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Marine fishes are sensitive to the environment during their early life stages. This
study adopts a habitat suitability index (HSI) model to evaluate the
environmental suitability for early stages of anchovy (Engraulis japonicus) in
Laizhou Bay. Instead of calculating the suitability of spawning grounds and
nursery grounds independently or the simple average of the two, an individual-
based model is used to simulate the drifting trajectories of anchovy eggs to
establish the link between a spawning ground and its corresponding nursery
ground. The HSI of early life habitat is determined by averaging the HSI value of
the paired two grounds. The model results suggest that a small patch at eastern
Laizhou Bay (near 120.1 E°, 37.6 N°) is the most critical and suitable area for
anchovy in early life stages. It can provide an appropriate habitat for anchovy
eggs and allow the eggs to migrate to the inside of the bay with plenty of
plankton, which would benefit the newly hatching larvae. The results indicate
the significant impact of hydrodynamic transport on fishery recruitment
process, which should not be neglected in habitat quality evaluation. The
model adopted in this study is applied to anchovy as a case study, but it is
also exportable to other species of commercial interest.

KEYWORDS

habitat suitability index, fish early life stages, hydrodynamics, individual-based model,
anchovy, coastal habitats

1 Introduction

In the ocean, the early life stages of fishes are the most vulnerable and sensitive stages
in their life where small-scale environmental changes could dramatically impact the
recruitment process (Houde and Hoyt, 1987). As early as 1914, Johan Hjort of Norway
proposed the pioneering “critical period hypothesis”, which holds the belief that the
amount of population recruitment is mainly controlled by the prey abundance of the
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environment when fish larvae first transitioned to exogenous
feeding (Hjort, 1914). In 1988, known as the “growth mortality”
hypothesis, Anderson and Gerbing (1988) proposed that fast-
growing individuals have higher chances of surviving than slow-
growing ones. After that, the “match-mismatch hypothesis”
assumed that the time span of temporal overlap between
juvenile fish and plankton is a key factor influencing
population growth in the later period (Cushing, 1990),
stressing the importance of prey availability in early life stages.
Despite different views on the mechanism of interactions
between fishery species and the environment among
researchers, the significant impact of the environment on
fishes in early life stages has become a consensus. An
assessment on the quality of early life habitats can help us in
environment management and obtaining sustainable
fishery productions.

The habitat suitability index (HSI) model, first used to
evaluate the suitability of terrestrial habitats (U.S.Fish and
WildLife Services, 1981), has now been widely applied in
marine fishery research and management. From climate-scale
impacts on habitat variation (Yu and Chen, 2021) to offshore
scale habitat assessment (Theuerkauf and Lipcius, 2016), the HSI
model assists us in quantitatively characterizing the
environmental constraints to a non-dimensional value ranging
from 0 to 1, providing concise and readable assessments
on habitats.

HSI can be used to evaluate the quality of early life habitats,
which include spawning grounds and nursery grounds.
However, the environmental preferences of fishes at different
life stages may vary (Rijnsdorp et al, 2009)—for example,
anchovy tends to live at depths of 0 to 100 m (Ohshimo and
Hamatsu, 1996), and the optimal temperature for anchovy is
about 21°C (Oozeki et al, 2007), whereas anchovy eggs are
generally in the upper 10-30 m of the water column (Coombs
et al, 2004), and the preferred temperature is about 16.5°C
(Lluch-Belda et al., 1991). It is better to independently evaluate
the suitability of spawning grounds and nursery grounds and
integrate the suitability assessment results using
appropriate methods.

For most marine fish species, their eggs would be drifted by
wave and tidal current for long distances away from the
spawning grounds (Van der Molen et al.,, 2007). The
hydrodynamic process enables eggs to migrate to new nursery
grounds, significantly influencing potential population
recruitment (Hjort, 1926). A suitable early life habitat should
not only meet the requirements for egg incubation but also
ensure that the eggs can be drifted to an adequate location for
larvae to grow (Ottersen et al., 2014). Most of the larvae are not
produced locally but drift from other areas. The connectivity
between spawning grounds and nursery grounds of massive eggs
cannot be detected by field observation, while the coupled bio-
physical individual-based model (IBM) is a reliable tool to probe
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the hydrodynamic effects on marine organisms in the larval
stage, especially in estimating connectivity within stocks (Patti
et al., 2018; Falcini et al., 2020) and the responding of
recruitment to environment variation (Patti et al., 2020; Russo
et al., 2022). A bio-physical method has been applied in the
Mediterranean and clarified the link between ocean dynamics
and the fate of small pelagic fish larvae, including anchovy,
which is also proven to be effective (Cuttitta et al., 2018; Torri
et al., 2018).

