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Abstract: Excessive flow turbulence poses a threat to the development of drifting fish eggs, leading to
mortality or developmental malformations and ultimately depleting early fish resources. Currently,
there is a scarcity of quantitative studies investigating the effects of flow turbulence on the entire
process of drifting fish egg development, from fertilized egg division to hatching. In this paper, the
effects of different flow turbulence conditions (FTCs), including turbulent kinetic energy and shear
stress, and action times on different stages of fish egg development were quantitatively explored
using a transverse-oscillating-grids turbulence tank. Empirical formulas were established to predict
the proportion of normal fish egg development under different FTCs within a selected range. The
research findings provide a quantitative basis for protecting early fish resources, mitigating the
biological invasion of specific fish, constructing fish-breeding facilities, and ensuring safe transfer
and transportation.

Keywords: turbulent kinetic energy; shear stress; drifting fish eggs; action; empirical formula

Key Contribution: This study quantitatively investigates the effects of different flow turbulence
conditions (FTCs) and action times on different stages of fish egg development and establishes
empirical formulas to predict the proportion of normal fish egg development under different FTCs
within a selected range.

1. Introduction

With the transformation of natural rivers due to inland navigation construction and
water conservancy projects, the flow conditions in rivers are becoming increasingly intricate,
and the impact on the ecological environment of rivers is becoming more severe. The effects
of various wading structures (such as hubs, fishways, spur dikes, etc.), ship waves, and
ship propellers can significantly alter flow turbulence and shear stress [1–5]. Fish are at
the top of the food chain in river ecosystems and are usually used in evaluation indexes
to assess the quality of a river’s ecological environment [6,7]. Taking fish as an example,
flow turbulence or shear stress will have a certain effect on the whole life cycle of fish
(embryonic stage, larval stage, adult stage, etc.) [8,9]. This study focused on the effects of
water turbulence on the whole development process of drifting fish eggs (i.e., the entire
embryonic period, including the stages from the division of fertilized eggs to hatching).

Drifting fish eggs need to drift in water for tens to hundreds of hours [10]. During
this period, fish eggs have no ability to swim independently and instead drift about tens
to hundreds of kilometers in the water [11–13]. The impact of flow velocity on fish eggs
is significantly less than that of flow turbulence, which greatly affects drifting fish eggs,
leading to increased mortality rates and significantly impeding recruitment [14–17].
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The appropriate range of flow turbulence can promote the occurrence of fish spawning
activities, maintain the development of fish eggs’ suspension drift, and avoid fish eggs
sinking to the bottom, as sinking may lead to impact, burial, or exposure to low temper-
atures and oxygen depletion, resulting in mortality [18–23]. However, if the turbulence
is too large, the strong turbulent kinetic energy and shear stress may cause damage to
the normal development of fish eggs, resulting in the malformation or death of the fish
eggs. For example, fish early life stages can be seriously harmed when passing through
structures such as turbines, spillways, or fishways [24–27] due to mechanical collision, a
high-turbulence and -shear-stress environment, and gas supersaturation [25,28].

Morgan et al. [9] explored the effects of strong flow shear stress, which may be
generated in inland shipping traffic (by propellers, ship waves, etc.), on fish eggs and larvae.
They simulated the shear stress in water flow by employing a rotatable bucket and obtained
the regression equation of the death percentage of fish eggs and larvae under continuous
shear stress. Maynord et al. [29] meticulously scrutinized the experiments conducted by
Morgan et al., considering that the experimental parameters faithfully mirrored the shear
stress encountered along the hull. Specifically, for a typical vessel velocity of 2.9 m/s
and a representative shear stress of 8.7 N/m2 within the Upper Mississippi River–Illinois
Waterway System, their observations revealed that the average mortality rate of fish eggs
and larvae stands at 9%. Killgore et al. [7] evaluated the mortality of eggs, larvae, or
juveniles of five fish species using a scale model of a towboat propeller in a circulating
water channel. The results showed that newly hatched larvae (length < 10 mm) were more
susceptible to water shear stress than eggs and juveniles. At a high stress level (474.3 N/m2),
30% of white sturgeon eggs (in the early yolk sac stage) and 86% of lake sturgeon larvae
died. Compared with the impact of propeller blades, high shear stress may be the main
cause of death. Prada et al. [23] used a racetrack flume to explore the optimal survival
conditions of grass carp eggs. It was suggested that the combined effects of higher levels
of turbulence and shear stress, as well as the wear and tear caused by interaction with
fast-moving sediment particles in the suspension, significantly increase mortality. Prada
et al. [30] used an oscillating-grid stirred turbulence tank to create a turbulent environment
with the maximum turbulent kinetic energy kmax = 2.7 m2/s2 (or shear stress τxz > 30 N/m2)
to explore the effect of pure turbulence on the survival of water-hardened grass carp eggs.
Experiments showed that the survival rate was close to 90% when kmax < 2 m2/s2 in the
turbulence tank. When kmax = 2.7 m2/s2, the survival rate decreased to about 70%.

