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Stock enhancement activities have many benefits but also negative impacts. The macrobenthic diversity index and the M-AMBI index were adopted to assess the effects of stock enhancement of Phascolosoma esculenta on macrobenthic communities and the local ecosystem in Yueqing Bay. The results revealed that the Shannon–Wiener diversity index (H’) and Margalef richness index (d) increased in October 2022 after stock enhancement, indicating a positive ecological restoration effect. The average M-AMBI in the intertidal zone of Yueqing Bay was 0.59, indicating good benthic ecological quality. Excluding seasonal factors, the M-AMBI in the intertidal zone increased after stock enhancement, indicating that stock enhancement by Phascolosoma esculenta had a certain positive effect on the intertidal ecological environment of Yueqing Bay. The increase in the M-AMBI occurred mainly in the low-tide zone, increased slightly in the mid-tide zone, and remained basically unchanged in the high-tide zone. On the one hand, Phascolosoma esculenta can accumulate heavy metals from the environment and release a large amount of organic matter throughout its lifecycle, promoting nutrient cycling, which plays a positive role in the environment. On the other hand, Phascolosoma esculenta is an economic species; however, the planting of mangroves in the low tide zone causes fishers to fish in the mid- and high-tide zones, so the changes in the M-AMBI values in each tidal zone are related mainly to Phascolosoma esculenta and anthropogenic disturbances.
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1 Introduction

Yueqing Bay is located on the southern coast of Zhejiang Province, north of the Oujiang River Estuary. It is an important marine aquaculture base in Zhejiang Province and its largest semi enclosed bay (Committee, C.G.C.C, 1993; Wang et al., 2018). In recent years, although the development of the Yueqing Bay Economic Circle has led to the rapid development of the local economy, it has also brought great potential threats to the marine ecological environment, especially in the intertidal zone at the land−sea boundary, which is the area most severely affected by human activities and disturbances (Zhuang et al., 2003). Factors such as industrial and agricultural wastewater discharge, pond aquaculture, land reclamation, and the invasion of alien species such as Spartina alterniflora (Chen, 2016) have led to a fragmented landscape in many intertidal areas, resulting in the decline and succession of macrobenthic communities (Peng et al., 2011).

Stock enhancement is the most common method for marine biological resource restoration in land reclamation and ecological restoration projects (Liu et al., 2022), while the key to ecological restoration is maintaining species diversity. To protect the mangrove ecosystem, relevant departments in Yueqing Bay have implemented a stock enhancement project in the mangrove area, releasing 6,000 kg of Phascolosoma esculenta to promote the recovery of biodiversity in marine wetlands. Countries worldwide have conducted numerous stock enhancement practices (Molony et al., 2005), but only a few of them have been able to directly demonstrate an increase in resources or other positive impacts. Conversely, there are numerous negative impacts associated with these activities, as they can pose various ecological risks to wild resource species and water released into the ecosystems (Araki and Schmid, 2010; Jang et al., 2014; Qi et al., 2016).

Macrobenthos constitute an essential part of marine ecosystems. The marine ecological environment determines the abundance, dominant species, species composition, and community structure of macrobenthos. Moreover, macrobenthos directly or indirectly affect marine ecosystems through activities such as feeding, being preyed upon, tube-building, and burrowing (Sun et al., 2011; Zhong et al., 2018). Owing to their long lifespan, rich diversity, ease of collection, and sensitivity to environmental disturbances, macrobenthos are usually used as indicator species to reflect the health status of marine ecosystems and the recovery status of degraded habitats (Borja et al., 2010; Zhang et al., 2022). When evaluating the effectiveness of mangrove restoration, the diversity indices of macrobenthic communities are considered essential (Wu et al., 2023). Furthermore, both domestic and international scientists generally believe that macrobenthic and biotic indices can be used for assessing ecological environmental quality (Tang et al., 2019). By analyzing the changes in the diversity indices of macrobenthic communities and biotic indices, the impact of restocking programs on macrobenthic communities and the effectiveness of mangrove restoration programs can be evaluated.