In Laizhou Bay, anchovy has suffered from severe
overfishing since the 1990s, which caused the population of
anchovy to decrease significantly over the last three decades (Li
et al, 2015). This study aims to evaluate the early life habitat
quality of anchovy in Laizhou Bay in order to evaluate the
effectiveness of the HSI model on the environmental suitability
for the survival of larvae and eggs of fish species. In this sense, a
coupled bio-physical IBM is constructed to simulate the spatial
connectivity of anchovy eggs and larvae, and based on eggs-
larvae connectivity, the suitability of early life habitats for
anchovy is evaluated using the HSI method. Both laboratory-
based and field-based observation indicate that the survival
probability of anchovy larvae is significantly affected by the
growth rate in early life stage (Takahashi and Watanabe, 2004),
while the growth rate is greatly influenced by adequate ambient
temperature (Takasuka and Aoki, 2006). Anchovies tend to feed
and live in shallow ashore areas because of higher food
availability in the coastal sea (Yu et al., 2020), and river-
diluted freshwater strongly affects the concentration of
dissolved nutrients for potential prey plankton (Pinckney
et al., 2001). Therefore, depth, SST, and SSS are used to
construct the HSI model. Since anchovy spawns in coastal
shelf seas (Oozeki et al., 2007) and anchovy eggs are positively
buoyant (Coombs et al., 2004), the surface current field from the
hydrodynamic model is used to drive the eggs’ movement in
the IBM.

2 Materials and methods
2.1 Fishery and environmental data

The Bohai Sea Fishery Resources Oceanographic Survey,
which was carried out by the Yellow Sea Fisheries Research
Institute in May 2015, provided the spatial distribution data of
anchovy eggs and larvae used in this paper. Macroplankton net
was used for horizontal trawling, each trawling lasted for 10
minutes, the inlet diameter of the net was 80 cm, and the size of
the net mesh was 0.5 mm. The specimens were fixed with 5%
seawater formaldehyde solution and were manually counted in
morphological identification under a stereomicroscope. Water
depth was extracted from high-resolution sea chart. SST and SSS
came from observation during the survey.
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2.2 HSI modeling

2.2.1 Data preprocessing
The abundance of eggs and larvae is reflected by the
normalized relative abundance index (RAI):

1;

RAL; = o

max(m)

where i is the index of one of the monitoring stations, n,is the
number of eggs or larvae counted at that monitoring station, and
max(n;) is the maximum number of n;. The logarithmic
normalization of RAI is employed as the indicator of habitat
quality:

ln(RAI,- + 1) - 1n(RAImin + 1)

I =
RAL In(RAL,,, + 1) — In(RAL;, + 1)

2

where RAIjis the relative abundance index of station indexed
by i, and RAI,,, and RAI,are the maximum and minimum
values of RAI among all stations, respectively.

As is seen in Figure 1, the Laizhou Bay is shallow, with few
areas deeper than 20 m. The SST in June decreases from 20°C
ashore to about 12°C at the mouth. Due to the influence of
freshwater from the Yellow River, the salinity close to the
southern part of the estuary is low at 29, while that outside the
bay can reach 32.

2.2.2 Suitability index
The suitability index (SI) describes species’ preference for
the environment, so it is also called the preference curve or

10.3389/fmars.2022.946114

suitability curve (Gillenwater et al., 2006; Yiet al., 2017). Some
researchers in previous studies used “experts’ experience”
to set the preference curve, reflecting practitioners’
comprehension of the interaction between the environment
and species (Barnes et al., 2007; Kim et al., 2015). More recent
studies adopted the regression method (Gomez et al., 2007;
Cho et al,, 2012; Lee et al., 2019) because it can objectively
depict the relationship between species and the environment.
In this article, regression based on normal distribution is used
to get the SI. Organisms have the highest preference when
some environmental factors reach the optimal value, and in
extreme environments, organisms cannot grow well. This
dome shape of the SI curve can be well described with a
normal distribution curve:

2
E¢
SL(E) = Ae. <_) 3)
where SI is the suitability index, E is the measured value of
environmental factors, and i represents SST, SSS, or DEP. A, b, and ¢
are the fitting parameters that control the height, the extent, and the
peak location of the preference curve, respectively.

