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Sampling Designs for Monitoring Ichthyoplankton in the Estuary Area: A Case Study on Coilia mystus in the Yangtze Estuary
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A fishery-independent survey can provide detailed information for fishery assessment and management. However, the sampling design for the survey on ichthyoplankton in the estuary area is still poorly understood. In this study, we developed six stratified schemes with various sample sizes, attempting to find cost-efficient sampling designs for monitoring Coilia mystus ichthyoplankton in the Yangtze Estuary. The generalized additive model (GAM) with the Tweedie distribution was used to quantify the “true” distribution of C. mystus eggs and larvae, based on the data from the fishery-independent survey in 2019–2020. The performances of different sampling designs were evaluated by relative estimation error (REE), relative bias (RB), and coefficient of variation (CV). The results indicated that appropriate stratifications with intra-stratum homogeneity and inter-stratum heterogeneity could improve precision. The stratified schemes should be divided not only between the North Branch and South Branch but between river and sea. No less than two stratifications in the South Branch could also get better performance. The sample sizes of 45–55 were considered as the cost-efficient range. Compared to other monitoring programs, monitoring ichthyoplankton in the estuary area required a more complex stratification and a higher resolution sampling. The design ideology and optimization methodology in our study would provide references to sampling designs for ichthyoplankton in the estuary area.
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INTRODUCTION

A Fishery-independent survey is critical to fishery assessment and management because it can provide reliable information about spatial and temporal scales on stock abundance and distribution (Liu et al., 2009). Surveys on ichthyoplankton have been conducted worldwide, attempting to clarify their spawning habitat and monitor the dynamics of stock resources and even ecosystem structure (McClatchie et al., 2014; Doray et al., 2017). The long-term intensive surveys were enumerated but not limited to the California Cooperative Oceanic Fisheries Investigations (CalCOFI; Bjorkstedt et al., 2011) and the Pélagiques Gascogne surveys (PELGAS; Doray et al., 2000). In such areas, transect line designs for sampling ichthyoplankton were widely accepted (McClatchie, 2014; Doray et al., 2017). Nonetheless, sampling designs in the estuary area should also be highly concerned because they can be potential spawning and nursery habitats for many fish species.

The Yangtze Estuary is one of the largest estuaries in the world, located on the west coast of the Pacific Ocean (Lin et al., 2018). The estuary area and its adjacent water had the major fisheries in China, but the resources have been rapidly reducing in the past 50 years (Xian et al., 2005; Ni and Chen, 2006). For instance, the tapertail anchovy Coilia mystus is a typical semi-anadromous species in the Yangtze Estuary (He et al., 2008). Annually, adult C. mystus migrates to brackish water to spawn in the Yangtze Estuary in late April (with spawning peaks from May to July) and descends to the sea in early September (Zhao and Zhang, 1985). It was estimated that the total catch of C. mystus in the Yangtze Estuary peaked at over 3,000t in 1995, but it has decreased to less than 100t since 2010 (Ni et al., 2020). The anthropological activities such as hydraulic engineering and overfishing may have disturbed its spawning or nursery habitats, resulting in a negative impact on stock recruitment (Yang et al., 2006). Fortunately, a series of resource protection measures have been taken by the Chinese government in 2019, e.g., a fishing ban (Cheng, 2021), but the status of C. mystus early resource is still unknown. Ichthyoplankton abundance has been proven to be a useful relative index or proxy of adult spawning stock biomass (Hsieh et al., 2005; Koslow and Davison, 2016). Thus, a targeted fishery-independent survey for C. mystus ichthyoplankton in the Yangtze Estuary is highly required to monitor its recruitment process and provide references for management.

