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Abstract

Stomatopods are better known as mantis shrimp with considerable ecological importance in wide coastal waters
globally. Some stomatopod species are exploited commercially, including Oratosquilla oratoria in the Northwest
Pacific. Yet, few studies have published to promote accurate habitat identification of stomatopods, obstructing
scientific management and conservation of these valuable organisms. This study provides an ensemble modeling
framework for habitat suitability modeling of stomatopods, utilizing the O. oratoria stock in the Bohai Sea as an
example.  Two  modeling  techniques  (i.e.,  generalized  additive  model  (GAM)  and  geographical  weighted
regression (GWR)) were applied to select environmental predictors (especially the selection between two types of
sediment metrics) that better characterize O. oratoria distribution and build separate habitat suitability models
(HSM). The performance of the individual HSMs were compared on interpolation accuracy and transferability.
Then, they were integrated to check whether the ensemble model outperforms either individual model, according
to  fishers’  knowledge  and  scientific  survey  data.  As  a  result,  grain-size  metrics  of  sediment  outperformed
sediment content metrics in modeling O. oratoria habitat, possibly because grain-size metrics not only reflect the
effect of substrates on burrow development, but also link to sediment heat capacity which influences individual
thermoregulation. Moreover, the GWR-based HSM outperformed the GAM-based HSM in interpolation accuracy,
while the latter one displayed better transferability. On balance, the ensemble HSM appeared to improve the
predictive performance overall, as it could avoid dependence on a single model type and successfully identified
fisher-recognized and survey-indicated suitable habitats in either sparsely sampled or well investigated areas.
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1  Introduction
Stomatopods are better known as mantis shrimp and mostly

inhabit shallow marine waters in temperate and tropical regions
(Reaka, 1980). They are generally predatory crustaceans who
compete with carnivorous fishes for a broad diet of prey, while
supply food for many aquatic consumers (e.g., fishes, turtles and
seabirds) (Yang, 2001; Ng, 2013; DeVries et al., 2016). Con-
sequently, stomatopods play important roles in structuring the
benthic communities in various marine ecosystems globally
(Reaka et al., 2008; Antony et al., 2010; Gianguzza et al., 2019; Wu
et al., 2019). Moreover, most stomatopods depend on specific
sediment characteristics for the building and irrigation of their
burrows, and can significantly affect marine nutrient cycling and
energy flow through bioturbation of sediments (Covich et al.,
1999; Laverock et al., 2011).

Some stomatopod species are not only important in ecology
but exploited as valuable fishery resources, such as Squilla
mantis and Erugosquilla massavensis in the Mediterranean
(Maynou et al., 2004; Abo-Hashesh et al., 2020) and Oratosquilla

oratoria in the Northwest Pacific (Nakajima et al., 2010; Kim et
al., 2017; Zhang et al., 2018). Substantial fishing pressures have
largely depleted the stock abundance and damaged the benthic
habitats of such stomatopods, while they remain as a dominant
species among various fisheries resources in many coastal wa-
ters worldwide (Kodama et al., 2006; Antony et al., 2010; Tao et
al., 2018; Ragheb et al., 2019). In this context, scientific conserva-
tion of exploited stomatopods is essential for the sustainability of
coastal fisheries. This requires accurate identification of their
suitable habitats as a prerequisite, as exploited stomatopods
mostly dwell in burrows and can affect the food web dynamics of
local ecosystems (Antony et al., 2010; Gianguzza et al., 2019).

Oratosquilla oratoria is a typical species of commercially ex-
ploited stomatopods with a wide distribution in coastal waters of
the Northwest Pacific (Manning, 1971). It supports important
local fisheries in China, Japan and Korea (Nakajima et al., 2010;
Kim et al., 2017; Zhang et al., 2018). Its dwelling habit and ocean-
ic barriers to larval transport can lead to evident genetic differ-
ences among very local stocks of O. oratoria (Lui et al., 2010;  
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Yang and Li, 2018). Such local adaptation may indicate spatially
varying habitat preferences, given heterogeneity in environment-
al conditions and their combined non-linear effects on O. orator-
ia distribution and habitat suitability (Li et al., 2018, 2020). Yet,
few studies have published to promote accurate habitat identific-
ation of O. oratoria and other stomatopods as well (Zhang et al.,
2020), obstructing scientific management and conservation of
these valuable organisms.

