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Tanaka’s snailfish (Liparis tanakae) is a low-economic but ecologically important fish in the Yellow Sea, which is one of the most threatened marine ecosystems in the world due to environmental changes and human activities. Although it serves as both a dominant species and an apex predator, our knowledge about the long-term changes in the spatio-temporal distribution of this snailfish remains limited in the threatened ecosystem. In this study, by developing eight alternative vector autoregressive spatio-temporal (VAST) models including various combinations of sea surface temperature (SST), fishing pressure (FP) and the density of the prey (DP), we investigated the spatio-temporal distribution patterns of snailfish based on fishery-independent surveys conducted between 2003 and 2019 and examined the relative importance of different covariates. We found that SST was the most important factor in explaining variation in encounter probability and DP was the most important factor in explaining temporal variation in biomass density of snailfish. Surprisingly, incorporation of FP in the spatio-temporal models neither improved explanation of the variance in encounter probability nor biomass density. Based on Akaike’s information criterion, we selected a spatio-temporal model with SST in preference to seven alternative models. The inter-annual distribution range of snailfish was relatively stable whereas the spatial patterns varied over time. In 2003–2006 and 2011, the hotspots of snailfish were widely distributed throughout almost the entire Yellow Sea area. In contrast, in other survey years, especially in 2007–2009, 2015–2016 and 2019, the distribution was more concentrated within the central Yellow Sea. No significant shift in centers of gravity (COGs) was detected for the population. The estimated effective area occupied correlated significantly with biomass density of snailfish (r = -0.71, P< 0.05). Outputs from this study enhanced our understanding of how and the extent to which multiple pressures influence the observed long-term changes in spatio-temporal distribution of snailfish in the Yellow Sea.
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Introduction

Spatio-temporal distribution of biota is of great importance for fully understanding changes in population and community structure, and is particularly vital in developing fishery management and conservation measures (Granger et al., 2015; Kidé et al., 2015; Canales et al., 2018; Shelton et al., 2021). Up to now, most of the studies addressing this issue have focused on economically valued species such as the Atlantic bluefin tuna (Thunnus thynnus, Fromentin et al., 2014); protected/endangered species such as the loggerhead sea turtle (Caretta caretta, Casale et al., 2020) and smalltooth sawfish (Pristis pectinata, Waters et al., 2014); and important forage species such as anchovy (Engraulis ringens, Canales et al., 2018) and the Pacific herring (Clupea pallasi, Godefroid et al., 2019). However, the long-term spatio-temporal distributions of low-economic species in the ecosystem have long been neglected, while changes in these species may have potentially significant effects on population dynamics, community composition, function and biodiversity of the entire ecosystem.

Overfishing, climate change, habitat degradation and pollution are currently important threats to marine ecosystems, leading to a widespread decline in global fishery resources (Gaines et al., 2018; Wilson et al., 2018; Carozza et al., 2019). It is possible that overfishing leads to long-term changes like size reduction, earlier onset of reproductive maturity, and alters population structure, whereas environmental changes impact the distribution and movement of marine species over differing spatiotemporal scales (Issifu et al., 2022). For instance, in the 1960s-1970s extreme spring SST negatively affected the biomass of Pacific herring off the West Coast of Vancouver Island (Godefroid et al., 2019), whereas both overfishing and oceanographic changes impaired rebuilding of the western stock of Atlantic bluefin tuna in the Atlantic Ocean (Fromentin et al., 2014). A study of two species in Mauritanian waters showed that the main influencing variables for sardinella were SST and the upwelling index, whereas chlorophyll-a (Chl-a) concentration, upwelling index, and SST were major factors affecting sardine (Bacha et al., 2017). And there may exist unidentified factors that result in the distribution shift of summer flounder on the Northest U.S. shelf aside from fishing, environmental factors and abundance (Perretti and Thorson, 2019). In general, previous research that focuses on the impacts of multiple pressures on the spatio-temporal distribution of marine species demonstrated distinct region-specific and species-specific characteristics. Considering the differences in geographic areas, ecological properties of species and relative strength of influencing factors, it is necessary to identify and quantify the relative contributions of different influencing factors affecting the spatio-temporal distribution patterns.