The fishery management can be greatly influenced by the quantity of data from the fishery-independent survey, which is the ability to reflect the true resource distribution. Generally, the large-quantity data are obtained from high-intensity sampling, which needs to be financed and is time-consuming, especially when it targets multiple species over a broad spatiotemporal scale (Edwards et al., 2010; Blabolil et al., 2017). Thus, it is necessary to design a cost-efficient fishery-independent survey for getting adequate data with limited financial support (Puerta et al., 2018). Many pioneers have strived to optimize sampling designs with respect to sampling techniques, sampling effort, and spatial configuration (Jardim and Ribeiro, 2007; Blabolil et al., 2017). Surprisingly, there are few studies focused on sampling designs for ichthyoplankton. The surveys for ichthyoplankton were regarded as a solution to the perceived cost of fish surveys because they were more aggregated in distributions and easier to be collected (Koslow and Wright, 2016). Thus, sampling designs for ichthyoplankton should also be highly concerned.

With respect to the different objectives of fishery management, various sampling designs should be adopted to gain maximal efficiency (Bijleveld et al., 2012). Due to the complexity and variability of the seafloor in the Yangtze Estuary, there are places where sampling is not possible, and fixed-station sampling designs cannot be applied. The stratified random sampling (SRS) divides a population into different strata and samplings randomly in each stratum. It is commonly used in the fishery-independent survey to provide insights into resource status (Wang et al., 2018). The estimated precision of SRS can be improved by optimizing stratified schemes and sample sizes (Xu et al., 2015a,b). But for the fishery-independent surveys with limited funding, the optimization process should find a balance between budget and survey precision. In recent years, computer simulation has been used as an effective tool to optimize sampling designs and improve their performances. The performance is mostly defined by estimators that are unbiased, consistent, and efficient (Cochran, 1977). As the response to the uncertainty of samplings, the estimates influence the accuracy of assessment and the effect of subsequent management. Therefore, estimators that evaluate comprehensive performance should be selected to improve the assessment of fisheries.

In terms of environmental heterogeneity in the Yangtze Estuary, and the patchy distribution of C. mystus ichthyoplankton, the sampling design may require higher resolution sampling and more complex stratification. In this study, we developed six stratified schemes with various sample sizes for sampling C. mystus ichthyoplankton in the Yangtze Estuary, trying to (1) compare the performances of six sampling designs for capturing the dynamics of C. mystus eggs and larvae; (2) find the cost-efficient sampling designs with suitable sample sizes; and (3) develop a framework of designing and optimizing fishery-independent survey for monitoring ichthyoplankton in the estuary area. The design ideology and optimization methodology in our study would provide references to future sampling designs for ichthyoplankton in the estuary area.



MATERIALS AND METHODS

To clarify how to make sampling designs for monitoring ichthyoplankton in the estuary area, we conducted a case study of C. mystus ichthyoplankton in the Yangtze Estuary. Six sampling designs with various sample sizes were developed to find the cost-efficient designs for monitoring the dynamic of C. mystus ichthyoplankton. The performances of the designs were evaluated by relative estimation error (REE), relative bias (RB), and coefficient of variation (CV), based on the “true” distribution obtained from the generalized additive model (GAM) with the Tweedie distribution.


Study Area and the Current Sampling Design

The Yangtze Estuary is one of the most important estuaries in China and is a spawning and nursery habitat for many commercial fish species (Wan et al., 2010). It is characterized by a unique topography and the complex hydrology (Zhuang, 2013; Liu et al., 2020). Under the interaction of runoff and tide, sediments in the water settle and then form alluvial shoals and islands in the Yangtze Estuary. These lands such as Chongming island, Changxing island, and Jiuduan sandbank divide the mainstream into four passages (Figure 1A; Yan et al., 2001). Besides, the environmental heterogeneity extends over the whole estuarine region, especially between the North Branch and South Branch. For example, higher salinity and dissolved oxygen are found in the North Branch than in the South Branch (Luo and Shen, 1994; Meng, 2010).
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FIGURE 1. Study area (A) and potential sampling stations (B).


