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Drifting Sargassum horneri (S. horneri) may form "golden tide", in order to analyze the source and occurrence mechanism of drifting S. horneri in the sea area of Gouqi Island, Zhejiang, and to determine whether  drifting S. horneri possesses sexual reproductive capability, from September 2022 to May 2023, during the life cycle of the raft S. horneri, the growth, reproduction and morphological differences between raft S. horneri and raft whole、cutting raft S. horneri after simulated drifting life (simulated drifting S. horneri) were studied, and reproduction of natural drifting S. horneri in the sea area of Gouqi Island was observed. The results showed that: (1) Both raft and simulated drifting S. horneri had the ability to reproduce sexually, but the number of receptacles of simulated drifting S. horneri were significantly smaller than that of raft S. horneri in the same month (P<0.05); If fixed S. horneri float long distances after being released from attachment base, growth environment such as temperature and light intensity will change greatly, distribution ratio of growth and reproduction is affected, it may not have the ability to reproduce sexually, and even phenomenon of reproductive alienation will occur. (2) Except for December to February, when the temperature and light intensity were lower, the relative growth rate (RGR) of the simulated drifting S. horneri was significantly higher than that of the raft S. horneri  in the same month (P<0.05). This may be attributed to higher sea surface temperatures, greater light intensity, richer nutrient availability, and a resource allocation mechanism favoring growth. (3) The longest primary branch length could be used as an important morphological parameter to distinguish raft and simulated drifting S. horneri. (4) The number of benthic S. horneri on Gouqi Island is decreasing year by year, and a large number of S. horneri are attached to the raft culture facilities, due to their fast growth, long drifting period and strong diffusion ability after drifting life, most of drifting S. horneri in the sea area near Gouqi Island may be derived from raft S. horneri.The above results can provide a scientific basis for the research on the source of drifting S. horneri, ecological restoration and prevention of "golden tide" in the waters near Gouqi Island.
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1 Introduction

S. horneri belongs to the Phaeophyta and the Sargassum. It is a dominant large Sargassum species in the shallow sea areas of China’s warm-temperate zones, exhibiting two life history types: attached and drifting (Zeng and Lu, 2000). It primarily reproduces through sexual reproduction, supplemented by vegetative propagation via fragmented branches (Ding et al., 2019). drifting S. horneri is formed when attached S. horneri breaks off under physical or biological conditions and drifts on the sea surface. This drifting group can migrate over long distances driven by wind and ocean currents, accumulating significant biomass. Its life history and ecological functions differ from those of attached S. horneri (Hinojosa et al., 2010). However, the specific differences between the two remain unclear. Therefore, it is essential to conduct research on the relationship between attached and drifting S. horneri.

When environmental conditions are suitable for the growth of drifting S. horneri, its robust vegetative growth capacity may lead to explosive proliferation, potentially triggering “golden tides” (Komatsu, 1985). Golden tides primarily occur in the coastal waters of China, Japan, South Korea, and other countries, causing significant losses to local industries such as aquaculture, tourism, and maritime transportation (Hwang et al., 2016; Liu et al., 2018; Kokubu et al., 2019). Some studies suggest that the drifting S. horneri that invaded Jeju Island, South Korea, in 2017 and caused environmental damage originated from the Zhoushan sea area in China (Lin et al., 2017; Kim et al., 2018). Currently, the mussel farming area in Gouqi Island, Zhoushan, spans approximately 11.2 km2, with a large amount of S. horneri attached to the mussel farming rafts. When mussels are harvested or external factors such as wind and waves disturb the rafts, a significant amount of attached S. horneri detaches from its substrate and begins to float, easily forming large populations of drifting S. horneri. Additionally, benthic S. horneri may also contribute to the formation of drifting populations after detaching from its substrate. However, due to factors such as sediment inhibiting spore attachment and survival (Bi et al., 2018), the number of benthic S. horneri around the island in Zhejiang has been decreasing annually (Sun et al., 2008). The limited quantity of benthic S. horneri may not be sufficient to form large-scale drifting populations. Furthermore, the growth rate of S. horneri after transitioning to a drifting lifestyle also influences the scale of drifting populations. Liu et al. (2021) studied the growth rate differences between benthic and drifting S. horneri on Gouqi Island and found that drifting S. horneri exhibits a significantly higher growth rate, giving it a competitive advantage. Yamauchi (1984) and Choi et al. (2020) also observed extremely rapid biomass growth rates in drifting S. horneri. However, these studies did not analyze the differences in growth rates between raft S. horneri and raft S. horneri after transitioning to a drifting lifestyle. Therefore, to investigate the origins of golden tides in the waters near Zhoushan, it is of great significance to in-depth analyze the growth rate differences between raft S. horneri and raft S. horneri after transitioning to a drifting lifestyle on Gouqi Island.