As an important fishing region, the Yellow Sea has a diversity of productive fish species, such as the small yellow croaker (Larimichthys polyactis), largehead hairtail (Trichiurus lepturus), Pacific cod (Gadus macrocephalus) and plaice (Cleisthenes herzensteini, Chen et al., 2018). It is also particularly affected by contemporary environmental changes and substantial fishing pressure. For instance, the SST of the Yellow Sea increased by 0.67°C between 1982 and 2006, with an average elevation rate higher than the global average (Belkin, 2009). The concentration of inorganic nitrogen continued to rise, while that of dissolved oxygen decreased (Lin et al., 2005; Li et al., 2015). According to the China fishery statistical yearbooks, the total power of fishing vessels increased steadily from 3.41×106 kW in 2003 to 4.15×106 kW in 2015 after which it began to decrease, reducing to 3.75×106 kW in 2019 (MARA 2003–2020). It is noteworthy that high powered fishing vessels (above 441 kW) accounted for an increasing proportion of total vessel power, especially after 2013, which may exacerbate the adverse effects of environmental impacts on fish population in the Yellow Sea. The Yellow Sea ecosystem has showed rapid responses to the multiple pressures mentioned above, particularly a continual change in fish community structure with frequent replacement of dominant species (Jin and Tang, 1996; Xu and Jin, 2005; Chen et al., 2018). In contrast, Tanaka’s snailfish (Liparis tanakae) has been a dominant species since the 1980s with a relatively stable population size (Chen et al., 2018).

Tanaka’s snailfish is from among the 350 demersal species belonging to the family Liparidae, and grows rapidly to 40 cm TL attaining a weight of 1 kg at one year old (Tomiyama et al., 2013), with individual specimens reaching 56.3 cm and 1.7 kg. It’s of medium resilience with a population doubling time of 1.4–4.4 years (https://www.fishbase.de/summary/Liparis-tanakae accessed on 1-Sep-2022). Oceanodromanous, this snailfish inhabits muddy bottom regions at depths of 50−90 m. In the Yellow Sea, snailfish mainly congregate in waters near Haizhou Bay during summer; migrate to shallower waters inshore for feeding during autumn; then move to deeper offshore regions in the central and southern Yellow Sea for overwintering (Zhou et al., 2012). Scholars have conducted ecological research focusing on seasonal changes in biological characteristics and resource distribution (Tomiyama et al., 2013; Myoung et al., 2016; Chen et al., 2022), trophic level (Zhang et al., 2007), feeding ecology (Zhang et al., 2011), helminth parasites (Guo et al., 2014) and complete mitochondrial genome (Liu et al., 2022). As one of the top predators in the Yellow Sea ecosystem, the snailfish feeds on more than 60 species and plays an important ecological role in regulating the biomass of other species through a top-down effect (Zhang et al., 2011; Lin et al., 2013). It was in this context that a long-term study on the changes in snailfish populations was needed, the absence of which hindered understanding of the functional ecological mechanisms facilitating persistence of its population abundance.

In this study, we sought to answer two main questions about the long-term changes in the snailfish population in the Yellow Sea: (1) ‘What has happened to the spatio-temporal distribution patterns of snailfish under fishing and environmental changes?’, and (2) ‘Among the potential influencing factors, which one is driving the spatio-temporal distribution patterns of snailfish?’. To answer these two questions, we firstly developed eight alternative spatio-temporal models including sea surface temperature (SST), fishing pressure (FP) and density of prey (DP) as explanatory variables, by applying the models to Yellow Sea bottom trawl data from fishery-independent surveys conducted during 2003–2019. The relative importance of SST, FP and DP were evaluated, and the most parsimonious model was identified for further analysis. Next, we explored the spatial patterns of the population, including changes of the centers of gravity (COGs) and effective area occupied (EAU) using the selected spatio-temporal model. Results of this study provide insights about the long-term changes in the spatio-temporal distribution of other low-economic but ecological importantly species in the Yellow Sea under multiple pressures, and can be extended to provide scientific foundations for further conservation and utilization of fish species in similar temperate waters.