On the basis of the response of biotic indices to multiple stresses, the M-AMBI is at the
forefront (Borja et al., 2015). The M-AMBI combines the AMBI, species richness, and Shannon−Wiener diversity index (H’); furthermore, compared with a single index, the use of the M-AMBI can more accurately reflect the actual environmental conditions (Borja and Tunberg, 2011). This index has been widely used in studies of the ecological quality of China’s estuaries, bays, and coastal waters (Cai et al., 2013a; Ding et al., 2021; Han et al., 2013; Li et al., 2017; Ni et al., 2019; Wu et al., 2013; Yan et al., 2020). Additionally, it is applicable to the assessment of intertidal benthic ecological quality in China (Liu et al., 2018; Liu et al., 2019; Song et al., 2017; Yan et al., 2019; Zhang et al., 2022).

Currently, there is a lack of in-depth research on the impact of stock enhancement on macrobenthic communities. According to existing reports, after stock enhancement of Thais luteostoma and Mytilus coruscus, the diversity index (H’) and richness index (d) of macrobenthic communities clearly increased (Peng et al., 2012). The stock of Crassostrea sp. greatly increased the species number, abundance, and biomass of the macrobenthic species in the release waters (Chen et al., 2007). To our knowledge, research on the impact of stock enhancement on benthic ecological quality is extremely scarce, and research on the benthic ecological quality of the intertidal zone in Yueqing Bay is insufficient. Existing studies have used the MPI (Long et al., 2008) and ABC curve (Peng et al., 2011) for evaluations, but these studies are relatively old and have relatively low reference values. This study aims to investigate the ecological impacts of stock enhancement on macrobenthic communities within the intertidal zone of Yueqing. The specific objectives are as follows: (1) to validate whether macrobenthic assemblages undergo alterations in response to stock enhancement practices of Phascolosoma esculenta; (2) to evaluate the potential impact of stock enhancement of Phascolosoma esculenta on the ecological status by utilizing macrobenthic biodiversity indices alongside the biological index M-AMBI as assessment tools.




2 Materials and methods



2.1 Study area and sampling design

In November 2021, seedlings of Phascolosoma esculenta were released in Yueqing Bay in six mangrove ecological restoration areas, with 1000 kg of Phascolosoma esculenta seedlings released at each location. In accordance with the living habits of Phascolosoma esculenta, the seeds were released mainly in the high- and mid-tide zones. Six monitoring sections were set up at the same locations in the release area, with each section consisting of clayey silt. Each section was divided into high-tide, mid-tide, and low-tide zones, totaling 18 stations (Figure 1).




Figure 1 | Distribution of sampling locations in the intertidal zone of Yueqing Bay.



In accordance with the schedule of the stock enhancement process, combined with the season of the mangrove restoration project and the environmental characteristics of the intertidal zone, water quality and macrobenthos surveys were conducted in the intertidal zone before stock enhancement in October 2021 (autumn) and after stock enhancement in January 2022 (winter), April 2022 (spring), July 2022 (summer), and October 2022 (autumn). Sediment samples were additionally collected at the same locations in October 2021 and October 2022.




2.2 Sampling procedure

At each sampling time and area, sampling plots were chosen at a similar elevation, and quartic sediment samples of 25 cm × 25 cm × 30 cm (length × width × depth) were randomly selected from the middle zones of the 18 study stations. The sediment samples were washed and sieved through a 0.5 mm mesh, and the retained fauna were preserved in 75% alcohol solution before being identified and counted.

The taxonomic classification of species referred to the latest classification system of WoRMS (www.marinespecies.org). In this study, Phascolosoma esculenta is classified under the phylum Annelida. All macrobenthic organisms were sorted into five AMBI ecological groups (E1: sensitive species; E2: indifferent species; E3: tolerant species; E4: second-order opportunistic species; and E5: first-order opportunistic species) on the basis of the species list provided in the latest AMBI v6.0, and macrobenthos not included in the species list were substituted with other species of the same genus or family in conjunction with expert advice (Borja et al., 2008).