The aim of this study was to provide a robust modeling frame-
work for habitat suitability modeling of O. oratoria and similar
stomatopods at wide coastal waters, so as to support their con-
servation and related fisheries management. The O. oratoria
stock in the Bohai Sea was chosen as an example to develop the
modeling framework, because of high quality of available survey
and environmental data. The modeling framework contains two
major parts: (1) selecting environmental predictors (especially
sediment-related metrics) that better characterize O. oratoria
distribution and building separate habitat suitability models
(HSM) utilizing two selected modeling techniques; (2) compar-
ing performance of the individual HSMs and integrating them to
check whether the ensemble model outperforms either individu-
al model, according to fishers’ knowledge and scientific survey
data. The model outputs were expected to support place-based
management and conservation of O. oratoria stock in the Bohai
Sea.

2  Material and methods

2.1   Information and data of O. oratoria in the Bohai Sea
Oratosquilla oratoria has high local fishing importance in the

Bohai Sea, China, due to the depletion of fish and invertebrate
stocks of higher values. The landings peaked at about 220 000 t in
2006 and then gradually decreased to about 100 000 t in recent
years. Monthly landings showed an obvious seasonality, with the
highest market values in spring (especially in May) and no allow-
able catch (except those caught by monolayer gillnets and jigs)
during the summer fishing moratorium of China from 2009 to
2020. This seasonal suspension of fishing activities has been ex-
tended to gillnets and prolonged by one month since 2017, start-
ing from May 1 instead of June 1 in the Bohai Sea. This resulted in
a big overlap between the major fishing season of O. oratoria and
the summer fishing moratorium. Local fishers had persistently

requested for fishing O. oratoria at the beginning of the moratori-
um period. Finally, the Ministry of Agriculture and Rural Affairs,
China, issued special licenses for three place-based O. oratoria
fisheries in the Bohai Sea from May 1 to May 15 in 2021.

These place-based O. oratoria fisheries kicked off spatial
management and conservation of stomatopod stocks in China’s
coastal waters. The open areas for these fisheries were mainly de-
termined by local fishermen and fisheries managers, due to lim-
ited information available on the suitable habitats of O. oratoria.
This could put the O. oratoria stock at risk of overexploitation
and even challenge biological conservation of the whole Bohai
Sea, as O. oratoria is the most dominant nektonic species and
can easily affect the food web dynamics of the local ecosystem
(Wu et al., 2019).

This study covered almost the whole Bohai Sea (Fig. 1). Some
nearshore waters have been excluded, as they are often occupied
by stationary fishing devices or not deep enough (<5 m) for bot-
tom trawling of survey vessels. This coastal water has an average
depth at about 18 m, and is characterized by low salinity (<32.5),
eutrophication and soft bottoms (mainly silt, clay and sand).

Oratosquilla oratoria  density data were obtained from
monthly bottom trawl surveys conducted by the Yellow Sea Fish-
eries Research Institute in the Bohai Sea in 2017. These surveys
followed a fixed-station sampling design, with one station at each
intersection of grid of 0.25°×0.25° (longitude×latitude). Some
grids within the study area were not sampled for various reasons.
For instance, lots of scattered stationary fishing devices prohib-
ited trawling along the mid-coast and outside the Bohai Bay es-
pecially in March and April, and some large marine debris ag-
gregated in the inner Liaodong Bay, which could cause serious
damages on trawl nets. In addition, the same pair of bottom
trawlers were utilized in these surveys, following consistent
sampling protocols. This pair of bottom trawlers are general fish-
ing vessels with an engine power of around 147 kW and identical
trawl nets of commercial size (i.e., a cod-end mesh size of 2 cm, a
headline height of 5–6 m and a distance of 22.6 m between
wings).

Only the survey data in spring (April to June) were utilized in
this study, which include a total of 121 successful tows. Most of
these tows continued for 60 min at an average speed of 3 kn. Ex-
ceptions occurred at some stations, where tow duration was re-
duced to about 30 min to avoid collisions with stationary fishing
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Fig. 1.   The distributions of successfully sampled stations in April (circles), May (triangles) and June (plus signs) in the Bohai Sea with
bathymetric information from the monthly bottom trawl surveys conducted by the Yellow Sea Fisheries Research Institute in 2017 (a);
frequency distribution of log-transformed Oratosquilla oratoria densities in these stations, except six stations without catch of this
species (b). D: density, g/h.
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devices or moving boats. For each tow, catches of nektonic spe-
cies were separated by species and individuals in each sample
were counted and weighed. Catch per tow by species, in number
and biomass, were recorded on the spot, along with the depth,
geographic coordinates, date and time at the beginning and end
of each tow. We calculated O. oratoria density for each tow by di-
viding the catch weight (g) of this species by tow duration (h).

