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Pacific herring (Clupea pallasii) spawn in large aggregations, releasing gametes individually. It is 
unclear the mechanism of group spawning such as behavioral synchrony and persistence on fine scale 
due to the difficulty of direct observation. The present study used acceleration data loggers to examine 
the behavioral changes on a fine scale during a spawning event. We conducted the experiment 
using 911 fish in a large tank. Data loggers were attached to 15 males and 38 females. After the first 
individual changed behavior, the acceleration change occurred synchronously in many individuals 
within 30–40 min. This acceleration changes seemed to reflect the sequence of spawning behavior 
such as rising, milling, substrate testing, and releasing gametes. Additionally, these behavioral 
changes then occurred in cycles of 105–210 min. It seemed that pheromone stimulation triggered this 
behavioral synchrony, while habituation to pheromones caused the cycles of behavioral changes. We 
suggest that behavior synchrony on fine scale is essential for increasing fertilization rate. Additionally, 
timing the release of gametes may avoid the risks of wasting gametes by releasing them in adverse 
conditions. These mechanisms are essential for herring to increase their reproductive success.
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Reproductive behavior is fundamental to most species offspring success1–3. In species with sexual reproduction, 
mating behavior depends on the environment in which the species lives4. In general, mating behavior is directly 
related to reproductive success5 and sexual selection6; therefore, it is essential to understand these behaviors in 
each environment in the field of evolutionary ecology.

The mating behavior of fish is especially varied because of diverse offspring protection styles and the ability of 
some species to change sex7,8. Group spawning is a common system used by many species in which individuals 
form aggregations to spawn and both sexes repeatedly release sperm and eggs individually9. There are various 
forms of group spawning, such as in the blue sprat (Spratelloides gracilis), where many individuals individually 
repeat spawning10 and in the giant bumphead parrotfish (Bolbometopon muricatum), which repeatedly spawn 
in small groups of around 10 individuals11. In any form of spawning event, spawning by multiple individuals 
synchronously is considered advantageous for increasing the mate encounter rates and fertilization success9. 
The synchronization of the group spawning event is affected by the lunar cycle, tide cycle, water temperature, 
and salinity9,12–14. These spawning synchronizations occur several times during the spawning season15. The 
synchronized spawning behavior increases the fertilization rate and minimizes the risks of predation and 
environmental change as much as possible by dispersing the eggs and sperm within the spawning period. 
However, many previous studies of group spawning events have focused on the scale of days and months, while 
few studies have focused on a fine scale of hours and minutes because of the difficulty in tracking the behavior of 
individuals. Even on a fine scale, mechanisms may exist for behavioral synchronization and risk aversion. These 
mechanisms should be evaluated on a fine scale to obtain a greater understanding of individual reproductive 
success.

Among species that spawn in groups, Pacific herring (Clupea pallasii) form particularly large spawning 
aggregations of several hundred thousand to over a million fish and are essential for fishery resources in 
Hokkaido, Japan. Owing to the large number of individuals participating in spawning, complex mechanisms 
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may underly the synchronization and dispersal of spawning behavior. Additionally, because the herring is a 
primitive teleost fish species, the species is used as an essential model in ecology and evolutionary research16. 
Therefore, herring are suitable for examining the mechanisms of behavioral synchronization and risk aversion on 
a fine scale. Herring migrate to coastal areas in large groups during the spawning season from winter to spring, 
and spawn on seaweed beds every year17,18. During their spawning event, they spawn individually rather than 
forming pairs. Stacey and Hourston (1982) observed and classified the behaviors of herring during a spawning 
event as rising and milling, papilla extension, substrate testing by placing their abdomen against the substrate, 
and releasing sperm and eggs by rubbing their body on the substrate19. It is thought that pheromones from 
released sperm induce other individuals to release gametes20,21. Therefore, studies suggest that males release 
sperm, followed by females releasing eggs, leading to large-scale group spawning20–22. However, because it is 
difficult to recognize the sex of fish based on their appearance and the water becomes cloudy due to sperm as 
the spawning event proceeds, the actual transition of the sexes during group spawning is unclear23. Although 
herring release gametes individually during group spawning, the release of gametes may be synchronized 
on an hour and minute scale to increase the fertilization rate. Additionally, it is unclear how long individual 
spawning behavior persists. Herring spawn in a large space and time scale24,25, but it is unclear whether an 
individual spawns for a long time. Previous studies of Atlantic herring (Clupea harengus) have shown that a high 
density of eggs causes high mortality because of low oxygen supply26,27. In addition, because fertilized eggs are 
sensitive to environmental changes23,28, the eggs may be wasted if all gametes are released at once during adverse 
environmental conditions. Therefore, it is possible that individuals do not release gametes over a long period 
(hours) to avoid these risks.