Water temperature and salinity were measured via a YSI water quality meter (YSI, Ohio, USA); pH was measured via a pH meter; dissolved oxygen (DO) was measured via the iodometric method; organic carbon (TOC) was measured via the potassium dichromate oxidation−reduction capacity method; sulfide (S) was measured via the methylene blue spectrophotometric method; oil was measured via ultraviolet spectrophotometry; copper (Cu), lead (Pb), zinc (Zn), cadmium (Cd), and chromium (Cr) were measured via flameless atomic absorption spectrophotometry; and total mercury (Hg) and arsenic (As) were measured via atomic fluorescence spectrometry.




2.3 Community diversity indices

The diversity characteristics of the macrobenthic communities were analyzed via the Shannon–Wiener diversity index (H’) (Shannon, 1948), Pielou’s evenness index (J’) (Pielou, 1969), and Margalef richness index (d) (Margalef, 1951).

	

	

	

where H’ represents the value of the species diversity index, S represents the total number of species in the sample, and Pi represents the ratio of the individual abundance (ni) of the i-th species to the total abundance (N) (ni/N). J’ represents the evenness index value; d represents the richness index value. d represents Margalef’s richness index value.




2.4 M-AMBI

Before the M-AMBI was calculated, vertebrates such as fish needed to be removed. Macrobenthic invertebrates not listed in the species list were assigned to the same group as other species (Borja et al., 2008). The calculation of the M-AMBI was based on the AMBI, species richness, and Shannon−Wiener diversity index (H’). According to historical studies in the intertidal zones of China, we set the maximum AMBI to 6 (if no species were present, AMBI = 7). The reference conditions were 115% of the maximum H’ and species richness (S) values (Liu et al., 2018; Liu et al., 2019; Song et al., 2017). The threshold standards for M-AMBI values are “High” > 0.77, “Good” = 0.53–0.77, “Moderate” = 0.38–0.53, “Poor” = 0.20–0.38, and “Bad”< 0.20.




2.5 Data analysis

The sampling station map was drawn via ArcGIS Desktop 10.8. The coordinate system used was GCS_WGS_1984, and the base image was downloaded from the National Geomatic Center of China (https://www.ngcc.cn/ngcc/html/1/index.html). The Shannon−Wiener diversity index (H’), Pielou’s evenness index (J’), and Margalef richness index (d) were calculated via PRIMER 6.0 (Plymouth Routines in Multivariate Ecological Research). The multivariate AMBI (M-AMBI) for each station was calculated via the AMBI 6.0 software package (www.azti.es). One-way ANOVA and Tukey’s HSD post hoc tests were conducted via SPSS 22.0 software. The relationships between the M-AMBI and environmental factors were analyzed via Spearman correlation analysis with the “psych” package in R.





3 Results



3.1 Environmental factors of the intertidal zone in Yueqing Bay

The environmental factors of the intertidal zone in Yueqing Bay from October 2021 to October 2022 are shown in Table 1. In general, in terms of seawater, the change in pH was not significant (P>0.05), whereas temperature, salinity, and DO showed greater variations at different times. In terms of sediments, compared with those in October 2021, the contents of Cu, Zn, and Cr significantly decreased in October 2022 (P<0.05); the contents of Pb, TOC, and S slightly decreased; the contents of Cd, Hg, and oil significantly increased (P<0.05); and the content of As slightly increased. The sediment content in the intertidal zone of Yueqing Bay reached China’s first-class marine sediment quality standards in October 2021 and October 2022.


Table 1 | Environmental factors in the intertidal zone of Yueqing Bay from October 2021 to October 2022.






3.2 Number and abundance of macrobenthic species

From October 2021 to October 2022, a total of 121 macrobenthic species belonging to 8 phyla and 76 families were collected from the intertidal zone of Yueqing Bay. Mollusks were the most abundant, with 48 species (39.67%), followed by arthropods with 30 species (24.79%), annelids with 29 species (23.97%), and 9 other species (7.44%).

In terms of species number, the results were as follows (Figure 2A): April 2022 (59 species) > October 2022 (55 species) > July 2022 (42 species) > October 2021 (40 species) > January 2022 (38 species). In terms of abundance, the results were as follows (Figure 2B): April 2022 (1924.00 ind./m²) > July 2022 (614.00 ind./m²) > October 2022 (606.67 ind./m²) > January 2022 (598.00 ind./m²) > October 2021 (248.00 ind./m²).