To clarify the distribution status of C. mystus ichthyoplankton, the study focused on a specific area in the Yangtze Estuary (Figure 1A). We conducted four fishery-independent surveys in our study area, which were in May and August of 2019 and 2020. The survey followed the SRS design, which consisted of randomly sampling 55 stations from 182 grid cells per survey. The grid was generated over our study area based on the central axis of Chongming Island, according to the sampling design of the CalCOFI (McClatchie, 2014). Grid cells had a resolution of 3′ × 3′, and grid cells where water area occupies less than half of the grid area were not counted. We clustered the grid cells into four strata (Stratum A, B, C, and D; Figure 1B), according to their regions (corresponding to the area in the North Branch, off the North Branch, in the South Branch, and off the South Branch, respectively). Based on our original purpose of the survey, which was to identify the spawning habitat of C. mystus, more stations were allocated to Stratum C. The stations of Stratum A, B, C, and D were 12, 10, 25, and 8, respectively.

Eggs and larvae were collected using plankton nets with 280-cm net length, 80-cm mouth diameter, and 505-μm mesh size, and a General Oceanics 2030R flowmeter at the center of the net mouth. The net was dragged horizontally along the sea surface for 10 min, with a constant speed of 2–3 knots. Environmental factors, such as temperature, salinity, and depth, were also recorded by the conductivity-temperature-depth system (CTD) of SBE-19plusV2 at each station. Samples were preserved in 5% buffered formalin in seawater immediately. Once in the laboratory, C. mystus eggs and larvae were visually identified based on existing literature and counted using a OLYMPUS SZX7 binocular microscope. According to the references, both C. mystus eggs and larvae are buoyant (Zhao and Zhang, 1985; Zhang et al., 2020). Eggs are transparent with a diameter of 0.83–1.03 mm and contain multiple oil globules of different sizes. Larvae can be identified by counting the number of the sarcomere and fin ray at different body lengths, but other morphological figures also contributed to their identification (Zhao and Zhang, 1985; Wan and Jiang, 2000). The five-stage eggs (Stage I–V; Thompson and Riley, 1981) and three-stage larvae (prelarva, postlarva, and juvenile; Zhao and Zhang, 1985) were found in our samples.



The “True” Values

To compare and evaluate the performance of various sampling designs, the “true” distribution of C. mystus eggs and larvae over our study area was needed. The GAM has been widely used to fit the nonlinear relationship between species abundance and environmental factors. Combined with the Tweedie distribution, the GAM model can deal well with fishery resource data with zero inflation (Wang et al., 2017). Therefore, we developed a Tweedie-GAM to quantify the relationship between C. mystus egg density, larval density, and environmental factors and predicted their “true” distribution in the study area. The general GAM was expressed as follows (Hastie and Tibshirani, 1986):
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where g(ρ) is the log-link function, β0 denotes the constant intercept term, xi denotes the explanatory variable, fi (xi) is a smooth function that can be used to describe the relationship between g(ρ) and xi, and ε is the error term according to normal distribution. The description of the probability function of the Tweedie distribution is given by Eq. 4 in the study by Shono (2008). The Tweedie distribution can express as the compound Poisson distribution if 1 < p < 2, which was appropriate for data with plenty of zero values (Shono, 2008).

We developed optimal models for C. mystus eggs and larvae with data from four surveys to improve the accuracy of optimal models. The quantity of C. mystus eggs and larvae was standardized to egg density and larval density, which were calculated by ρ=A/V, where ρ is egg density (ρe) or larval density (ρl), A denotes the number of eggs and larvae, and V is the flow volume measured with the flowmeter. Both egg density and larval density were log-transformed. The selected environmental variables were sea surface temperature (SST), sea bottom temperature (SBT), sea surface salinity (SSS), sea bottom salinity (SBS), charted depth (Dep), and a two-dimensional (2D) variable: longitude and latitude (Lon, Lat). Year and month were treated as categorical variables. The effect of shoals was represented by Dep in models.

The optimal models for eggs and larvae were selected by the lowest Akaike Information Criterion (AIC; Akaike, 1974). We interpolated spatial correlated environmental factors in the uninvestigated area by using the inverse distance weighting method (Chen, 2017). Finally, the “true” distribution of C. mystus eggs and larvae was predicted by the optimal models and the interpolated environmental variables. We calculated the mean of predicted egg and larval density as the “true” values in each month.



