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The population dynamics of the capitellid polychaete Capitella aff. teleta were studied in Gamo Lagoon, located in northeast Japan, for the subsequent 2 years from 2016, when a series of restoration works was conducted following the 2011 Great East Japan Earthquake and tsunami. Capitella aff. teleta was found to be widely distributed from the estuary side, where the levee was located, to the innermost part but was more abundant in the innermost part, which is rich in organic matter. In the lagoon, the daily maximum water level dropped from 2017 to 2018 during the reconstruction of a flow-conducting levee, which blocked water flow and isolated the inner part of the lagoon. Although the density decreased drastically for approximately 11 months under diurnal hypoxia and strongly reducing conditions, small-sized new recruits were observed and the population recovered quickly after the daily maximum water level increased. In Gamo Lagoon, C. aff. teleta inhabiting the innermost part and estuary side of the lagoon contributed to maintaining the population by dispersing planktonic larvae between them. Thus, the maximum water level had a significant effect on the maintenance of the C. aff. teleta population in the lagoon, and sufficiently high water levels enable the dispersion of planktonic larvae to help recover the population quickly, suggesting that it is important to keep the water area connected.
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Introduction

The annelid species belonging to the genus Capitella (family Capitellidae) are opportunistic species in marine eutrophic sediments and are widely distributed globally (Rouse and Pleijel, 2001). Capitella aff. teleta found only in Gamo Lagoon (Tomioka et al., 2016) predominantly appeared in Gamo Lagoon immediately after the tsunami that followed the 2011 Great East Japan Earthquake and tsunami (Kondoh, 2017; Kondoh et al., 2020).

Of the 17 Capitella species known (Warren, 1991; Blake et al., 2009; Magalhães and Bailey-Brock, 2012; Silva et al., 2016), Capitella capitata (Fabricius, 1780) is best known as an opportunistic (Kanaya and Kikuchi, 2011) species that is predominant in eutrophic sediments and widely distributed worldwide (Blake, 2009). However, studies on the anatomy, growth, and physiology of C. capitata (Grassle and Grassle, 1976; Eckelbarger and Grassle, 1983; Chareonpanich et al., 1993; Gamenick et al., 1996; Gamenick et al., 1998; Linke-Gamenick et al., 2000; Méndez, 2002; Méndez, 2006) have revealed that C. capitata comprises at least 10 different species (Blake et al., 2009). One of these species, Capitella sp. I, which was thought to be distributed in North America and Japan, was determined and described as C. teleta (Blake et al., 2009).

In Japan, five species or subspecies of the genus Capitella have been described: C. capitata, C. capitata japonica (Kitamori, 1960), Capitella jonesi (Hartman, 1959), Capitella minima (Langerhans, 1880), and C. teleta (Kitamori, 1960; Imajima and Hartman, 1964; Imajima, 2015; Kanaya et al., 2015). Before C. teleta was described in 2009, most Capitella species in Japan were considered C. capitata (Kitamori, 1960; Imajima and Hartman, 1964; Honma et al., 1974; Ueno and Yamamoto, 1982; Tsutsumi and Kikuchi, 1984; Tsutsumi, 1987; Tsutsumi et al., 1991). However, Tsutsumi and Montani (1993) reported that the species from Tomoe Bay, Amakusa, and Kyushu are identical to Capitella sp. I (Grassle and Grassle, 1976) from Massachusetts, USA, in terms of the karyotype, mating ability, and life history. Subsequent ecological studies after 2009 have revealed that this species is identical to Capitella sp. I (Tsutsumi, 2005; Tsutsumi et al., 2005; Kinoshita et al., 2008) or C. teleta (Nishi et al., 2010; Kanaya, 2014; Kanaya et al., 2015).

Gamo Lagoon is a eutrophic lagoon located at the mouth of the Nanakita River in Miyagi Prefecture, northeastern Japan. Gamo Lagoon was catastrophically damaged by a megathrust earthquake—the 2011 Great East Japan Earthquake—and huge tsunamis that occurred in March 2011 (Ide et al., 2011; Ozawa et al., 2011), which have caused drastic topographic changes (Kondoh et al., 2020). Just after the disturbance, a sand dune completely disappeared but was rapidly reformed, the river mouth was completely closed, a seasonal typhoon-induced flood hit the lagoon, and an intense deluge occurred in 2015. The second tsunami followed by the Fukushima Earthquake hit this estuary again in 2016; therefore, the balance of sand sedimentation dynamics remained unstable (Kondoh et al., 2020). Restoration and reconstruction work are underway, although many years have passed since the 2011 earthquake and tsunami.