Studying the effect of flow turbulence on the development of drifting fish eggs is of
great significance for protecting fish resources, transforming and utilizing natural rivers,
and restricting the biological invasion of specific fish. Despite its importance, there are few
studies on the mechanism of flow turbulence on fish eggs, with most research focusing
on adult fish [31,32]. This may be due to the small size of fish eggs, which makes them
difficult to obtain, count, and measure.

Studies have shown that flow turbulence and shear force can cause fish eggs to become
deformed or die, but it takes several hours for the eggs to hatch from fertilization and go
through several developmental stages, including cleavage, blastocyst, gastrula, neurula,
organ formation, and hatching [10]. The ability of fish eggs to resist turbulence may vary at
different stages, and this variation can accumulate and magnify over the drifting time scale
of tens to hundreds of hours for fish eggs, resulting in significant predictive biases [33,34].

The focus of this paper is on the eggs of Squaliobarbus curriculus (S. curriculus), a
drifting-egg fish prevalent in the Yangtze River Basin and its southern rivers. Belonging to
Cypriniformes, Cyprinidae, and Leuciscinae, it shares characteristics with species like black
carp and grass carp. S. curriculus exhibits a silvery-white body with a slightly dark-gray
back and a distinctive red spot on the upper edge of the eye, resembling the shape of grass
carp (Figure 4). Known for its robust disease resistance, adaptability, rapid growth, ease of
domestication, and valuable commercial attributes such as tender meat and rich nutrition,
S. curriculus holds significant promise for development and promotion. Consequently,
utilizing the eggs of S. curriculus as the experimental subject carries substantial practical
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significance. The breeding season for S. curriculus varies across different water systems,
typically occurring from April to September, with a peak period from June to July. The
optimal water temperature for artificial reproduction ranges from 22 ◦C to 28 ◦C. Fertilized
eggs are characterized by a light-green or yellowish-green color, spherical shape, and small
diameter of about 0.9 to 1.2 mm. The proportion of eggs is slightly larger than water. Upon
water absorption, the fertilized egg’s membrane expands rapidly, becoming transparent
and elastic, with an outer diameter ranging from 3.2 to 5.1 mm (varied due to fish size).
While sharing similarities with the eggs of the four major Chinese carps, S. curriculus eggs
have a slightly smaller diameter. These eggs exhibit dynamic behavior, suspending in
running water, sinking, and drifting in still water. In the temperature range of 22 to 32 ◦C,
the hatching time for eggs ranges from 13 to 35 h, with a negative correlation to water
temperature—higher temperatures result in shorter hatching times [35].

In this study, we explored the mechanism of the flow turbulence effect on the entire
embryonic period of fish eggs (using S. curriculus as an example) by shortening the time
interval of the experimental groups to 0.5–2 h. Through repeated indoor experiments, we
established empirical formulas for predicting the proportion of normally developed fish
eggs under different flow turbulence within a selected range.

Although previous studies have analyzed the effects of turbulence on fish eggs, lar-
vae, and juveniles, the changes in the development of fish eggs were not fully studied.
Prada et al. [34] divided fish eggs into pre-water-hardened (first 5 h) and water-hardened
(last 30 h), but this division may not be detailed enough. Our study provides a more
comprehensive analysis of the effect of flow turbulence on fish eggs.

2. Materials and Methods
2.1. Experimental Equipments

The experimental setup comprises a transverse-oscillating-grids turbulence tank, an
acoustic Doppler velocimetry (ADV) system, and a net cage (refer to Figure 1 and Table 1).
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Figure 1. The main experimental equipment diagram, including ADV system, net cage, and
transverse-oscillating-grids turbulence tank (left), and its overall structure diagram (right). In
the right structure diagram, 1 is the water tank, 2 is the grids, 3 is the 1100 W horizontal motor, 4 is
the ADV frame, 5 is the grids bar, 6 is the grids hole, 7 is the transmission device, 8 is the cover plate,
9 is the F-shaped woodworking clamp, and 10 is the net cage.

The transverse-oscillating-grids turbulence tank is employed to quantitatively generate
the flow turbulence conditions (FTCs) necessary for the experiment. It consists of a water
tank, two oscillating grids, two 1100 W horizontal motors, two frequency converters, and
ADV guide rails. The water tank is constructed from organic glass, and the grids are made
of aluminum alloy with a porosity of 0.56 (the ratio of the grid opening area to the total
area). The vibration centers of the two grids are situated 10 cm away from the side wall of
the tank. The motors are positioned on both sides of the water tank and are connected to
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the grids within the tank via a transmission device, driving the grids to reciprocate with a
stroke of S = 10 cm. Two inverters provide quantitative control for stepless speed changes
in the motors. The ADV rack is employed to position the ADV system, allowing it to move
freely in three directions within the water tank.

Table 1. Summary of main experimental equipment.

