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Introduction

The Yellow River estuary serves as a crucial convergence point between the Yellow River and the Bohai Sea and is a vital spawning, nursery, and feeding ground for a variety of fish species. Ichthyoplankton are essential for the replenishment and sustainable use of fishery resources. To gain insights into the distribution of fish in these early life stages and examine in depth the impacts of environmental factors on their presence and abundance in the waters around the Yellow River estuary, in this study, we analyzed the temporal and spatial distribution of ichthyoplankton and their correlation with environmental variables.





Methods

Data were gathered from horizontal-trawl surveys conducted between April and July of 2020, 2021, and 2023. In instances where no eggs or larvae were caught, a two-stage Generalized Additive Model (GAM) was employed to evaluate the influence of environmental factors on the presence/absence (P/A model) and abundance, given presence (Density model).





Results

The results revealed that there were significant fluctuations in species richness both monthly and annually. Moreover, notable spatial disparities were identified in the distribution of abundance encompassing estuarine, settled, and migratory fish populations. The final model accounted for 38.69% and 39.80% of the deviance in the presence and abundance of ichthyoplankton, respectively. The two-stage GAM results highlighted that sea surface temperature (SST), chlorophyll a concentration, sea bottom salinity, and water depth were the dominant factors influencing the presence of ichthyoplankton. Moreover, a model incorporating SST, sea surface salinity, and distance to shore best described the abundance of ichthyoplankton when present.





Discussion

Our findings contribute to understand the spatiotemporal dynamics of ichthyoplankton and their influencing factors in the waters around the Yellow River estuary, which have important implications for fisheries management.
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1 Introduction

Estuaries are transitional zones connecting riverine and marine environments. They serve as important ecosystems for the renewal of fishery resources, thereby making important contributions to coastal fish stocks (Beck et al., 2001; Attrill and Power, 2002; McLusky and Elliott, 2004). Estuaries possess significant environmental attributes, including serving as migratory pathways, sheltered habitats, and nourishment areas for marine fish species (Dolbeth et al., 2008). They are also important breeding grounds (Freitas et al., 2012; Ha et al., 2022; Do and Tran, 2023), as their shallow waters provide refuge from predators and promote growth during the early life stages of these species (Able et al., 2013).

The Yellow River estuary, connecting the Yellow River to the Bohai Sea, is situated between Bohai Bay and Laizhou Bay and experiences a temperate monsoon climate. It is recognized as a highly dynamic estuary. The Yellow River, the second largest river in China, contributes a substantial amount of sediment and diversity of nutrients to the estuary, fostering a habitat rich in bait organisms and with high primary productivity, where many marine species feed, grow, and reproduce (Yang and Wang, 1993; Jin and Deng, 2000). However, influenced by human activities, climate change, runoff, and tidal currents, the Yellow River estuary exhibits a unique and complex ecological structure. This makes it particularly sensitive to external disturbances (Fan and Huang, 2005; Zhao et al., 2021; Wu et al., 2024). Variations in the ecosystem of the Yellow River estuary have negatively impacted fishery resources, resulting in habitat degradation, a decline in fish stocks, changes to population structure, and even the disappearance of marine organism spawning grounds (Bian et al., 2010; Cheminée et al., 2017).

The availability of ichthyoplankton is crucial for the replenishment and sustainable use of marine fishery resources. Changes in their distribution and abundance can significantly affect the balance of the marine ecosystem (Ellis and Nash, 1997; Yen et al., 2022; Zhang et al., 2022). As an early-stage replenishment group in fishery resources, ichthyoplankton face high mortality rates (Caley et al., 1996), and are susceptible to environmental variations (Perry et al., 2005; Bian et al., 2010). Water temperature and salinity are two key factors affecting the distribution and dynamics of early-stage fish in temperate estuaries (Kindong et al., 2020; Lima et al., 2020). Therefore, under the background of climate change, the water sediment regulation scheme of the Yellow River, and human activities, it is imperative to study the distribution patterns of ichthyoplankton, along with its relationship with environmental factors in Yellow River estuary waters.