If drifting Sargassum possesses sexual reproductive capability, it will contribute to the stability and dispersal of its population. When facing environmental changes, natural disasters, or human disturbances, this ability allows Sargassum to form relatively independent populations in different regions, enhancing the overall population’s resilience and survival stability (Álvarez et al., 2021). The reproduction of drifting Sargassum also involves competition with other organisms. In aquatic environments, various plants and plankton compete for limited resources. Through drifting dispersal, Sargassum can better participate in ecological competition, influencing the distribution and population structure of other species and triggering succession processes in ecosystems (Álvarez et al., 2021). Currently, the dominant species of drifting Sargassum in the East China Sea is S. horneri. However, research on the sexual reproductive capability of drifting S. horneri is limited. Some studies suggest that drifting S. horneri does not possess sexual reproductive capability (Pang et al., 2018; Zhu et al., 2019), but due to unclear sample sources, growth environments, and drifting durations of the studied drifting S. horneri, it is necessary to conduct long-term, fixed-point monitoring of the sexual reproductive capability of raft S. horneri after transitioning to a drifting lifestyle on Gouqi Island, as well as to observe the sexual reproduction of naturally drifting S. horneri in the waters around Gouqi Island.

Existing research on the morphological differences between attached and drifting S. horneri has primarily focused on benthic and drifting forms. Zhu et al. (2019) found significant differences in the number of branches per unit length, internode length of branches, number of vesicles, and number of receptacles between benthic and drifting S. horneri in Nanji Island (Pang et al. (2018) demonstrated that the vesicles and receptacles of benthic and drifting S. horneri in the Shandong Peninsula exhibit significant differences. Given that a large amount of S. horneri is attached to the mussel farming rafts on Gouqi Island, it is necessary to analyze the morphological changes between raft S. horneri and drifting S. horneri throughout the lifecycle of the raft S. horneri on Gouqi Island.

In summary, to investigate the origin and occurrence mechanisms of drifting S. horneri in the waters of Gouqi Island, Zhejiang, and to determine whether drifting S. horneri possesses sexual reproductive capability, this study conducts long-term monitoring of raft and simulated drifting S. horneri on Gouqi Island. By examining their growth, reproduction, and morphological differences, as well as clarifying the life history process of simulated drifting S. horneri and observing the reproductive behavior of naturally drifting S. horneri, the research aims to provide scientific insights into the origin of drifting S. horneri in the waters near Gouqi Island, ecological conservation and restoration, and the prevention and control of “golden tides.”




2 Materials and methods



2.1 Overview of the study area and site selection

Gouqi Island is located in the Ma’an Archipelago of Shengsi County, Zhoushan City, Zhejiang Province, with a mussel farming area of approximately 11.2 km2. A large number of mussel farming zones are distributed to the north of the island (Li et al., 2020), and a significant amount of S. horneri is attached to the mussel farming facilities. Based on local environmental conditions and other factors, sites were selected for collecting raft S. horneri, conducting simulated drifting S. horneri experiments, and collecting naturally drifting S. horneri. As shown in Figure 1, the sampling site for raft S. horneri, S1 (30°43′27′′N, 122°45′38′′E), is located on the raft ropes in the mussel farming zone at a depth of about 0.6 meters, where the amount of S. horneri was abundant. The site for the simulated drifting S. horneri experiment, S2 (approximately 200 meters from S1), is situated on the sea surface within the mussel farming zone, which is less affected by human activities such as ship navigation. Naturally drifting S. horneri was collected within a 5-kilometer radius of the S1 and S2 sites.
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Figure 1 | Sampling station.






2.2 Experimental design

Raft S. horneri Biological Parameter Monitoring Experiment: Monthly analysis of the growth, reproduction, and morphological changes of raft S. horneri.

Simulated drifting S. horneri Experiment: Monitoring the growth, reproduction, and morphological changes of whole, cutting raft S. horneri under simulated drifting conditions (referred to as simulated drifting S. horneri) throughout their lifecycle.