Experimental
Equipment

Size (cm)
(l × w × h) Main Usage

Transverse-oscillating-grids turbulence tank 55 × 30 × 30 Used to quantitatively generate the FTCs (abbreviation of
flow turbulence conditions) required for the experiment.

ADV system / Used to calibrate the FTCs in the tank.

Net cage 10 × 7× 10
Used to limit the drift range of the eggs, prevent the
mechanical collision caused by the oscillating grids to the
eggs, and facilitate the collection of statistics.

The ADV system is utilized for calibrating the FTCs in the tank. It employs single-
point measurement with a frequency of 25 Hz, a measurement range of up to 4 m/s, and
an accuracy of ±0.5% of the measurement range. The ADV system is mounted on the
preset ADV guide rails on the upper part of the tank, with the instantaneous velocity point
measured 5 cm in front of the probe.

The net cage is employed to restrict the drift range of the eggs, preventing mechanical
collisions caused by the grids and facilitating the collection of statistics. The net cage
dimensions are 10 cm × 7 cm × 10 cm (length × width × height). The frame is made of
plastic, and the mesh consists of nylon hexagonal mesh with a diameter of 2 mm. The
opening of the mesh cage is positioned upward utilizing a toggle latch switch.

2.2. Calibration of the Tank Flow Turbulence

ADV is used to calibrate the FTCs of the tank. In this paper, flow turbulence is
characterized by turbulent kinetic energy (k) and shear stress (τ). The formula for k is [36]

k =
1
2

(
u′2 + v′2 + w′2

)
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where u′, v′, w′ is the RMS of the fluctuating velocity (i.e., turbulence intensity), u′
i, v′i, w′

i is
the fluctuating velocity in three directions, ui, vi, wi is the instantaneous velocity measured
by ADV, u, v, w is the average velocity, and N is the total number of measured samples.

Shear stress is the apparent stress associated with turbulent momentum transport. The
formula is

τij = −ρu′
iu

′
j

where ρ is the density of water (996.782 kg/m3 at 26 ◦C), and u′
i and u′

j denote the fluctuating
velocity in different directions. Since we pay more attention to the effect of large shear
stress on fish eggs, τ takes the maximum value in τij.

The top of the tank is covered to prevent water overflow. Generally speaking, an
oscillating-grids turbulence tank is often filled with water without leaving the free surface,
i.e., the upper-cover type. This can ensure that the turbulence generated inside the tank
is approximately uniform in a selected range [37]. However, the flow turbulence is small
(k < 0.0055 m2/s2, τ < 0.7 N/m2), which is far from the FTCs in a natural river [38–44].
Therefore, in this experiment, a space of 5 cm above the free surface of the water body in the
vibrating-grid water tank was reserved for the free oscillation of the water flow, increasing
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the turbulence intensity inside the tank and better simulating the turbulence characteristics
of the water flow in a natural river (Figure 2).
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Figure 2. The tank layout, front view (mm). The tank has dimensions of 550 mm in length and
300 mm in height. Within the tank, two oscillating grids are present. The vibration center is positioned
100 mm away from the side wall, and the stroke is 100 mm. The net cage is centrally located in the
tank, with its bottom situated 70 mm above the tank’s bottom. The measuring point and line are
depicted in green color.

To investigate the vertical turbulent distribution within the tank, a vertical measuring
line was positioned at the planar center of the tank, and measurements were conducted
using the ADV system. Along the measuring line, points were sampled at 2 cm intervals
within the range of 5–23 cm above the tank bottom, totaling 10 points (see Figure 2).
Three different operational conditions were examined, corresponding to grid vibration
frequencies (abbreviated as f ) of 2, 4, and 6 Hz, with the measurement outcomes depicted
in Figure 3a. It is evident that turbulence is relatively uniform near the middle of the tank.
Consequently, the position for the net cage was chosen at a depth of 7–17 cm above the
tank bottom.
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Figure 3. (a) Vertical distribution of k at various f without the cage (measuring line in Figure 2).
(b) Comparison of k under different f without cage and with cage (measuring point in Figure 2). k is
employed as an illustrative example to characterize the turbulent environment in the tank.

Once the net cage position was determined, an additional measuring point was es-
tablished at the center of the net cage (Figure 2) to observe the impact of the net cage
on turbulence and calibrate the turbulent environment within the net cage. The mea-
surement results are illustrated in Figure 3b. Following the placement of the cage in the
tank, turbulence at the central point of the cage exhibited a slight reduction compared to
the condition without the cage, meeting the experimental requirements. Postcalibration,
the average turbulence within the net cage fell within the range of k (0–0.5 m2/s2) and
τ (0–60 N/m2), with f = 0–6 Hz and a stroke of S = 10 cm. This essentially covers the major-
ity of natural rivers, excluding special conditions such as those involving turbines, thrusters,
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and spillways. The turbulent environment in the vibrating-grid water tank exhibits a sym-
metrical distribution from left to right, with a smaller magnitude in the middle and larger
magnitudes on both sides [37]. Considering the narrow width of the cage, the variation of
turbulence in the horizontal direction is negligible; thus, it is approximately assumed that
the turbulence at the measurement point represents the average turbulence inside the cage.
Although the exact positions of fish eggs within the cage are unclear, given the influence of
turbulence, it can be anticipated that fish eggs are randomly distributed within the cage.
Therefore, it is presumed that the turbulent environment experienced by fish eggs in the
experiment corresponds to the aforementioned calibrated average turbulence values.