The spatiotemporal analysis of behavior requires the continuous measurement of the behavior of several 
individuals. The biologging method in which a logger is attached to the animal body enables researchers to 
visualize the behavior in situations in which behavior is difficult to observe, such as underwater and in the 
dark29. This method has been used to visualize foraging behavior and migration, and has been introduced 
to measure spawning behavior in fish30–32. In particular, acceleration data loggers are suitable for recording 
behavioral changes during spawning33,34. Therefore, in the present study, acceleration data loggers were attached 
to several individual herrings, and a group spawning event was induced in an experimental tank. Because the 
data loggers record acceleration and depth over time, we were able to visualize the changes in behaviors during 
the spawning event: rising and milling, substrate testing, and releasing sperm and eggs. We evaluated these 
behavioral changes in individuals and examined the synchronicity and persistence of the behavioral changes 
during a spawning event on a fine scale.

Methods
Laboratory experiment
We collected 911 sexually mature Pacific herring using a coastal set net (43.650786, N, 145.170506, E) in 
Shibetsu in eastern Hokkaido on 20 April 2023 during the new moon (Fig. 1). The fish were carried by a live 
fish transporting truck (10  m long, 2.5  m wide) to the Hakodate Research Center for Fisheries and Oceans 
(Hokkaido, Japan) within 10 h (Fig. 1). The truck was equipped with four tanks (each with a 3 tonne volume) in 

Fig. 1.   Map showing the study area. Shibetsu represents the sampling site, and Hakodate represents the 
experimental site. Fish were transported from Shibetsu to Hakodate within approximately 10 h.
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which the water was kept clean by filter circulation and the water temperature was maintained at 4℃ (the same 
temperature as the seawater at the time of sampling). The fish were promptly transported to a large experimental 
tank (10 m wide × 5 m long × 3.4 m deep; Fig. 2) at the facility.

The experiment was conducted from 21 to 22 April 2023. From rearing to the experiment, the lights were 
kept on during the day and turned off at night. The fish were not provided with food from the time of capture 
until the conclusion of the experiment. Because the spawning event tend to occur in calm water18,35, there 
were no water flow in the tank. And we also didn’t use filtration circulation to avoid the noise from machine 
interfering with the induction of spawning. Two cameras (WTW-320 H, Wireless Tsukamoto Co., Ltd., Mie, 
Japan) were placed in the tank to observe a spawning event. In addition, two network cameras (Tapo C200, TP-
Link Co., Ltd., Shenzhen, China) were placed in the front and side of the tank for the preliminary observation 
of the environment of the tank. A net was used to prevent the fish from contacting the filters in the tank (Fig. 2). 
Four 1-m-long artificial seaweed units (Mozya Mozya, Okabe Co., Ltd., Tokyo, Japan) were placed locally in 
the tank to provide spawning substrate for the herring and to encourage chain reactions of spawning behavior 
(Fig. 2A–D). We created the artificial seaweed by wrapping sheets of seaweed around cylinders (Fig. 3). After 
the experiment, we estimated the number of eggs attached to the seaweed. To estimate the number of eggs, we 
measured the total weight of 10 randomly selected eggs 10 times. We then averaged these values and divided the 
average value by 10 to calculate the approximate weight of one egg. Finally, the difference in the weight of the 
seaweed before versus after the experiment was divided by the weight of one egg to obtain the total number of 
eggs attached to the seaweed. To confirm the distribution of eggs, each of the four artificial seaweed units were 
numbered 1–4, and the number of eggs on each seaweed was counted (Fig. 3). Measurements of eggs and the 
seaweed were carried out under identical conditions after the water was thoroughly drained.