Many coastal benthic species have a planktonic larval stage in their early life history. During this period, the larvae are passively transported and may settle and grow far from their original habitats. Thus, having a pelagic period leads to habitat expansion. The extinction of local populations caused by small-scale disturbances can be recovered by transferring from neighboring local populations. In other words, the dispersal of planktonic larvae leads to not only the expansion of the habitat of the species but also its sustainable survival in the wider region. Usually, geographically distant local communities interact in this complex way through the dispersal of organisms. Such regional aggregations of local communities are called metacommunities (Wilson, 1992). The local populations of each benthic species with planktonic larvae maintain and establish their populations through larval dispersal from other water sites.

The life history and population dynamics of C. teleta were studied on the coast of Kyushu in Japan (Tsutsumi and Kikuchi, 1984; Tsutsumi, 1987; Tsutsumi, 1990; Tsutsumi, 2005). Genetic analysis revealed that the species in Gamo Lagoon is a sister species of C. teleta and was reported as C. aff. teleta by Tomioka et al. (2016). This species has only been found in Gamo Lagoon, predominantly after the 2011 earthquake. The levee that was constructed at the border between Gamo Lagoon and the Nanakita River was destroyed by tsunamis but is being reconstructed since 2017. These events have caused major topographic changes within Gamo Lagoon and allowed us to analyze the change in the population dynamics of C. aff. teleta.

In recent years, changes in the environment have become evident in the form of torrential rains and frequent typhoons. Natural disturbances, such as earthquakes and tsunamis, followed by restoration work are common. Coastal areas have been directly affected by these natural and anthropogenic disturbances, resulting in significant changes in the topography and the communities that inhabit them. In this study, to clarify the population maintenance mechanism of C. aff. teleta, which first appeared immediately after the disturbance and is one of the key species in understanding the environmental changes and community dynamics in Gamo Lagoon, we examined the environmental changes in the lagoon and the interdependence between individuals at multiple stations in different environments in the lagoon, as well as the factors affecting population dynamics at different stations.



Materials and methods


Study area

Gamo Lagoon, located at the mouth of the Nanakita River in Miyagi Prefecture, northeastern Japan, is a eutrophic shallow tidal flat with a water surface area of 13 ha: 860 m long and 250 m wide, with a mean water depth of 0.8 m (Kondoh, 2017: data before March 2011). The lagoon was separated from the estuary by a stone levee with three water gates, a flow-conducting levee, and, from Sendai Bay, by a 150 m wide dune before March 2011 (Kanaya et al., 2014). The bottom sediment of the riverside and the inner part of the lagoon are sandy and muddy, respectively, and high reduction conditions were observed in the innermost part of the lagoon. Gamo Lagoon was designated as the Gamo Special Protection Area in the nationally designated Sendai Coastal Wildlife Protection Area in 1973. Many conservation efforts have been made to protect the biological communities and brackish water environment.

The 2011 Great East Japan Earthquake, with a magnitude of 9.0, occurred in March 2011 followed by 7.2-m-high tsunamis (data from the Japan Meteorological Agency) at the nearby Sendai Port and 3–4.5 m tsunamis (data from the Sendai Science Museum) in the Gamo area. In addition to the initial disturbance, heavy rainfall occurred in the Kanto and Tohoku regions in September 2015 (Tanaka et al., 2016), and another tsunami was generated following the Fukushima Earthquake in November 2016. Thus, topographic changes have occurred continuously at Gamo Lagoon: the topography around the mouth of the Nanakita River was significantly altered by the heavy rain, and sand deposition was observed in the middle part of Gamo Lagoon by the second tsunami. In the area around the estuary, including Gamo Lagoon, a series of restoration works began in 2016. The reconstructions of the levee at the entrance to Gamo Lagoon and the embankment on the landward side have been ongoing since November and February 2017, respectively. An artificial deep channel was excavated in the middle part of the lagoon by Miyagi Prefecture in August 2018.



Environmental data

The survey was conducted at Gamo Lagoon during low tide once a month from September 2016 to October 2018. The survey was included just after the tsunami on 28 November 2016. Three measuring points (Stns A, C, and D; Figure l) were set up in Gamo Lagoon from the estuary side to the innermost part of the lagoon to cover the entire tidal flat area. At Stn C, the water level became so low that the sediments dried out during low tide after April 2018; therefore, Stn C′ was set up nearby where the water level was higher.