2.3. Experimental Protocol

The experimentation took place at the Yangzhong Base of the Jiangsu Provincial
Freshwater Fisheries Research Institute. Two experiments were conducted on 31 August
and 2 September 2022, respectively. In each experiment, two male and two female fish
were carefully selected to ensure a higher fertilization rate. The fertilization outcomes of
the two experiments are detailed in Table 2. For a visual representation, Figure 4 illustrates
the sperms and oocytes obtained, using the first experiment as an example. The fish eggs
resulting from artificial insemination were carefully transferred to a hatching barrel to
facilitate continuous hatching, and they were retrieved as needed throughout the course of
the experiment. The experimental water used was sourced from a treated Yangtze River
water diversion.

Table 2. Fertilization statistics of two experiments.

Experiment The First Experiment The Second Experiment

Insemination time 31 August 2022 22:27 2 September 2022 21:00

Water temperature 26 (±0.5) ◦C 26.5 (±0.5) ◦C

Parental attributes Length cm Width cm Weight kg Length cm Width cm Weight kg

Male fish 1 31 10 0.38 27 7 0.32

Male fish 2 28 9 0.35 32 10 0.37

Female fish 1 27 6 0.32 28 7 0.33

Female fish 2 33 7 0.39 30 8 0.37

Fertilization rate >95% >95%

Hatching duration 18.5 (±0.5) h 18.2 (±0.5) h
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In this study, the eggs of Squaliobarbus curriculus (S. curriculus) were obtained by
artificial insemination, and the whole process did not cause damage to S. curriculus itself.
After obtaining the eggs, we put the S. curriculus back into the pond and made every effort
to minimize the pain. Therefore, according to the Chinese Association for the Laboratory
Animal Sciences and the Institutional Animal Care and Use Committee (IACUC) protocols,
this study is exempt from the requirement for ethics approval.

The impact of the same FTC on fish eggs can vary across different developmental
stages. In this study, the developmental time postfertilization served as a single variable.
At distinct time intervals leading up to hatching, a measured quantity of fish eggs (approxi-
mately 30 mL as measured by a cylinder) was extracted from the hatching barrel and placed
into the net cage. The FTC k = 0.157 m2/s2, τ = 19.93 N/m2 generated by f = 5 Hz and the
stroke S = 10 cm was selected as the typical FTC, and the action time (TA for short) was
1 min. The described procedure constitutes one typical group, which was repeated twice.

Studies have indicated that newly hatched larvae have weaker resistance to turbulence
compared to fish eggs. The globular structure of the egg and the flexible outer chorionic
membrane may to some extent protect the embryo from rotation, deformation, and shear
stress. Under the impact of turbulent forces, the egg membranes of certain fish eggs may
rupture prematurely, releasing vulnerable and incompletely developed larvae, resulting
in their mortality or developmental abnormalities [7,9,34]. Herein, no distinction is made
between mortality and developmental abnormalities; any fish egg that prematurely sheds
its membrane is uniformly considered incapable of normal development. Following mem-
brane rupture, their volume becomes negligible. Therefore, this study utilizes volume
changes to estimate such damage. The ratio of fish eggs volume without shedding mem-
branes to the total fish eggs volume can be considered as the proportion of eggs that can
develop normally.

The volume of fish eggs before (V1) and after (V2) the turbulent flow effects was
precisely measured using a measuring cylinder. The percentage of fish eggs volume without
shedding membranes is expressed as the ratio of V2 to V1 (P(experiment), Equation (1)).

Beyond the impact of flow turbulence, the standard experimental procedure itself may
contribute to premature shedding of egg membranes. To account for this, the corrected
data utilized the ratio of experimental results from the typical group to those from a blank
control group. This corrected percentage of fish eggs volume without shedding membranes
under the typical FTC is denoted as P0 (Equation (2)).

P(experiment) =
V2

V1
× 100% (1)

P0 =
P(experiment)

P(blank)
× 100% (2)

where P(experiment) is the percentage of fish eggs volume without shedding membranes;
P(blank) is the percentage of fish eggs volume without shedding membranes in the blank
control group; and P0 is the corrected percentage of fish eggs volume without shedding
membranes under the typical FTC.