Optimization Process

A total of 182 potential sampling stations were treated as population, which was the same as the current sampling design. The stations were divided into different strata based on six sampling designs (Table 1 and Figure 2). We made different stratified schemes by coordinate (Designs 2, 3, and 5) and region (Designs 4 and 6). The simple random sampling (Design 1) was treated as a design control. We compared the performance of six sampling designs with various sampling sizes, trying to find cost-efficient sampling designs to monitor the dynamics of C. mystus eggs and larvae.


TABLE 1. List of the sampling designs.
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FIGURE 2. Strata for different sampling designs. The brown areas represent shoals. The gray areas represent islands. (A) Design 1, (B) Design 2, (C) Design 3, (D) Design 4, (E) Design 5, and (F) Design 6.


The performances of sampling designs were evaluated by REE, RB, and CV. REE (Eq. 2) evaluated the accuracy and precision of estimated values in sampling (Chen, 1996). RB (Eq. 3) reflected the bias between estimated values and the “true” values (Jiao et al., 2004). CV (Eq. 4) measured the relative variability of estimated values (Cochran, 1977). They were expressed as follows:
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where Ye is the estimated value calculated by the ith sampling data, Yt is the “true” values, R is the sampling times (R=1000, here), σ was an SD of the sampling data, and Ῡ was the mean of sampling data. The performance of the sampling designs with lower REE, absolute RB, and CV was better.

We evaluated the performance of different sampling designs with various sample sizes, which were set as 25, 40, 55, 70, 85, and 100. The designs with good performances were tested in further optimization of sample size from 15 to 100 with an interval of 5. The sample sizes were proportionally allocated to each stratum by weights. It is difficult to ensure that sample sizes in each stratum were an integer, and therefore, the non-integer calculation was rounded to the nearest integer. All the processes of analysis were carried out with R software (version 3.6.0).




RESULTS


The “True” Populations

We used a preliminary variance inflation factor (VIF) analysis to check multicollinearity among variables. The environmental factors whose VIF exceeded 10 were removed from models. Based on the results of the VIF analysis and backward stepwise, GAMs with the lowest AIC values for C. mystus eggs and larvae were expressed as Eqs 5 and 6, respectively. Depth, SSS, SBS, and 2D longitude and latitude were selected for both the two optimal GAMs. The two models with significant variables explained 67.8 and 67.4% of the variance for egg and larval density, respectively. The quantile-quantile (Q–Q) plots of residuals were used to check the performance of the optimal GAMs (Figure 3). For both egg and larval models, their points were close to the straight red lines. Therefore, the optimal GAMs performed well for most of the data.
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FIGURE 3. The quantile-quantile (Q–Q) plots of the deviance residuals in optimal generalized additive models (GAMs) for Coilia mystus (A) eggs and (B) larvae. The red lines represent standard values.
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The distributions of C. mystus egg and larval density were predicted by the optimal GAMs on the interpolated environmental factors (Figure 4). The results showed that eggs and larvae occurred in both May and August. Their potential spawning ground was distributed inside the Yangtze Estuary and filled in the whole South Branch. Higher egg density occurred in May rather than in August, and in 2019 rather than in 2020. The prediction indicated that C. mystus has more than one potential nursery ground in the Yangtze Estuary. One of which was inside the North Branch, closing to the Chongming east tidal flat. The other is located in the south of the study area, outside of the South Passage. There was another assemblage, only located in the north of the North Passage in May 2020. It was also considered as the potential nursery ground for C. mystus. Similarly, larval densities were higher in May than in August but lower in 2019 than 2020. In each sampling month, the density of larvae far exceeded that of eggs.
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FIGURE 4. Predicted and observed distributions of C. mystus egg and larval density. Red gradients represent predicted egg distribution in (A) May 2019, (C) August 2019, (E) May 2020, and (G) August 2020. Blue gradients represent predicted larval distribution in (B) May 2019, (D) August 2019, (F) May 2020, and (H) August 2020. Circle sizes represent the observed density of C. mystus ichthyoplankton. Cross represents no C. mystus eggs and larvae.