Natural drifting S. horneri Reproduction Observation Experiment: Observing the receptacles and reproductive changes of naturally drifting S. horneri in the waters of Gouqi Island.



2.2.1 Raft S. horneri biological parameter monitoring experiment

During the spring tide period at the end of each month from September 2022 to May 2023, within the lifecycle of raft S. horneri, all attached S. horneri (including holdfasts) on a randomly selected 10-meter raft rope at site S1 were collected. Fifteen medium-sized S. horneri individuals were retained each month, and their biological parameters were measured.




2.2.2 Simulated drifting S. horneri experiment

Studies have shown that the growth and reproduction of seaweed after transitioning to a drifting lifestyle vary significantly depending on the part of the plant that breaks off (Umezaki, 1984; Fletcher and Fletcher, 1975). To accurately analyze the reproduction, growth, and morphological changes of fragmented S. horneri on Gouqi Island as a whole, 60 raft S. horneri individuals (including holdfasts) were collected from site S1 at the end of September 2022 (when the raft S. horneri had developed vesicles and acquired the ability to float). Among these, 30 individuals were divided into four equal parts based on plant height (measured from the main growth point to the holdfast). Ten individuals were cut from the top (1/4), middle (1/2), and bottom (3/4) sections, respectively, starting from the main growth point to the holdfast. These three cutting methods were named top cutting, short cutting, and heavy cutting (Ge and Pan, 2002). The cut sections without holdfasts were designated as cutting raft S. horneri samples.

The 30 whole raft S. horneri individuals (including holdfasts) and 30 cutting raft S. horneri individuals collected in September were labeled with serial numbers and tied to ropes using a seedling-clipping method. The ropes were then attached to fixed drifting foam balls in the mussel farming zone at site S2, allowing the S. horneri to float on the sea surface and simulate the light and temperature conditions of a drifting lifestyle (Figure 2). At the end of each month during the spring tide period, the S. horneri were retrieved to measure their biological parameters. During the measurement period, they were temporarily kept in oxygenated water tanks, with water changed daily. After measurement, they were returned to site S2 until the S. horneri gradually deteriorated.
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Figure 2 | The experimental site of simulated drifting S. horneri.



In March 2023, it was observed that, after a long period of the simulated drifting S. horneri experiment, most of the S. horneri collected in September had detached from the seedling ropes. Therefore, at the end of March and April 2023 (no collection was made in May as the raft S. horneri had severely deteriorated), additional raft S. horneri were collected, and the simulated drifting S. horneri experiment was continued following the aforementioned steps.




2.2.3 Natural drifting S. horneri reproduction observation experiment

In March–April 2023, large-scale natural drifting S. horneri appeared in the waters around Gouqi Island. At the end of each month, 30 naturally drifting S. horneri individuals were randomly collected within a 5-kilometer radius of sites S1 and S2, and their reproductive status was observed.





2.3 Data collection, processing and analysis

The length and diameter of vesicles and receptacles were measured from the largest five samples randomly selected from the main lateral branches. Plant height was measured from the holdfast to the main growth point of the S. horneri. The thickness of the lower main stem was measured as the diameter of the main stem at the morphological lower part of the algae. The internode length and number of primary branches were measured along the main stem at different unit lengths from the morphological lower to upper parts of the algae. For plants with heights of 0–50 cm, a unit length of 10 cm was used; for heights of 50–100 cm, a unit length of 30 cm was used; and for heights over 100 cm, a unit length of 50 cm was used. The internode length of primary branches was measured as the distance between five randomly selected adjacent nodes within the unit length of the main stem. A vernier caliper (accuracy 0.01 cm) was used to measure the length or diameter of vesicles, receptacles, the lower main stem, and primary branch internodes. A ruler (accuracy 0.1 cm) was used to measure plant height and the length of the longest primary branch. Wet weight was measured using an electronic scale (accuracy 0.1 g), and the number of primary branches and receptacles within the unit length of the main stem was recorded manually.

An underwater temperature and light intensity logger (Onset HOBO MX2202, USA) was used to measure and record the temperature and light intensity at the water surface (10 cm below the surface) at site S2 every ten minutes. The relative growth rate (RGR) was calculated using the change in wet weight of S. horneri, with the RGR formula (Liu et al., 2019) as follows:



In the formula, Wt represents the fresh weight of S. horneri after t days, and W0 represents the initial fresh weight of S. horneri.