2.2  Environmental predictors
The environmental predictors include depth, bottom temper-

ature (BT), bottom salinity (BS), and six sediment content or
grain-size variables. Depth, BT and BS were measured simultan-
eously with the bottom trawl surveys. For each tow, depths were
measured with a sonar detector at the beginning and end of the
tow, and then were averaged to represent the depth throughout
the tow duration. Surface-to-bottom temperature and salinity
profiles were obtained with a SEABIRD CTD in a few minutes
after the bottom trawlers moving away from the end of each tow.
BT was estimated as the average value of temperatures for the
bottom layer of two-meters’ height, and BS was calculated like-
wise. Moreover, the ordinary Kriging method using the Gaussian
semi-variogram function was applied to create bathymetry,
monthly salinity and temperature fields for predicting and map-
ping habitat suitability index (HSI) of the study area from April to
June, 2017. These fields were generally gridded by 0.05°×0.05° in
latitude and longitude.

Two types of sediment metrics were considered in the study,
which include three variables representing the percentages of
sand, silt and clay (Psand, Psilt and Pclay for short) and three statist-
ical parameters representing grain size distribution (namely
mean grain size, skewness and kurtosis, i.e., Mz, Sk, and Kt) in
the surface substrates (0–3 cm). One variable Psilt was ignored in
this study because of its collinearity with other two variables Psand

and Pclay.
Spatial distribution of the intervals of the five remaining sedi-

ment metrics were derived from recent literature on grain-size

distribution of surface sediments in the Bohai Sea (Yuan et al.,
2020). In this data source, Sk and Kt were calculated based on Mz
and Mz was reported in Krumbein (1934) in phi (Φ) scale, where
sand is Φ=−1 to Φ=4 (2 000 μm to 62.5 μm), silt is Φ=4 to Φ=8
(62.5 μm to 3.906 μm), and clay is Φ>8 (<3.906 μm) (Table 1).
Consequently, larger Mz indicates smaller grain size (μm); posit-
ive and larger Sk indicates a longer tail in the right, representing
smaller dominant grain size in Φ (i.e., larger dominant grain size
(μm)) than mean grain size; and large Kt represents highly ag-
gregated grain sizes around Mz.

We replaced the five remaining sediment metrics with five in-
teger variables of sediment (i.e., Ord_Psand, Ord_Pclay, Ord_Mz,
Ord_Sk and Ord_Kt), each of which represented the orders of the
intervals in ascending order for representative metrics (Table 2).
These variables were assumed as static over short term (e.g.,
three to five years). We thereby derived five integer variables of
sediment for sampling tows based on the midpoints of their be-
ginning and end geographic coordinates.

2.3  Predictor selection
Eight environmental predictors were considered as prelimin-

ary predictor variables for habitat modeling, which included
depth, BT, BS, Ord_Psand, Ord_Pclay, Ord_Mz, Ord_Sk and Ord_Kt.
Two modeling techniques were chosen and applied for predictor
selection and habitat suitability modeling of the targeted O. ora-
toria stock. One is generalized addition model (GAM), which can
fit either presence-absence or density data and has shown good
predictive performance on interpolation accuracy and transfer-
ability (extrapolative accuracy) in modeling species distribution
or ecological niche (Heikkinen et al., 2012; Qiao et al., 2019). The
other one is geographical weighted regression (GWR), which can
estimate spatial non-stationary effects of environmental predict-
ors on the distribution of dwelling crustaceans including O. ora-
toria (Li et al., 2018, 2020). GWR showed better interpolation ac-
curacy than GAM in predicting the distribution of O. oratoria
within a small coastal water in China (Li et al., 2020).