Optimization Process

The results indicated that different designs had various performances in sampling C. mystus eggs and larvae (Figures 5, 6). For eggs, the REE and CV values of different designs fluctuated between 8.78 and 26.12% and 8.48 and 26.20%, respectively. Design 1 had the highest REE and CV values, while those of Designs 3, 5, and 6 were lower over time. Therefore, Designs 3, 5, and 6 were considered to have better precision than other sampling designs. The RB values of different designs varied from -4.07 to 4.86%. The RB values of Design 1 were distributed evenly on both sides of zero, suggesting that simple random sampling could provide unbiased measures for the population. Designs 4 and 6 were continuing overestimated and underestimated, respectively. During each survey, the absolute RB values of all sampling designs were less than 5%, which meant that they had a steady low deviation (Figure 5).
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FIGURE 5. The relative estimation error (REE), relative bias (RB), and coefficient of variation (CV) of stratified schemes for sampling C. mystus eggs with a sample size of 55. D1 to D6 represent Design 1 to Design 6, respectively.
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FIGURE 6. The REE, RB, and CV of stratified schemes for sampling C. mystus larvae with a sample size of 55. D1 to D6 represent Design 1 to Design 6, respectively.


The results showed that REE, absolute RB, and CV of C. mystus larvae were obviously lower than those of eggs (Figures 5, 6). For larvae, the REE values of different designs ranged from 7.72 to 13.28%, and the CV values were ranged from 7.70 to 13.35%. Design 1 with the highest REE and CV values still had the lowest accuracy among sampling designs. Conversely, Designs 4, 5, and 6 with lower REE and CV had higher precision over time. The RB values of the six designs varied from -2.75 to 1.08%. Compared with the unbiased estimate of Design 1, other designs overestimated or underestimated the “true” values. Nevertheless, the designs for larvae had a lower deviation than those for eggs (Figure 6).

With the increase of sample size, the REE, absolute RB, and CV of different sampling designs generally decreased, both for C. mystus eggs and larvae. The changing rates of mean REE and CV tended to be stable, and absolute mean RB fluctuated in a certain range (Figures 7, 8). Obvious differences in performance were shown among the six designs when sampling C. mystus. Whenever sampling C. mystus eggs, Design 3 was more accurate compared to Design 2. Designs 5 and 6 performed better than others at any sample sizes in all months. They both required a sample size that exceeded 40 to get lower REE, absolute RB, and CV (Figure 7). The performance of the six designs was close to each other when sampling larvae. For each sample size, Designs 4, 5, and 6 have always been the better designs compared to others (Figure 8). Although low deviation was acceptable, they still needed more sizes to ensure high precision and low dispersion. In terms of performance for sampling eggs and larvae, Designs 5 and 6 were considered as the better designs at all sample sizes.
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FIGURE 7. The REE, RB, and CV of stratified schemes for sampling C. mystus eggs at different sample sizes. D1 to D6 represent Design 1 to Design 6, respectively.
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FIGURE 8. The REE, RB, and CV of stratified schemes for sampling C. mystus larvae at different sample sizes. D1 to D6 represent Design 1 to Design 6, respectively.


The regression curves showed that mean of REE, absolute RB, and CV reduced with sample size increased (Figure 9). We found that mean of REE and CV had a similar trend. There were still differences between them with less sample size for eggs instead of larvae. The differences tended to mitigate with sample size increased. Both for Designs 5 and 6, the changing rates of regression curves were getting closer to 0 at the size of 45–55. It indicated that the three estimators reduced slightly with more sample sizes. Designs 5 and 6 with a sample size of 45–55 should be more efficient to monitor the dynamics of C. mystus eggs and larvae.
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FIGURE 9. The locally weighted regression for mean of REE, absolute RB, and CV on C. mystus eggs and larvae at different sample sizes. (A) Design 5 and (B) Design 6. The shadows around the lines represent 95% CIs. The red bars cover the changing rates of regression curves closing to zero.