Tagging
Of the 911 herring, 15 males (mean fork length 28.44 ± 1.47 cm; mean mass 275.50 ± 55.00 g) and 38 females 
(mean fork length 28.86 ± 2.03  cm; mean mass 317.06 ± 80.18  g) had acceleration data loggers (axy5Depth, 
TechnoSmArt Co., Ltd., Rome, Italy; 3.5 g in air) attached. Because of the sensitivity of the herring to handling, 
we used an external attachment method without using chemical anesthesia36,37. Each fish was measured to 
determine the body mass. Then, the upper side of the fish body in front of the dorsal fin was pierced using 

Fig. 2.   Schematic diagram of the experimental tank (10 m wide × 5 m long × 3.4 m deep) and An illustration 
of tri-axis acceleration. There were two cameras in the water and two network cameras in the front and side of 
the tank. Four artificial seaweed units (A–D) were placed in the tank.
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needles (3 mm diameter) and the logger was attached using a cable tie (3 mm wide). To prevent inflammation, 
two cushions were placed between the logger and the fish body. The entire process from measuring the body 
mass to tagging was conducted within less than 2 min. The fish with the attached loggers were promptly released 
into the experimental tank. The experiment began after 2-hour recovery period to avoid any impact of the 

Fig. 3.   The plastic sheets were wrapped around cylinders (1 m long, 14 cm diameter) to make the artificial 
seaweed. Each artificial seaweed was wrapped by four plastic sheets. The seaweed units were numbered from 
1 to 4, starting from the top of the cylinder to enable the estimation of the number of eggs deposited in each 
region of the seaweed.
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tagging and release on the subsequent behavior. While a recovery period of approximately half a day to one day 
is generally recommended38, the risk of the spawning event beginning in the tank made it necessary to shorten 
the acclimation period to 2 h in this study. During the 2-hour recovery period, the fish were observed to swim 
normally and it was assumed that tagging did not have a significant impact on their swimming behavior. All 
researchers who participated in this study had completed an ethics course on animal experiments at Hokkaido 
University. All experiments were conducted following the ethical regulations for animal experiments of 
Hokkaido University.

Data analysis
Tri-axial acceleration was recorded at 1/25 second intervals with maximum values of ± 4 G, and the depth 
and temperature were recorded at 1  Hz. X-axis acceleration was recorded in the head-tail direction, Y-axis 
acceleration was recorded in the dorsoventral direction, and Z-axis acceleration was recorded in the lateral 
direction (Fig.  2). Gravity-delivered static acceleration reflected the postural changes, and motion-delivered 
dynamic acceleration was recorded in each axis39 (Fig. 2). Fish that propel themselves by fin movement, such 
as herring, often produce continuous and cyclic signals. In the present experiment, we measured cyclic signals 
with a high frequency component in 0.5 s; these values were separated as dynamic acceleration, while the other 
accelerations were measured as static acceleration using a running mean of 0.5 s40. Pitch acceleration was static 
acceleration of the X-axis, while roll acceleration was static acceleration of the Z-axis. Pitch acceleration reflected 
the up-down postural changes, while roll acceleration reflected the rotation of the fish body (Fig. 2). To convert 
the pitch acceleration (G) and roll acceleration (G) to an angle (°), we used the following equations.

	 Pitch = arcsine (surge static) × 180/π

	 Roll = arcsine (sway static) × 180/π

Surge acceleration reflected the acceleration and deceleration in the direction of swimming, whereas sway 
acceleration reflected the movement of the fins. From the sway acceleration, we calculated the tailbeat as the 
number of swings of the tail fin per second. In addition, we calculated the overall dynamic body acceleration 
(ODBA), which is often used as an indicator of activity41, as the sum of the dynamic acceleration from all three 
axes. Acceleration, depth, and temperature data were downloaded, visually observed, and analyzed using IGOR 
Pro ver. 6.37 (WaveMetrics Inc., Lake Oswego, OR, USA) and Ethographer software42.