Table 1.   Sediment grain sizes associated with Wentworth classes and Krumbein phi (Φ) ranges
Grain size/mm Grain size/μm Wentworth class Phi (Φ) range

1 to 2 1 000 to 2 000 very coarse sand Φ=–1 to Φ=0

1/2 to 1 500 to 1 000 coarse sand Φ=0 to Φ=1

1/4 to 1/2 250 to 500 medium sand Φ=1 to Φ=2

1/8 to 1/4 125 to 250 fine sand Φ=2 to Φ=3

1/16 to 1/8 62.5 to 125 very fine sand Φ=3 to Φ=4

1/32 to 1/16 31.25 to 62.5 coarse silt Φ=4 to Φ=5

1/64 to 1/32 15.625 to 31.25 medium silt Φ=5 to Φ=6

1/128 to 1/64 7.813 to 15.625 fine silt Φ=6 to Φ=7

1/256 to 1/128 3.906 to 7.813 very fine silt Φ=7 to Φ=8

<1/256 <3.906 clay Φ>8

Table 2.   Integer values of sediment metrics in this study corresponding to the intervals of sediment variables from Yuan et al. (2020)
Ord_Psand Sand content Ord_Pclay Clay content Ord_Mz Mean size (Φ) Ord_Sk Skewness Ord_Kt Kurtosis

1 0 to 10% 1 0 to 5% 1 Φ<3 1 –2.5 to –1.5 1 0.5 to 1.5

2 10% to 20% 2 5% to 10% 2 Φ=3 to Φ=4 2 –1.5 to –0.33 2 1.5 to 2.5

3 20% to 30% 3 10% to 15% 3 Φ=4 to Φ=5 3 –0.33 to 0.33 3 2.5 to 2.75

4 30% to 40% 4 15% to 20% 4 Φ=5 to Φ=6 4 0.33 to 1.5 4 2.75 to 3

5 40% to 50% 5 20% to 25% 5 Φ=6 to Φ=7 5 1.5 to 2.2 5 3 to 3.25

6 50% to 60% 6 25% to 30% 6 Φ>7 6 2.2 to 3.5 6 3.25 to 3.5

7 60% to 70% 7 30% to 35% – – 7 >3.5 7 3.5 to 4.5

8 70% to 80% 8 35% to 40% – – – – 8 4.5 to 5.5

− − − − − − − − 9 >5.5
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These two modeling techniques were firstly applied to de-
termine which type of sediment metrics better characterize O.
oratoria distribution and habitat and which predictors would be
included for habitat suitability modeling based on their relative
effects on O. oratoria distribution. Only the remaining predictors
in the most parsimonious (or optimal) models were finally kept.
The density of O. oratoria (D) was modeled as a function of pre-
dictor variables with a Tweedie error distribution and a log link
function in GAM:

g (Di) = λ +
m∑

k=

s (xik) + εi, (1)

where xik is the value of the kth independent variable for tow i; m
is the number of independent variables; λ0 is the intercept para-
meter; g() represents the link function; s() represents a spline
smooth function for each numerical variable; and εi is the ran-
dom error for tow i.

The densities of O. oratoria  were scaled first and then
modeled as a function of environmental predictors in GWR,

lgD = lg (D+ ) , (2)

lgDj = βj +
m∑

k=

βjkxjk + εj, (3)

where xjk is the value of the kth independent variable at location
j; m is the number of independent variables as above; βj0 is the in-
tercept parameter at location j; βjk is the local regression coeffi-
cient for the kth independent variable at location j; and εj is the
random error at location j. A Gaussian kernel function was util-
ized in this model, with an optimal adaptive bandwidth (i.e., a
fixed quantity that reflects local sample size) determined by an
automatic bandwidth selection approach (Gollini et al., 2015).

A pseudo stepwise procedure was applied to find a subset of
predictor variables for the most optimal models of GAM and
GWR, respectively. The procedure proceeded in a forward direc-
tion following five steps (Lu et al., 2014): (1) start with bivariate
GAM or GWR by sequentially regressing a single predictor vari-
able against the dependent variable; (2) find the best performing
model which produces the lowest Akaike Information Criterion
(AIC) corrected for small sample size (AICc), and permanently
include the corresponding predictor variable in subsequent
models; (3) sequentially introduce a variable from the remaining
group of predictor variables to build new models with the per-
manently included predictor variable, and identify the next per-
manently included variable from the best performing model with
the lowest AICc; (4) repeat step (3) until all predictor variables
are included; (5) find the optimal model with the lowest AICc.