Descriptive statistics are expressed as (mean ± SE). One-way analysis of variance (one-way ANOVA) was performed using SPSS 25.0.





3 Results



3.1 Reproductive status of raft S. horneri after simulated drifting

In September, 30 whole raft S. horneri individuals and 30 cutting raft S. horneri individuals, which had just developed vesicles, were collected. After undergoing simulated drifting conditions, by March of the following year, only 14 whole raft and 11 cutting raft S. horneri individuals remained. Among these, 9 whole raft and 7 cutting raft individuals had mature female receptacles (Figure 3). The remaining individuals had mature male receptacles, indicating sexual reproductive capability. The average lengths of the receptacles were 2.60 cm and 3.30 cm, respectively, and the average diameters were 0.25 cm and 0.20 cm, respectively. In March, 30 whole raft S. horneri individuals and 10 heavily cutting raft S. horneri individuals, which had not yet developed receptacles, were collected. After simulated drifting, by April, 28 surviving whole raft and 9 heavily cutting raft S. horneri individuals had developed mature male and female receptacles, demonstrating sexual reproductive capability. The average lengths of the receptacles were 3.78 cm and 2.77 cm, respectively, and the average diameters were 0.19 cm and 0.16 cm, respectively (Table 1). In March, 10 top and 10 short cutting raft S. horneri individuals were collected. At this time, receptacles had begun to develop but were not yet mature (Figure 4). After simulated drifting, by April, all 10 surviving top and 9 short cutting raft S. horneri individuals had mature male and female receptacles, demonstrating sexual reproductive capability. The lengths of the receptacles increased significantly (P<0.05), while the diameters slightly decreased (P>0.05) (Table 1). The whole, cutting raft S. horneri individuals collected in March showed signs of deterioration by May after two months of simulated drifting. The whole cutting raft S. horneri individuals collected in April, which had already developed mature male and female receptacles and demonstrated sexual reproductive capability, also showed signs of deterioration by May after simulated drifting. In summary, both raft S. horneri and simulated drifting S. horneri from September to March of the following year exhibited sexual reproductive capability.
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Figure 3 | Mature female receptacles of simulated drifting S. horneri collected in September.




Table 1 | Changes in length and diameter of receptacles of simulated drifting S. horneri collected in March.
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Figure 4 | Immature receptacle of raft S. horneri in March.



As shown in Figure 5, in March, the average number of receptacles per primary branch for raft S. horneri, whole, cutting raft S. horneri collected in September after simulated drifting was 96, 53, and 74, respectively. In April, the average number of receptacles per primary branch for raft S. horneri, whole, cutting raft S. horneri collected in March after simulated drifting was 68, 29, and 46, respectively. The average number of receptacles per primary branch for simulated drifting S. horneri was significantly lower than that of raft S. horneri in the same month (P<0.05). Additionally, in April, it was observed that some naturally drifting S. horneri individuals had receptacles with attached spores, and some receptacles exhibited alienation, such as the regeneration of branches at the tips of the receptacles (Figure 6). In summary, the number of receptacles in simulated drifting S. horneri was significantly lower than that in raft S. horneri in the same month (P<0.05), and naturally drifting S. horneri exhibited alienation in receptacles.
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Figure 5 | Numbers of receptacles on a single primary branch of S. horneri. Different letters indicate significant differences between groups (P<0.05).
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Figure 6 | Catabolic receptacle of natural drifting S. horneri in April.






3.2 Growth of raft S. horneri after simulated drifting

As shown in Figure 7, the RGR were calculated by Equation 1, the maximum RGR of wet weight for whole, cutting raft S. horneri collected in September and subjected to simulated drifting conditions were 6.89%·d-1 and 7.85%·d-1, respectively, while the maximum RGR for raft S. horneri was only 2.15%·d-1. The RGR of simulated drifting S. horneri collected in September was significantly higher than that of raft S. horneri in October, November, and March of the following year (P<0.05). However, in December and February, there was no significant difference in RGR overall (P>0.05), although the RGR still approached or exceeded 1%·d-1. During this period, sea surface temperature and light intensity were relatively low (Figure 8), with temperatures dropping from 15.1°C in December to 9.3°C in February, and light intensity decreasing from 11.1 μmol/m2·s in December to 7.3 μmol/m2·s in February.
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Figure 7 | Change of relative growth rate of S. horneri with wet weight. Different letters within the same month indicate significant differences between groups (P<0.05).
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Figure 8 | Variation of sea surface temperature and light intensity in Gouqi Island.