Materials and methods


Survey area and data sources

Winter was chosen as the study period to effectively reduce the impacts of migration activities of snailfish on the results. Fishery-independent surveys were conducted by the Yellow Sea Fisheries Research Institute (YSFRI) in the Yellow Sea area (123.5°–127°E, 30°–39°N) during winter of 2003–2011, 2015–2017 and 2019. Survey sites were set at a spatial scale of 0.5×0.5 degrees (Figure 1). The number of survey sites varied among years, but with high sampling coverage throughout the Yellow Sea (see Supplementary Table 1). Different survey vessels were involved during the study periods. The research vessel R/V Beidou (56.2 m in length, 12.5 m in width, 5.1 m in draft limitation, 1165 tons in gross tonnage and 2250 horsepower in engine power) was used to conduct the surveys in 2003–2011 and 2015–2017, while the R/V Lanhai 101 (84.5 m in length, 15.0 m in width, 5.0 m in draft limitation, 2783 tons in gross tonnage and 2720 horsepower in engine power) was employed in 2019. The differences in sampling efficiency caused by different vessels were considered in further analysis. The same bottom (demersal) trawl net (836 mesh×12 cm circumference net and a 24-mm cod-end mesh size) was deployed at each site and towed at an average speed of 3 n mile/h for 1 hour in every instance. Snailfish from each site were individually weighed to the nearest gram along with other species in the sample. The biomass density in this paper was defined as the catch in grams per square kilometer (kg/km2) using a swept area method (Teng et al., 2021).




Figure 1 | Schematic illustration of the survey sites in the Yellow Sea.



Three covariates (SST, FP and DP), were included in our study to explore their effects on the long-term changes in the spatio-temporal distribution of snailfish. SST data were selected because during winter, the Yellow Sea Warm Current flows through the Yellow Sea Trough area, leading to vertical mixing that eliminates temperature gradients and stratification in the water column (Zhang et al., 2008). Monthly SST were derived from MODIS-Aqua data at 4 km spatial resolution over the periods of 2003−2019 from https://oceandata.sci.gsfc.nasa.gov/directaccess/MODIS-Aqua/Mapped/Monthly/4km/sst/. Following the implementation of a double control system on fishing vessels in China, the number of fishing vessels decreased and the rate of increase in total horsepower reduced. However, the rate of increase in fishing pressure had greater impact despite the reduced rate of increase in total horsepower due to technological innovation and increased fishing efficiency (Han et al., 2022). In view of this, we chose the highest power group to represent the strength of FP, which was calculated by summing the total horsepower of active fishing vessels above 441 kW, including those from Shandong, Jiangsu, Hebei, and Liaoning Provinces, and Tianjin City recorded in the China fishery statistical yearbooks (MARA, 2003–2020). Japanese anchovy (Engraulis japonicus) and sand shrimp (Crangon affinis) have been identified as the main prey of snailfish during winter (Zhang et al., 2011), so we selected the sum of the biomass density of these two prey species to represent the prey status for snailfish. Prey data were obtained for the same periods from the aforementioned fishery-independent surveys conducted by YSFRI.



