benthonic marine organisms via direct effects (e.g. phys-
ical characteristics), indirect effects (e.g. food availability) or a
combination of both (Wigley, 1960). As we detailed above, nor-
thern shrimp can ingest organic matter in the bottom sediment
(Rice et al., 1980), and the indirect effect of this organic matter
ingestion could explain the effect of sediment type on the pres-
ence/absence of the species. Further biological information (e.g.
predator–prey interactions and the habitat preferences of other
marine organisms) is needed to uncover further conflicts between
the model variables (i.e. region and slope).

Finally, we note that there is some uncertainty around the spe-
cies status of northern shrimp in the Sea of Japan. Komai (1999)
has reported that shrimp in the Sea of Japan have a different num-
ber of dorsolateral spines on the telson than do shrimp in the
Bering Sea and Alaska. Future studies involving genetic analysis

of the various populations may be helpful in determining whether
these differences are intra- or interspecific.

Predicting potential fishing grounds of northern shrimp along
the Honshu coastline of the Sea of Japan

Survey-based s-density was generally positively correlated with
logbook-based nominal CPUE by year and fishing grid cell
(r = 0.16‒0.63), suggesting that our models reflect the empirical
distribution of northern shrimp in this area fairly robustly
(Figure 8). Furthermore, we identified two areas as possibly
underutilized fishing grounds, namely, high s-density fishing
grid cells that include 500 m isobaths in region A and similarly
high s-density cells including 500 m isobaths north of 37°N in
region B (Figure 7A, B). These areas are not heavily used by
the large offshore trawl fishery. Because the northern shrimp
fishery in region A is operated by trawlers from Tottori and
Hyogo prefectures (facing regions C and D, respectively), it
may be more cost effective for these vessels to operate in fishing
grounds closer to these prefectures (e.g. regions B and C) to
adapt to sharply rising fuel costs. Moreover, the potentially
underutilized area of region B is part of the provisional mea-
sures zone between Japan and South Korea, and trawl operation
in this region is challenging because of the presence of numer-
ous abandoned pots and gill nets from South Korean fisheries.
However, these areas could become viable new fishing grounds
pending the resolution of fuel cost issues and the

Figure 8. Scatter plots of s-density and nominal CPUE in each year for each fishing grid cell. Numbers show Pearson correlation coefficients (r) between s-density
and nominal CPUE.
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Table 3. Habitat characteristics of northern shrimp in various regions

Reference This study
Sadakata
(2000b) Ito (1976)

Kojima
et al.
(1969)

Kitano and
Yorita (1978)

Ivanov (1970)
Butler (1964)

Region

Sea of Japan Sea of Okhotsk Bering Sea Gulf of Alaska

Canada along
the Pacific
Ocean

Off the coast
of Honshu

Offshore of
Noto

Peninsula

Yamato Bank
and off the coast

of Honshu Ishikari Bay

West
Kamchatka
Peninsula

Around the
Pribilof
Islands

Around the
eastern

Shumagin Islands

Around
southern

Kodiak Island
Off British
Columbia

Month May to Jul. Apr. to Oct. Jan. to Dec. Sep. to
Oct.

May to Dec. Aug. to Sep. Dec. to Feb. Mar. and May Mar. to May Jan. to Dec.

Btemp (°C) Range: 0.4‒3.8
Presence:
0.4‒2.6
Density:
0.4‒1.6

0.5‒2.7
(often <1.0)

Often 0.4‒0.8
(at 400 m depth)

0.3‒5.0
(high
density
at 0.4‒0.5)

0.1‒2.1
(at 200‒300
m depth)

−0.12 to 4.04
(high density
at 1.85‒3.74)

0.5‒3.5
(high density
at 0.48‒2.78)

ND
(high density
at 3.0‒7.05)

ND 7.37‒11.08

Bsed Presence:
mud>sand
Density:
mud>sand

ND ND ND sand and
mud

mud mud mud mud ND

Depth (m) Range:
180‒523
Presence:
283‒523
Density:
344‒523

250‒500
(often >300)

195‒945
(often 200‒550)

200‒730
(high
density
at around
500)

200‒350 70‒100
(highest catch
at 85‒100)

70‒100
(highest catch
at 95‒100)

95‒145
(stable high catch
at 120‒135)

100‒155
(stable high
catch at
140‒153)

65‒234

Slope (°) Range: 0‒6.7
Presence:
0‒0.7
Density: 0‒0.8

Gentle bottom
slope

ND ND Gentle
bottom
slope

The bottom is very flat without
sharp rises and depressions.
Slope <1‒3′

The bottom is a relatively wide
continental shelf cut by muddy hollows
and depressions

ND

TPI Presence:
valley>ridge
Density:
valley>ridge

ND ND ND ND ND

Btemp, bottom temperature; Bsed, bottom sediment; TPI, topographic position index; range, range of occurrence; presence, range of highest presence; density, range of highest density; ND, no data.
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implementation of cooperative fishery management by Japanese
and South Korean fisheries authorities.