During the initial hour, the eggs of S. curriculus experienced swelling with the experi-
mental water temperature maintained at 26–27 ◦C. Subsequently, the swelling gradually
stabilized. Ultimately, the egg diameter reached a stable state at 4.2 ± 0.4 mm, and the
hydrostatic settling velocity remained constant at 4.85 ± 0.5 mm/s. The corresponding
egg density, determined through formula conversion, stabilized at 997.79 ± 0.4 kg/m3 [45].
Given the substantial variations in the size and density of fish eggs (expressed in hydro-
static settling velocity) during this period (as depicted in Figure 5), manually counting
them based on volume measurement proved challenging. Moreover, this time window was
relatively short, constituting only about 5.6% of the entire embryonic period. Consequently,
the experiment was not conducted during this initial phase. Recognizing that the chorion
undergoes increased susceptibility to hatching enzymes and embryo movements as fish
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eggs approach hatching, resulting in a gradual weakening of membrane strength [33,46],
the influence of flow turbulence is anticipated to intensify. Therefore, the experimental time
interval was strategically set between 0.5–2 h, with an increased experimental frequency as
fish eggs approached hatching.
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Figure 5. The changes in egg diameter and hydrostatic settling velocity of S. curriculus during
embryonic period (taking the first experiment as an example). The abscissa T represents the fish egg
developmental stage, calculated as the ratio of time since fertilization to the total time for over 95% of
eggs to hatch (dimensionless to account for temperature effects). T = 0 marks insemination, and T = 1
is the total hatching time. Measurements of egg diameter and settling velocity were taken randomly
from five eggs each time. Initial hourly measurements (before 0.056 T) occurred every 10 min due to
noticeable changes, followed by gradually increasing intervals as parameters stabilized.

Different FTCs and TA may exert distinct effects on fish eggs at the same developmental
stage. The initial time, when P0 ≈ 75%, marks the point at which the influence of the typical
FTC (k = 0.157 m2/s2, τ = 19.93 N/m2) gradually becomes apparent, as indicated in the
results in Section 3.1. Subsequently, two standard groups were conducted at intervals of
1–2 h, resulting in a total of three groups.

Each standard group’s experimental conditions for different FTCs involved f of 4, 5,
and 6 Hz (k = 0.0056, 0.1567, 0.4190 m2/s2; τ = 0.44, 19.93, 59.82 N/m2), with a TA of 1 min.
For each group focusing on different TA, the conditions included 1 min, 3 min, and 5 min,
with a constant f of 5 Hz.

According to the experimental design outlined above, the proportion of the fish eggs
volume without shedding membranes can be obtained under any FTC and TA, denoted by
the variable P. The computation method for P is identical to that of P0 (Equation (2)).

There are a total of 7 experimental conditions, categorized into three main groups:
the blank group (condition 0), the typical group (condition 1), and the standard group
(conditions 2–6) (see Table 3).
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Table 3. Experimental conditions.

Experimental
Conditions f (Hz) TA (min) Remark

0 0 0
The blank group: Stillwater environment.
Used to eliminate the influence generated
by the experimental procedure.

1 5 1
Typical group intervals: 0.5–2 h,
increasing frequency nearing hatching,
covering entire fish egg development.

2 4 1

1. Standard group initiation at P0 ≈ 75%.
2. Standard group intervals: 1–2 h,
repeated three times.

3 5 1

4 6 1

5 5 3

6 5 5

3. Results
3.1. Effects of Typical FTC on Fish Eggs at Various Developmental Stages

Figure 6 illustrates the variation in P(blank), P(experiment), and P0 over the development
time of fish eggs. It is evident that the two experiments exhibit a consistent pattern.
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Figure 6. The variations in P(blank), P(experiment), and P0 with respect to T. The black horizontal
arrow measures the time interval between the blank control group and the data of the two repeated
typical groups at the same P0. Use Data 1 and Data 2 to distinguish between the results of the
two experiments.

The corrected data (blue line, P0) in the graph depict the impact of the typical FTC
on S. curriculus eggs. Notably, the typical FTC minimally affects the early stages of egg
development (T < 0.5), indicating a robust resistance of eggs to water turbulence during
this period. However, from the middle of egg development, P0 gradually decreases. As the
natural hatching time approaches, fish eggs become more susceptible to damage from flow
turbulence, leading to premature shedding of membranes.

The blank control groups (black solid line) reflect the overall damage incurred by
the entire experimental operation on fish eggs. Comparison with the two experimental
datasets (black dotted line) reveals a phase difference of approximately 2.5 h (black line) in
the late stage of fish egg development. This disparity underscores the detrimental impact
of flow turbulence on fish eggs. Specifically, under the influence of the typical FTC, fish
eggs exhibit membrane shedding approximately 2.5 h (0.14 times T) earlier than expected.