Structure of the model

We used a vector autoregressive spatio-temporal (VAST) model (Thorson and Barnett, 2017; Thorson, 2019a) to estimate the long-term spatio-temporal variation in biomass density of snailfish in the Yellow Sea. Two types of variation were included in the VAST model, spatial variation relates to variation that is assumed to remain constant over time for the biomass density of snailfish in the Yellow Sea. Spatio-temporal variation relates to the interannual variation in biomass density of the snailfish population. The VAST model is considered to have excellent performance by accounting for spatio-temporal changes in the sampling efforts and survey design in each survey year (Thorson, 2019a). The model consists of two components, one is the binomial-GLMM which determines the encounter probability (Snailfish does not necessarily occur at each survey site), the other is the Gamma-GLMM which indicated the positive density for each encounter (the expected biomass density at a given sampling site when snailfish occurs). The final biomass density of snailfish was estimated by multiplying the encounter probability by the positive density (Grüss et al., 2019; Han et al., 2021). We developed 8 spatio-temporal models which varied in their combinations of SST, FP and DP as explanatory variables, to explore the potential effects that different covariates may have on the snailfish population. Akaike’s Information Criterion (AIC) was used to evaluate model performance and choose the most parsimonious model among the eight alternatives (Akaike, 1974). The details of each model were as follows: M1 does not include any covariates; M2: SST; M3: FP; M4: DP; M5: FP and SST; M6: DP and SST; M7: FP and DP; and M8: FP, DP and SST. It should be noted that although M1 included no covariates, it still contained the spatial and spatio-temporal terms representing the unmeasured temporal variability. We used the spatially-varying coefficient model (SVC, Thorson, 2019b) to represent the effects of annual covariates such as FP and DP. As M1-M8 have a similar model structure, here we illustrate the general model structure by describing the most complex alternative M8 (including 3 covariates). The encounter probability of snailfish pi at sampling site s(i) was estimated by the binomial-GLMM with a logit link function with linear predictors. Two Gaussian Markov random fields were introduced to reflect the spatial and spatio-temporal variations in encounter probability:

 

where   is the intercept of the encounter probability for year t,   is the unmeasured spatial variation in encounter probability for sampling site s(i) which is constant over years,   is the time-varying unmeasured spatial variation in encounter probability for site s(i) in year t;   represents the relative fishing efficiency for the vth survey vessel for site s(i) in year t;   is the linear effect of SST on encounter probability for site s(i) in year t;   is the spatially-varying effect of the FP on encounter probability for site s(i) in year t; and   is the spatially-varying effect of DP of encounter probability for site s(i) in year t.

Among the model components, the intercept and the linear effect of SST are regarded as fixed effects. The spatial variation ω(p) , the spatio-temporal variation  , the spatially-varying effects of FP   and DP   are random and assumed to follow a multivariate normal distribution. A random-walk temporal process was applied to estimate the spatio-temporal variation with reference to the methods described by Thorson et al. (2016) and Han et al. (2021).

The positive density of snailfish ri at site s(i) was estimated by the Gamma GLMM with a log link function and linear predictors, including two Gaussian Markov random fields representing spatial and spatio-temporal variations in positive density, respectively:

 

where the parameters on the right side of Eq. (2) are defined in the same way as those on the right side of Eq. (1), except that they apply to the log-biomass density of snailfish.

VAST uses a predictive statistical process in which spatial variables are defined at each of a series of knots (topological embedding of closed non-self-intersecting curves in 3D Euclidean space; see https://mathworld.wolfram.com/Knot.html accessed on 16-Sep-2022) located to minimize their average distance from samples. The spatial resolution of the analysis is determined by the number of knots specified a priori by the user (Thorson, 2019a). Extrapolation grids with 0.25°× 0.25°(arc-degrees) spatial resolution were constructed for the present study to allow for the production of maps (Figure 2). To improve the computational efficiency, we finally identified 100 knots with a k-means algorithm using the INLA package in R 4.1.3 (Thorson et al., 2015; R Core Team, 2022). The number of knots was set to 100 to balance computational speed with predictive accuracy, and similar results were obtained when a greater number of knots was added. This was also established by a previous study in the Yellow Sea (Han et al., 2021). We then calculated the values of spatial and spatio-temporal variation terms at each knot using the spatio-temporal model (Grüss et al., 2020). Finally, the biomass density of snailfish in year t,  , was predicted as follows:

	

 




Figure 2 | Maps showing the barycenter of extrapolation grid cells and of the “knots” used within the spatio-temporal models. The extrapolation grid consists of 375 cells and the locations are shown in latitude-longitude using the World Geodetic System 1984 (A) and northings-eastings using Universal Transverse Mercator projection (B). For computational efficiency, 100 “knots” was specified to approximate the variation terms of the spatio-temporal models developed and the locations of these knots are shown in (C).