Limitations

Although the present study provides robust results supported by
empirical fishery data, there are some key limitations to our
approach. First, the underlying factors affecting the variables in
our models are not fully accounted for. Although we suggest that
the interaction between depth and region is associated with
regional differences in ontogeny, we are unable to fully evaluate
this hypothesis because of the lack of size composition data in
our study. Similarly, although we suggest that some differences in
the region variable reflect differences in abundance among regions
(e.g. regions B and C; Figure 5), some of this difference could also
be caused by differences in trawl gear efficiency as described in the
Materials and methods. This is because the stronger region effect in
regions H and I than in the region A in the second-step models
(Figure 5) can be attributed to differences in the mesh sizes of
beam and otter-trawl nets (25–33 vs 45–50mm). The inclusion
of size composition data, gear efficiency and other possible envir-
onmental variables (e.g. sea surface temperature and productivity)
may help to more fully explain the links among our explanatory
variables and possible underlying factors.

Finally, the distribution of northern shrimp in the Sea of Japan
could vary by month because the species undergoes seasonal ver-
tical migration (Sadakata, 2000b). The effect of this migration on
northern shrimp distribution in our study area is expected to be
relatively small because there is a little movement of females in
particular during the months (May to July) when the trawl sur-
veys were conducted (Sadakata, 2000b). Because of this, we did
not consider seasonality in our delta-GAMs, but future trawl sur-
veys conducted during other parts of the year could help improve
estimation of habitat preferences in this species.

Conclusion

The distribution of northern shrimp along the coast of Honshu
Island in the Sea of Japan was modelled by using delta-GAMs.
The results indicate that the species distribution is influenced
by environmental factors including bottom sediment compos-
ition, depth, slope and TPI along with year and region. Our
study provides the first quantitative analysis of the habitat prefer-
ences of this commercially important species in this region.
Additionally, we reviewed previous reports of the species’ distri-
bution in detail. Finally, we predicted the locations of potential
fishing grounds and provided an accurate spatial distribution
map. These results could be used to conduct more accurate
stock assessments of this species and inform more effective
stock management strategies.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0025315424000857.

Data. The data that support the findings of this study are available from the
Japan Fisheries Agency. Restrictions apply to the availability of these data,
which were used under license for this study. Data are available from the
authors with the permission of the Fisheries Agency.

Acknowledgements. We thank the captains and crews of T/S Tanshu-Maru
and R/V Tenyo-Maru, as well as I. Yosho, Y. Ueda, K. Fujiwara, Y. Yagi,
A. Yoshikawa, H. Shirakawa and R. Ishida (Fisheries Resources Institute,
Japan Fisheries Research and Education Agency) for their assistance in sam-
pling, data input and data curation. We also thank ELSS, Inc.
(https://www.elss.co.jp/) editors for English corrections.

Author contributions. T. N. drafted the original manuscript, organized the
collected data and conducted statistical analyses. K. S. designed the study and

developed the main conceptual ideas. K. S. and M. I. contributed to the inter-
pretation of the results. All authors reviewed the manuscript draft and revised
it critically on intellectual content. All authors read and approved the final
manuscript.

Financial support. Survey data in this study were collected through cruises
funded by the Project of Survey and Assessment of Fish Stock in the Waters
around Japan promoted by the Japan Fisheries Agency.

Competing interests. None.

Ethical standards. Not applicable.

References

Bergström BI (2000) The biology of Pandalus. Advances in Marine Biology 38,
55–245.

Booth GD, Niccolucci MJ and Schuster EG (1994) Identifying proxy sets in
multiple linear regression: an aid to better coefficient interpretation.
Research Paper INT 470, 1‒12.

Butler TH (1964) Growth, reproduction, and distribution of pandalid shrimps
in British Columbia. Journal of the Fishery Research Board of Canada 21,
1403–1452.

Butler TH (1980) Shrimps of the Pacific Coast of Canada. Canadian Bulletin
of Fisheries and Aquatic Sciences 202, 1–280.