Figure 2 | Species number (A) and average abundance (B) of macrobenthos from October 2021 to October 2022.






3.3 Community diversity index

One-way ANOVA was conducted with time and section as factors, and the results revealed that there were no significant differences in d, J’, or H’ among the different time points or among the different sections (P>0.05). The spatiotemporal distributions of the diversity indices of macrobenthos in the intertidal zone of Yueqing Bay are shown in Figure 3.




Figure 3 | Distribution and average variation in the diversity indices of macrobenthos in the intertidal zone of Yueqing Bay from October 2021 to October 2022; (A, B): d; (C, D): H’; (E, F): J’.



The Margalef richness index (d) was calculated according to the mean value from the time scale as follows: 2022.10 (4.065) > 2022.04 (4.048) > 2022.07 (3.586) > 2021.10 (3.227) > 2022.01 (3.092) (Figure 3B). The Shannon−Wiener index (H’), which is based on the mean values from the time scale, was as follows: month 2022.04 (2.724) > month 2022.10 (2.713) > month 2022.07 (2.604) > month 2021.10 (2.419) > month 2022.01 (2.366) (Figure 3D). d and H’ showed similar spatial patterns (Figures 3A, C). In the T1 section, the highest values of both d and H’ appeared in October 2021, with values of d (4.144) and H’ (2.757), respectively. In the T2 section, the lowest value of d (2.555) was noted. In the T4 section, the lowest value of H’ (2.058) was noted. In the T2 section, the highest value of d (4.134) and the highest value of H’ (2.587) in the 2022.01 section were noted. In the T3 section, the lowest value of d (1.555) was noted. In the T4 section, the lowest value of d (1.587) was noted. In the T6 section, the d minimum (1.694) and H’ minimum (1.839) were noted. In the T1 section, d maximum (5.353) and H’ (3.036) maximum values in 2022 04 were noted. In the T4 section, d minimum (3.294) and H’ minimum (2.424) were noted. In the T1 section, the d maximum (4.321) and H’ maximum (2.773) in 2022 07 were noted. In the T5 section, the H’ maximum (2.773) were noted. In the T2 section, the H’ maximum (3.114) and H’ minimum (2.403) were noted. In the T3 section, the d maximum (6.177) and H’ maximum (3.270) in October 2022 were noted. In the T4 section, the d minimum (2.676) and H’ minimum (2.321) were noted.

The average values of J’ (Figures 3E, F) decreased in the following order: October 2021 (0.936) > October 2022 (0.934) > July 2022 (0.925) > April 2022 (0.908) > January 2022 (0.905). Across spatial scales, the highest J’ value in October 2021 was in the T1 section (0.973), and the lowest was in the T2 section (0.894). In January 2022, the highest J’ value was in the T1 section (0.955), and the lowest was in the T3 section (0.879). In April 2022, the highest J’ value was in the T6 section (0.944), and the lowest was in the T2 section (0.839). In July 2022, the highest J’ value was in the T1 section (0.952), and the lowest was in the T2 section (0.910). In October 2022, the highest J’ value was in the T3 section (0.944), and the lowest was in the T6 section (0.928).




3.4 M-AMBI

In this study, the proportions of EG I-EG V were 31.97%, 32.30%, 29.77%, 0.71%, and 5.26%, respectively. Overall, the macrobenthos in the intertidal zone of Yueqing Bay were represented mainly by nonsensitive species (EG II), followed by sensitive species (EG I) and tolerant species (EG III).