DISCUSSION

In this study, we compared and evaluated the performances of different stratified schemes with various sample sizes, attempting to find cost-efficient sampling designs for monitoring the dynamics of C. mystus ichthyoplankton. The performances were evaluated by REE, RB, and CV, which expressed their precision, deviation, and dispersion, respectively. It is well understood that simple random sampling could provide an unbiased mean of the population (Li et al., 2015; Ma et al., 2020). However, a better sampling should pay more attention to not only bias mitigation but also precision improvement (Cochran, 1977). Because the REE with SRS was lower than that with simple random sampling, we concluded that appropriate stratification could be applied to improve sampling precision. This coincided with previous studies, which indicated that SRS often improved precision and accuracy (Xu et al., 2015a; Wang et al., 2018).

It was expected that stratification should make intra-stratum homogeneity and inter-stratum heterogeneity (Manly et al., 2002; Miller et al., 2007). An appropriate stratification enhanced the ability of SRS to estimate the mean of the population (Ma et al., 2020). When sampling C. mystus eggs, more accuracy was found in Design 3 than in Design 2. It was because strata in Design 3 could reflect the gradient variation of egg density, which improved the stratified effect. However, the inappropriate division would translate into minimal improvement, even worse than simple random sampling (Wang et al., 2018). For example, there was hardly any difference in REE and CV between Designs 1 and 3 for sampling larvae in May and August 2019. Similarly, Design 2 performed no better than Design 1 for sampling larvae in May 2020. They divided different sizes of larval density into one stratum, resulting in the reduction of density disparity among strata.

We highlighted Designs 5 and 6 not only for their performance compatibility between C. mystus eggs and larvae but also for their robustness over time. The three indices used to quantify the performance of sampling designs were calculated by the “true” population, which were predicted from the fishery-independent survey data collected by Design 4. It was supposed that the used sampling design for our survey (i.e., Design 4) would perform best among different designs. However, it showed a bad performance in capturing the population of C. mystus eggs. Since the distribution pattern exhibited obvious spatial differences between C. mystus eggs and larvae, the monitoring program required a balanced consideration on both. Despite Designs 5 and 6 had slightly lower precision and higher dispersion for larvae, they were the preferred options concerning both eggs and larvae. Besides, the differences of C. mystus larvae have been found in May 2020, which included the increases in resources and changes in distribution. Designs 5 and 6 showed strong robustness to those changes, even exceeded Design 4, and Design 5 was especially the best. This was consistent with the studies by Cao et al. (2014) and Xu et al. (2015b), who suggested that appropriate stratified random design was robust to different distributions.

Compared to SRS in other coastal water, more stratifications are needed in the Yangtze Estuary to ensure the accuracy of sampling, even though we only focused on C. mystus eggs and larvae (Xu et al., 2015a; Wang et al., 2018; Wang et al., 2020). The differences might be due to the patchy distribution of ichthyoplankton or the environmental heterogeneity in the estuary area. The predicted results illustrated that C. mystus eggs and larvae had a patchy distribution. Specifically, eggs assembled in the South Branch, and larvae spread to the North Branch and adjacent sea. According to the performances of stratified schemes, we suggested that the study area should be stratified by not only the North Branch and South Branch but also river and sea (e.g., Design 4). No less than two stratifications were required in the South Branch (e.g., Designs 3 and 5), and further division in the North Branch and adjacent sea would also improve the precision (e.g., Designs 5 and 6).

Monitoring early resources might need a higher resolution survey to capture the patchy distribution of ichthyoplankton in the Yangtze Estuary. An increasing sample size contributed to improving the precision in different sampling designs (Wang et al., 2020). Besides, different designs had various accuracy enhancement effects under the same sample sizes. The changing rate of mean REE, absolute RB, and CV tended to be stable, which made sense to find an efficient sample size to monitor the dynamic of C. mystus ichthyoplankton. For a given certain precision, Designs 5 and 6 required fewer sample sizes than others. Their monitoring effects became efficient at the range of 45–55, which was considered as the optimal range of sample size. The resolution of our study (approximately 92–113 stations per 104 km2) was higher than that of the study by Xu et al. (2015b; approximately 9–11 stations per 104 km2), although there were differences between sampling nets.