2.4  Habitat suitability modeling and evaluation
We assumed a positive linear relationship between HSI and lg D

for habitat suitability modeling, as the densities of O. oratoria
had a highly right skewed distribution due to highly heterogen-
eous distribution of this specie. This could reduce the impact of
large density values on underestimating HSI for most of the study
area (Xue et al., 2017). A bivariate GAM was built to estimate the
relationship between lg D and each environmental predictor in-
cluded in the optimal GAM with the spline smooth regression.
The estimated smooth regression was then used to establish suit-
ability index (SI) curves for each predictor following the equation
below:

SI =
Ŷ− Ŷmin

Ŷmax − Ŷmin

, (4)

Ŷ
Ŷmin Ŷmax

Ŷ

where is the predicted values of lg D in the spline smooth re-
gression,  and  are the minimum and maximum values
of . We then combine these SI curves to form a composite HSM
with the unweighted arithmetic mean method (Franklin, 2009):

HSI =

n∑
k=

SIk

n
, k = , , · · · ,n, (5)

where n is the number of environmental predictors included in
the optimal GAM. We called this model as GAM-based HSM
hereinafter.

Ŷ

Additionally, we applied GWR to establish a set of SI curves
for environmental predictors included in the optimal GWR mod-
el following Eq. (4), where changed to be the predicted values
of lgD in the GWR of observed lg D to each predictor. These SI
curves were then combined into a composite HSM following Eq.
(5). This model was regarded as GWR-based HSM hereinafter.

The GAM- and GWR-based HSMs were then applied separ-
ately to predict HSIs for the study area with the estimated or de-
rived data of environmental predictors by grid within the do-
main. The spatial distributions of HSIs were mapped by month to
observe the overall spatial trend in suitable habitat distribution
for O. oratoria in spring. Interpolation accuracy of these HSMs
were compared by regressing their respective predicted HSIs
against O. oratoria densities at observed stations by month.
Transferability of these models were evaluated by comparing
HSIs to fishers’ knowledge at scarcely sampled areas within the
study domain. Finally, HSIs from the GAM- and GWR-based
HSMs were combined with the arithmetic mean method (Georgi-
an et al., 2019) to show the effect of an ensemble model of these
two models on suitable habitat identification.

3  Results

3.1  Environmental predictor selection
The optimal GAM included five environmental predictors

(i.e., BT, Ord_Sk, depth, BS and Ord_Mz) with the lowest AIC at
2 203.717 (Fig. 2). All these predictors were statistically signific-
ant, with depth having p-value of its smooth terms equal 0.025
and four other predictors having p-values of their smooth terms
smaller than 0.001. This optimal GAM explained 54.2% of the de-
viance in the O. oratoria density data. The optimal GWR model
included four environmental predictors (i.e., BT, Ord_kt, depth
and Ord_Mz), which had the lowest AICc at 538.656 (Fig. 2). The
inclusion of additional predictors resulted in obvious increases in
AICc (Fig. 2). This optimal GWR model explained 50.4% of the
deviance in the scaled O. oratoria density data. Overall, the two
sediment content predictors (Ord_Psand and Ord_Pclay) were both
excluded in the optimal GAM and GWR model. In other words,
grain-size metrics of sediment turned to be more important pre-
dictors for O. oratoria density distribution than the sediment
content metrics.

3.2   Effects of included predictors
The global effects (i.e., consistent effects over the study area)

of included predictors on O. oratoria density displayed as the re-
sponse curves from the bivariate GAM for each environmental
predictor included in the optimal GAM (Fig. 3). The response
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curve of BT approximated an asymptotic curve with obviously
high densities at temperatures between 13℃ and 22℃. The
Ord_Sk response curve indicated greater O. oratoria densities
with relatively larger (but not too large) Sk of the surface sedi-
ments. In other words, higher O. oratoria density appeared at
sediments with relatively larger dominant grain size than mean

grain size (μm). The response curve of depth suggested generally
high O. oratoria densities within 25 m in depth. Additionally, the
response curve of BS suggested that O. oratoria density in-
creased fast with increasing BS before reaching 31 and then kept
at high levels between 31 and 32.5. As for predictor Ord_Mz, its
response curve indicated that O. oratoria density appeared the
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highest when Mz fell in the 4th interval (i.e., Φ=5 to Φ=6) with
secondary higher densities when Mz fell in the 3rd and 5th inter-
vals (i.e., Φ=4 to Φ=5 and Φ=6 to Φ=7; Yuan et al., 2020). This
suggested that greater O. oratoria densities were associated at
fine sediments (e.g., silt and mud with Mz between (Φ=4) and
(Φ=7)) instead of coarse-grained sediments (e.g., sand with
Mz<(Φ=4)) or much finer-grained sediments (e.g., clay with
Mz>(Φ=8)).