The spatial and temporal distributions of the macrobenthic M-AMBI index in the intertidal zone of Yueqing Bay are shown in Figure 4. In terms of the mean value, the M-AMBI index of macrobenthos before and after stock enhancement fluctuated in a wave-like manner, but the overall level was still above the “good” level. From the temporal scale, the highest value of the M-AMBI index (0.66) occurred in July 2022, and the lowest value (0.53) occurred in April 2022. From the spatial scale, in October 2021, the lowest value of the M-AMBI (0.19) was found in the low-tide area of the T4 section, and the highest value of the M-AMBI (0.80) was found in the mid-tide area of the T6 section. In January 2022, the lowest value of the M-AMBI (0.00) was found in the low-tide area of the T5 section and the high-tide area of the T6 section, and the highest value of the M-AMBI (0.79) was found in the mid-tide area of the T5 section. In April 2022, the lowest M-AMBI value (0.27) was found in the high-tide area of the T6 section, and the largest M-AMBI value (0.83) was found in the mid-tide area of the T1 section. In July 2022, the lowest M-AMBI value (0.42) was found in the high-tide area of the T6 section, and the largest M-AMBI value (0.83) was found in the mid-tide area of the T5 section. In October 2022, the lowest M-AMBI value (0.42) was found in the high-tide area of the T6 section, and the largest M-AMBI value (0.42) was found in the mid-tide area of the T3 section. Overall, the lowest M-AMBI value (0.42) and the largest M-AMBI value (0.84) in the mid-tide zone were found in the T3 section. One-way ANOVA was conducted using time, section, and tidal area as factors, and the results showed that there were no significant differences in the M-AMBI values among the different times and sections. The M-AMBI values in the mid-tidal areas were significantly greater than those in the high tidal areas and low tidal areas (P<0.05). After stock enhancement, the average M-AMBI values for the remaining years, except for January 2022 and April 2022, were greater than those in October 2021. Apart from seasonal factors, there was no obvious pattern in the variation in the M-AMBI values in each section. The increase in M-AMBI values occurred mainly in the low-tide zone, with a slight increase in the mid-tide zone and no significant change in the high-tide zone (Figure 5).




Figure 4 | Distribution of the M-AMBI in the intertidal zone of Yueqing Bay: (A–E) October 2021 to October 2022; (F) average M-AMBI.






Figure 5 | Spearman correlation analysis between the M-AMBI and the environmental factors of water quality (A) and sediment (B) in Yueqing Bay.






3.5 Correlation between the M-AMBI and environmental factors in the intertidal zone of Yueqing Bay

Spearman correlation analysis (Figure 5) revealed the following relationships between the M-AMBI and environmental factors in the intertidal zone of Yueqing Bay: the M-AMBI was significantly positively correlated with water temperature (P<0.05), whereas there was no significant correlation between the M-AMBI and sediment factors.





4 Discussion



4.1 Applicability of the M-AMBI

This study evaluated the benthic ecological quality of the intertidal zone in Yueqing Bay before and after stock enhancement via the M-AMBI. The M-AMBI, developed on the basis of the AMBI, combines the diversity index and species richness as two indicators and introduces a reference state to evaluate results in a more comprehensive and objective manner, thereby accurately reflecting the actual environmental conditions (Borja and Tunberg, 2011), with a stronger coupling with other biotic indices (Muxika et al., 2007). The software for calculating this index can be freely downloaded from the internet, making calculations convenient and simple and making the evaluation results easy to understand. Its greatest advantage lies in fully considering the ecological adaptation strategies and environmental sensitivity of macrobenthos, but this is also the main limiting factor for the application of this index, as it requires a rich foundation in macrobenthic taxonomy and biotic indices, which can be challenging when used in countries or regions with relatively scarce benthic ecological research. Since the M-AMBI has been used to assess the ecological quality of the intertidal zone in Shenzhen Bay (Cai et al., 2011), the M-AMBI has been widely applied in China’s harbors, coastal waters, intertidal zones, and estuarine areas for benthic ecological quality assessment (Ding et al., 2020; Jia et al., 2022; Li et al., 2017; Liu et al., 2014; Ni et al., 2019; Qiu et al., 2018; Song et al., 2017; Tang et al., 2019; Yan et al., 2020; Zhang et al., 2022), while reference conditions have also been used for long-term development. Many studies have indicated that setting the reference conditions to 115% of the maximum values of H′ and S can enable the M-AMBI to be accurately applied in intertidal sea areas (Liu et al., 2014; Liu et al., 2018; Liu et al., 2019; Ni et al., 2019); thus, this study also used these reference conditions. Among the macrobenthic samples investigated in this study, 26 were not included in the species list provided by the latest AMBI v6.0 and were replaced by other species of the same genus or family. The results revealed that six species were categorized as EG I, 11 as EG II, six as EG III, and one as EGIV, and the results of the evaluation were reliable (Cai et al., 2013b). When there are multiple types of habitats, the application of this index may be limited (De Paz et al., 2008; Teixeira et al., 2008), while the sediment types in the sampling areas of this study were all clayey silt. In conclusion, the M-AMBI is considered suitable for the evaluation of benthic ecological quality in the intertidal zone of Yueqing Bay.