Cao J, Thorson JT, Richards RA and Chen Y (2017) Spatiotemporal index
standardization improves the stock assessment of northern shrimp in the
Gulf of Maine. Canadian Journal of Fisheries and Aquatic Sciences 74,
1781–1793.

Hastie TJ and Tibshirani RJ (1986) Generalized additive models. Statistical
Science 1, 297–318.

Haynes EB and Wigley RL (1969) Biology of the northern shrimp, Pandalus
borealis, in the Gulf of Maine. Transactions of the American Fisheries Society
98, 60–76.

Hijmans RJ (2022) raster: Geographic data analysis and modeling. R package
version 3.5-29. Available at https://CRAN.R-project.org/package=raster/
(accessed online 12 December 2022).

Ito H (1976) On the distribution and the life history of deep-sea shrimp,
Pandalus borealis Krøyer, in the Japan Sea. Bulletin of the Japan Sea
Regional Fisheries Research Laboratory 27, 75–89.

Ivanov BG (1970) Распределение СЕВЕРНОТО ШРИМСА В
БЕРИНГОВОМ МОРЕ И ЗАЛИВЕ АЛЯСКА. Trudy VNIRO 70/
Izvestiya TINRO 72, 131–148.

Kasutani Y (1993) Relations between the shape of tilled seabed and the popu-
lation density of pink shrimp and snow crab off Wakasa Bay. Proceedings of
JAMSTEC Symposium on Deep Sea Research 9, 361–366.

Kitano Y and Yorita T (1978) On the pink shrimp stock off west Kamchatka
Peninsula and its exploitation. Bulletin of the Hokkaido Regional Fisheries
Research Laboratory 43, 1–20.

Kojima I, Yorita T and Ueno T (1969) Fishing ground and some biological
observations of shrimps off Ishikari Bay, Hokkaido. Scientific Reports of
Hokkaido Fisheries Experimental Station 11, 30–40.

Komai T (1999) A revision of the genus Pandalus (Crustacea: Decapoda:
Caridea: Pandalidae). Journal of Natural History 33, 1265–1372.

Krøyer H (1838) Conspectus Crustaceorum Groenlandiae. Naturhistorisk tids-
skrift 2, 249–261.

Kubo I (1965) Decapoda, Macrura. In Okada YK, Uchida S and Uchida T
(eds), New Illustrated Encyclopedia of the Fauna of Japan. Tokyo:
Hokuryukan, pp. 591‒629.

Kurata H (1981) Pandalid shrimp fisheries of Japan. In Frady T (ed.),
Proceedings of the International Pandalid Shrimp Symposium, Kodiak,
Alaska, February 13–15, 1979, Sea Grant Reports 81-3. Kodiak, Alaska:
University of Alaska, pp. 89‒159.

Lalli CM and Parsons TR (1997) Biological Oceanography: An Introduction,
2nd Edn. Oxford: Butterworth-Heinemann.

Lo NCH, Jacobson LD and Squire JL (1992) Indices of relative abundance
from fish spotter data based on delta-lognominal models. Canadian
Journal of Fisheries and Aquatic Sciences 49, 2515–2526.

Makarov VV (1935) Beschreibung neuer Dekapoden-Formen aus den Meeren
des Fernen Ostens. Zoologischer Anzeiger 109, 319–325.

Melo-Merino SM, Reyes-Bonilla H and Lira-Noriega A (2020) Ecological
niche models and species distribution models in marine environments: a

12 Taiga Naito et al.

https://doi.org/10.1017/S0025315424000857 Published online by Cambridge University Press

https://doi.org/10.1017/S0025315424000857
https://doi.org/10.1017/S0025315424000857
https://www.elss.co.jp/
https://www.elss.co.jp/
https://CRAN.R-project.org/package=raster/
https://CRAN.R-project.org/package=raster/
https://doi.org/10.1017/S0025315424000857


literature review and spatial analysis of evidence. Ecological Modelling 415,
108837.

Naito T, Sakuma K and Yoshikawa A (2024) Stock assessment and evaluation
for Pandalus eous Sea of Japan stock (fiscal year 2023). Marine fisheries stock
assessment and evaluation for Japanese waters. Japan Fisheries Agency and
Japan Fisheries Research and Education Agency, Tokyo, 26 pp. (in press).

Pebesma E (2018) Simple features for R: standardized support for spatial vec-
tor data. The R Journal 10, 439–446.

Ratner B (2009) The correlation coefficient: its values range between +1/-1, or do
they? Journal of Targeting,Measurement andAnalysis forMarketing17, 139–142.