Larvae prefer to live in shallow waters, and there are almost
no larvae existing in waters deeper than 20 m (Figure 2). Eggs are
widely dispersed in waters between 15 and 20 m in depth. The
larvae are mainly in areas with SST of 15-20°C, while the eggs
prefer areas with lower SST, i.e., 10-18°C. The majority of the
larvae are found in an area with a salinity of 28 to 32, and the
eggs are found in salty waters (salinity >30) more often, which
only appear outside the bay.

120.5

119 119.5 120

FIGURE 1

stand for larvae. (B) Sea surface temperature. (C) Sea surface salinity.
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Spatial distribution of some environmental factors. (A) Water depth in Laizhou Bay. The length of the colored lines above the contour map
represents the relative abundance index of the larvae and eggs at the observation stations. Horizontal lines stand for eggs, and vertical lines
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FIGURE 2

Preference curves for DEP, SST, and SSS. The first row represents
larvae, and the second row represents anchovy eggs. The three
columns are the suitability indexes for DEP, SST, and SSS. The bar
shows the relative abundance index (RAI) data, grouped by the value
of environmental factors. The average RAl is taken as representative
in the group. The orange curve is the regression result.

2.2.3 Habitat suitability index

The HSI for anchovy eggs is considered as the arithmetic
mean of the SI values of eggs for SST, SSS, and DEP, which is
presented as follows:

SIS (dep) + Slggg (sst) + Sy (sss)

HSI,,, = 4
egg 3 4)
Similarly, HSI}, vae is calculated using:
d
st - St (dep) + S (s) ST (s59)

3

whereSIj, is the environmental suitability index of b concerning
a—for example, SIS is the environmental suitability index of
anchovy eggs concerning water depth.

Early life habitat consists of the spawning ground for
anchovy eggs and the nursery ground. Eggs (green ones in
area i in Figure 3) drift from area i to area k—area i is their
spawning ground, while area k is the nursery ground where
larvae live and grow. The larvae in area i (orange ones) came
from somewhere else and have no biological relationship with
the eggs in area i (green ones). It does not make sense to pair the
HSI of the green eggs and orange larvae together. In a lagrangian
view, instead of observing in one fixed spot, we track one batch
of eggs in moving and evaluate their response to the
environment. Therefore, the HSI for early life stages of area i
is defined as:
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FIGURE 3
Schematic diagram on the spawning and nursery grounds
connected by the drifting process.

HSlpgi = \/HSIegg(i) % HSLyvae (K) 6)

where i and k are the indexes for different sea areas, and HSI(7) is
the habitat suitability of area i.

2.3 Connectivity between spawning
ground and nursery ground

2.3.1 Hydrodynamic model

To determine the connectivity between the spawning
ground and the nursery ground, a biophysical model is used
to simulate the anchovy behaviors in the hatching process. A
three-dimensional ocean circulation model FVCOM (an
unstructured grid, finite-volume coastal ocean model) is
introduced to generate the hourly current field. Briefly,
FVCOM is an ocean circulation model using the finite
volume numerical scheme, which works on triangular
unstructured grids to fit complex coastlines (Chen et al,
2003). The hydrodynamic model used here has already been
validated and published (Lou et al., 2022), and it demonstrated
excellent consistency between simulation results and
observational data.

The domain of the model is 117.57 to 124.00°E and 37.08 to
40.94° N. The maximum grid size is 5,000 m at open sea, and the
minimum grid is 200 m nearshore. The model runs on five
vertical sigma layers and is driven by the tide-induced water level
change at the open boundary across Bohai Strait. The tidal
elevation is predicted by harmonic constants extracted from
TPXO7 (Egbert and Erofeeva, 2002), where four major tidal
components, including M2, S2, K1, and O1, are considered. The
wind is taken into account in the model, and it is derived from
the ERAS5 dataset (Hersbach et al., 2020).

2.3.2 Lagrangian particle tracking module
We use virtual lagrangian particles to explore the
trajectories of eggs in Laizhou Bay. Fish eggs have very small

frontiersin.org
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volume and mass; therefore, tidal current governs their
movement, which means that they are passively advected by
the flow field. The trajectories are obtained by solving this
differential equation through the fourth-order Runge-Kutta
method:

i

= TE0.Y @

where it is the time, and X is the location of the particle.
Because the anchovy eggs in Laizhou Bay are mostly in the upper
layer of the sea (Coombs et al., 2004; Bian et al., 2022), ¥(X, t) is
the flow field of the surface sigma layer in the model described in
Section 2.3.1.