The relationship between fisheries and environmental variables is complex, nonlinear (DingsØr et al., 2007) and nonadditive (Ciannelli et al., 2004). As an extension of the generalized linear model, GAMs allow for the modeling of nonlinear relationships between a response variable and multiple explanatory variables (Hastie and Tibshirani, 1990; Venables and Dichmont, 2004; Franca et al., 2012), which are frequently employed to explore the relationship between species distribution and environmental factors (Furey and Rooker, 2013; Feng et al., 2021; Wang et al., 2021). Therefore, GAMs were used to investigate the influence of environmental factors on ichthyoplankton spatiotemporal distribution in this study.

Previous research has predominantly concentrated on species composition, biodiversity, and community structure characteristics of ichthyoplankton in the waters around the Yellow River estuary (Bian et al., 2010; Song et al., 2019; Yang et al., 2023). In the present study, we analyzed the temporal variation in species richness and the spatiotemporal distribution of ichthyoplankton, including those of estuarine, settled, and migratory fish groups. Additionally, we explored the effects of environmental variables on the occurrence and abundance of ichthyoplankton in Yellow River estuary waters. The findings of this study will aid in clarifying the status of fishery resource replenishment in the region as well as improve the understanding of the ichthyoplankton distribution dynamics and their influencing factors. This will ultimately provide scientific support for informed decision-making in sustainable fishery management, thereby promoting the overall health and productivity of this marine ecosystem.




2 Materials and methods



2.1 Study area and sampling

Samples were collected during scientific surveys of spawning grounds conducted from 2020 to 2023. The survey area extended from 119°00′ E to 119°25′ E and from 37°20′ N to 38°05′ N, encompassing a total of 31 survey sites (Figure 1). This region includes the estuary of the Yellow River and its adjacent waters, with Laizhou Bay situated in the southern area, and Dongying Port and the Shengli Oilfield located in the northern area.




Figure 1 | Spatial distribution of survey stations for the collection of ichthyoplankton in the waters around the Yellow River estuary during spring between 2020 and 2023. Inset with a red rectangular box marks the study area.



A large plankton net (0.8 m in diameter, 0.505 mm in mesh size, and 0.5 m2 in net mouth area) was employed to gather fish eggs and larvae. The net was trawled horizontally for 10 min at a towing speed of 2 knots covering predetermined sampling stations. The specimens were subsequently preserved in a 5% formalin-seawater solution and taken to the laboratory. Subsequently, all the fish eggs and larvae were classified and counted based on their morphological characteristics using a dissecting microscope (Zhang et al., 1985; Okiyama, 1988; Wan and Zhang, 2016). The data relating to fish eggs and larvae were aggregated and their number per net was used to calculate the relative density of ichthyoplankton (ind./net).

The survey was conducted monthly from April to July 2020. Because we found that ichthyoplankton were most prevalent in April and May, further investigations were carried out in April and May of 2021 and in May of 2023. The specific survey dates are listed in Table 1. Notably, the survey in April 2020 was split into two sessions due to persistent windy conditions, and no samples could be collected at seven sites in May 2021.


Table 1 | Sampling time in Yellow River estuary waters from 2020 to 2023.






2.2 Environmental variables

The environmental factors sea surface temperature (SST), sea surface salinity (SSS), sea bottom temperature (SBT), sea bottom salinity (SBS), water depth (Depth), and dissolved oxygen (DO) were simultaneously measured at each survey station using an RBR maestro3 instrument (RBR Ltd., Ottawa, CA). For the determination of chlorophyll a (Chla) concentrations, 500 mL of seawater was first filtered through a Whatman (45-mm) GF/F filter membrane and then frozen in darkness for 24 h before extraction in 90% acetone. Subsequently, the Chla concentration was ascertained using a fluorescence extraction technique. The distance to shore (Distance), defined as the horizontal distance from the investigation site to the nearest coastline, was computed using ArcGIS software (ESRI Inc., Redlands, California, USA) with the aid of remote sensing data. Multicollinearity among all the environmental variables was assessed using Pearson correlation matrix analysis and Variance Inflation Factor (VIF) calculations. Only environmental variables exhibiting correlation and VIF values<0.7 and<4, respectively, were incorporated into the models (Guisan et al., 2017; Naimi and Araújo, 2016).