where Aj is the area of knot j in km²; nj is the number of knots;  ,  ,   and   represent fixed effects estimated by maximum likelihood; and  ,  ,  ,  ,  ,  ,  and   are random effects set to the value that maximizes the joint likelihood, conditional on the estimated value of fixed effects (Thorson et al., 2015). A model was confirmed as convergent if the following two conditions were met: (1) the absolute values of the final gradient of the marginal log-likelihood was less than 0.0001, and (2) the Hessian matrix of the log-likelihood function was positive definite (Perretti and Thorson, 2019).



Distribution patterns of snailfish

To examine the long-term changes of distribution patterns of snailfish in the Yellow Sea, three indicators including longitudinal displacement in the centers of gravity (COGs), latitudinal displacement in COGs, and effective area occupied (EAU) were estimated in 2003–2019. The COGs were estimated as:

 

Where NEt is the COG of snailfish in year t, nej represents the value of northings or eastings (in km) in knot j, and   represents the predicted biomass in year t.

EAU in each year was calculated using the predicted biomass in year t,  , divided by the average biomass density Dt in the corresponding year. The formula was showed below:



Where Dt means the average biomass density in year t of snailfish, and   represents the predicted biomass in year t.

We performed the Mann-Kendall Trend Test to determine the existence trends in the time series of longitudinal COGs, latitudinal COGs and EAU (McLeod, 2015). The Mann-Kendall Trend Test is a non-parametric test, which has no underlying assumption about the normality of the data. The hypotheses for the test were as follows: H0 (null hypothesis) that no trend is present in the data, whereas H1 (alternative hypothesis) that a positive or negative trend is present in the data. Kendall’s tau value demonstrated the strength of the trend and the p-value reflected its significance. The Mann-Kendall Trend Test was conducted using the Kendall package in R 4.1.3.



Relative importance of different covariates

According to previous studies, SST and DP are considered to be important factors influencing the snailfish population in the Yellow Sea (Zhang et al., 2011; Chen et al., 2022). Although snailfish belongs to the category of large demersal species in the Yellow Sea ecosystem, how FP acts on this species and the magnitude of its effects remains unclear. Among the eight alternative models we tested, a factor would be regarded as contributing to the distribution of snailfish biomass if its incorporation to the spatio-temporal model reduced the variation in either or both the encounter probability and positive density. Here, variation refers to the sum of the spatial variation terms   or   and of the spatio-temporal variation terms  , or   in equation 1 and equation 3, reflecting the unmeasured variation in encounter probability (estimated by the binomial component of the model) or positive density (estimated by the Gamma component of the model). Further details of this method are described in Thorson et al. (2015) and Han et al. (2021). Estimations of geostatistical delta-GLMMs parameters and the changes of spatial indicators reflecting the long-term distribution patterns of snailfish were conducted using the VAST package (Thorson et al., 2015; Thorson, 2019a) in R 4.1.3.




Results


Importance of different covariates and model performance

All eight spatio-temporal models converged. SST was the most important factor accounting for the variation in encounter probability (Table 1). The inclusion of SST caused a large decrease in the residual variation in encounter probability over time. Compared to a model without covariates, incorporating FP did not improve the fit of the spatio-temporal model, and the inclusion of DP led to a negligible reduction in the variance in encounter probability. On the other hand, DP was found to be the most important factor in explaining the variation in positive density, causing a large decrease in the residual variation over time. In other instances, incorporating SST led to a slight reduction (9.74%) of the variance in positive density, and including FP still showed no reduction of the residual variation over time for positive density (Table 1).


Table 1 | Estimates of the variances and model performance based on Akaike’s Information Criterion (AIC) for the eight candidate geostatistical delta-GLMMs (M1–M8) developed in this study.