Maps of the local coefficient estimates for environmental
predictors from bivariate GWRs reflected their non-stationary
effects on the density distribution of O. oratoria (Fig. 4). Positive
relationships existed between O. oratoria density and BT, with
the coefficients varying from 0.50 to 1.48 (Fig. 4a). The coeffi-
cients of BT were the highest in the northeastern Laizhou Bay
and generally higher in the Liaodong Bay and the mouth of the
Bohai Sea. The second included environmental predictor was
Ord_Kt, which displayed strong positive effects on O. oratoria
density in two coastal bays (i.e., the Laizhou Bay and the Liaodong
Bay) and strong negative effects in the middle of the Bohai Sea
(Fig. 4b). Depth showed strong positive effects on O. oratoria
density in the Laizhou Bay and the Bohai Bay, while displayed
generally negative effects in northeastern Bohai Sea where wa-
ters are mostly deeper than 25 m (Figs 1 and 4c). The final in-
cluded predictor Ord_Mz displayed strong positively effects on O.
oratoria density in the Liaodong Bay. Oppositely, it displayed
strong negative effects in the inner Laizhou Bay and the middle
Bohai Sea (Fig. 4d).

3.3  Maps and evaluation of habitat suitability
The GAM-based HSI predictions were the highest along the

mid-coast of the Bohai Sea and secondary higher around the
mouth of the Laizhou Bay (Figs 5a, c, e). Designed stations falling
in these areas were seldom sampled due to widely dispersed sta-

tionary fishing devices (e.g., gillnets and trap nets). These areas
matched well with the open areas for licensed mantis shrimp
fisheries of adjacent provinces in May during the summer fishing
moratorium of 2021 (Fig. 5c). In addition, habitat suitability ten-
ded to increase from April to June with the median HSIs by
month rising from 0.53 to 0.59 to 0.63.

The GWR-based HSM displayed similar temporal pattern
over months, with 0.56, 0.72 and 0.78 as medians in April, May
and June. Differently, the GWR-based HSM identified the highest
habitat suitability in the northeastern Laizhou Bay and on the
east of the Bohai Bay (Figs 5d, f). Overall, the observed density
distributions of O. oratoria appeared to match better with the
GWR-based HSIs (Fig. 5). The linear relationships were statistic-
ally significant between log-transformed O. oratoria density and
both model-derived HSIs. The relationship for GAM-based HSIs
had little explanatory power (R2 = 0.064) on O. oratoria density
distribution, whereas the linear relationship for GWR-based HS-
Is explained 25.2% of the variation in the observed O. oratoria
densities (Fig. 6). On balance, integrating these two HSMs
seemed to improve the predictive performance overall, success-
fully identifying fisher-recognized and survey-indicated suitable
habitats for O. oratoria in either sparsely sampled or well invest-
igated areas (Fig. 7).

4  Discussion

4.1  Sediment metrics selection
The distribution of O. oratoria has been often associated with

BT, BS, depth and metrics of sediment in the Yellow Sea and the
Bohai Sea (Li et al., 2020; Zhang et al., 2020). This study identi-
fied BT, BS, depth and grain-size metrics of sediment as inform-
atic predictors for habitat suitability of O. oratoria, while exclud-
ing the two metrics of sediment content (i.e., Ord_Psand and
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Fig. 4.   Local coefficient estimates derived from geographically weighted regressions of log-scaled Oratosquilla oratoria density to
separate environmental predictors included in the optimal geographical weighted regression model. BT: bottom temperature.
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Ord_Pclay). This suggested that grain-size metrics of sediment
might be better predictors than sediment content metrics for
modeling the distribution or habitat suitability of sedentary spe-
cies, especially those of burrowing habit (e.g., lobster, crab and
mantis shrimp). For one reason, grain-size metrics reflect the
hardness and texture of substrates, which affect the burrow de-
velopment of cave dwellers (Chen et al., 2017). For another reas-
on, sediment grain-size metrics can influence the thermoregula-
tion of cave dwellers. Just as very loose or dense soil is not good
for water storage (Zhao et al., 2019), grain-size metrics to a great
extent determine soil water storage capacity. Soil heat capacity is
commonly estimated as a function of the ratios of inorganic solid,
organic solid, liquid and gas (Chen et al., 2019). Liquid has high-
er specific heat capacity than organic solid, inorganic solid and
gas. Therefore, grain-size metrics directly link to the ratio of li-

quid contained and can affect sediment heat capacity, thereby
influencing the thermoregulation of cave dwellers.