Figure 1 | Gamo Lagoon. The bold line shows the location of Gamo Lagoon. Dashed lines show shorelines at low tide.



Environmental measurements were taken each month at each station for water temperature, mud temperature, salinity, the dissolved oxygen (DO) concentration, and the redox potential from the bottom layer. Water temperature and DO concentration were measured using a DO meter (HACH, HQ40d). Salinity was measured using a salinity meter (DKK-TOA, CM-21P). The oxidation–reduction potential and mud temperature were measured using an ORP meter (DKK-TOA, RM-30P). A data logger (YSI, 6000MS) was also installed near Stn C to measure water temperature, salinity, DO, and depth once every 30 min.



Changes in the density and size frequency distributions

Samples were collected from September 2016 to October 2018, once for each month and at each station using the Ekman–Birge grab sampler [240 mm (W) × 210 mm (D) × 350 mm (H)]. An extra sample was added just after the tsunami on 28 November 2016. Mud samples were sieved through a 500 µm mesh, and all organisms remaining on the sieve were fixed and preserved with 10% neutralized formalin.

The individuals of C. aff. teleta were sorted from bottom mud samples and counted under a stereomicroscope (OLYMPUS SZX12). Thoracic maximal body segment width was used as an index of body size (Tsutsumi and Kikuchi, 1984) and measured under a stereomicroscope (OLYMPUS MZX12). Individuals with reproductive bristles on chaetigers 8 and 9 were identified as males and those with eggs in the ventral side of the abdominal chaetigers as females. Individuals lacking the characteristics of males and females were identified as immature individuals.




Results


Environmental observations at the time of the survey

Changes in water and mud temperatures at the time of the survey are shown in Figures 2A, B. The differences between water and mud temperatures were small, with a minimum water temperature of 2.4°C at Stn C in March 2018 and a maximum water temperature of 31.1°C at Stn C′ in August 2018, showing a seasonal variation with the lowest water temperature in December–March and the highest water temperature in July–August. The differences between the stations were small.




Figure 2 | Seasonal changes in (A) water temperature, (B) sediment temperature, (C) salinity, (D) dissolved oxygen (DO) concentration, (E) water depth, and (F) the redox potential at Stns A, C (and C’), and D in Gamo Lagoon from September 2016 to October 2018. For missing data, no line connects before and after the missing data.



Changes in salinity, which varied between 13.9 and 31.2, at the time of the survey are shown in Figure 2C. Changes in the DO concentration during the survey are shown in Figure 2D. The lowest value during the study was 2.66 mg/L at Stn C in December 2017, and the highest value was 19.08 mg/L at Stn C in March 2018, with a weak tendency to drop in summer under 5 mg/L. In addition, the fluctuations were drastic from June 2017 both between and within stations.

Changes in the water level at the time of the survey are shown in Figure 2E. The water levels at Stns C and C′ were lower than those at Stns A and D throughout the study.

Changes in the redox potential at the time of the survey are shown in Figure 2F. The redox potential increased from September 2016 to January 2017, with a maximum value of 555 mV at Stn C in January 2017, and then remained high until March before decreasing again. The redox potential had negative values in many months after June 2017, and these low levels continued. The differences between stations were relatively small, but Stn D tended to show the lowest values throughout.



Environmental observations by data logger

Figure 3 shows the results of observations made by a data logger installed near Stn C. Water temperatures varied seasonally from a minimum of −1.7°C to a maximum of 37.9°C. Compared to 2016–2017, 2017–2018 had longer periods below 0°C from December to March and higher maximum water temperatures from June to September. Salinity varied more between August and October, from approximately 10 to 30. DO concentrations during high water temperature in summer were hypoxic (see Diaz and Rosenberg, 1995), with the DO levels of 0–2.8 mg/L at night and supersaturation during the day, showing diurnal hypoxia. In addition, frequent diurnal hypoxia occurred from November 2017 to March 2018 during low-water-temperature periods. Depths showed a decrease in minimum water levels from February to March 2017, from December 2017 to June 2018, and since August 2018. Moreover, maximum water levels decreased from February to March 2017 and from December 2017 to June 2018. Daily water levels fluctuated highly from August 2018 after the channel was excavated in the middle of the lagoon.