As shown in Figure 9, after whole raft S. horneri collected in March underwent simulated drifting, their wet weight increased significantly (P<0.05), from 35.3 g to 98.1 g in April, with an RGR of 3.41%·d-1. Similarly, cutting raft S. horneri collected in March and subjected to simulated drifting showed a significant increase in wet weight (P<0.05), from 65.9 g to 268.7 g in April, with an RGR of 4.68%·d-1. In contrast, the wet weight of raft S. horneri increased from 115.1 g in March to 147.6 g in April, but this increase was not significant (P>0.05), with an RGR of only 0.83%·d-1, which was significantly lower than that of simulated drifting S. horneri (P<0.05). Simulated drifting S. horneri collected in April showed signs of deterioration by May. In summary, except during the period of low temperature and light intensity from December to February, the RGR of simulated drifting S. horneri was significantly higher than that of raft S. horneri in the same month (P<0.05).
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Figure 9 | Wet weight change of S. horneri. Different superscript letters for the same parameter across different months indicate significant differences between groups (P<0.05).






3.3 Morphological differences between raft and simulated drifting S. horneri

As shown in Figure 10, the monthly analysis of morphological parameters of raft S. horneri and simulated drifting S. horneri collected in September revealed significant differences overall (P<0.05) in plant height, lower main stem thickness, and primary branch internode length. Parameters with extremely significant differences (P<0.01) included the length of the longest primary branch, while the number of primary branches per unit length, air bladder length, and diameter showed no significant differences (P>0.05).
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Figure 10 | Variation of biological parameters of raft and simulated drifting S. horneri. Different superscript letters within the same month indicate significant differences between groups (P<0.05).



In terms of plant height, raft S. horneri consistently exhibited a growth trend, while simulated drifting S. horneri initially increased and then decreased. From November to February of the following year, the plant height of simulated drifting S. horneri was significantly greater than that of raft S. horneri (P<0.05). For lower main stem thickness, raft S. horneri showed a slow but steady increase, while simulated drifting S. horneri initially increased and then gradually decreased. Overall, the lower main stem thickness of raft S. horneri was significantly greater than that of simulated drifting S. horneri (P<0.05). Regarding primary branch internode length, both raft and simulated drifting S. horneri exhibited a slow growth trend. From November to March of the following year, the primary branch internode length of raft S. horneri was significantly greater than that of simulated drifting S. horneri (P<0.05). For the length of the longest primary branch, both raft and simulated drifting S. horneri showed a consistent growth trend. From October to March of the following year, the length of the longest primary branch of simulated drifting S. horneri was significantly greater than that of raft S. horneri (P<0.01).





4 Discussion



4.1 Sexual reproductive capability of S. horneri in raft mussel farming areas

Raft S. horneri possesses sexual reproductive capability, and the number of receptacles is no less than that of benthic S. horneri (Pang et al., 2018). Simulated drifting S. horneri also exhibits sexual reproductive capability, but the number of receptacles is significantly lower than that of raft S. horneri. In April, the number of receptacles in simulated drifting S. horneri was only 2/5 and 7/10 of that in raft S. horneri. However, Pang et al. (2018) found that naturally drifting S. horneri lacks sexual reproductive capability, with receptacles showing only typical male characteristics and no female characteristics, and the number of receptacles was 1/8 of that in benthic S. horneri. Zhu et al. (2019) also observed that naturally drifting S. horneri primarily relies on vegetative growth to expand its population, with the number of receptacles being 1/5 of that in benthic S. horneri. This discrepancy may be due to the more stable growth environment of simulated drifting S. horneri, which is closer to that of raft S. horneri, with only a 60 cm depth difference, therefore, simulated drifting S. horneri possesses sexual reproductive capability. light intensity plays an important role in the growth and reproduction of S. horneri (Bi et al., 2014), the light intensity of drifting S. horneri is stronger than that of attached S. horneri, the increase in light intensity has a certain negative impact on the reproduction of S. horneri, therefore, the number of receptacles of drifting S. horneri is significantly less than that of attached S. horneri. In contrast, this study found that some naturally drifting S. horneri in the waters of Gouqi Island exhibited sexual reproductive capability, possibly because these individuals had just transitioned to a drifting lifestyle after their receptacles matured. In addition, Zhu et al. (2019) discovered that receptacles of naturally drifting S. horneri had undergone alienation, that is, the receptacles tip regenerated and branched. This study found that some of the receptacles of naturally drifting S. horneri on the Gouqi Island also showed alienation, but no alienation of receptacles was found in the raft and the simulated drifting S. horneri. It might also be due to the significant differences in the growth environment such as temperature and light intensity of the naturally drifting S. horneri.