Compared with the sampling design for adult fish, the sampling design for ichthyoplankton seemed more complicated, especially in the estuary area with complex habitats. According to the ecology of fish early life stage, most species during the egg stage were passively adrift, and their patchy distribution can be caused by diffusion and retention. Meanwhile, some species were supposed to have the potential ability to swim to their favorite places during the larval stage. Therefore, there might be some differences in the spatial distribution patterns between egg and larva stages. In this study, the optimal design scheme (e.g., Designs 5 and 6) were with more complex strata designs and were also different between egg and larva stages. However, most of the existing surveys on fish early life stage were sampled eggs and larvae simultaneously, even focused on multiple species. Their sampling designs could be very complex and should consider more potential factors. That is one of the biggest challenges, especially for the ichthyoplankton sampling, in the field of station optimization design.

The performance of SRS is usually affected by stratified scheme, sample size, and sample allocation (Gavaris and Smith, 1987; Lunsford et al., 2001). Generally, a stratified scheme should be identified by appropriate variables that are associated with the distribution of target species to improve precision by reducing sampling variation (Wilde and Fisher, 1996). In our study, strata that were divided quantitatively by environmental variables (e.g., salinity and depth) were unrealistic, because they changed rapidly (Zhao et al., 2015; Wei et al., 2021) and distributed discretely (Figure 1 and Supplementary Figure 1) in the Yangtze Estuary. The strata in our study were mainly defined by coordinate and region, which could directly and indirectly associate with various environmental variables. For instance, salinity differed among strata in Design 5 (Supplementary Figure 1), and Stratum C was shallower (Figure 1) and Stratum E was more turbid (Yu et al., 2021) in Design 6. In addition, dissolved oxygen was verified as another important factor in determining the distribution of C. mystus ichthyoplankton (Ding, 2011; Hu et al., 2021), but it was removed from the models due to the poor data caused by instrument failure. This might affect the “true” distribution, leading to some impacts on our results. Thus, dissolved oxygen should be considered in the future study. We also evaluated the effect of sample size on sampling precision. There were exceeding 50% of potential stations considered to optimize sample size. It was sufficient because all curves have shown a stable changing rate. The stations would be given priority to the strata with high weight, most of which covered the larval density barycenter. Thus, the mean of sampling data of larvae was closer to the “true” values than that of eggs, leading to the differences between REE and CV for sampling eggs with less sample size. Fortunately, the influence tended to mitigate with sample size increased. In this study, we did not evaluate the effect of sample allocation on stratified schemes, and it deserved to be considered in the future.



CONCLUSION

We developed six stratified schemes for monitoring C. mystus ichthyoplankton in the Yangtze Estuary to evaluate their performances under various sample sizes. The results indicated that stratified schemes should be divided not only between the North Branch and South Branch but also between the river and sea. Also, there need more stratifications in the South Branch to improve estimated precision. Sample size at the range of 45–55 was considered as the cost-efficient design. We suggested that the complex stratification and high-resolution stations should be used for capturing the dynamic of ichthyoplankton in the estuary area. The performance of the sampling design could be greatly influenced by the distribution pattern of target species, but the design ideology and optimization methodology in our study would provide references to future sampling designs for ichthyoplankton in the estuary area.
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No stratified (Figure 2A).
Stratified with 3 latitude strata, and partly considered the branching character (Figure 2B).

Stratified with 3 longitude strata, and partly considered the area in and off the estuary (Figure 2C).

Stratified with 4 regions strata, divided the area in and off the North Branch and South Branch. (The current sampling design; A:
in the North Branch, B: off the North Branch, C: in the South Branch, D: off the South Branch; Figure 2D).

Stratified with 6 coordinates strata, and combined Design 2 with Design 3 (Figure 2E).

Stratified with 6 regions strata, and separated the Chongming east shoal and the turbidity maximum zone. (A: in the North
Branch, B: off the North Branch, C: Chongming east shoal, D: in the South Branch, E: turbidity maximum zone, F: off the South
Branch; Figure 2F).
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