Different types of sediment metrics have been utilized to
characterize the habitats of crustacean species of burrowing
habit (e.g., lobsters, mantis shrimps and fiddler crabs). For ex-
ample, one categorical variable of multiple sediment types
(Tanaka and Chen, 2015), several numerical variables represent-
ing the contents of separate sediment contents (e.g., rock, silt or
clay) (Li et al., 2020), and statistical metrics representing grain
size distribution in the substrates (Li et al., 2018; Chen et al.,
2019). Yet, related studies rarely reported any selection process
among different types of sediment metrics. This study indicated
that grain-size metrics outperformed numerical sediment con-
tent metrics on modeling habitat of O. oratoria. This suggested
potential requirement to select optimal sediment metrics for im-
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Fig. 5.     Mapping of generalized additive model (GAM)-based habitat suitability index (HSI) (a, c, e) and geographical weighted
regression (GWR)-based HSIs (b, d, f) for Oratosquilla oratoria in April, May and June 2017. The density (g/h) distributions of O.
oratoria in corresponding months of 2017 were plotted as circles over the HSI maps. Polygons in panels c and d show areas for three
place-based O. oratoria fisheries in May 2021.
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proving habitat modeling of such cave-dwelling species.

4.2  Consistent local and global effects of included predictors
The global effects of included predictors based on GAM are

consistent with the local effects of corresponding predictors de-
termined by GWR in most of the study area (Figs 3 and 4). First,
increases in BT had generally positive effects on O. oratoria dens-
ity at local scale. These positive effects appeared relatively weak-
er outside the Huanghe River Estuary, where BTs were obviously
higher than other areas. This coincides the global effect of BT
(i.e., O. oratoria density firstly increased and then kept relatively
stable with increasing BT from 5℃ to 22℃). Likewise, the global
and local effects of depth match well on O. oratoria density, sug-
gesting that waters shallower than 25 m tended to be more suit-
able for this species than deeper waters. Zhang et al. (2020) re-
ported a similar result in the Haizhou Bay (a large basin within
the Yellow Sea) and adjacent waters, where the suitability of O.
oratoria decreased with increasing depth.

In addition, the global effects of grain size metrics suggested
that O. oratoria prefers sediments with mean grain sizes around
the 4th level of Ord_Mz (i.e., silt and mud, Fig. 3; Yuan et al.,
2020), and its sediment suitability would further increase with re-
latively larger dominant grain size than mean grain size (μm).
These global effects of grain size metrics are consistent with their
local effects. At local scale, higher density was linked to Ord_Mz
at lower level (i.e., larger grain size (μm)) in the inner Laizhou
Bay and the middle Bohai Sea, where Ord_Mz was mostly in
higher levels (Levels 4 and 5) with finer grain size. Oppositely,
higher density was associated with Ord_Mz at higher level (i.e.,
smaller grain size (μm)) in the Liaodong Bay with coarse-grained
sediments and Ord_Mz in low levels (Levels 2−4) (Fig. 4d; Yuan et
al., 2020). Overall, these local effects of Ord_Mz suggested favor-
able sediments of mean grain sizes around the 4th level of
Ord_Mz (i.e., silt and mud).

Furthermore, larger skewness in grain size distribution (i.e.,
relatively larger dominant grain size than mean grain size) con-
tributed to higher O. oratoria density at global scale. Differently,
the kurtosis of sediment grain size distribution was identified as
more important predictor than mean grain size for O. oratoria
distribution at local scale. It requires further exploration to un-
derstand how kurtosis of sediment grain sizes could affect the
distribution of O. oratoria in ecology. Furthermore, BS was in-
cluded in the optimal GAM, but excluded in the optimal GWR
model. Some recent studies (Li et al., 2020; Zhang et al., 2020) ex-
cluded BS as a significant predictor in modeling O. oratoria dis-
tribution or suitability in the Haizhou Bay and adjacent coastal

waters, which was explained by this species’ ability to survive
well in a wide range of salinity. Yet, the utilization of RNA-Se-
quencing techniques suggested that the most suitable salinity for
O. oratoria cultured at 25℃ may be around 35 from the perspect-
ive of osmoregulation (Lou et al., 2019). In this context, the glob-
al effect of BS identified in this study did not contradict existing
knowledge on O. oratoria ecology, given that BT ranged from
5−22℃ during the survey. The optimal GWR model excluding BS
as an important predictor might be explained by low salinity vari-
ation at local scale.