2.3.3 Incubation simulation

The accumulated temperature (T,cc,) of the eggs, which is
the integral of ambient temperature over time, largely
determines the anchovy’s incubation state. Anchovy eggs
start growing only when the temperature is above 10.26°C
(Wan, 2008), which is known as the “biological zero”.
Anchovy eggs develop into larvae when T, exceeds 423°C*
hours (Wan, 2008).

eggs, | Theeu < 423
particle status: (8)
larvae, | Tyeey = 423
The temperature:
T = T(%(t), ) )
Tyccu is calculated by:
t
Taccu(t) = / [T("?(t)’t] - Tbiozero]dt (10)
[}

where T is the ambient temperature of the particle at
location ¥ and time t T, (f) is the accumulated temperature
of anchovy eggs at time t, and Tpiozero 1S the minimum
temperature at which anchovy eggs can still grow (10.26°C for
anchovy eggs).

10.3389/fmars.2022.946114

2.3.4 Model setup

Since the model intends to explore the spatial connectivity
between spawning ground and nursery ground instead of the
number of successful incubation cases, all particles are set
immortal, and they are homogeneously distributed in the
study domain. In total, 10,000 particles are seeded in
the model to represent the anchovy eggs, and the releasing
time is 1 o’clock, May 15, during the main spawning seasons of
anchovy (Bian et al., 2022). For each timestep, the temperature
and salinity around the particle are recorded to calculate the
Taceu(t). Taceu(t) is set to zero at the initial location.

3 Results

3.1 The spatial distribution of HSl.44 and
HSIlarvae

Figure 4 shows the spatial distribution of the HSI of larvae
and eggs. We can observe that anchovy eggs (Figure 4A) prefer
deep waters that are distant from the coastline. The HSI of eggs
in Laizhou Bay decreases from outside to inside the bay and
reaches a very low value at the bottom of the bay in shallow
coastal waters. In addition, longer-term data also shows that
anchovy eggs prefer high salinity and high transparency in the
northeastern part of Laizhou Bay (Bian et al, 2022), which
supports the validity of our HSI model. On the contrary,
anchovy larvae (Figure 4B) prefer shallow waters near the
shore, where the SST is higher and the SSS is lower than those
in deeper areas. It provides the larvae with much more plankton
to feed on, which could reduce mortality and increase
population recruitment.

3.2 Current field

The current in Laizhou Bay is tide-dominated and
influenced by the wind. At low water (Figure 5A) or high

119

119.5 120 1205 °E

FIGURE 4

120

1205 °E

Habitat suitability of eggs and larvae. (A) Habitat suitability index (HSI) of eggs. (B) HSI of larvae.
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FIGURE 5
Current field in Laizhou Bay in May 11 at times (A) 11:00, (B) 15:00, (C) 18:00, and (D) 22:00. The illustration on the lower right corner of each
figure is the water elevation of the red dot in the center of Laizhou Bay.

water (Figure 5C) phase, the current speed is less than 0.3 m-s-s™*
at most areas of the domain. At the flood (Figure 5B) or ebb
(Figure 5D) phase, the current direction is southwest or
northeast, and the current speed is about 0.4 m-s-s™ at most
areas and can reach 0.7 m-s-s" near the headlands.

3.3 Trajectories during incubation

According to the results of the IBM, eggs from the west side
of Laizhou Bay are significantly transported to the northwest
during incubation (Figure 6). The drifting distance is mostly
above 20 km, while eggs from the east side of Laizhou Bay

generally move to the southwest, and the drifting distances are
about 10-20 km. Near 119.5° E and 37.4° N, the residual current
is weak, and the eggs and their descendant larvae are almost at
the same location, with a drifting distance of less than 5 km.
Near the islands on the northeast corner of the domain, the
trajectories are more erratic due to the effect of island bypass
currents. Eggs travel along complicated trajectories between the
islands and the coastline, with a considerable drifting distance
larger than 25 km.

Some intriguing spatial patterns are marked in red in
Figure 7A. Longer transport distances are more likely to
appear close to headlands or long, projecting artificial
constructions, e.g., the wharves, which could induce intense

119 119.5

FIGURE 6
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Drifting trajectories of eggs. The black dots are the release locations of anchovy eggs, and the colored lines are their drifting trajectories.
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FIGURE 7

vortices around them (Black et al., 2005) and cause a stronger
material transport than areas at the center of Laizhou
Bay. The average drifting distance during incubation is
17.8 km. The 25, 50, and 75% percentiles are 11.9, 19.2, and
23.4 km, respectively.