2.3 Temporal and spatial distribution

Venn diagrams were created in RStudio 4.40 and employed to analyze the fluctuations in species richness of ichthyoplankton. Based on the utilization characteristics in estuary and the adaptability to salinity of spawning adults, ichthyoplankton were classified into three groups, namely, estuarine, settled, and migratory (Whitfield and Elliott, 2002; Wang et al., 2019). The Spatial Analysis Model in ArcGIS10.2 was then applied to examine the temporal and spatial changes in the abundance of ichthyoplankton, and pie charts were used to illustrate the abundance of each category.




2.4 Generalized additive models

A two-stage GAM was applied to model the impact of environmental factors on the presence/absence and abundance of ichthyoplankton in Yellow River Estuary waters. First, the presence/absence of ichthyoplankton relating to each variable was established using logistic regression (P/A model), where P/A was zero if no ichthyoplankton were caught, and one if they were present. In the second stage, the density, given presence, was related to the environmental covariates, assuming a lognormal distribution for the response variable (Density model).

The general expressions of all the GAMs were as follows:

	

	

Akaike’s Information Criterion (AIC) and P-value were used to identify the covariates that best fit the model. A P-value<0.05 was indicative of a correlation between covariates and response variables. The AIC measured the fit of the model, and the smaller the AIC value, the better the model goodness-of-fit. A stepwise method was applied for variable selection to achieve the optimal model (Mohamed et al., 2018; García-Fernández et al., 2021). The AIC was calculated as follows:

	

where   is the number of parameters and   is the likelihood function. GAMs were run using the “mgcv” package in RStudio 4.40 software.





3 Results



3.1 Temporal variation in species richness

Species richness varied from month to month. A total of 29 ichthyoplankton species were identified from trawl samples collected from April to July 2020. The number of species collected was the same in May, June, and July (17 species each month), while only 7 occurred in April. Of these, 2 species were present every month, and 10 species were detected each in May, June, and July. Additionally, 3 species occurred only in April, 4 only in May, 2 only in June, and 4 only in July (Figure 2A).




Figure 2 | Species richness variation in Yellow River estuary waters. (A) Monthly variations in 2020. (B) Interannual variations between 2020 and 2023.



Species richness varied across different years. In May 2020, 2021, and 2023, a total of 35 fish species were identified. Specifically, most (24) species were collected in May 2023, followed by 17 in May 2020, and the lowest (10) species were collected in May 2021. Among these species, 6 were present each year, while 8 occurred only in May 2020, 2 only in May 2021, and 15 only in May 2023 (Figure 2B).




3.2 Temporal and spatial variations in abundance

The density distribution of ichthyoplankton from 2020 to 2023 displayed significant spatial variation (Figure 3). The highest abundance of ichthyoplankton was observed in the waters near Dongying Port, Laizhou Bay, and the southern waters of the estuary. Conversely, the lowest abundance was recorded in the waters around the mouth of the Yellow River estuary. Regarding fish migration patterns, the largest proportion of estuarine ichthyoplankton was found at stations in Laizhou Bay and the northern waters of the estuary. The ichthyoplankton of both settled and migratory fish were present across almost all the stations in the study area. However, the proportion of settled fish was highest near the estuary and at several stations in Laizhou Bay. In contrast, migratory fish ichthyoplankton were more prevalent in the waters near Dongying Port, the northern part of Laizhou Bay, and at several stations near the estuary.




Figure 3 | Spatial abundance distribution of ichthyoplankton encompassing estuarine, settled, and migratory fish in the waters around the Yellow River estuary from 2020 to 2023.