Studies suggest a trade-off between reproduction and survival in seaweeds (Zhang et al., 2009). Resource allocation theory also indicates that plants have limited resources, and investment in one process often comes at the expense of another (Arizaga and Ezcurrra, 2002). Naturally drifting S. horneri, drifting with ocean currents, may experience significant and prolonged differences in environmental conditions such as temperature and light intensity compared to their original habitat. To cope with these changes and maintain survival, naturally drifting S. horneri may allocate more resources to growth activities, significantly reducing investment in reproduction. In such cases, naturally drifting S. horneri may lack sexual reproductive capability, exhibit fewer receptacles than attached S. horneri, and show alienation in receptacles. However, if the drifting S. horneri remains in an environment similar to its original habitat for an extended period, it may retain sexual reproductive capability, albeit with a reduced number of receptacles, only the number of receptacles may decrease, or the phenomenon of receptacles alienation may not occur.




4.2 Dispersal capability of drifting S. horneri

The drifting period of different Sargassum species varies to some extent. Yatsuya (2008) found that the drifting period of Sargassum is influenced by its density, with lower density leading to a longer drifting period. Due to its low density, S. horneri has a significantly longer drifting period compared to Sargassum fusiforme, Sargassum patens, and Sargassum siliquastrum. This study also found that raft S. horneri can begin simulated drifting as early as the end of September after developing vesicles, with a simulated drifting period lasting up to 6 months; in contrast, Yatsuya (2008) observed that S. horneri naturally drifting in January had a maximum drifting period of only 14 weeks; this discrepancy may be due to the fact that the earlier S. horneri detaches from its substrate after developing vesicles, the longer its drifting period, rising temperatures and the end of the reproductive period can lead to the rapid deterioration of the vesicles. Additionally, studies have shown that the maximum transport speed of drifting seaweed in the Sea of Japan is 17 km/day (Yoshida, 1963). Given its long drifting period, S. horneri can disperse over considerable distances and may retain sexual reproductive capability, significantly expanding its population’s range. Originally native to East Asia, S. horneri was first discovered in the eastern Pacific in 2003 and has since rapidly spread along the southern coast of California, USA (Lindsay et al., 2015), also demonstrating its strong dispersal capability.




4.3 Growth capability of S. horneri in raft mussel farming areas

The biomass of drifting Sargassum can double within days or weeks (Hanisak and Samuel, 1987; Lapointe, 1986). This study also found that the maximum relative growth rates (RGR) of wet weight for whole, cutting raft S. horneri after simulated drifting were as high as 6.89%·d-1 and 7.85%·d-1, respectively. In this study, during December and February, there was no significant difference in RGR between raft and simulated drifting S. horneri, likely due to the lower temperatures and light intensity during this period. Since temperature and light intensity are critical factors influencing the growth of S. horneri (Wang et al., 2023), both attached and simulated drifting S. horneri exhibited slow growth. However, in months with higher temperatures and light intensity, the RGR of raft S. horneri was significantly lower than that of simulated drifting S. horneri. Previous studies have shown that the growth rate of raft S. horneri is significantly higher than that of benthic S. horneri during the same period (Wang et al., 2023). Therefore, the RGR of simulated drifting S. horneri was significantly higher than that of both benthic and raft S. horneri. This may be attributed to higher sea surface temperatures, greater light intensity, richer nutrient availability, and a resource allocation mechanism favoring growth (Arizaga and Ezcurrra, 2002), all of which contribute to the significantly higher RGR of simulated drifting S. horneri compared to attached S. horneri.