The time duration increases from inside to outside the bay
because of the inverse relationship between incubation time
duration and ambient temperature. At the bottom of the bay, the
time duration is about 60 h, and it exceeds 2 h in the deep waters
in the outer Bohai Sea. The average time for egg incubation is
73.3 h, where the 25, 50, and 75% percentiles are 48.2, 59.0, and
87.0 h, respectively.

3.4 Habitat suitability index for early life
stages

Hydrodynamic process significantly influenced the
distribution pattern of the HSI inside Laizhou Bay. HSIgs
(Figure 8A) and HSI'grs (Figure 8B) have similar patterns,
which appear to have a high value in the center of the bay and
a smaller value on the other two sides. Nevertheless, comparing
the distribution of HSI and HSI" in Laizhou Bay, it is notable in
Figure 8 that HSIgy g reaches its highest value (HSIgrs > 0.67) in
the eastern Laizhou Bay (near 120.1 E° and 37.6 N°). Eggs laid in

119 119.5 120 1205 °E

FIGURE 8

Frontiers in Marine Science

(A) Drifting distances from eggs to larvae. (B) Incubation time duration.

Habitat suitability index (HSI) for early life stages. (A) The spatial distribution of HSIg.s. (B) In contrast, the HSI'g s without drifting process.
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this favorable environment have a large chance to survive
(HSIegg > 0.8), and when this batch of eggs turns into larvae,
they will be transported to shallower and warmer waters where
they would feed on a lot of plankton and grow well (HSI v, >
0.7). Overall, this area can be thought of as the most suitable and
critical habitat for anchovy in Laizhou Bay.

Contrary to the HSIg;s discussed above, HSI'g s (drifting
excluded) has different spatial characteristics. HSI'g; g presents a
striped region of the highest values (HSI'g s > 0.67), spanning
from the western to the eastern side of the bay. We could be
misled into thinking that this whole area in the striped shape is
suitable for larval anchovy. However, the eggs released from the
west part of the stripe are more likely to be transported outwards
and die in cold and barren seas (HSIj,ryae < 0.4). It is hardly a
good habitat for anchovy.

The differences between HSIgrs and HSI'gy g are plotted in
Figure 9. The positive value (marked in yellow) means that the
drifting process increases the suitability of this habitat—the
current brings the eggs to a better habitat, while the negative
value (marked in green) means that the drifting process
reduces the HSI of the area. It can be seen that almost the
whole western Laizhou Bay is negative, while some small areas
in the northeast part of the domain are positive. In Section 3.3,
we discussed the outward transportation of the eggs in western
Laizhou Bay, making the eggs in this area hatch under

119

119.5 120 1205  °E
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FIGURE 9

Spatial distribution of HSIg s minus HSI’g s. Yellow indicates a positive value, and green indicates a negative value.

unsuitable nursery grounds, which results in the large negative
areas. Meanwhile, the eggs in the northeastern Laizhou Bay are
transported inshore to a shallow, warm, and low-salinity area,
which is highly suitable for larvae as presented in positive areas
in Figure 9.

4 Discussion

In this study, we simulated the drifting trajectories and
spatial connectivity of anchovy eggs over their whole
incubation period in Laizhou Bay with an IBM. Based on that,
we evaluated the habitat suitability index for anchovy in their
early life stages with/without the drifting process (HSIgrs and
HSI'gyps, respectively). The model indicates that a small patch at
the east side of the bay mouth (near 120.1 E° and 37.6 N°) has
the highest score, where the environment is suitable for eggs to
survive, and the final incubation location of those eggs is in
warm and shallow offshore areas, which is also highly suitable
for larvae to grow. The environment quality in this particular
area has a significant impact on the prospective population
recruitment. It is an important location for the cultivation,
artificial egg release, and other fishery management activities.

Compared with HSIg; s, HSI'gr s showed an unrealistic high-
value striped area in the bay mouth. The difference is controlled
by the current field in Laizhou Bay, where the residual currents
in the west mostly direct outwards, and in the east, they mostly
direct inwards. As a result, the eggs released in the west are
transported to areas where larvae cannot survive, while the eggs
in the east are transported to suitable offshore areas. Currents
can significantly affect the recruitment process, especially when
they transport biological particles to an entirely different
environment. The method used in this study can also be used
for other species” habitat assessment.
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