The spatial distribution of ichthyoplankton exhibited distinct monthly changes. In the sampling period of April to July 2020, the abundance of ichthyoplankton was highest in May, followed by April. In April, most ichthyoplankton were concentrated in Laizhou Bay, primarily consisting of estuarine species, while “zero catch” stations were located in the northern region of the estuary (Figure 4A). In May, ichthyoplankton were found in 30 out of 31 surveyed stations. High abundance, predominantly migratory species, was observed near Dongying Port and in the northern part of Laizhou Bay, whereas estuarine and settled species were more dispersed (Figure 4B). In June, the number of “zero catch” stations increased and became more widespread across the study area. This coincided with a decline in the overall abundance of ichthyoplankton, primarily comprising migratory and settled species (Figure 4C). In July, although only 3 “zero catch” stations were recorded, the overall abundance remained as low as in June, but there was an increase in the proportion of settled fish ichthyoplankton (Figure 4D).




Figure 4 | Spatial abundance distribution of ichthyoplankton encompassing estuarine, settled, and migratory fish in the waters around the Yellow River estuary in (A) April, (B) May, (C) June, and (D) July of 2020.






3.3 GAM analysis

Two GAMs were constructed to evaluate the influence of environmental factors on the presence and abundance of ichthyoplankton in the waters around the Yellow River estuary. Variables that impose significant impact on the model were selected based on P-value and AIC value by the stepwise method (Table 2). In consideration of their relatively large explained deviance and their expected effect on the distribution and abundance of ichthyoplankton, although not significant (P>0.05), Depth and Distance were retained in the optimal models. The first stage GAM (P/A model) retained four variables including SST, Chla, SBS, and Depth, which explained 38.69% of the variance in the presence of ichthyoplankton. The second stage GAM (Density model) retained three variables, namely SST, SSS, and Distance, and model deviation accounted for 39.80% of the variance in the abundance of ichthyoplankton.


Table 2 | Construction of a stepwise generalized additive model for factors influencing the presence/absence and abundance of ichthyoplankton in the waters around the Yellow River estuary.



In the models, the deviance of selected factors represents the influence degree of each factor on the presence and abundance of ichthyoplankton. In P/A model, SST was the most important factor affecting ichthyoplankton presence, with a contribution of 32.22%, followed by Chla, Depth, and SBS, with contributions of 3.58%, 1.91%, and 0.98%, respectively. In Density model, the most important influencing factor was the SST, with a contribution of 32.57%, followed by SSS and Distance, with contributions of 4.00% and 3.23%, respectively.




3.4 The influence of environmental factors on the ichthyoplankton distribution

The impacts of explanatory variables on the ichthyoplankton presence are shown in Figure 5. Ichthyoplankton were mainly located within the SST range of 7–26°C, with a peak at 16°C. The influence of SST on their presence was positive for temperatures between approximately 7°C and 16°C, after which there was a slight decline in their presence with increasing SST (Figure 5A). Ichthyoplankton were more frequently found in areas where the Chla concentration was between 0.8 and 6.5 mg/m3. Their presence rose gradually with increasing Chla concentration until it rapidly decreased; when the Chla concentration exceeded 8.0 mg/m3, the subsequent impact was less clear because there were fewer data points and wider confidence intervals (Figure 5B). Ichthyoplankton were predominantly found in the SBS range of 26–30, and there was a negative linear relationship between their presence and SBS (Figure 5C). Regarding Depth, ichthyoplankton were most likely to be present at water depths between 2 and 9 m; their presence slightly declined at depths from 2 to 6 m before stabilizing with further increases in Depth (Figure 5D).




Figure 5 | The effect of environmental factors on the presence of ichthyoplankton based on the Generalized Additive Model (GAM) (P/A model). The plot includes the additive effect of (A) sea surface temperature (SST), (B) chlorophyll a (Chla) concentration, (C) sea bottom salinity (SBS), and (D) Depth. Solid lines denote smoothed values and dotted lines represent the 95% confidence interval (CI).



The relationships between the variables and ichthyoplankton abundance are depicted in Figure 6. Ichthyoplankton, given presence, were mainly associated with temperatures ranging from approximately 10 to 25°C, with abundance peaking at 18°C. In the range of 10 to 18°C, the abundance increased as the SST rose, whereas the opposite trend was observed in the range of 18 to 25°C (Figure 6A). The influence of SSS on the abundance of ichthyoplankton remained stable. Ichthyoplankton were most abundant at the SSS range of 25 to 29. For other ranges, the confidence interval for the relationship curve between ichthyoplankton abundance and SSS exhibited a broad range, which reduced its credibility (Figure 6B). The abundance of ichthyoplankton decreased as the Distance increased within the range of 3,000–15,000 m. Although an upward trend was also observed when the Distance exceeded 15,000 m, the confidence intervals became wider owing to lower data density (Figure 6C).