According to the AIC analysis, the spatio-temporal model with SST (M2) was the most parsimonious with a lower AIC value than the other seven models (Table 1). We conducted a set of standard model diagnostics to confirm that the model was reasonable (see Supplementary Figures 1, 2). Therefore, model M2 was selected for the follow-up analysis. Spatio-temporal models that included SST and/or FP and/or DP, performed better than model M1 with only spatial and spatio-temporal terms and no covariates. Other models including FP (M3), DP (M4) and both (M7) degraded model parsimony below that of model M1.



Spatio-temporal distribution patterns of L. tanakae in the Yellow Sea

The spatial patterns of log-density of snailfish in the period 2003–2019 predicted by M2 (with SST) are illustrated in Figure 3. In general, the Yellow Sea was an important habitat for snailfish, the inter-annual distribution range was relatively stable while the spatial patterns differed over time. In 2003–2006, snailfish showed high density in almost all the Yellow Sea area. Since 2007, the spatial patterns of snailfish demonstrated inter-annual changes, the density was relative low in 2007–2009, 2015–2016 and 2019, with the concentration area distributed more in the central Yellow Sea (Figures 3, 4). While in 2011, the density of snailfish had the highest value in the period 2003–2019 (Figure 4). It is worth noting that in 2019, there was a rapid decrease in the biomass density of snailfish compared to other survey years, with an obvious shrinkage of the concentration area. Hotspots in the northern and southern Yellow Sea became more sporadic and the overall distribution moved further offshore into the deep-water area in the domain.




Figure 3 | Maps showing spatial patterns of log-density by the AIC-selected spatio-temporal model (M2) for snailfish in the Yellow Sea in 2003–2019. The units of the color legend is ln(kg/km2). It is noted that only estimations for those years where biomass trawl survey data (i.e., 2003–2011, 2015–2017 and 2019) available for snailfish were shown.






Figure 4 | Biomass density (ln(kg/km2)) time series generated by VAST for snailfish in the Yellow Sea in 2003–2019. Data are expressed with mean ± standard deviation.



Three distributional indicators (EAU and COGs) of the spatial characteristics of snailfish are shown in Figure 5. Results of EAU showed that no range contraction/expansion for snailfish was detected during the entire study period (Kendall’s tau = -0.25, p-value > 0.05). In contrast, the estimated EAU was significantly correlated with the biomass density of snailfish (r = -0.71, p-value< 0.05). For instance, EAU was low in 2008, 2009 and 2019, corresponding to the low density of snailfish in these years. The population exhibited a narrow eastward change, but no significant shift (Kendall’s tau = 0.24, p-value > 0.05) of COGs in 2003–2019. No significant northward shift (Kendall’s tau = 0.13, p-value > 0.05) of COGs was detected for the population compared to its long-term average. The inter-annual fluctuation range of northward COGs was 59.54 km, a little higher than what it was for the eastward direction.




Figure 5 | Temporal trend with 95% confidence intervals (shaded areas) in the effective area occupied (ln(km2)) estimated by the AIC-selected spatio-temporal model (M2) for snailfish in the Yellow Sea in 2003–2019. It is noted that only estimations for those years where biomass trawl survey data (i.e., 2003–2011, 2015–2017 and 2019) available for snailfish were shown.






Discussion


Model performance

Using bottom trawl survey data collected from 2003 to 2019, the present study successfully developed eight geostatistical delta-GLMMs for snailfish in the Yellow Sea with different combinations of covariates. Developed by Thorson et al. (2015; 2016), the geostatistical delta-GLMM takes into account the spatial variation of the sampling effort to collect survey data in each year, and is better suited towards accommodating long time series than traditional methods (Thorson, 2019a). This approach improves the accuracy of abundance estimation by introducing spatio-temporal effects, vessel effects, vessel-year effects and spatial anisotropy into the model in contrast with traditional non-spatial models such as generalized linear mixed models. Furthermore, the fishery-independent survey data we used in this study had high proportions (> 70%) of zero values in some years, such as 2008, 2009 and 2019. We found that the geostatistical delta-GLMMs performed well in dealing with the zero values by separately processing zero and non-zero data. Moreover, it should be noted that the factors influencing encounter probability and positive catch rates differed. SST has important impacts on the probability of having non-zero catches, whereas biomass density of the prey critically explains the positive catch rates. Thus, the two-step method is highly recommended. This also has relevance for biomass estimation of other species in the Yellow Sea and the northwest Pacific where frequency of occurrence and biomass density may be dominated by different influencing factors.