4.3  Comparison of individual HSMs and the ensemble model
The GAM-based HSM displayed better transferability with

higher predictive accuracy in areas that were sparsely sampled,
when compared to the GWR-based HSM. Suitable habitats pre-
dicted by the former model greatly overlapped with the open
areas for licensed mantis shrimp fisheries during the summer
fishing moratorium of 2021 (Fig. 5). These areas should support
high abundance of mantis shrimp, as they were mainly determ-
ined by local fishermen and fisheries managers who closely track
hotspots of their targeted species (Wilson, 2017). This inference
was also supported by the fact that sampling in these areas were
mostly prohibited by widely dispersed stationary fishing devices
(e.g., gillnets and trap nets) in spring.

In addition, the GWR-based HSM outperformed the GAM-
based HSM in interpolation accuracy, effectively quantifying
habitat suitability in well sampled areas. High densities of O. ora-
toria were mostly observed in locations with high GWR-based
HSIs. These locations mostly fall in the maritime jurisdictional
zone of Shandong Province (Ding et al., 2020). Unfortunately, the
application was not approved for licensed mantis shrimp fisher-
ies in coastal areas along Shandong Province in 2021.

Improvement in the interpolation accuracy of the GWR-
based HSM may be explained by well quantified spatial non-sta-
tionary habitat preferences due to local adaptation of O. oratoria.
There are about 40 rivers entering into the Bohai Sea, forming
various estuaries distributed well along the coast. Freshwater dis-
charges sourced from different rivers usually vary in the amount
of flux, contents of nutrients and sediment load. Weak hydrolo-
gical connectivity between different estuaries and adjacent wa-
ters has led to highly heterogeneous environmental conditions in
this ecosystem (Luo et al., 2021). This could have provided
oceanic barriers to larval dispersal and promote local adaptation
of O. oratoria, given its sedentary habit in burrows after the set-
tlement of post-larvae (Ng, 2013). Moreover, local adaptation of
O. oratoria was supported by the genetic diversity and differenti-
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Fig. 6.   Scatter plots and linear relationships of predicted habitat suitability index (HSI) from generalized additive model (GAM)- and
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ation in individuals collected in a local coast within the Bohai Sea
(Liu et al., 2009), as well as the morphological differences
between local stocks in the Laizhou Bay (a coastal bay within the
Bohai Sea) and adjacent waters (Wang et al., 2020).

Furthermore, ensemble modeling technique enables a more
robust characterization of ecological niche and habitat suitabil-
ity by combining multiple types of HSMs to avoid dependence on
a single model type (Robert et al., 2016). This explains why integ-
rating the two individual HSMs successfully identified fisher-re-
cognized and survey-indicated suitable habitats for O. oratoria in
either sparsely sampled or well investigated areas. Recently,
HSMs are getting wider applications into habitat evaluation and

conservation of aquatic wildlife, as well as the forecasts of spe-
cies invasions or distributional shifts in marine ecosystems. This
has promoted increasing desire for higher accuracy in spatial
predictions of habitat suitability, especially when occurrence or
abundance data were sparse or unequally distributed over the
study area of targeted species (Cerasoli et al., 2021; Qiao et al.,
2019). In this context, ensemble modeling technique has been
well utilized to identify suitable habitats for vulnerable corals in
the South Pacific Ocean so as to support the design of new spa-
tial closures for fisheries management in the region (Georgian et
al., 2019).

5  Conclusions
In conclusion, this study provided an ensemble modeling

framework for habitat suitability modeling of O. oratoria and
similar stomatopods at wide coastal waters, so as to inform their
conservation and related coastal fisheries management. This
case study suggested that grain-size metrics of sediment may
outperform sediment content metrics in modeling the habitat of
cave-dwelling stomatopods. Moreover, the pros and cons of
GAM- and GWR-based HSMs were illustrated and integrating
them on balance could yield better performance in spatial pre-
dictions of suitable habitats at least for O. oratoria.
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