Figure 6 | The effect of environmental factors on the abundance of ichthyoplankton based on the Generalized Additive Model (GAM) (Density model). The plot includes the additive effect of (A) sea surface temperature (SST), (B) sea surface salinity (SSS), and (C) Distance. Solid lines denote smoothed values and dotted lines represent the 95% confidence interval (CI).







4 Discussion



4.1 Variations in the species richness of ichthyoplankton

The species richness of ichthyoplankton in the waters around the Yellow River estuary, a typical temperate estuary, exhibited significant monthly variation. The lowest number of species was observed in April, with only 2 species overlapping with those detected in the other three months. However, the species number increased significantly from May onward, and the number of common species (May–July) increased to 10. Significant seasonal variations in fish species were also reported for the Yangtze estuary, which also has a temperate climate (Chen et al., 2022). Additionally, a pronounced seasonal succession (succession rate: ~83.33%) was observed in the ichthyoplankton category composition in the Yellow River estuary (Bian et al., 2010). The species and number of ichthyoplankton living in an estuary are determined by environmental conditions and material sources (Shan et al., 2004). Compared with that in April, the species richness changed from May onward, suggesting that environmental factors also changed. In another study, it was reported that the SST ranges of sampling sites varied from 10.66–15.71°C in April to 18.66–22.23°C in May (Niu et al., 2023). Meanwhile, temporal differences in species number among ichthyoplankton are mainly associated with seasonal migrations, particularly those associated with spawning and feeding, which affect species composition. In April, the water temperature is low in the Yellow River estuary, few fish species migrate to this area, and the settled species of gobiidae die after spawning in the previous year (Graham et al., 2005); in contrast, estuarine fish lay eggs in early spring (Dou and Chen, 1993). The spawning period of many fish occurs primarily during the warming season and many fish migrate to the Yellow River estuary and start to lay eggs when the water temperature rises in May (Wang et al., 2016). This explains why species richness was lower in April than in other months; analysis of the abundance distribution (Figure 4) also confirmed this pattern.

The species richness of ichthyoplankton demonstrated significant interannual variation. In May 2020, 2021, and 2023, ichthyoplankton belonging to 17, 10, and 24 species were collected, respectively. Six species were present across these 3 years. Notably, the reduction in species number in May 2021 may be attributed to weather-related sampling limitations at some stations. Despite this, interannual variations were still apparent. Previous studies have also reported limited common species and low species similarity between years in the Yellow River estuary and adjacent waters (Yang et al., 2022). The interannual succession of ichthyoplankton correlated with natural species turnover among spawning parents. Additionally, the estuarine ecological environment is highly complex and dynamic, and experiences strong fluctuations in habitat conditions that may influence the interannual variations in fish species (Yang et al., 2022). However, this possibility requires further study.




4.2 Temporal and spatial characteristics of the abundance distribution of ichthyoplankton

In estuarine areas, the physical, chemical, and hydrological conditions are complex and variable, leading to dramatic changes in environmental parameters over time and space (Harris and Cyrus, 1995; Hettler and Hare, 1998). Consequently, ichthyoplankton communities in these estuaries also undergo temporal and spatial changes that match the reproductive seasons of different fish species and environmental factors (Harris et al., 2001; Ren et al., 2021). In this study, we found that ichthyoplankton were highly abundant in the waters north of the Yellow River estuary and Laizhou Bay, with the highest proportion being migratory species, followed by settled species, and, finally, estuarine species (Figure 3). These findings are consistent with a previous study, which identified areas with high concentrations of ichthyoplankton in the coastal waters north of the Yellow River estuary and the southern waters of Laizhou Bay (Qin et al., 2017). Ocean currents significantly influence the distribution of ichthyoplankton owing to their weak independent swimming ability. The flow field in the Yellow River estuary and its adjacent waters is complex. One study reported that, influenced by the counterclockwise circulation system in the estuary, an area with a high density of ichthyoplankton formed at the tail of the residual current in the waters north of the estuary. Meanwhile, ichthyoplankton accumulated in Laizhou Bay, possibly due to the counterclockwise circulation in this region (Chen et al., 1998). A different study noted that, owing to the extension of coastline, a cape vortex formed between the Yellow River estuary and the southern sand mouth, trapping ichthyoplankton within the vortex, thereby forming a distribution center near the sand mouth (Bian et al., 2010). Our study confirmed the above conclusions (Figure 3).