Figure 3 | Seasonal changes in the daily minimum, average, and maximum (A) water temperature, (B) salinity, (C) DO, and (D) water depth recorded by the data logger at Stn C in Gamo Lagoon from September 2016 to October 2018.





Population dynamics of C. aff. teleta in Gamo Lagoon


Density

The population densities of C. aff. teleta at the three stations are shown in Figure 4. Although each station showed a large fluctuation in abundance, the two stations at the middle and innermost parts of the lagoon (Stns C, C’, and D) showed rather similar changes in density, whereas Stn A at the estuary side showed a different change.




Figure 4 | Seasonal changes in the density of Capitella aff. teleta at Stns A, C (and C′), and D in Gamo Lagoon from September 2016 to October 2018.



Capitella aff. teleta showed unstable density at Stn A, which varied from approximately 0–4,000 ind/m2 from September 2016 to August 2017. During this period, a significant decline in the density was seen from December 2016 to January 2017 and March–May 2017. In addition, density did not increase from August 2017 to April 2018, continuing at almost zero level. However, after that period, density suddenly increased from May and reached 10,000 ind/m2 in June but again began to decrease from July and dropped to almost zero in October.

At Stn C, density was higher than that at Stn A (Figure 4). It apparently plummeted just after the 2016 Fukushima Earthquake and tsunami in November. Thereafter, density fluctuated largely as it continued to increase in December 2016 and January 2017, decreased in February 2017, increased again in March, and decreased in April to one-half of the previous month’s level. Thus, density was not stable after the tsunami from November 2016 to May 2017, with significant changes occurring every few months. Moreover, C. aff. teleta disappeared for approximately a year after July 2017. At nearby Stn C’, an alternative station to dry up Stn C, density increased after June 2018 and reached up to >50,000 ind/m2, decreased drastically in August and September, and increased again in October 2018.

The density at Stn D had the highest value among the three stations. Large fluctuations were observed from almost 0 (September 2016 and July 2017) to 60,000 ind/m2 (May 2017) during September 2016–July 2017 (Figure 4). Density showed a rapid decrease in December 2016 and February 2017. The highest density of 60,000 ind/m2 was recorded in May 2017. Density did not increase from July 2017 to April 2018. After May 2018, density showed an increasing trend and reached a maximum at approximately 30,000 ind/m2 in August 2018.



Size frequency distribution

The size frequency distributions of the maximum width of the thoracic segment at Stn A are shown in Figure 5. At Stn A, smaller individuals with body width < 0.5 mm appeared each month, except December 2016, August and November 2017, and February and March 2018. Body width increased gradually from September to December in both 2016 and 2017 and decreased gradually from April to August in both 2017 and 2018. Larger individuals with body width >1 mm appeared from November 2016 to April 2017, except January 2017. Mature individuals appeared from November 2016 to April 2017, except January, and April–June 2018. Large mature individuals with body width approximately >1 mm appeared in November and December 2016, February–April 2017, and April and May 2018. Smaller mature individuals with body width <0.5 mm appeared in November 2016 and April and June 2018. Both the minimum and maximum body widths of mature individuals increased from November 2016 to February 2017 and decreased again from February. The presence of females and males revealed that no females appeared since April 2017.




Figure 5 | Size frequency distributions of the maximum width of the thoracic segment of C. aff. teleta at Stn A in Gamo Lagoon from September 2016 to October 2018. Red: females, blue: males, green: immature individuals.



A similar trend in change in body width was observed in Stn C, showing a gradual increase from September to December 2016 and a gradual decrease from April to June 2017 (Figure 6). In January 2017, many individuals with body width >1 mm were observed in Stn C, although very few were observed at Stn A. Small individuals (<0.5 mm) appeared, except from July to October and December 2017 and January, February, and May 2018. In November and December 2016; January, March–May, and November 2017; and April 2018, larger mature individuals (≥1 mm body width) appeared. In November 2016 and from June 2018, smaller mature individuals (<0.5 mm body width) were observed. The occurrence of males and females at both Stns C and C’ showed that males tended to occur more frequently than females.




Figure 6 | Size frequency distributions of the maximum width of the thoracic segment of C. aff. teleta at Stn C from September 2016 to March 2018 and at Stn C′ from April 2018 to October 2018 in Gamo Lagoon. Red: females, blue: males, green: immature individuals.