Long-term changes in the spatio-temporal distribution of L. tanakae

Environmental changes coupled with high fishing pressure in the Yellow Sea has produced a general decline in biomass with frequent turnover of dominant species, however, in contrast to most of the exploited species, Tanaka’s snailfish has remained a dominant species since the 1980s (Xu and Jin, 2005; Chen et al., 2018). However, long-term changes in the spatio-temporal distribution of snailfish in the face of increased fishing pressure and adverse environmental changes has received scant attention. Results of this study indicate that the biomass density of snailfish was relatively stable during the entire survey period. This finding is consistent with a previous study on fish community structure and diversity in the domain from 2003 to 2015 when multivariate analysis of the fish assemblage diversity indices showed a high level of similarity among years without clear trends, despite some fluctuations in these measures (Chen et al., 2018). As both the dominant and key species in the ecosystem, the snailfish makes considerable contributions to maintain the relative stability of the fish community. The rapidly decreasing density and contraction of the area in which snailfish concentrated in 2019 warranted further exploration. In general, our results revealed that long-term changes in the fine-scale spatio-temporal distribution of snailfish can provide a scientific basis for understanding the structure and function of the Yellow Sea ecosystem in terms of its interspecific relationships.

Previous studies of cold-temperate fishes in the Yellow Sea showed that relative to 1959, the distribution of Pacific cod shifted by about 0.5°C to 35°N during the early 21st century, which may be a response of cold-temperate fish to climate change (Li et al., 2012). Plaice (Cleisthenes herzensteini), another cold-temperate fish species, was shown to have narrowed its high-density area and shifted more towards the north and offshore from 1985–2010 (Shan et al., 2012). Unlike the above studies using multi-decadal data, we used data for as many consecutive years as possible to enable investigation of long-term changes in the spatio-temporal distribution of snailfish. The three distributional indicators we chose, namely effective area occupied, eastward center of gravity and northward center of gravity, comprehensively reflected the patterns of spatial distribution of snailfish. In similarity with its biomass density, snailfish also experienced a relatively stable spatio-temporal distribution pattern in 2003–2019, which may also be helpful in maintaining the stability of entire ecosystem.



Relative importance of SST, prey and fishing factors

This study firstly investigated the quantitative spatio-temporal characteristics of snailfish during 2003–2019 in relation to changes in SST, DP, and FP. SST explained most of the variation in encounter probability and DP was the most important factor in explaining the variation in positive density. Surprisingly, including FP in the geostatistical delta-GLMMs led to no improvement in accounting for the spatio-temporal variation in both encounter probability and positive density. In other words, SST and DP are the candidate variables for scientific assessments of the risks to fish species under multiple pressures in the Yellow Sea.

Temperature is the most important external environmental factor for fishes, directly affecting the activity of digestive enzymes in their gut, food availability, and habitat selectivity (Volkoff and Rønnestad, 2020; Freitas et al., 2021). Tanaka’s snailfish is a demersal cold-temperature species, with limited long-distance mobility and as such is endemic to the Yellow Sea ecosystem (Chen et al., 2022). Our study showed that SST has two significant implications for the snailfish population. One is the substantial proportion of variation in encounter probability attributable to SST in the spatio-temporal models. Another is that inclusion of SST in the geostatistical delta-GLMMs led to a moderate reduction in the spatio-temporal variation in positive density. In this regard, the temperature effects on recruitment dynamics of snailfish and the relationship between SST and biomass of the population warrant further exploration.