When herring spawn, they mill around the substrate, test the substrate, and release sperm and eggs by moving 
their tail fins19. In addition, herring spawn on a large spatial scale in the wild and it has been suggested that 
they spawn widely so that they are not biased in one place24,25. Considering these spawning characteristics, we 
analyzed the following seven parameters: (1) pitch, (2) roll, (3) surge, (4) tailbeat, (5) ODBA, (6) average depth, 
(7) depth range. (1)–(3) To evaluate variations in postural changes and acceleration or deceleration changes in 
the direction of movement over time, we calculated the standard deviation (SD) every 5 min of the pitch, roll, 
and surge (hereafter referred to as pitch_SD, roll_SD, and surge_SD, respectively). (4) To evaluate changes in tail 
fin movement, we averaged the tailbeat every 5 min. (5) To evaluate changes in the activity level, we averaged the 
ODBA every 5 min. (6) To evaluate changes in depth, we averaged the depth every 5 min. (7) The depth range 
was calculated as the difference between the minimum and maximum depth every 5 min.

A generalized additive model (GAM) with smoothing splines was used to examine how the behavior of 
both sexes changed over time. Each of the seven parameters was used as a response variable, the elapsed time 
during the experiment was used as the explanatory variable, and the identity of the individual fish was used as 
the random factor. We used two-way ANOVA to examine the effects of time and sex on the predicted line from 
the GAM. In addition, to examine the cycle of spawning behavior, we examined the autocorrelation with the 
predicted lines of each parameter. By examining the differences between the lags where peaks were observed, we 
determined the cycles of the predicted lines from the GAM. For statistical analyses, we used R. ver.4.0.2 software 
with the GAM function in R packages mgcv and the acf function.

We also examined the percentage of individuals who changed their behavior during the time series. We 
determined a parameter of interest from the logger data, and judged whether individuals displayed the behavioral 
change every 10 s. The threshold values used to judge behavioral changes were based on comparisons of data 
between swimming and spawning. On the basis of the video camera observations, 10 min immediately after the 
start of the experiment (19:00–19:10) was used as the normal swimming period, while 2 h after the start of the 
experiment (21:00–21:10) was used as the spawning period.

After the experiment, we dissected 53 logger-tagged herring and 97 non-tagged herring and recorded the 
fork length, body weight, gonad weight, maturity stage, and sex. The Mann-Whitney U test was used to compare 
the gonadosomatic index (GSI: the percentage of the total fish weight accounted for by the gonads) between 
males and females to determine the remaining unreleased gametes after the spawning event.

Results
Logger-equipped fish swam normally during this experiment from the observation. A total of 10 h of logger 
data were obtained from 19:00 on 21 April 2023 to 5:00 on 22 April 2023, including the spawning event. The 
video showed that several herring rubbed their abdomens against seaweed 1 h and 20 min after the start of the 
experiment (20:20; Supplementary Fig. 1). However, on the basis of the video observation, it was unclear whether 
this behavior was seaweed testing or gamete release. Then, 2–3 min later, several fish obviously released sperm 
and eggs. Many individuals then released sperm and eggs 30–40 min later (Supplementary Fig. 1; Supplementary 
Movie 1). We could not make observations 2 h after start of the experiment (21:00) because the sperm made the 
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water in the tank too cloudy. Thus, it was unclear whether the same individuals continued releasing gametes for 
a long period.

We used the GAM to examine the relationships between elapsed time during the experiment and seven 
parameters: (1) pitch_SD, (2) roll_SD, (3) surge_SD, (4) tailbeat, (5) ODBA, (6) average depth, (7) depth 
range. We used these parameters as explanatory variable, time as response variable, and individual number as 
random factor. For all parameters, the predicted line from the GAM did not increase or decrease monotonically 
but varied irregularly over time (Fig. 4). Two-way ANOVA showed that time had significant effects on each 
parameter, and sex had significant effects on some parameters (Table 1; Fig. 4(1)–(7)). The pitch_SD showed the 
most marked change of the seven parameters. 2 h after start of the experiment (21:00), which seemed to be the 
peak of the group spawning event, the vertical posture changed greatly (Fig. 4(1)). The change in the tailbeat 
showed a similar trend to the pitch_SD. 5 h after start of the experiment (1:00), the tailbeat tended to increase 
in both sexes (Fig. 4(4)). In addition, after the initiation of the spawning event, the average depth tended to be 