At Stn D, individuals with body width <0.5 mm appeared every month, except September 2016 and April 2018 (Figure 7). Large individuals (≥1 mm) emerged from October 2016 to April 2017 and from December 2017 to February and May 2018. Larger mature individuals (≥1 mm) emerged from October 2016 to April 2017 and January 2018. Smaller mature individuals (<0.5 mm) emerged in November 2016; January, April, and September 2017; and August and September 2018. The occurrence of males tended to be more abundant than females in Stn D.




Figure 7 | Size frequency distributions of the maximum width of the thoracic segment of C. aff. teleta at Stn D in Gamo Lagoon from September 2016 to October 2018. Red: females, blue: males, green: immature individuals.







Discussion


Environmental changes in Gamo Lagoon

The environment of Gamo Lagoon can be divided into low- and high-water-temperature periods, with a water temperature of 15°C. Diurnal hypoxia was observed mainly during the high-water-temperature period, but diurnal hypoxia was also observed from November 2017 to March 2018. Therefore, factors other than high water temperature can be related to a decrease in the levels of the DO concentration in Gamo Lagoon. Salinity fluctuated greatly from August to October, suggesting an increase in water runoff from the Nanakita River.

Seasonal fluctuations were observed in redox potential values, which tended to be higher during the low-water-temperature period and lower during the high-water-temperature period. During the low-water-temperature period from 2017 to 2018, the redox potential did not increase as much as it did from 2016 to 2017. From July 2017 onward, the redox potential continued to show negative values. This suggests that although water temperature or DO levels seemed to recover, the redox potential did not change and had low values since July 2017. Various factors, such as water temperature, DO, hydrogen sulfide, and pH, are thought to affect redox potential values—with hydrogen sulfide having a particularly strong effect—an increase in hydrogen sulfide results in a decrease in the redox potential (Muto and Kim, 1986).



Topographic changes in Gamo Lagoon

Water levels, both the daily minimum water depth and daily maximum water depth, declined from February to March 2017 and from December 2017 to May 2018. Moreover, sand sedimentation became noticeable in the beginning of summer 2017. Following these periods, the innermost part of the lagoon was found to be isolated in March 2017 and December 2017–April 2018 during low tide. During this period, a series of restoration works occurred at the estuarine side of the lagoon, which includes the reconstruction of the levee that was damaged by the 2011 tsunami (Figure 8) (Public Works Department, Miyagi Prefecture, 2021) and may have affected the water level of Gamo Lagoon. As the inner part of the lagoon began to dry and water flow continued to stagnate, artificial channel excavation was conducted in August 2018 to allow water to pass through the estuarine side and the innermost part of the lagoon (Figure 9) (Public Works Department, Miyagi Prefecture, 2021).




Figure 8 | Photographs (A) before and (B) after the reconstruction of the levee in Gamo Lagoon. (A) Photographed in April 2017 and (B) March 2021 (from Public Works Department, Miyagi Prefecture, March 2021).






Figure 9 | Photograph after channel excavation was conducted in August 2018 (from Public Works Department, Miyagi Prefecture, March 2021).



Although many periods, when the minimum water level decreased, showed a simultaneous decrease in the maximum water level, the maximum water level did not decrease after August 2018, resulting in more fluctuating water levels (Figure 3D). A possible reason for this is that a channel was excavated artificially in August (Figure 9) (Public Works Department, Miyagi Prefecture, 2021). The construction of the channel is thought to have increased the amount of flowing water, and the large fluctuations in water levels suggest that the amount of water conversion increased significantly since August 2018.



Population dynamics of C. aff. teleta


Density

Differences in the size density were observed between the three stations during September 2016–October 2018. Stn A, on the estuary side, had the lowest density throughout the period, whereas Stns C (and C′) and D, located in the inner part, had one order of magnitude higher density than Stn A. Densities at the three stations were unstable and fluctuated under 4,000 ind/m2 at Stn A, 40,000 ind/m2 at Stn C, and 60,000 ind/m2 at Stn D from September 2016 to July 2017. Although each station had density peaks at different times and the pattern of increase and decrease was different and not identical during the fluctuation period, C. aff. teleta almost disappeared in all three stations beginning from July or August 2017 to April or May 2018. Although the number of individuals was very low, such that the density indicated almost zero, it was never absent for that period. Environmental observations revealed that the period coincided with the period under diurnal hypoxia and low-redox-potential conditions during high water temperatures and followed a decrease in the water level below approximately 0.5 m (Figure 3D). However, after that period, individuals suddenly started to increase from May or June, and the peak densities at Stns A, C′, and D were observed to shift by 1 month each to June (reached up to 10,000 ind/m2), July (55,000 ind/m2), and August (30,000 ind/m2), respectively, resulting in the recovery of abundance. The increase in daily maximum water level coincided with the timing of abundance increase.