Figure 7 consolidates the P0 from Figure 6, presenting a total of four lines. The
empirical formula, represented as Equation (3) and depicted by the red dotted line in
the figure, captures the trend. Notably, during the early and middle stages of fish egg
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development, the influence of flow turbulence on fish eggs is minimal. However, as the
egg development progresses into the middle and late stages, the impact of the typical FTC
on fish eggs becomes more pronounced over time.
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3.2. Effects of FTCs and TA on Fish Eggs

Figure 8 illustrates the impact of various flow turbulence conditions (FTCs), taking k
as an example, and a similar pattern is observed for the τ. In Figure 8a, during the middle
and late stages of egg development, there is a noticeable decrease in P with increasing flow
turbulence. This suggests that higher flow turbulence leads to greater damage to fish eggs,
resulting in a higher proportion of eggs shedding membranes prematurely. However, it
is worth noting that at different stages of T, the slope of the curve varies slightly, with a
larger T corresponding to a steeper slope. This indicates that the closer the fish eggs are to
their natural hatching time, the more pronounced the impact of increased turbulence on
fish eggs. A similar trend is observed in Figure 8b.
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3.3. Establishment of Empirical Formulas

Equation (3) in Section 3.1 serves as the empirical formula depicting the variation of
P0 (the corrected percentage of fish eggs volume without shedding membranes under the
typical FTC) with T (the development stage of fish eggs) under the influence of the typical
FTC. For predicting P (the corrected percentage of fish eggs volume without shedding
membranes under any FTCs) within a selected range, a combined consideration of the
experimental findings from both Sections 3.1 and 3.2 is essential.

The fundamental approach involves deriving P0 (Section 3.1 results) initially, based
on Equation (3), representing the P0 at a specific developmental stage of fish eggs. Subse-
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quently, considering the response pattern of P to different FTCs and TA at the same egg
development stage (Section 3.2 results), P is deduced from P0.

Drawing inspiration from classical mechanics [47], let turbulent kinetic energy action
(Ak) = k × TA, and shear stress action (Aτ) = τ × TA. The results from Section 3.2 under
various FTCs and TA conditions are amalgamated in Figure 9, illustrating the variation of P
with Ak (a) and Aτ (b) under diverse working conditions.
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Figure 9. P variation according to Ak (a) and Aτ (b). The red dotted line in the two figures is P0 under
the action of the typical FTC. The blue triangle data points, green circular data points, and yellow
square data points in the two figures were measured at the developmental stages of 0 < T ≤ 0.65,
0.65 < T ≤ 0.80 and 0.80 < T ≤ 1, respectively. Blue, green, and yellow dotted lines are the fitting lines
of these data points. The blue, green, and yellow regions are the p values corresponding to any action
at the above development stage. The upper and lower boundaries of the blue, green, and yellow
regions are straight lines with the same slope as the dotted lines of the respective regions through P0

= 1, P0 = 0.9, through P0 = 0.9, P0 = 0.8, and through P0 = 0.8, P0 = 0.5, respectively.

In both figures, the blue, green, and yellow colors signify the corresponding relation-
ship between P and action at different developmental stages (0 < T ≤ 0.65,
0.65 < T ≤ 0.80, 0.80 < T ≤ 1). The larger the T, the steeper the slope across the en-
tire region, signifying a heightened impact of different actions on fish eggs as they approach
their natural hatching time.

The developmental process and period of S. curriculus eggs align with those of the
four major Chinese carps. The final developmental stage before hatching is the heartbeat
stage, typically occurring at (0.85–0.9) T. At this point, the heart begins to pulse weakly,
gradually strengthening, marking the culmination before hatching. The incubation process,
from the initiation of incubation to complete incubation, generally spans between 1 to 3 h,
with the heartbeat period accounting for about 0.05 to 0.1 times T [48] (in this paper, the
incubation process is approximately 1.5 h).

Assuming that fish eggs breaking membranes in the range of 0 < T ≤ 0.9 may lead to
death or deformities, focus is directed towards the developmental stages associated with
adverse outcomes. According to Equation (3), when T = 0.9, P = P0 ≈ 0.5 (P0 is represented
by the vertical red dotted line in Figure 9). Therefore, the lower boundary of the yellow
area in Figure 9 is a straight line with the same slope as the yellow dotted line, where
P0 = 0.5. Below this yellow lower boundary (P0 < 0.5), it is considered that the fish eggs’
development stage is at T > 0.9, and they can develop safely even if membranes break
prematurely. Conversely, above this boundary, it is considered that the development stage
is at T ≤ 0.9, where eggs with shedding membranes may face mortality or malformations
(refer to Figure 7 in Section 3.1).

In summary, the empirical formulas shown in Equations (4) and (5) can be derived by
fitting the straight line in Equation (3) and the corresponding figure as follows:
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P(P0(T), Ak) =


P0(T)− 0.001Ak + 0.0094, 0 ≤ T ≤ 0.65
P0(T)− 0.0037Ak + 0.0348, 0.65 < T ≤ 0.80
P0(T)− 0.009Ak + 0.0846, 0.80 < T ≤ 0.9

Normal incubation under any Ak, 0.90 < T ≤ 1

, 0.33 < Ak < 50 (4)

P(P0(T), Aτ) =


P0(T)− 8 × 10−6 Aτ + 0.0096, 0 ≤ T ≤ 0.65
P0(T)− 3 × 10−5 Aτ + 0.0359, 0.65 < T ≤ 0.80
P0(T)− 7 × 10−5 Aτ + 0.0837, 0.80 < T ≤ 0.9

Normal incubation under any Aτ , 0.90 < T ≤ 1

, 26 < Aτ < 6500 (5)

where P is the function of P0 (T) and Ak or Aτ . Because the formulas have taken into
account the range of egg death or developmental deformity (0 < T ≤ 0.9), P can also be
understood as the proportion of normally developed fish eggs under different FTCs. The
range of Ak is (0.33, 50), and the range of Aτ is (26, 6500). Different developmental stages T
correspond to different formulas to calculate P. P0 (T) is obtained by Equation (3).