(1) Pitch (2) Roll (3) Surge (4) Tailbeat (5) ODBA (6) Average depth (7) Depth renge

(a)The effect of time on each parameter

 p-Value 2.2 × 10− 16** 2.2 × 10− 16** 2.2 × 10− 16** 9.5 × 10− 6** 2.2 × 10− 16** 1.2 × 10− 12** 0.04*

 F-value 587.08 615.45 257.67 19.62 223.3 50.62 4.17

(b) The effect of sex on each parameter

 p-Value 6.8 × 10− 4** 0.19 9.1 × 10− 8** 0.72 2.2 × 10− 16** 0.96 0.003**

 F-Value 11.56 1.69 28.61 0.123 84.31 0.002 9.02

Table 1.  Result of the two-way ANOVA of each parameter. (a) the effect of time. (b) the effect of sex. Asterisks 
indicate significant effects.

 

Fig. 4.   Results of the generalized additive model with smoothing splines. We examined the following seven 
parameters: (1) pitch_SD, (2) roll_SD, (3) surge_SD, (4) tailbeat, (5) ODBA, (6) average depth, (7) depth range. 
Each parameter was used as a response variable, time was used as the explanatory variable, and individual 
identification numbers were used as random factors. Red and blue lines show the predicted values of females 
and males. Gray areas indicate 95% confidence intervals. The y-axis of the graph is inverted for (6) average 
depth only.
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shallow and the depth range became wide. After 0:00, the fish swam deeply, but not as deep as before spawning 
(Fig. 4(6)). The depth range became narrow 4 h after start of the experiment (0:00), but still tended to be wider 
than before the spawning event (Fig. 4(7)).

We examined the cycle of behavior using correlograms. A significant autocorrelation was found from the 
correlograms of all parameters. The correlograms of the roll_SD and depth range had one peak, the correlograms 
of the pitch_SD, surge_SD, tailbeat, ODBA, and average depth had two peaks, and the correlogram of the 
tailbeat had three peaks (Fig. 5; Table 2). We also calculated the differences between the lags where peaks were 
observed. The difference between the lags ranged from 21 to 42. One point of lag represented 5 min; therefore, 
the parameters had a cycle in the range of 105–210 min.

We analyzed the ratio of spawning individuals as the group spawning event proceeded. The data from three 
males and three females that were thought to have spawned based on the differences in their body weights before 
versus after the experiment showed that the pitch_SD was more than twice as large during spawning than during 
swimming (Supplementary Fig. 2). Therefore, we defined the threshold of the behavioral change as twice the 
value of the pitch_SD during normal swimming. The result supported the observation, as the figure showed that 
the number of spawning individuals increased (Fig. 6). Each mark on the x-axis represents 10 s. One hour and 
20 min after the start of the experiment (20:20), approximately 13% of both males and females changed their 

Peak point

Difference of peak point1st 2nd 3rd

(1) Pitch_SD 50 76 – 26

(2) Roll_SD 70 – – –

(3) Surge_SD 48 69 – 21

(4)Tailbeat 23 46 88 23 · 42

(5) ODBA 47 67 – 20

(6) Average depth 21 49 – 28

(7) Depth renge 20 – – –

Table 2.  The result of autocorrelation for each parameter. Peaks show the significant peaks of the 
correlograms. The differences between the peak points show the differences between the first and second 
peaks, or the second and third peaks.

 

Fig. 5.   The correlogram of the predicted line of the tailbeat with 95% confidence intervals shown as blue, 
dashed lines. Significant autocorrelation was found at lag points 21, 46, and 88. Each lag point represents 
5 min.
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behavior (Fig. 6). This shows that the change in behavior did not differ between sexes at the start of the spawning 
event. The increase in the ratio started in the same manner as that on the video when we visually confirmed the 
first behavioral changes at about 20:20. After 2 h (21:00), which seemed to be the peak of the spawning event, 
40% of males and 42% of females changed their behavior. We did not evaluate the difference in the timing of the 
peak of the spawning event and the trends of increased behavior between sexes.