In the three stations in Gamo Lagoon, population density decreased drastically after the tsunami that occurred following the Fukushima Earthquake in late November 2016. However, by January 2017, density rapidly recovered to almost above pre-tsunami levels in Stns C and D. Notably, the tsunami that occurred after the 2016 Fukushima Earthquake seemed to be have a partial impact; only the density at Stn C declined immediately and temporarily, whereas no immediate decrease was observed at Stns A and D. However, in February 2017, density again declined dramatically to below that of the immediate post-tsunami period in Stns C and D. This period coincides with a period of decreased water depth. The population density then increased through May and June but then decreased toward July. Density did not increase even after the high-water-temperature period ended, probably because diurnal hypoxia frequently occurred and the redox potential remained severely low under low water levels because of the start of the levee reconstruction work. However, densities increased from June to August 2018, even under hypoxia and high redox conditions, but the daily maximum water level increased. It appeared that the daily maximum water level had a large impact on the population density of C. aff. teleta in the entire lagoon (Figure 10). This suggests that after the water level recovered and circulated normally, C. aff. teleta would interact with other stations through water flow.




Figure 10 | Summarizing C. aff. teleta density and environmental factors associated with water stagnation and circulation due to levee construction and channel excavation.





Size frequency distribution

The size histogram data from three stations (A, C and C′, and D) were combined to analyze changes in the size frequency distribution of C. aff. teleta in Gamo Lagoon as a single water area (Figure 11). Smaller individuals with body width <0.5 mm appeared each month. Even during the periods of very low density from July 2017 to April 2018, the recruitment of a small number of juveniles and smaller individuals, with body width <0.5 mm, was observed at least in one station and in most months in all stations (Figures 5–7). Body width increased gradually from September to March or April 2016–2018 and gradually decreased from May to August in both 2017 and 2018 (Figure 11). From October 2016 to April 2017 and November 2017 to May 2018, individuals with >1 mm body width were observed. No individual with >1 mm body width was observed in July–September in all stations during the 3 years. More males than females appeared in many months in Gamo Lagoon. Although females with eggs in their coeloms were few during the entire period and at all stations, females were always present in at least one station in all months, except July, August, and December 2017 and March and April 2018. From November 2016 to February 2017, the minimum body width of mature individuals increased. Mature individuals with >1 mm body width appeared from November 2016 to April 2017; November 2017; and January, April, and May 2018. Smaller mature individuals with body width ≤0.5 mm also appeared in November 2016, September 2017, April 2018, and after June 2018, mainly during the high-water-temperature period. These results did not contradict a preliminary study of the life history and lifespan of C. aff. teleta in Gamo Lagoon by Kondoh (2017) based on laboratory breeding experiments. The previous study reported that at <15°C water temperature, C. aff. teleta spawn 55 d after settling, with multiple spawning cycles and a lifespan of approximately 3 months. Body size increased in this case. Mature females spawned eggs in 10 d, and spawning to planktonic larval hatching took 2 weeks. During the high-water-temperature period, the size of the mature females was smaller and the lifespan seemed to be approximately 2 months after one spawning (Kondoh, 2017). Thus, during high water temperatures, they matured and spawned faster, and, during low water temperatures, their body size increased and they spawned many times.




Figure 11 | Size frequency distributions of the maximum width of the thoracic segment of total C. aff. teleta at the three stations in Gamo Lagoon from September 2016 to October 2018. Red: females, blue: males, green: immature individuals.



A detailed body-width composition analysis was performed for each station. At Stn A, new recruitment was observed and abundance was maintained thereafter, although no females had appeared since April 2017. During this period, females were observed at Stns C (and C′) and D. In addition, despite the presence of females in the previous month, no new recruitment was seen in December 2016. This may indicate that the new recruitment at Stn A was largely dependent on planktonic larva recruitment from other stations. By contrast, at Stns C and D, new recruitment was observed in March 2017 although females were absent in the previous month. In February, females were observed only in Stn A, suggesting that planktonic larvae from Stn A were transferred to Stns C and D. At Stn D, although females were absent in July 2018, new recruitment was observed in August and density increased rapidly. No females were observed in Stns A, C, and D in July; however, females were observed in Stn C′. The new recruitment to Stn D may have been transferred by planktonic larvae from Stn C′. These results suggest that each station was supported by the transfer of planktonic larvae from other stations inside Gamo Lagoon.