R Core Team (2021) R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing.

Rhodes JR, McAlpine CA, Zuur AF, Smith Gm and Ieno EN (2009) GLMM
applied on the spatial distribution of koalas in a fragmented landscape. In
Zuur AF, Ieno EN, Walker NJ, Saveliev AA and Smith GM (eds), Mixed
Effects Models and Extensions in Ecology with R. Statistics for Biology and
Health. New York: Springer, pp. 469‒492.

Rice RL, McCumby KI and Ferer HM (1980) Food of Pandalus borealis,
Pandalus hypsinotus and Pandalus goniurus (Pandalidae, Decapoda) from
Lower Cook Inlet, Alaska. Proceedings of the National Shellfisheries
Association 70, 47–54.

RobinsonNM,NelsonWA,CostelloMJ,Sutherland JEandLundquistCJ (2017)
A systematic review of marine-based species distribution models (SDMs) with
recommendations for best practice. Frontiers in Marine Science 4, 1–11.

Sadakata T (1999) On the growth of northern shrimp Pandalus eous in the
waters off Noto Peninsula, the Sea of Japan. Nippon Suisan Gakkaishi 65,
1010–1022.

Sadakata T (2000a) On the breeding of northern shrimp Pandalus eous in the
waters offNotoPeninsula, the Sea of Japan.NipponSuisanGakkaishi66, 18–24.

Sadakata T (2000b) On the vertical distribution and migration of northern
shrimp Pandalus eous in the waters off Noto Peninsula, the Sea of Japan.
Nippon Suisan Gakkaishi 66, 969–976.

Saito Y and Ikehara K (1992) Sediment discharge of Japanese rivers, and sedi-
mentation rate and carbon content of marine sediments around the
Japanese Islands. Chishitsu News 452, 59–64.

Shumway SE, Perkins HC, Schick DE and Stickney AE (1985) Synopsis of
biological data of the pink shrimp Pandalus borealis (Krøyer, 1838). FAO
Fisheries Synopsis 144, NOAA Technical Report of the National Marine
Fisheries Service 30, 57 pp.

Sing T, Sander O, Beerenwinkel N and Lengauer T (2005) ROCR: visualizing
classifier performance in R. Bioinformatics 21, 7881.

Squires HJ (1992) Recognition of Pandalus eous Makarov, 1935, as a Pacific
species not a variety of the Atlantic Pandalus borealis Krøyer, 1838
(Decapoda, Caridea). Crustaceana 63, 257–262.

Swets JA (1988) Measuring the accuracy of diagnostic systems. Science 240,
1285–1293.

Uda M (1934) The results of simultaneous oceanographical investigations in
the Japan Sea and its adjacent waters in May and June 1932. Japan
Imperial Fisheries Experimental Station 5, 57–190.

Wigley RL (1960) Note on the distribution of Pandalidae (Crustacea,
Decapoda) in New England waters. Ecology 41, 564–570.

Wilk MB and Gnanadesikan R (1968) Probability plotting methods for the
analysis of data. Biometrika 55, 1–17.

Wood SN (2011) Fast stable restricted maximum likelihood and marginal like-
lihood estimation of semiparametric generalized linear models. Journal of
the Royal Statistical Society (B) 73, 3–36.

Yasuda S (1987) Distribution and ecology of the pink shrimp, Pandalus bor-
ealis Krøyer, in the Yamato Bank. Technical reports of Japan Marine
Science and Technology Center – The 3rd symposium on deep sea research
using the submergible ‘Shinkai 2000’ system 3, 267‒272.

ZainuddinM,SaitohKandSaitohS (2008)Albacore (Thunnus alalunga) fishing
ground in relation to oceanographic conditions in the western North
Pacific Ocean using remotely sensed satellite data. Fisheries Oceanography 17,
61–73.

Journal of the Marine Biological Association of the United Kingdom 13

https://doi.org/10.1017/S0025315424000857 Published online by Cambridge University Press

https://doi.org/10.1017/S0025315424000857

	Spatial distribution of northern shrimp Pandalus eous in the Sea of Japan in relation to the seafloor environment
	Introduction
	Materials and methods
	Study area
	Bottom trawl surveys
	Details of SDM dataset
	Generalized additive models

	Results
	Northern shrimp SDMs
	Northern shrimp spatial distribution

	Discussion
	Habitat preferences of northern shrimp in the Sea of Japan
	Predicting potential fishing grounds of northern shrimp along the Honshu coastline of the Sea of Japan
	Limitations

	Conclusion
	Acknowledgements
	References