Examination of the spatiotemporal dynamics of ichthyoplankton abundance from April to July 2020 (Figure 4) revealed notable monthly variations in both migration pattern proportions and overall abundance. For migration patterns, in April, most ichthyoplankton belonged to estuarine species. Additionally, the number of migratory fish rapidly increased in May, while the proportion of settled fish rose from June to July. This result suggested that the spawning timing of fish correlated with their ecological categorization, and migratory species moved toward coastal waters in May for egg-laying. Research on fish community composition has shown that both settled and migratory fish catch numbers were highest across four seasons in the Yellow River estuary and its adjacent waters (Wang et al., 2019). Zhang et al. (2016) also demonstrated that differences in horizontal distribution in different regions are related to species variation, abundance, and ecological categorization. Regarding abundance, Laizhou Bay consistently exhibited high levels during four months, whereas the northern waters of the estuary experienced elevated abundance only in May, coinciding with the highest overall abundance of ichthyoplankton. In general, the abundance of estuarine ichthyoplankton peaks in spring or summer (Kindong et al., 2020; Monteiro et al., 2021) and these are the reproductive seasons for most fish (Korsman et al., 2017). For Yellow River estuary waters, spring is the peak season for spawning. This period saw the highest number of fish eggs, while the number of larvae remained relatively low. In contrast, during the summer months, the number of fish eggs decreased, while that of larvae increased (Bian et al., 2010; Niu et al., 2022). Laizhou Bay, a semi-enclosed water body, receives inflow from numerous rivers, especially diluted water from the Yellow River. Consequently, Laizhou Bay is rich in nutrients, and has an amenable water temperature and low salinity, resulting in a crucial spawning, feeding, and nursery habitat for diverse fishery resources in the Yellow Sea and Bohai Sea (Jin and Deng, 1999). This explains why the ichthyoplankton distribution in Laizhou Bay predominantly occurred from April to July.




4.3 The influence of environmental factors on the presence and abundance of ichthyoplankton

The distribution, reproduction, and growth of marine organisms are closely related to the marine environment (Sherman et al., 1983). The spatiotemporal variations in dominant species abundance are mostly driven by physicochemical conditions (Chen et al., 2022), and the large-scale (kilometer) distribution patterns of species are likely the result of their responses to the physical environment (Martino and Able, 2003). The influence of environmental factors on species distribution is greater than that of biological factors (Hoeinghaus et al., 2007). In the present study, we found that in the waters around the Yellow River estuary, SST, Chla concentrations, SBS, and Depth affected the presence of ichthyoplankton, whereas SST, SSS, and Distance affected their abundance.

Water temperature has a major and direct or indirect effect on fish reproduction, recruitment, physiology, growth, and behavior (Vidy, 2000; Sabates et al., 2006; Doring et al., 2018), all of which are important for determining the spatial distribution and abundance of ichthyoplankton (Bruno et al., 2014; Chermahini et al., 2021). We found that SST was the most significant explanatory variable in both the P/A and Density models of ichthyoplankton in the waters around the Yellow River estuary. From April to July, ichthyoplankton mainly inhabited waters with an SST range of 7 to 26°C, and the most suitable SST was 16°C. Ichthyoplankton were abundant at temperatures between 10 and 25°C, with the optimal SST being 18°C. This result was in accordance with the conclusion that estuarine organisms that can adapt to a wide range of temperatures tend to be dominant (Yang et al., 2006). The optimal water temperature for maximizing the abundance of ichthyoplankton markedly exceeded that required for their presence, possible because higher water temperatures promote the development of fish gonads, resulting in increased spawning activity (Kimura et al., 2010) and ichthyoplankton abundance (Spies and Steele, 2016).