We found eggs on all four artificial seaweed units (Supplementary Fig. 3a), with an estimated one million 
eggs in total on seaweed. In addition, many eggs were found on the separate net, suggesting that more eggs 
were actually laid (Supplementary Fig. 3b). Many eggs were laid on the seaweed and the net at a depth of 1–2 m 
(Supplementary Fig. 3b), while few eggs were laid at position 4 on the seaweed and on the lower part of the net 
at a depth of about 3 m (Table 3).

The dissection of 97 non-tagged fish revealed that 45 were males and 52 were females. Among the 53 fish with 
loggers attached, 15 were males and 38 were females. We created a histogram using 60 males and 90 females. The 
GSI showed bimodal peaks at 0 and 20% in both sexes (Fig. 7). The female GSI was significantly greater than the 
male GSI (p < 0.01; Mann-Whitney U test; Fig. 7).

Discussion
In the present study, we investigated the mechanisms of group spawning such as the synchrony and persistence 
of behavioral changes. We conducted the experiment in a large tank using 911 fish with data loggers on 15 
males and 38 females. The spawning event occurred in the experiment at nearly new moon at night, consistent 
with findings reported in a previous study14. Additionally, because herring are more likely to spawn in calm 
environments18,35, we didn’t use filtration circulation to eliminate water flow and noise, established a quiet 
environment that closely resembled natural conditions. On the other hand, it should be noted that the tank was 
completely enclosed as a result. In addition, it also should be noted that short time of acclimation period post-
capture and transport (about 24 h) in this experiment. Likewise, this experiment began after 2 h recovery period 
from tagging whereas previous study have required 24 h37. A 2-hour acclimation period is generally insufficient 
for cortisol levels to decrease, indicating that the fish had not fully acclimated from tagging38. However, due to 
the high densities and the calm environment in the tank, which increased the risk of an early spawning event43, 
we were compelled to shorten the acclimation period to 2 h. Despite this limitation, from our observation, there 
was no difference in swimming behavior between the tagged and untagged herring, and, as observed in previous 
studies, we were able to confirm the sequence of spawning behavior such as rising and milling, substrate testing, 
and releasing gametes19. Additionally, we did not conduct chemical anesthesia, which is considered to have 

Fig. 6.   Red and blue bars show the ratio of spawning individuals. We defined a spawning individual as an 
individual with a pitch_SD that was more than twice as large as that recorded during normal swimming. The 
ratio was calculated by dividing the counted results by the number of individuals with loggers and multiplying 
by 100. Each mark on the x-axis represents 10 s.
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a significant impact. Therefore, while full recovery might not have been achieved within this time frame, we 
propose the short time of acclimation did not significantly affect the interpretation of our results.

Characteristics of logger data during the spawning event
The change in the roll_SD was smaller than that in the pitch_SD. This result may reflect the characteristics of the 
artificial seaweed. Although most eggs were deposited on the artificial seaweed, eggs were also deposited on the 
tank walls and the separate net. Because the cylinders wrapped with sheets of seaweed were elongated vertically, 
the fish may have moved vertically and rubbed their abdomens on the seaweed. Pacific herring usually lay eggs 

Fig. 7.   The relationship between the GSI and sex. The data was obtained from 150 individuals, of which 53 
had a logger attached and 97 had no logger attached. The figure shows the bimodal peaks of about 0% and 20%. 
The GSI of the males is significantly greater than that of the females.

 

No. Position Number of eggs

A

1 628,845

2 95,694

3 0

4 27,341

B

1 259,740

2 0

3 13,671

4 0

C

1 41,012

2 27,341

3 0

4 0

D

1 0

2 68,353

3 13,671

4 0

Table 3.  The number of eggs laid on each artificial seaweed. Many eggs were laid on the top of the seaweed 
(positions 1 and 2).
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on seaweed around coastal areas, but rarely spawn on rocks23. The changes in the pitch or roll may depend on the 
substrate on which the herring lay their eggs or release sperm. In addition, the fish were swimming in a narrow 
area before spawning, and swam in a wide area after spawning (Fig. 4). Studies have suggested that many fish, 
including herring, use visual sensations to form a group37,44,45. In the present experiment, it was thought that the 
herring swam widely after spawning because their ability to form a group decreased due to the tank becoming 
cloudy after the release of sperm.