4.2 Diversity indices and M-AMBI analysis of macrobenthos in the intertidal zone of Yueqing Bay

Community diversity indices integrate information on the relative abundance of species within a
community and are commonly used to describe the ecological characteristics of biological communities
and monitor changes in the structure of macrobenthic communities (Huang et al., 2019; Zhu et al., 2018). From October 2021 to October 2020, the mean values of d, J’, and H’ for macrobenthos in the intertidal zone of Yueqing Bay were 3.60, 0.92, and 2.57, respectively. In a study conducted from 2006-2007, these values were 4.29, 0.62, and 2.85, respectively (Peng et al., 2011). Compared with those in the latter study, the values of d and H’ in this study were lower, whereas the value of J’ was greater. This situation occurred because the survey locations in the latter study were all set in representative areas with relatively uniform beach substrate types, intact tidal areas, and relatively stable conditions, including the Ximen Island Marine Special Reserve (Liao et al., 2013), which elevated the average values of d and H’. The lower value of J’ may be attributed to the rapid economic development phase of Yueqing Bay during the 2006-2007 study period, when the intertidal zone was still frequently affected by human activities, resulting in a fragmented landscape in the intertidal zone (Zhao et al., 2009). This encroachment reduced the living space for intertidal biota and increased the degree of homogeneity of macrobenthic species, leading to a decrease in uniformity and exacerbation of the imbalance (Wang et al., 2021).

Historical research on the benthic ecological quality of the intertidal zone in Yueqing Bay has
been relatively scarce. Previous reports have used MPI and ABC curves to evaluate the benthic ecological quality of the intertidal zone in Yueqing Bay. The results revealed that the benthic ecological quality of the intertidal zone in Yueqing Bay was basically stable from 2004 to 2006, ranging from light to moderate pollution (Long et al., 2008). The community structure of macrobenthos was moderately disturbed from 2006 to 2007, with poor stability (Peng et al., 2011). The ABC curve, as a single indicator, cannot be used to distinguish between the environmental effects of natural changes and human disturbances. The MPI was built on the ABC curve (Cai, 2003). It has the advantages of easy calculation and easy mastery, but its evaluation results are lagging and cannot accurately reflect key ecological information within the community (Long et al., 2008), such as the pollution tolerance and sensitivity characteristics of species within the community. This study used the M-AMBI method and reported that the overall average M-AMBI of the intertidal zone in Yueqing Bay was 0.59. The overall benthic ecological quality was good, which was obviously better than that reported in historical research. In addition, the bioindicator species of marine pollution, Capitella capitata, appeared in the macrobenthos collected in the 2004-2006 study (Wang et al., 2021) and became the dominant species. However, this species was not included in this study, This situation also verified that the benthic ecological quality of the intertidal zone in Yueqing Bay had improved. This may be attributed to recent coastal environmental management policies in Yueqing Bay and the planting of mangroves. On the one hand, in recent years, in Yueqing Bay, special rectification of the mudflat aquaculture environment has been carried out, which has provided strong support for continuous improvements in marine ecological environmental protection and the safety and quality of aquatic products. In 2021, the Yueqing Municipal Government issued the “Yueqing Bay (Yueqing Section) ‘One Bay One Policy’ Rectification Implementation Plan” to address the prominent ecological and environmental problems in Yueqing Bay. These coastal environmental management policies are important for improving benthic ecological quality (Wang et al., 2021). On the other hand, mangrove vegetation affects the macrobenthic community by changing soil types, providing habitats, improving adverse intertidal environments, etc., and promoting the biodiversity and stability of intertidal communities (Chen et al., 2013; Huang et al., 2017), thereby improving the benthic ecological quality of the intertidal zone in Yueqing Bay. A previous study in Yueqing Bay revealed that the mid-tide zone and the low-tide zone are submerged in seawater for a longer time than is the high-tide zone, which is more conducive to the growth and habitation of marine organisms, so the benthic ecological environment is better (Long et al., 2008). However, this study revealed that the M-AMBI values of the high-tide zone and the low-tide zone in Yueqing Bay were significantly lower than those of the mid-tide zone. The M-AMBI was highly correlated with H’. A previous study showed that the planting of mangroves increased the biodiversity of the high- and mid-tide zones and reduced the biodiversity of the low-tide zone (Tian et al., 2018); thus, this phenomenon occurred.