Within estuaries, salinity is highly variable due to alterations in freshwater inflow. Salinity plays a crucial role in the life history of estuarine fishes. The starting point and speed of fish development at different development stages such as fertilization, hatching, and spawning, are closely related to the salinity (Yin et al., 2019). Furthermore, salinity is a key abiotic determinant of the variation in ichthyoplankton community structure in estuaries (Wooldridge, 1999), affecting not only the growth, development, and reproduction of ichthyoplankton but also their spatiotemporal distribution and abundance (Jiang et al., 2013; Lima et al., 2019). Our analysis revealed that the presence of ichthyoplankton was significantly influenced by SBS, while their abundance was notably affected by SSS. This result aligned with those of previous studies. Yang et al. (2018, 2023, 2024) reported that environmental parameters such as salinity, water temperature, water depth, and plankton density influence the habitat selection of fishes. Specifically, they found that salinity greatly affected the abundance of fish eggs in the Yellow River estuary and its adjacent waters. Furthermore, we noted that ichthyoplankton were primarily found in areas where the SBS ranged from 26 to 30, as well as the abundance of ichthyoplankton remained relatively high and stable within the SSS range of 25–29. The optimum salinity range for both presence and abundance of ichthyoplankton was narrow, suggesting that the salinity values for their survival did not significantly vary between April and July. One possible explanation for this may be that too high or too low salinity prevented the exchange of substances between fertilized eggs and the surrounding medium, thereby reducing the hatching rate (Giffard-Mena et al., 2020). Similar results were observed in the Pearl River estuary (Wang et al., 2023).

The Chla concentration serves as an indicator of phytoplankton growth. The greater the phytoplankton biomass, the higher the primary productivity, and the more advantageous the environment for the growth of fish food (Whitfield, 1999). In the egg stage, fish depend on their egg yolk as a nutrient source for a brief period; subsequently, they transition to mixed feeding, before exclusively consuming external food sources, such as plankton, and zooplankton. Moreover, their diet varies at different developmental stages (Zhang et al., 2022). Given that we predominantly collected fish eggs in this study, the abundance of ichthyoplankton did not necessarily correlate with the distribution of phytoplankton. GAM results indicated that ichthyoplankton abundance was not related to the Chla concentration. However, in terms of spatial distribution, it has been shown that larvae prefer to inhabit waters with a stable and reliable plankton food supply (Whitfield, 1999). This observation is consistent with our findings, namely, that the presence of ichthyoplankton was significantly related to the Chla concentration, particularly in the range of 0.8 to 6.5 mg/m3.

Water depth influenced the presence of ichthyoplankton, which were more commonly found at depths of 2–9 m, although their presence declined with increasing depth across this range. Spring is characterized by a notable increase in temperature. Water temperature is influenced by both atmospheric warmth from land and variations in water depth. Thus, the temperature of coastal waters is higher than that of offshore waters (Zhao et al., 1995; Zhao et al., 2011), which may result in the congregation of reproductive groups near the shore for egg-laying. Meanwhile, there are many rivers in the Yellow River estuary and adjacent waters, and these bring abundant nutrients into the sea, resulting in the formation of a low saltwater system that provides favorable conditions for spawning and reproduction. Isobaths are evenly distributed throughout the study area, with water depth gradually increasing from nearshore to offshore. This explains why the presence of ichthyoplankton decreased as the water depth increased.

GAM results indicated that distance to shore influenced the abundance of ichthyoplankton to a certain extent, and their number decreased as the Distance increased within the suitable range. In agreement with our results, Song et al. (2019) demonstrated that ichthyoplankton were abundantly present in the waters near the estuary, but less so in the central waters of Laizhou Bay. This may be because the waters near the shore exhibit suitable water temperature and salinity, and are rich in nutrients, as previously noted.
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