Synchronization and cyclicity during the group spawning event
Many fish species perform synchronized spawning events46–48. In the case of Pacific herring, although it varies 
between locations, the group spawning frequently occurs in the neap tide following a new moon and at night14,24. 
As egg mortality is affected by many factors49, a few spatiotemporal differences may be related to egg mortality. 
Therefore, individuals may release gametes over time to disperse the risks of wasting gametes by releasing them 
in adverse environmental conditions. Previous studies have evaluated these phenomena only on a large time 
scale14,50, while the present study is the first to track individuals and evaluate their behavioral changes during a 
spawning event on a fine time scale.

Our experiment showed that the behavior of both sexes changed synchronicity. One hour and 20 min after 
the start of the experiment (20:20), the behavior of many individuals changed within a short period of only 
30–40 min; therefore, the sequence of the rising and milling behavior, seaweed testing behavior, and spawning 
behavior seemed to occur in a short period (Figs. 4 and 6). We think that the pheromones from released sperm 
were diluted and spread throughout the tank, which caused other individuals to respond by rubbing on and 
testing seaweed and releasing sperm and eggs. Although it was unclear whether individuals actually released 
gametes, it seemed that they were sensitive to pheromones released from other fish, even though the pheromones 
were diluted. Thus, it is thought that individuals detected the release of sperm and eggs by other individuals and 
then performed rising and milling behavior or seaweed testing behavior and were ready to release gametes. The 
spawning event then peaked 2 h and 10 min after the start of the experiment (21:10), and the behavioral changes 
became small after 3 h and 30 min (22:30) (Fig. 4). In addition, the correlograms showed that the behavior 
changed in cycles of 105–210  min (Fig.  5). A previous study suggested that exposure to high pheromone 
concentrations in a short period is more essential for inducing the release of gametes than exposure to diluted 
pheromones for a long period20. Additionally, it has been suggested that even individuals exposed to high 
concentrations of pheromones become gradually accustomed to the pheromones, making it difficult to induce 
gamete release from about 2 h after the first pheromone stimulation20. Considering these previous findings, we 
suggest that the behavioral change in the cycle of 105–210 min was associated with the fish becoming accustomed 
to the pheromones in the present experiment (Fig. 5). We think that the control of behavior by pheromone 
habituation might lead to the dispersal of the risks of gamete destruction. Previous studies have shown that the 
egg survival rate is affected by environmental factors such as salinity and temperature, which are influenced by 
slight spatiotemporal differences, as well as by predation from other fish and birds23,28,49. Additionally, many 
studies have shown that a high egg density of Atlantic herring causes an increased mortality rate because of a 
lack of oxygen to the eggs on the inside of the clutch26,27. Therefore, distributing the release of gametes over time 
avoids the risks of wasting gametes, which is essential for the individual to increase their reproductive success. 
The mechanism of suppression of spawning behavior at a specific time by habituation to pheromones, which we 
found in the present study, has merit in that an individual does not release all their gametes at once and can thus 
release gametes in different environments. As a result, the individual can spatiotemporally distribute the release 
of gametes, even on a fine scale, which disperses the risks of wasting gametes. In conclusion, we suggest that in 
the spawning event of Pacific herring, the synchronization occurs because of the stimulation of pheromones, 
which might be related to increasing the fertilization rate, while the behavior is also controlled due to habituation 
to the pheromones, which might be related to the avoidance of the risks of gamete destruction.

Scale of the group spawning event
In the present study, we observed the spawning behavior of many individuals until the tank water became too 
cloudy with sperm and found that the group spawning of herring could be reproduced in the experimental tank. 
The dissection showed that some individuals had a low GSI, which suggests that some individuals released all 
of their gametes in this spawning event (Fig. 7). In contrast, several individuals had a high GSI, which suggests 
that there were also some individuals that released only a few gametes (Fig. 7). There was enough space for the 
herring to lay their eggs after the experiment (Table 3). Additionally, the sex ratio in the present experiment 
was approximately 1:1 and the fish matured just before spawning. Thus, although all the necessary factors for a 
spawning environment seemed to be present, not all individuals released all of their gametes. This may be because 
the artificial seaweed spawning grounds were concentrated in one area, which meant that only individuals that 
swam near the seaweed were exposed to high concentrations of pheromones and induced to spawn. Therefore, 
the pheromones may induce other individuals to spawn when seaweed is widely distributed, as occurs in a large-
scale spawning event17,24,50.