4.4 Investigation of morphological differences between raft and simulated drifting S. horneri

Studies have shown significant differences in internode length and the number of branches per unit length between benthic and drifting S. horneri (Zhu et al., 2019). This study found significant differences in plant height, lower main stem thickness, and primary branch internode length between raft and simulated drifting S. horneri, with extremely significant differences in the length of the longest primary branch. Therefore, the length of the longest primary branch can serve as an important morphological parameter for distinguishing between raft and simulated drifting S. horneri. The observed morphological differences between raft and simulated drifting S. horneri may be attributed to genetic, external environmental, and internal physiological differences (Hou, 2008). drifting S. horneri, having detached from its attached lifestyle, often exhibits the ability to adjust its physiological traits to adapt to surface light and temperature conditions, demonstrating physiological plasticity (Cheang et al., 2008; Koch et al., 2016). It is speculated that this physiological plasticity, driven by the need to adapt to external environments, may lead to significant morphological differences between raft and simulated drifting S. horneri.




4.5 Analysis of the origin of drifting S. horneri in the waters near Gouqi Island

drifting S. horneri possesses unparalleled advantages over other drifting Sargassum species, including rapid growth, a long drifting period, and potential sexual reproductive capability, leading to the continuous expansion of its population. drifting S. horneri likely originates from attached S. horneri (Yoshida, 1963). When the algal body breaks, the fragments use the buoyancy of their vesicles to float on the sea surface with ocean currents, transitioning to a drifting lifestyle (Qian, 2013). Studies have found that both benthic and raft S. horneri in the waters south of Gouqi Island, Zhejiang, are annual (Yang et al., 2024). In this region, drifting S. horneri also experiences blade and air bladder decay due to rising seawater temperatures, with only the stems sinking to the seabed and decomposing, making drifting S. horneri annual as well, with a lifecycle starting from September when vesicles form and ending in June of the following year. Therefore, the drifting S. horneri in the waters near Gouqi Island may originate from attached S. horneri that detaches from its substrate and undergoes rapid, explosive growth each year.

Before the large-scale artificial farming of mussels, increased seabed sediment and reduced seawater transparency (Sun et al., 2008) caused the distribution of benthic S. horneri to shift upward, making it more susceptible to wind and waves. As a result, large amounts of benthic S. horneri detached from their substrates, making benthic S. horneri the primary source of drifting S. horneri in the waters near Gouqi Island. However, the distribution area and population of benthic S. horneri have been declining annually (Sun et al., 2008), while the rapid increase in mussel farming rafts has provided an ideal habitat for the extensive attachment of S. horneri. Given the massive scale of drifting S. horneri populations in the waters near Gouqi Island (Ding et al., 2019) it is highly likely that the majority of drifting S. horneri originates from raft S. horneri on Gouqi Island. Additionally, this study found that simulated drifting S. horneri exhibits a high RGR, consistent with the rapid expansion capability observed during “golden tide” events. Therefore, the majority of drifting S. horneri in the waters near Gouqi Island likely originates from raft S. horneri.





5 Conclusions and prospects

In terms of sexual reproduction, raft S. horneri possesses sexual reproductive capability, and the number of receptacles is no less than that of benthic S. horneri. If attached S. horneri detaches from its substrate and floats in an environment similar to its original habitat for an extended period, it may retain sexual reproductive capability, albeit with a reduced number of receptacles. However, if it undergoes long-distance drifting, significant changes in environmental conditions such as temperature and light intensity may result in the loss of sexual reproductive capability and even lead to alienation in receptacles. In terms of growth rate, the maximum relative growth rate (RGR) of raft S. horneri after transitioning to a simulated drifting lifestyle is approximately three times that of raft S. horneri. Morphologically, the length of the longest primary branch is a critical parameter for distinguishing between raft and drifting S. horneri. Regarding the origin of drifting S. horneri, the population of benthic S. horneri around Gouqi Island has been declining annually. In contrast, the extensive attachment of S. horneri to raft farming facilities means that once detached, its rapid growth, long drifting period, and strong dispersal capability suggest that the majority of drifting S. horneri in the waters near Gouqi Island likely originates from raft S. horneri. These findings provide a scientific basis for understanding the origin of drifting S. horneri in the waters near Gouqi Island and for research on preventing and controlling “golden tides.” Additionally, further investigation is needed to explore the growth, reproduction, and morphological changes of whole and fragmented S. horneri in the intertidal zone after transitioning to a drifting lifestyle, as well as the allocation ratio of growth and reproduction in naturally drifting S. horneri in the East China Sea in response to environmental changes.
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