4.3 Effects of stock enhancement on the community diversity indices and M-AMBI in the intertidal zone of Yueqing Bay

According to the results of the community diversity indices (Figure 3), the H’ and d values of the macrobenthos fluctuated between October 2021 and October 2022, with consistent trends, reaching their maximum values in October 2022 and April 2022, respectively, whereas J’ first tended to decrease but then increased. After stock enhancement, except for January 2022, the average d and average H’ were greater than those in October 2021, whereas the average J’ was slightly lower than that in October 2021. The month of January had relatively low temperatures in Yueqing Bay, and the temperature constraint resulted in the lowest average values of all diversity indices occurring in that month. Generally, for a community with a certain number of species, the greater the evenness (J’) is, the greater the community diversity index (H’) is (Li et al., 2014), indicating a positive correlation between the two indices. This study did not reveal this phenomenon, which could be because the release of many Phascolosoma esculenta into the macrobenthic community reduced J’; however, J’ remained relatively high (average values all greater than 0.90). Subsequently, owing to the self-regulation of the macrobenthic community, evenness gradually recovered, leading to a trend of first decreasing and then increasing in the average J’. Apart from seasonal factors, d and H’ in October 2022 were greater than those in October 2021, whereas J’ was slightly lower than that in October 2021. There were no significant changes in any of the diversity indices before and after stocking, indicating that stock enhancement has not yet affected the complexity and stability of the intertidal macrobenthic community in Yueqing Bay (Wang, 2016). After stock enhancement, the diversity and richness of macrobenthos in the intertidal zone of Yueqing Bay improved, resulting in good ecological restoration (Peng et al., 2012).

According to the M-AMBI results (Figure 4), the average M-AMBI values of macrobenthos fluctuated between October 2021 and October 2022, reaching their maximum in July 2022. Except for January 2022 and April 2022, the average M-AMBI values after stock enhancement were greater than those in October 2021. Apart from seasonal factors, the average M-AMBI value in October 2022 was greater than that in October 2021, indicating that the increase in the stock of Phascolosoma esculenta has played a role in improving the intertidal ecological environment of Yueqing Bay. Diversity indices are commonly used as benthic indices to assess ecological status and the extent of pollution (Cai et al., 2002). However, some scholars have argued that diversity indices are meaningful only for comparative purposes and should not be used to assess benthic ecological status (Borja et al., 2019; Shade, 2017). Therefore, in this study, H’ was used to compare the differences in benthic ecological quality before and after stock enhancement. According to the H’ criteria (Cai et al., 2002), the benthic ecological quality of the intertidal zone of Yueqing Bay is good, with the benthic ecological quality in October 2022 being greater than that in October 2021. Water temperature is a significant environmental factor influencing the M-AMBI values in the intertidal zone of Yueqing Bay (Figure 3A), and the trend of the M-AMBI changes is closely related to the trend of the water temperature changes, indicating a strong positive correlation. Different seasons present significant variations in water temperature, which affects the number, biomass, and distribution range of species by influencing the growth, development, and reproduction of organisms (Liu et al., 2022), thereby impacting the ecological grouping of macrobenthos. Despite lower water temperatures in October 2022 than in October 2021, the M-AMBI value was greater, indicating better benthic ecological quality in the intertidal zone of Yueqing Bay in October 2022 and further highlighting the role of stocking Phascolosoma esculenta in improving the ecological environment of the intertidal zone of Yueqing Bay.