At Stn D, from October 2016 to April 2017 and December 2017 to May 2018, individuals with body size >1 mm in width appeared for a long period of time. We believe that the presence of larger-sized individuals in Stn D during the low-temperature period contributed to the continuous increase in population.

Population density decreased dramatically in February 2017 despite the presence of mature individuals in January 2017 and new recruitment in February 2017. Similarly, although mature individuals were seen in September 2017 and many new recruitments were seen in October 2017, population density did not increase in October. The decrease in density was not likely due to the lack of new recruitment but rather other factors, such as environmental factors.




How to maintain a population in Gamo Lagoon

By comparing the change in the density and size frequency distribution of C. aff. teleta at multiple sampling stations inside the lagoon, we could examine how C. aff. teleta maintains its population in Gamo Lagoon, where the environment has been fluctuating and unstable due to restoration work.

The Fukushima Earthquake and tsunami in November 2016 added to the initial disturbances following the 2011 Great East Japan Earthquake and tsunami in the lagoon. The reconstruction of the destroyed levee began in 2017. This resulted in destabilizing the sand sedimentation dynamics and changes in the water level. Although these changes were not as large as the disturbance caused by the 2011 Great East Japan Earthquake and tsunami (Kanaya et al., 2012; Kondoh et al., 2020), they likely had a significant impact on the population dynamics of C. aff. teleta.

We have discussed the significance of each station in Gamo Lagoon and how C. aff. teleta maintains its population at these stations by showing the environmental changes at each station and comparing and summarizing the characteristics of C. aff. teleta dynamics at each station. Stn A is located closer to the river, whereas Stns C and D are in the middle and inner parts of the lagoon, respectively. In Gamo Lagoon, only one levee exists at the riverside, which tends to stagnate topographically; the amount of organic matter increases as one moves into the inner part (Kanaya and Kikuchi, 2004). Population growth increases in organically rich muddy sediment (Kanaya et al., 2016), and, as shown in this study, densities at the inner parts of Stns C and D were higher than those at Stn A. Thus, Stns C and D—located in the inner part of the lagoon, with higher organic matter—are more suitable for increasing the density of C. aff. teleta than Stn A.

As eutrophication progresses, the bottom sediment becomes hypoxic and anaerobic metabolism becomes dominant (Hargrave, 2008), leading to the accumulation of toxic substances, such as free hydrogen sulfide (Gray et al., 2002). Microbial sulfate reduction, to release dissolved sulfides, is predominant in the anaerobic sediment layers of marine environments (Hargrave, 2008). Sulfides usually do not accumulate in the form of free hydrogen sulfide because they react quickly with metals, such as iron, and precipitate as insoluble sulfides; however, under excessive organic loading, sulfide formation exceeds the buffering capacity of iron in the sediment (Heijs et al., 1999), leading to the accumulation of free hydrogen sulfide (Marvin-DiPasquale and Capone, 1998). High hydrogen sulfide concentrations (up to 6.6 mmol/L of sediment) have been detected in Gamo Lagoon, especially in the inner part of the lagoon, with high water temperatures. These values are similar to or considerably higher than those of other eutrophic estuarine sediments (Gamenick et al., 1996; Marvin-DiPasquale and Capone, 1998; Sakai et al., 2012; Kanaya et al., 2015).

In Gamo Lagoon, the population growth of many opportunistic polychaetes, including C. aff. teleta, was shown to be inhibited by the excessive accumulation of sulfides under hypoxic conditions (Kanaya, 2014). During winter and spring, when sediment sulfide concentrations decrease, the number of opportunistic polychaetes increases rapidly (Kanaya et al., 2005; Kanaya and Kikuchi, 2011). Our findings revealed that in addition to hypoxia and high reduction conditions during the high-water-temperature period, hypoxia occurred frequently from November 2017 to March 2018 (Figure 3C). During this period, very small numbers of C. aff. teleta were observed from July 2017 to April 2018. Simultaneously, large numbers were observed after June 2018, when hypoxic conditions were also frequent. The daily maximum water level was higher after May 2018, and water level fluctuations increased in August. This may have led to a large increase in water conversion. Although sulfides in the sediments have been reported to a decrease in concentration as they are washed away after water conversion increases (Nielsen et al., 2003; Volkenborn, 2007), the reduction potential values remained low from June 2017 in this study.