Because the action is accumulated over time, it is impossible to think that the cumula-
tive action of flow turbulence in the whole period has an impact on the current fish eggs.
Considering that the maximum duration of turbulence continuous action is set to be 5 min
in the experiment, it is assumed that whether the fish eggs break membranes in advance is
only related to the action within the past 5 min.

Different water temperatures have a great influence on the development and hatching
time of fish eggs. Here, it is assumed that the time required for each developmental stage
of fish eggs at different water temperatures is proportionally increased or decreased. That
is, at different water temperatures, T represents the same stage of fish egg development
(the same fish). The abscissas in Equations (3)–(5) were dimensionless-processed for the
developmental stages of S. curriculus eggs. Therefore, these equations can be applied to the
prediction of different water temperatures.

4. Discussion
4.1. Comparison with Existing Achievements

In Figure 10, based on Figure 9b, the experimental results of Morgan et al. and
Prada et al. are plotted in the form of shear stress. The display range of abscissa in the
figure is larger than that in Figure 9b to adapt to the research results of others. The range of
lines or regions in the figure represents the range of experimental conditions.

From Figure 10, it can be observed that the experimental results of Morgan et al. (black
dotted line) closely align with the empirical relationship obtained in this study (colored
region in the figure). There exists a negative correlation between P and Aτ , with similar
slopes. Their experimental conditions range was larger, and the maximum shear stress was
nearly 50,000 N/m2·s (the abscissa is only shown to 15,000 N/m2·s). This was mainly due
to its maximum action time TA of 20 min.

The experimental results of Prada et al. are relatively lower-positioned in the figure. It
reflects that the survival rate of fish eggs will decrease rapidly under small shear stress. This
may be related to their TA. When the TA is 10 s or 20 s, the slope of the data point is larger.
When the TA is 80 s or 320 s, the slope gradually decreases. If other effects (such as fish
egg development period or experimental operation mode) are excluded, this phenomenon
may reflect another law: when the fish egg is just affected by the turbulence, it will exhibit
a marginal effect decreasing law in TA. The effect of flow turbulence on fish eggs is not
linear with the increase in TA, and its increase may gradually decrease. This law can also be
seen in the experimental results of Morgan et al. Since this work focuses on the influence
of flow turbulence on the development stage of fish eggs, further discussion will not be
pursued here.
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Figure 10. The comparison between the results of this work and those of others. The blue, green,
and yellow data points and blocks represent the achievements of this work, which were derived
from the volume changes of S. curriculus eggs measured in graduated cylinders before and after
experimentation to estimate the probability of normal development. The black dashed lines are the
regression equation curves obtained by Morgan et al. using striped bass eggs and white perch eggs
as experimental subjects (TA is represented by different curves ranged from 1 to 20 min). The red
data points (including circles, triangles, diamonds, and squares, representing different TA of 10 s, 20 s,
80 s, and 320 s) were obtained by Prada et al. using Grass carp eggs as experimental subjects. The
time of black and red in the figure is TA during the experiments (such as 10 s, 1 min, etc.) [9,34].

Table 4 lists the corresponding experimental conditions of the above results. Except
for white perch eggs (which are sticky eggs), other eggs are drifting eggs, and the related
egg traits are similar to those of S. curriculus eggs. From the black dotted line in the figure,
white perch eggs (sticky eggs) seem to be more resistant to water turbulence than striped
bass eggs. Morgan et al. do not mention the development period of the fish eggs used
in their experiments, so their experimental results can only be used as an approximate
reference. The experimental results obtained by fish eggs at different developmental stages
may be quite different. Prada et al. divided the fish eggs into pre-water-hardened and
water-hardened eggs, and the data of water-hardened eggs are shown in the figure. From
the experimental results in Section 3.1, such a stage division method is not detailed enough.

Table 4. The comparison table of experimental conditions between others and this work.