Previously, temperature was identified as the dominant variable in explaining the overwintering distribution of snailfish, although other possibly important biotic variables include spawning and feeding activities (Chen et al., 2022). January was identified as one of the two intra-annual feeding peaks for snailfish along with August when high feeding intensity was also observed (Zhang et al., 2011). Tanaka’s snailfish is regarded as omnivorous with broad feeding preferences. Stomach contents analysis has indicated that it feeds on more than 60 species, among which Japanese anchovy and sand shrimp are the major prey (Zhang et al., 2011). Taking the combined biomass density of Japanese anchovy and sand shrimp as the indicator of prey, our results showed that it was the most important factor explaining variation in positive density. However, including DP in models resulted in negligible reduction in the spatio-temporal variation of encounter probability. This may be related to the biological and ecological characteristics of the prey species. For instance, the Japanese anchovy and sand shrimp are both important forage species in the Yellow Sea ecosystem and are preyed upon by many species besides snailfish (Tang, 2009; Lin et al., 2013). They also have a widespread distribution across the Yellow Sea (Jin et al., 2010; Niu and Wang, 2017). In addition, prey density may change rapidly over time and unlike SST which is relatively stable, the dynamic nature of the two main prey species may cause snailfish to switch to alternative prey in areas where one or both of the preferred species are in low abundance.

Fishing activities, especially overfishing, directly reduce the abundance of large-size fish, changing the composition and age structure of fish stocks, and affecting the non-fished species via food webs (Issifu et al., 2022). These changes can lead to reductions in community resilience and stability, and may affect the structure and function of an entire ecosystem (Colloca et al., 2017). In general, the population dynamics of pelagic species are closely linked to large-scale environment conditions such as climate change, while those of demersal species tend to be more vulnerable to localized fishing activities (Bianchi et al., 2000; Lindegren et al., 2013; Canales et al., 2018). However, including FP in the spatio-temporal models we applied in our study did not enhance the explanation of variance in encounter probability and positive density. This may be a reflection of two circumstances. Firstly, snailfish is a species with low economic value (Chen et al., 2022), subjected to limited fishing pressure compared to economically valuable species in the Yellow Sea, such as the small yellow croaker, the largehead hairtail and the Japanese Spanish mackerel. Secondly, we used the winter survey data of snailfish to study its long-term changes in population. Most surveys were undertaken in January, close to the traditional Chinese New Year when fishing pressure is relatively low compared to other months during the year. It should be noted that the inferior role of FP in modelling does not imply it is of low influence on the population dynamics of snailfish. In our study, the annual fishing pressure data were analyzed without considering their intra-annual temporal distribution. If sufficient intra-annual survey data become available in future, then spatial and temporal effects of fishing pressure should be further exploration because of their potential to substantially influence the population dynamics of snailfish. 




Conclusion

For the first time, our study provides insights about long-term changes in spatio-temporal distribution patterns of snailfish in the Yellow Sea based on standardized data from fishery-independent scientific trawl surveys. We found that the geostatistical delta-GLMMs had excellent performance in dealing with the zero values, and the spatio-temporal model with SST was selected as the best model based on AIC analysis. Relative importance analysis of three covariates indicated that SST and DP were the most important factors explaining the residual variation in encounter probability and positive density over time, respectively. An unexpected finding was that FP showed no reduction in residual variation for both encounter probability and positive density, which implies that fishing pressure may not be a useful indicator of the long-term changes in snailfish population. Identifying more explicitly the intra-annual spatial and temporal patterns of fishing pressure in geostatistical delta-GLMMs would be necessary to confirm our preliminary results. In terms of distribution patterns of snailfish, the hotspot area in the central Yellow Sea was consistently identified during all survey years. Inter-annual fluctuations in biomass density were evident: high density occurred in 2003–2006 and 2011, while relative low density years were 2007–2009, 2015–2016 and 2019. Why a rapid decrease in the density and shrinkage in the concentration area of snailfish occurred in 2019 and whether this situation is persistent warrant further exploration. No significant shift of COGs was detected for the population during the study periods. The estimated EAU correlated significantly with the biomass density of snailfish.
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