We hypothesized that the formation of a large population only after June 2018, despite the same frequency of hypoxic and negative redox potential conditions, was due to differences in the water level. Therefore, the maximum water level must be maintained at a high level for enough water change so that the C. aff. teleta population can be maintained in the inner part. Moreover, our findings revealed that C. aff. teleta can maintain its population under low DO and redox conditions if water conversion is enough.

When the highest water level decreased in February 2017, a decrease in density was observed in Stns C and D, which are close to the water level observation point, whereas the opposite trend was observed in Stn A, which is close to the riverside. This suggests that the decrease in the water level has a direct impact on the population in the inner part of the lagoon. However, when the highest water level dropped again from November 2017 to May 2018, the density decreased at Stn A as well. Considering that Stn A maintains its population through larval transfers from other stations, the failure to increase densities at Stns C and D due to the drop in the water level for a long period may have affected population density at Stn A. In addition, since June 2018, C. aff. teleta could increase in abundance throughout Gamo Lagoon, although the minimum water level was lower and the maximum water level was higher. These findings suggest that the maximum and not minimum water level affects population construction.

The trend of the C. aff. teleta population at each station had the following characteristics: at Stn A, the habitat was maintained by relying heavily on larval transfers from other stations; at Stn C, the habitat was susceptible to the lowering of the water level in the lagoon, and the more time the bottom sediment had to dry out, the more difficult it became for C. aff. teleta to inhabit the low water levels. However, despite a period of almost no habitat for approximately 11 months in the lagoon, high densities were again constructed at Stn C′ due to the transfer of planktonic larvae from other stations. Stn D showed the highest density between the three stations even after the summer of 2017, when the density was low throughout. By contrast, new recruitment also occurred due to transfers from other stations. Thus, each station showed different characteristics in the density and dynamics of C. aff. teleta in Gamo Lagoon.

New recruitments were seen in many months in all stations, and there were periods when new recruitments were seen despite the absence of females nearby, indicating that they were largely supported by the supply of planktonic larvae from other stations. Although the density varied between stations, at least one station had females during the period, suggesting that each station supplied planktonic larvae to the other and that they were interdependent and maintained as a single population throughout the Gamo Lagoon area. Therefore, it is important for populations to interact to maintain the C. aff. teleta population in Gamo Lagoon.

Due to the original topography of Gamo Lagoon, water tends to stagnate in the inner side of the lagoon and becomes a hypoxic and reducing environment under high water temperatures. In this study, we examined how C. aff. teleta, a capitellid polychaete that maintains its population in such an environment, was impacted during the 2 years when restoration work was underway. During the construction of a new levee, the balance of sedimentation dynamics was disrupted, the central part dried up, and water exchange with the riverside was lost, making the inner part isolated. This disrupted the supply of larvae over the lagoon, and the density decreased drastically and continued to be low. Later, an increase in the daily maximum water level initiated water to flow between the inner part and the riverside, and the density recovered. Thus, C. aff. teleta requires both environments—the inner part and the riverside of the lagoon—to maintain its population and that it is necessary to allow the water bodies to interact with each other.

The ecological adaptation of C. aff. teleta in Gamo Lagoon can be summarized as follows: C. aff. teleta prefers to live in the middle and innermost parts, namely, stations C and D, respectively, which are organic-rich environments. However, the innermost parts have a high risk of hypoxia and a low redox potential. When the population declines due to deterioration, it recovers by recruiting floating larvae from the riverside station A, which is not a favorable habitat; therefore, only a small number is maintained. In this lagoon, the presence of stations in different environments, both at the innermost part and the riverside, may be considered necessary to maintain the population in the lagoon as a whole, because both sides supply each other with planktonic larvae. Thus, water flow, which connects different environmental stations, is the most important factor for the maintenance of C. aff. teleta populations.

Many macrobenthos, including opportunistic polychaete species such as C. aff. teleta, have been affected by human activities that have altered their habitats, such as water flow and drought, but have continued to maintain their populations. It is important to understand the ecological characteristics of these animals, minimize the impact of habitat change, and maintain a sustainable marine ecosystem and biodiversity.
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