Reference
Experimental
Equipment

Fish Egg Traits Water
Temp.
(◦C)

Experimental
Conditions

τ
(N/m2)

TA
Species Property Egg Diameter

(mm) Specific Gravity Developmental
Stage

Morgan et al.
(1976) [9]

Three-layer
rotatable barrel

Striped bass 1 Drifting eggs 3.5 ± 0.5 1.00115

Not mentioned Not
mentioned 7.6–40.4 1–20 min

White perch Sticky eggs 0.9 ± 0.2 High specific
gravity

Prada et al.
(2020) [34]

Oscillating-grid
stirred turbulence

tank
Grass carp Drifting eggs 4.5 ± 0.6 1.00210 Water-hardened

eggs 23–24 0–40 10–320 s

This work
Transverse-

oscillating-grid
turbulence tank

S. curriculus Drifting eggs 4.2 ± 0.4 1.00101 Entire embryonic
period 26–27 0.4–59.8 1–5 min

Note(s): 1 striped bass and white perch fish egg traits reference [49,50].



Fishes 2024, 9, 88 14 of 17

The type of fish egg, the development period of the fish egg, the experimental water
temperature, and the experimental condition may cause the difference results. When
making a comparison, we should compare and discuss in many aspects.

4.2. Internal Mechanism of Fish Egg Hatching

Understanding the internal mechanism of fish egg hatching is helpful to better explain
the above experimental achievements. The natural hatching process of fish eggs is most
often described as the result of the digestion of egg membranes by hatching enzymes
and the mechanical destruction of embryo movement, which can be understood as a
combination of biochemistry and behavior [51].

The hatching enzyme is released by the hatching gland cell, which can digest the egg
membrane to promote the hatching of the fish egg. The hatching gland cell usually appears
in the early embryo at the end of the gastrula stage [52–55]. The timing of its appearance is
usually closely related to the onset of eye pigmentation, heartbeat, and blood circulation
(about 0.6–0.7 T) [56–58]. When studying the time of eel hatching enzyme gene expression,
Hiroi et al. found that hatching enzyme gene transcripts could be detected for the first time
in embryos 20 h after fertilization (about 0.45 T stage), and then they gradually spread to
the yolk sac [55].

Suga et al. [33] measured the toughness of Medaka eggs from 64 cell stages to hatching.
The study showed that the eggs’ toughness gradually decreased in the middle of the
embryonic period (about 0.5 T stage). At this time, a large number of secretory cells of
hatching enzyme could be detected. The total toughness decreased by about 48% on the eve
of incubation, and the eggs rapidly and completely lost toughness in the last 20 min before
incubation. The whole process was related to the decrease in colloid osmotic pressure and
the digestion of hatching enzyme due to the decreased yolk sac volume. In the middle and
late stages of the embryo (0.5–1 T stage), the thinning of the chorion could be observed. This
was closely related to the digestion of hatching enzyme. After the muscle effect period of
the embryo (about 0.65 T stage), the movement of the embryo began to produce mechanical
damage to the egg membrane and finally broke the membrane.

In summary, the digestion of egg membrane by hatching enzyme (about 0.6 T), the
movement of the embryo (about 0.65 T), and the decrease in colloid osmotic pressure (about
0.5 T) caused by the decrease in yolk sac volume (about 0.5 T) led to the decrease in strength
and toughness of the egg membrane in the middle and late embryonic stage. This also
explains why the proportion of undamaged fish eggs gradually decreases in the middle
and late stages of the embryonic period under the same FTC.

5. Conclusions

Many studies have demonstrated that excessive flow turbulence or shear stress can
affect the entire development cycle of fish. This study focused on the impact of flow
turbulence on fish eggs and explored the variation of the effects of different flow turbulence
conditions (FTCs) on the entire process of S. curriculus eggs from fertilization to hatching.
The main findings are as follows:

(1) Under the same turbulent flow conditions, as fish eggs approach natural hatching
time, their resistance to flow turbulence weakens, resulting in a larger proportion of eggs
experiencing early membrane damage. Fish eggs that undergo premature membrane
rupture are considered unable to develop normally.

(2) Under various FTCs and action time (TA) conditions (k = 0.0056, 0.1567, 0.4190 m2/s2;
τ = 0.44, 19.93, 59.82 N/m2; continuous action for 1 min, 3 min, or 5 min constant), the
larger the FTC and the longer the TA, the higher the percentage of fish eggs unable to
develop normally.

(3) According to the above results, the empirical formulas between the proportion
of normal development of fish eggs and the action of k and τ under different FTCs in a
selected range (0.33 < Ak < 50, 26 < Aτ < 6500) were established. The rationality of the
empirical formulas was discussed from the aspects of the internal mechanism of fish egg
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hatching, the assumption of the formulas, and the scope of application, which indicates
that the results are credible.

In the future, the above empirical relations hold important guiding significance in
protecting fish resources or limiting the invasion of specific fish organisms, guiding the
construction of artificial breeding facilities, or ensuring a safe transfer and transportation
process. These empirical formulas can also be combined with the fish egg drift models
(FluEgg [12,59] or SDrift [60], etc.) to predict the probability of death or deformity of
S. curriculus eggs in a river section affected by flow turbulence. This can help identify
high-risk areas of natural drift development of fish eggs and provide a basis for the design
and layout of ecological wading projects. Additionally, this research method can be applied
to other types of fish eggs.
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