It seems that environmental differences in factors such as the aggregation size and seaweed distribution 
determine whether each individual releases all of their gametes. If the individual is in a suitable environment, 
it can release all of its gametes and produce offspring; however, if the spawning environment is not suitable, 
the release of gametes may be stopped until the next spawning event or to be used as energy source. Skip-
spawning has been observed in Atlantic herring, suggesting that gametes are reabsorbed and used as energy 
for the following year51,52. Thus, we think that when and how many gametes an individual releases are essential 
to increase the reproductive success of individuals, and that the release of gametes is affected by pheromone-
induced behavior and the suppression of such behaviors due to habituation to pheromones.
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Behaviors of males and females during the spawning event
Pheromones from released sperm induce the spawning behavior of other individuals, and therefore some studies 
have suggested that pheromones trigger the spawning event19–22. However, in our study, there was no difference 
in the change of behavior between sexes (Fig. 6). When a few males release sperm, individuals of both sexes 
near the males that released the sperm are induced to release gametes. Therefore, the difference between sexes 
in the release of gametes may only appear in the first few individuals that spawn at the beginning of the event. 
This may explain why there were no differences between sexes in our experiment in which many individuals 
were used. However, to increase the fertilization rate, it is essential that there are no differences in behavioral 
changes between sexes (Figs. 4 and 6). Herring sperm can survive for 2 days, as the sperm are normally less 
motile and become more active in the presence of eggs53–55. Additionally, herring eggs are able to be fertilized 
for 5 h56. Previous studies have suggested that the sperm and eggs must exist in a fine spatiotemporal scale for 
fertilization, which supports our result that the behavior of both sexes changed synchronously on a fine scale 
during the spawning event (Figs. 4 and 6). However, it should be noted that the present experiment only revealed 
changes in the behavior of both sexes, and it was not possible to determine the actual time scale of synchrony 
of the behaviors of releasing sperm and eggs. In further study, using the biologging method to characterize the 
acceleration data (such as the tailbeat frequency during sperm and egg release) will enable the frequency and 
timing of sperm and egg release to be determined in detail, which will reveal the reproductive biology of the 
sexes.

We found that the females had a significantly larger GSI than the males (Fig. 7). This may be because female 
gametes are heavier than male gametes24,57,58, even without considering the effects of the present experiment. 
However, the distribution of the male GSI was also more widely varied than that of the female GSI; therefore, 
it is possible that the males released small amounts of sperm at a high frequency. Further study is needed to 
determine whether the amount of gametes released differs between the sexes during one spawning event. The 
amount of released gametes may be related to the difference between sexes in the number of spawning events 
in which herring participate during their lifetime, and the differences between sexes in the pattern of migration 
to spawn.

Future perspectives about group spawning
In the present study, we examined the behavioral cycles using the biologging method and found that the 
behavior of Pacific herring was synchronous, even on a fine scale. However, observing fish behavior during 
this experiment was particularly challenging because the water became cloudy due to sperm and the mixing of 
many individuals. Additionally, it was difficult to identify individual fish tags under these conditions. For these 
reasons, it was not possible to focus on the detailed behavior of individual fish. In the future, conducting small-
scale experiments to identify acceleration changes associated with behaviors such as seaweed testing and gamete 
release could help reveal the mechanisms of group spawning in detail. This may also provide insights into the 
timing of spawning events in the wild.

During the group spawning event of these fish, it has been assumed that they mate with as many individuals 
as possible. However, as shown in the present study, it is possible that individuals do not fully release all of their 
gametes in a single spawning event to avoid the risks of gamete destruction as a result of predation or adverse 
environmental conditions. Among fish with extensive mating opportunities, the timing of sperm and egg release 
may be determined by many factors; further research is needed to reveal these factors, which may be elucidated 
using the biologging method to record individual behavior.

Data availability
The datasets are available from the corresponding author on reasonable request.
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