In October 2021, the benthic ecological quality of the intertidal zone in Yueqing Bay exhibited the following pattern: mid-tide zone > high-tide zone > low-tide zone. In October 2022, there was a pattern of a mid-tide zone > high-tide zone = low-tide zone. The increase in M-AMBI values occurred mainly in the low-tide zone, with a slight increase in the mid-tide zone and no significant change in the high-tide zone (Figure 6). An analysis of the reasons is as follows: in this study, the M-AMBI values showed no significant relationships with the various sediment factors. This may be because the stocking areas are close to areas where humans live, and the levels of different metals in the sediments may fluctuate as a result of disturbances caused by human activities. The sediment contents in the monitoring area in both October 2021 and October 2022 met China’s first-class marine sediment quality standards, indicating that the pollutant content may not be sufficient to determine its relationship with benthic ecological quality (Pitacco et al., 2021). Therefore, the sediment content is only a small part of the reason for the variation in M-AMBI values (Umehara et al., 2022). The main reasons are related to the increase in the stock of Phascolosoma esculenta and human disturbances. On the one hand, Phascolosoma esculenta can enrich heavy metals in sediment, which has a positive impact on the environment (Gao et al., 2012; Wu and Xu, 2018), and ecological protection and restoration projects can alter biological connectivity and hydrological connectivity (Jiang et al., 2020). An increase in the stock of Phascolosoma esculenta increases the biomass in high- and mid-tide zones, releasing a large amount of organic matter during their life and death processes. The decomposition of organic matter is a core process in the energy and material cycles of all ecosystems (Barreiro et al., 2011; Gomez et al., 2018), and increasing organic matter in the high-tide zone can increase the nutrient cycle in the entire intertidal ecosystem and thus promote improvements in ecological and environmental quality. On the other hand, currently, fisher’s harvesting activities have far exceeded traditional self-sufficiency, and the harvesting of economic species is relatively intense (Liu et al., 2018). Phascolosoma esculenta is an economic species, and the increase in the stock of Phascolosoma esculenta and the planting of mangroves to some extent hinder the ability of fishers to harvest low-tide zones (Zhang, 2019); instead, the harvesting range is concentrated in high- and mid-tide zones. The combination of all of these reasons resulted in a slow or even no increase in benthic ecological quality in the high- and mid-tide zones after stock enhancement, whereas the disturbance level decreased in the low-tide zone, leading to an increase in benthic ecological quality.




Figure 6 | Changes in the M-AMBI values in various intertidal zones of Yueqing Bay.







5 Conclusion

	(1) The Shannon–Wiener diversity index (H’) and Margalef richness index (d) increased in October 2022 after stock enhancement, indicating a positive ecological restoration effect. The average M-AMBI of the intertidal zone in Yueqing Bay from October 2021 to October 2022 was 0.59, indicating good benthic ecological quality.

	(2) Because Phascolosoma esculenta can accumulate heavy metals from the environment and because increasing the stock of these organisms increases their biomass, Phascolosoma esculenta releases a large amount of organic matter throughout its lifecycle, which to increases the nutrient cycle of the ecosystem and promotes improvements in environmental ecological quality. However, owing to the planting of mangroves in the low-tide zone, people tend to fish for Phascolosoma esculenta in the mid- and high-tide zones, so the M-AMBI values in the intertidal zone of Yueqing Bay increased in the low-tide zone, slightly increased in the mid-tide zone, and basically did not change in the high-tide zone.

	(3) Water temperature varies greatly in different seasons, and temperature affects the number, biomass and distribution range of species by influencing the growth, development and reproduction of organisms, as well as the ecological grouping of macrobenthos. Therefore, the trend of the M-AMBI changes is basically consistent with the trend of the water temperature changes, indicating a strong positive correlation.

	(4) The macrobenthic diversity index in the intertidal zone of Yueqing Bay was high, and the M-AMBI was able to assess the ecological status of the intertidal zone of Yueqing Bay because of its easy usage and distinct threshold.
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